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ABSTRACT

Genetic transformation o f Metarhizium flavoviride isolate IMI330189 has been 

achieved using a LiAc /  HAC0CI3 whole-cell permeabilization and carrier system for gene 

transfer into blastospores and a PEG / CaCh-permeabilization and carrier system for gene 

transfer into enzymatically generated protoplasts. Conditions optimum for blastospore 

production and protoplast generation from germlings, blastospores and 2 -day old mycelium
o

were determined. Large quantities o f unpigmented blastospores i.e. in the order o f  2 x 1 0  

blastospores /  ml, conducive to LiAc / HAC0 CI3 mediated DNA uptake, were generated by 

rotary incubation at 25°C for 48 hrs. in continuous darkness. Maximal protoplast yields 

obtained with the use o f Novozym 234, a lytic mixture produced by Trichoderma harzianum, 

were in the order o f  108 protoplasts / ml from 2-day old mycelium, 5 x 107 protoplasts / ml 

from blastospores and 106 protoplasts /  ml from germlings. A  crude Cellulase produced by 

Penicillium juniculosum  gave rise to a 10-fold higher protoplast yield in comparison to 

Novozym 234 when used to digest 2-day old mycelium. A comparison o f MgSO,*, KC1 and 

sorbitol clearly indicated that KC1 at high molarity i.e. at 2.0M was the most efficient 

osmotic buffer for cell-wall digestion.

Environmental and epigenetic factors that influence cell-wall regeneration in 

protoplasts have been studied in detail. Protoplast regeneration was found to be considerably 

enhanced in a modified V 8 -juice based agar (VGP) in comparison to 1/4-strength 

Sabourauds Dextrose Agar (1/4 SDA). Protoplasts originating from 2-day old mycelial digests 

were found to be pH-sensitive, regenerating at two pH optima i.e. pH 6.0 and pH 7.5, the 

different peaks believed to correspond to different protoplast populations. Regeneration was 

found to be significantly enhanced in hard media i.e. ( 1.0 -2 .0 )% agarose in comparison to 

soft media i.e. 0.5% agarose. Sorbitol provided significantly better osmotic buffering during 

protoplast regeneration than KC1 o f equal molarity. An important epigenetic parameter 

influencing the regenerative capacity o f  protoplasts produced from 2 -day old mycelium is 

the length o f  exposure to illumination from a source o f  white light during culture o f  

conidia used to generate mycelium for protoplasting. When conidia for generating mycelium 

for protoplasting were cultured under continuous illumination, protoplasts produced were 

found to regenerate with 100% efficiency. Conversely, when conidia for generating mycelium 

for protoplasting were cultured in complete darkness, protoplasts produced were found to 

regenerate with only (22-27)% efficiency. These observations suggested that biosynthesis o f  a 

cell-wall regeneration enhancement factors) (REF’s) were strongly induced in the growing 

fungus by conidial culture under continuous illumination, and were retained by the fungus 

during enzymatic degradation o f the hyphal cell-wall, thereby exerting its effects during the 

process o f  protoplast regeneration and reversion. Clear evidence was obtained suggesting 

that culture o f  conidia for generating mycelium for protoplasting under continuous



illumination, gives rise to protoplasts that undergo toxicity when exposed to illumination 

during the first 12 hrs. o f  cell-wall regeneration. If however, protoplasts were protected from 

light during regeneration, toxicity was not observed, and regeneration efficiencies were very 

high. The yellow wave-lengths o f white light were subsequently found to be toxic to 

protoplasts, while the red and blue wave-lengths were found to enhance cell-wall 

regeneration. Incubating certain batches o f  protoplasts with high concentrations o f  low  

molecular weight polyomithine was found to significantly promote cell-wall regeneration.

A  5.2kb plasmid, pBENl, carrying a 2.6 kb Neurospora crassa P-tubulin gene 

conferring resistance to the fungicide, Benomyl was used to efficiently transform germling 

protoplasts and blastospores. PCR evidence, sequence analysis and differential rate o f  

transformant emergence indicate a minimum transformation efficiency o f  133 transformants 

per pg DNA in germling protoplast transformations, while minimum transformation 

efficiencies obtained from blastospore transformations range between 6.0-7.5 transformants 

per pg DNA.The use o f  improved protoplast regeneration techniques established during the 

course o f this study may enable a 10-fold improvement in transformation frequencies 

obtained from germling protoplast transformations. O f 9 transformants analysed, all 

demonstrated prolific levels o f  growth, and conidiation on (10-100) pg/ml Benomyl. 

Transgene integration patterns o f  20 Benomyl resistant isolates, 10 o f which were positively 

identified as transformants by PCR and / or sequence analysis suggest the occurrence o f  

gene conversion at the site o f the native P-tubulin gene in 100% o f transformation events. 

Ectopic integration o f  the N.crassa P-tubulin gene or the transforming plasmid, pBENl was 

not observed, suggesting a lack o f  ectopic chromosomal sequences with significant homology 

to the transgene. It also suggested a stable genome, not prone to spontaneous or DNAse- 

mediated chromosomal fragmentation, or site-specific endonucleolytic restriction that may 

have increased the likelihood o f  ectopic integration. The isolate is also likely to carry low  

nucleoplasmic concentrations o f cations and polyamines that may have facilitated stable 

heteroduplex formation at heterologous chromosomal sites, ectopic to the site o f  the native p- 

tubulin gene. As the high frequency o f gene conversion was obtained with the use o f  a 

homeologous marker gene predicted to diverge by at least 13% from the targeted 

chromosomal sequence involved in recombination, isolate IMI330189 is considered to have 

immense potential for gene replacement studies in view to genetic analysis o f  function. It is 

interesting to note however that without genetic reparations, the same properties o f  the 

isolate are likely to make it unsuitable for use as a field strain as it may recombine both 

intragenically and between species at high frequency if  released into the environment.
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1

Introduction

1.1 Metarhizium flavoviride: A potential fungal biological control agent of
locusts and grasshoppers

A fungal biological control agent of insects utilizes a pathogenic fungus isolated from 

a diseased insect during a naturally occurring infection or an epizootic. Epizootics often occur 

when pest population density is high, usually after crops have been extensively damaged. The 

primary role of a fungal biological control agent is to be active when pest population density 

is low, thereby curtailing pest populations and ensuring propagation of the agent at reasonably 

high dose levels in the ecosystem. In such an ecosystem, a gradual pest infestation is likely to 

trigger an epizootic earlier than in an ecosystem without the presence of the controlling agent 

(Quinlan & Lisansky, 1983). Although this form of epizootic control does not always negate 

the need for a chemical pesticide, it does avert the application of large doses of chemicals 

within an ecosystem.

Research on the entomopathogenic Deuteromycetous fungus Metarhizium flavoviride is 

geared for its development as a biological control agent of locusts and grasshoppers (Prior, 

1991). Locust plagues are known to occur cyclically over much of Northern Africa, extending 

over Southern Arabia and the Arabian gulf to Pakistan. The damage potential of a locust 

plague is awesome. Swarms can number up to 50 billion locusts that are capable of 

consuming more than 80,000 tonnes of crops in one day (Reuter, 1994). Swarms are 

migratory, and because of their large size and consumption capacity, they are very destructive 

to crops. Prophylactic application of M.flavoviride and other biological agents in an ecosystem 

is geared to prevent escalation in locust and hopper populations to plague proportions.

Several years following the locust plague of 1949 - 63 in Northern Africa, ultra-low 

volume (ULV) applications of dieldrin were used effectively for swarm control. However, by 

the end of the 1 9 7 0 's, escalating concern about the effects of persistent pesticides in the 

environment and the banning of dieldrin in many countries forced the abandonment of this 

product for less persistent organophosphates such as malathion and fenitrothion. As with 

dieldrin, repeated application of these insecticides on a large - scale eventually raised concern 

about their possible impact on the environment as well as on human health. This concern was
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reinforced by the findings o f a pilot study undertaken on behalf o f the FAO that indicated 

adverse effects to non - target organisms (insects, birds, aquatic invertebrates and fish), including 

families containing natural enemies o f locusts and grasshoppers (Everts, 1990 ). Hence, the need 

for an alternative approach to the use o f chemical pesticides was well established.

In 1989, a collaborative locust control research programme was undertaken by the 

International Institute for Biological Control (IIBC), the International Institute o f Tropical 

Agriculture (IITA) and the Departement de Formation en Protection des Vegetaux (DFPV) in 

Niger. The programme sought to develop pathogens as biological pesticides that may be 

integrated into the existing chemical control infrastructure, and thereby lessen dependence on 

chemical control. Although the original concern was generated by desert locust plagues and the 

massive application o f  pesticides to control them, the objectives o f the collaborative research 

programme include grasshopper control. This is based on a U.S. Congress OTA report that 

estimated a (5 - 18)% annual crop loss due to grasshopper infestations while locusts were 

estimated to cause not more than 4%  crop loss even in peak plague years (Bullen,1972). It was 

hoped that a biopesticide in continuous production for locust control would also be produced 

during inter-plague periods for the control o f  grasshoppers.

Pathogens that were targeted as having the highest potential for locust and hopper 

control were members o f  the entomopathogenic Deuteromycotina. They had a proven safety 

record and were formulable as biological pesticides suitable for spraying using controlled 

droplet application technology at ultra low volume (ULV) rates. Commercial pest control 

operations in the USSR and in Brazil have used the entomopathogenic Deuteromycetes as 

biological agents o f  insect control for many years. Four genera are pathogenic to members o f  

the Orthoptera - M etarhizium, Beauveria , Paecilomyces and Verticillium. A drawback in the use 

o f  the genus Paecilomyces is the fact that some species are pathogenic to mammals. 

Verticillium spores are slime coated and difficult to formulate in non-aqueous diluents that are 

utilized for application at ULV rates. As isolates o f  Metarhizium had proven more pathogenic 

than Beauveria, (Prior, 1991), the focus o f research was directed to the genus Metarhizium, in 

particular the species M. flavoviride.

1.2 M . flavoviride : The organism

M. flavoviride W. Gams & Rozsypal 1973 is classified as a Deuteromycete in the form 

subclass Hyphomycetidae (Alexopoulous and Mims, 1952 ; Barron, 1972).The genus Metarhizium
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is distinguished from the otherwise similar Myrothecium Tode ex Fr. (q. v.) by its phialoconidia 

which are compacted into regular chains and columns. The column formation is due only to the 

aggregation o f the elongate conidia themselves , unlike some similar Penicillium species where 

the conidiophores are aggregated into synnemata.

Unlike the related species M. anisopliae (Metschnikov) Sorokin, which has cylindrical 

conidia, M. flavoviride (W. Gams & Rozsypal) has ellipsoidal conidia, greyish yellow - green to 

olivaceous - buff in colour (Tulloch, 1976; Domsch et.al., 1980), [(1.6 - 3.2) x (5.2 - 8.0)] pm in size 

(Bridge et.al., 1993). Although Tulloch and Domsch have used conidial dimensions as a 

taxonomic marker, Kamat et.al (1952) report that spore size in M.anisopliae is dependent on the 

culture medium employed. Bridge et.al.{ 1993) support the view that spore measurements alone 

cannot precisely distinguish between the two species.

Biochemical characterization with API ZYM clearly distinguished 20 M.anisopliae

isolates from 3 M.flavoviride isolates by a-fucosidase activity present in the former, but not in 

the latter species. Isoenzyme electrophoresis and RFLP banding also clearly differentiated 

between the two species. M.anisopliae demonstrated simple RFLP banding patterns in

comparison to M.flavoviride. However, individual isolates o f  both species had unique RFLP 

banding patterns. M.anisopliae and M flavoviride were also found to have distinct catalase and 

acid phosphatase banding patterns (Bridge et.al., 1993).

Metarhizium spp. is a ubiquitous soil fungus having been isolated from soil world - 

wide (Prior, 1991). However the form or forms in which it survives in soil has yet to be 

properly elucidated. The question yet to be answered is whether these fungi can genuinely 

flourish in soil, or whether they survive there in a dormant state awaiting a susceptible host 

Reports have been conflicting. As it is not an obligate parasite, it can survive saprophytically on 

the remains o f a suitable insect host, but is incapable o f  growing out from dead chitinous 

substrates into adjacent non - sterile soil (Domsch, 1980). A  conflicting report from Australia 

however observes that M. anisopliae forms extensive rhizomorphs in unsterile soil, suggesting 

that the fungus actually grows in soil (Prior, 1991). However, this appeared to be more o f  an 

exception rather than the rule. An early report by Brady (1979) noted that M. anisopliae formed 

chlamydospores i.e. dormant (non - growing) asexual spores in soil.

To date, all isolates o f Metarhizium spp. highly virulent to Schistocerca gregaria are

strains originally isolated from orthopteran hosts (Prior, 1991). This observation suggests a high

3



level o f  host specificity and adaptation to orthopteran hosts in orthoptera pathogenic 

isolates o f Metarhizium  and suggests highly specific requirements for pathogenicity towards 

orthoptera.

Although various strains o f Metarhizium spp. are virulent to S. gregaria , isolates o f

M. Jlavoviride have been identified as being the most promising for development (Prior,

1991). It has been identified as the most common Deuteromycete infecting acridids in 

Africa (S. Kooyman & P. Shah , unpublished results). However, M. Jlavoviride has also been 

recorded previously as a fungal pathogen o f Coleopterans and the brown plant hopper o f  

rice, Nilaparvata lugens, as well as other Homopterans (Rombach, et. al., 1986).

1.3 Fungal mechanisms of pathogenicity.

Pathogenicity studies on Metarhizium and other entomopathogens as a whole have largely 

focused on M.anisopliae. Hence, the results o f these studies, amongst others, will be used in 

the following discussion as a model to illustrate the possible mechanisms at work in M  

Jlavoviride.

The fungal mode o f pathogenicity to its insect host may be summarized as follows: 

adhesion o f conidia to the cuticle surface,germination,growth o f hyphal filaments and 

differentiation into appressoria, formation o f penetration pegs and penetration o f the epicuticle, 

growth through the procuticle, penetration o f the epidermis and invasion o f the hemolymph, prior 

to death o f the host (Zacharuk,1970 b & c). Each step in this process is o f  immense 

interest to scientists working on biological control as the success o f any strain improvement 

programme is expedient on a clear understanding o f pathogenesis and accurate identification o f  

virulence determinants.lt is based on this scientific understanding that selection o f isolates will be 

made, and selection o f  the traits to be improved upon through techniques in genetic engineering, 

optimized growth and formulation.

Pathogenesis is initiated by adhesion o f a conidium to the insect cuticle through 

hydrophobic interactions between the conidium and the cuticular surface. Hydrophobins, 

small hydrophobic proteins o f ~ 1 0 0  amino - acids found in the fungal cell-wall o f  

M.anisopliae ( St. Leger e t . a l , 1992 a & b )  and other fungal pathogens ( Talbot et. a l.,1993 ) 

may play a key role in forming these hydrophobic interactions. They are also known to 

confer water repellency to the spore surface which is necessary for effective spore 

dispersal ( Wessels,1993 ). Pregermination swelling occurs followed by secretion o f  an 

adhesive mucus that facilitates adhesion ( Boucias & Pendland, 1991).
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Germination is eventually triggered by a combination o f high humidity and the presence o f  

the correct levels o f  nutrients eg. sugars, amino-acids and growth factors (Chamley & 

St.Leger,1991a; St.Leger <?f.a/.,1994d).

The insect cuticle consists o f  the epicuticle, procuticle, epidermis and haemolymph ( 

Clarkson & Chamley,1996). Appressoria-the organs o f penetration - represent an adaptation 

for concentrating physical energy and fungal extracellular lytic enzymes over a small area 

to facilitate penetration o f the cuticle (Hajek & St. Leger, 1994). Penetration, i f  not by 

infection pegs produced from the underside o f appressoria has been known to occur by 

direct entry o f germ tubes (Zacharuk, 1981).

Germ tubes differentiate into appressoria only after receiving the correct chemical 

and topographical signals. When the surface topography o f the cuticle is incorrect, the 

fungus seems to grow extensively over the cuticle surface before producing appressoria - 

clearly searching for the correct location for penetration (St. Leger et.a l.,\99 \). The surface 

topography o f the cuticle changes with age and instar. This factor may explain the 

heightened susceptibility o f certain instars and the age within an instar to fungal infection. 

In some fungi, failure to germinate and invade the insect cuticle has been attributed to the 

presence o f inhibitory compounds (phenols, quinones and lipids) on the cuticle surface 

(Smith & Grula, 1981; Kerwin, 1984). In the plant pathogenic fungus Magnaporthe grisea , 

expression o f  a hydrophobin encoding gene, MPG1, was found to enable development o f  

melanized, infective appressoria. MPG1 was found to encode for a small (~100 amino-acid) 

secreted, moderately hydrophobic protein containing eight cysteine residues with the 

characteristics o f a hydrophobin. Mutants in MPG1 demonstrated reduced pathogenicity and 

reduced frequency o f appressorial development, suggesting that development o f appressoria 

was coordinately regulated with expression o f the MPG1 hydrophobin (Talbot et.al., 1993). 

Similar observations that suggest coordinated regulation o f  putative pathogenicity 

determinants are observed in M.anisopliae, whereby expression o f the ssgA hydrophobin 

encoding gene was associated with expression o f a cuticle-degrading enzyme, PR1, and 

development o f appressoria (St.Leger et.al.,1992b).

The epicuticle is a multilayered structure consisting o f  an impermeable but 

mechanically fragile outer layer. It provides considerable resistance to lytic enzymes and 

unless physically breached, it could prevent passage o f fungal cuticle degrading enzymes. 

The inner epicuticle is thought to consist o f polymerized lipoproteins stabilized by 

quinones (tanned proteins). It is a tough barrier but is not insurmountable to fungal 

enzymes.
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Beneath the epicuticle, the insect procuticle can act as a barrier to infection in several 

ways. Its impermeability acts as a physical barrier to pathogen secretions. Tanned proteins and 

crystallized chitin confer considerable resistance to degradation by many (but not all) pathogen 

enzymes. The extent of mechanical resistance conferred is dependent on the combined effects 

of the cuticles thickness (David, 1967), the tensile strength imparted to the cuticle by the 

system of chitin lamellae (Hassan & Chamley, 1989) and the degree of cuticle hardening by 

sclerotization. Hence, insects with heavily sclerotized body segments are usually invaded via 

arthrodial membranes or spiracles (Chamley, 1989).

Metarhizium produces a wide range of cuticle-degrading enzymes, some of which are 

known to play an important role in cuticle penetration. The individual groups of enzymes are 

synthesized sequentially on the basis of the location and availability of the cuticle components 

that are their substrates i.e. the esterases and proteolytic enzymes (endoprotease, aminopeptidase 

and carboxypeptidase) are produced initially, followed by N-acetylglucosaminidase, chitinase and 

lipase. The proteases may be considered to be cuticle-modifying enzymes as they enable other 

cuticle-degrading enzymes, particularly chitinases, to gain access to their substrates (St Leger 

et.al., 1986). Extracellular endoprotease activity in culture filtrates of M.anisopliae grown on 

cockroach cuticle have been the object of considerable study and have been resolved into 

three main components, subtilisin-like proteinases (PR1), a thermolysin-like metalloproteinase 

and trypsin-like serine proteases (PR2) (St. Leger et. al., 1994a). At least 2 subtilisins are 

produced by M.anisopliae i.e. PRla and PRlb. Although PRla and PRlb show similar 

physical and chemical properties, the primary amino-acid sequences of their respective amino- 

acid termini show only 53% homology. Both enzymes appear equally effective at degrading a 

heterogeneous mix of insect cuticle proteins suggesting that they have the potential for non

specific protein degradation during pathogenesis or saprotrophy. These enzymes differ in terms 

of positional specificity for particular amino-acids in a protein. Testing genetically engineered 

M.anisopliae null mutants of PR1 indicated that the other endopeptidases can partially 

substitute for PR1 (St. Leger,1994e).

Metarhizium anisopliae tiypsin-like PR2 occurs as multiple isozymes with high activity 

against solubilised (extracted) cuticle proteins but with little activity against covalently bound 

(insoluble) cuticle proteins (St. Leger et.al., 1987a, 1994a), probably owing to their poor adsorbtion 

onto this substrate (Bidochka & Khachatourians, 1994). Like PR 1, the catalytic efficiency of PR2 

can be influenced by subsite residues at a distance from the cleaved site (St.Leger et.al., 1987a). 

Analogous peptidases produced by V.lecanii, B.bassiana and A.aleyrodis have no detectable 

activity against most protein substrates, and demonstrate less sensitivity than M. anisopliae
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enzymes to trypsin inhibitors (St.Leger et.al., 1987b). As such, PR2 class proteases in general are 

believed to be involved in cellular control mechanisms, catalyzing specific proteolytic 

inactivation and activation processes (St.Legerer.fl/., 1987b).

Another trypsin-like protease of M.anisopliae, PR4, has been classified as a cysteine 

proteinase by Cole et.al.( 1993) because of its susceptibility to sulphydryl reagents. The 

metalloproteinases of M.anisopliae are active against a wide range of proteins including 

elastin, gelatin, and insect cuticle. Isoelectric focusing has revealed the presence of up to 3 

isoenzymes of metalloproteases in some strains of M.anisopliae (St.Leger et.al., 1994a).

The exoproteases of M.anisopliae have been classified as aminopeptidases and 

carboxypeptidases. A  broad spectrum aminopeptidase M has been isolated with optimal activity 

for alanine (the most common amino-acid in cuticles) and a post-proline dipeptidyl peptidase 

IV (a serine hydrolase), which removes X-prolyl groups.Casein-grown cultures contained 

additional isoenzymes with activity against lysyl-alanine-X groups (St.Leger et.al.,1993). The 

aminopeptidase exists as multiple isoenzymes that are sensitive to typical inhibitors of 

metalloproteinases (St. Leger et.al., 1993,1995b). A carboxypeptidase has been purified from 

cultures of M.anisopliae grown on cuticle (St.Leger et.al.,1994b).

Most entomopathogenic fungi are dimorphic and once it has breached the cuticle, it 

buds out as blastospores in the hemolymph and multiplies in the yeast phase until host death. 

At this point, the fungus switches into a saprophytic mode of growth and undergoes a 

dimorphic switch into mycelial phase. The fungus uses this penetrative, directional growth form 

to eat through all the hosts internal tissues, usually beginning with the fat bodies followed by 

the digestive system, Malphigian tubules, hypodermis (other than hypodermal layers surrounding 

points of penetration), nervous system, muscles and tracheae (Wallengren & Johansson, 1929; 

Schaerffenberg, 1959; Prasertphon & Tanada, 1968). The hyphae eventually penetrate the cuticle, 

this time from the inside - out, and emerge on the insect cuticular surface as a white mycelial 

mat that undergoes conidiation given a humid micro-environment. When this occurs, the white, 

seemingly " mummified " insect turns completely green.

The morphological phase change into a yeast - like form upon entry into the hemocoel 

is undertaken to avoid the hosts immune response or to attenuate it. It has been demonstrated 

that N. rileyi hyphal bodies, the stage colonizing the host hemocoel, contain few P-1,3 glucans 

(fungal antigens) in its cell-walls whereas its mycelial fragments contain high levels of P-1,3 

glucans and tend to elicit a very strong immune response (Boucias & Latge, 1988).
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Zacharuk, in several o f  his early histological studies (1970 a,b & c) found that most o f  

the insects he examined showed very little wide-spread colonization o f tissue and organs before 

death. In the silk worm, Glaser (1926) observed that the presence o f the fungus was limited to 

the hemolymph at the point o f death. A virulent M .anisopliae strain, ME 1,has been observed 

to grow sparsely in its hosts but causes paralysis prior to host death (Chamley, 

1991).Observations o f this nature raised the question o f  effective cause o f death and ultimately, 

the isolation o f certain fungal toxins allowed elucidation o f their possible contribution to 

pathogenicity.

Metarhizium  produces a series o f  cyclic depsipeptide toxins, the Destruxins (DTX), that 

in certain isolates are produced in amounts that correlate with toxicosis and enhanced virulence 

in comparison to low toxin-producing and toxin-less isolates (Hajek & St.Leger, 1994).Of the 

fifteen related compounds in the DTX series, DTXA and B tend to predominate and DTX E 

is generally the most insecticidal. Low dose o f DTX A cause tetanic and flaccid paralysis 

and death in Lepidoptera and adult Diptera by causing Ca2+ channel activation leading to 

depolarization o f muscle membranes (Samuels et. a/.,1988a).The highly virulent strain,MEl, 

grows slowly in infected larvae,but compensates by producing high levels o f Destruxins in vitro 

and in vivo (Chamley, 1991).The destruxins are also known to affect various organellar 

targets (e.g. mitochondria, endoplasmic reticula and nuclear membranes) and can cause 

disfunction o f the midgut, Malphigian tubules, hemocytes, and muscle tissue (Samuels 

e/.tf/., 1988b; Vey & Quiot, 1989; Vey et. al., 1985). Other than the destruxins, M.anisopliae is 

also known to produce the actin antagonists Cytochalasins C and D (Aldridge & 

Turner,1969) that induce paralysis in hosts (Roberts et. al., 1992). M.flavoviride has been reported 

to produce the Viridoxins i.e. esters o f diterpene-y-pyrones insecticidal against the Colorado 

Potato Beetle, Leptinotarsa decemlineata. Its mode o f action has not been elucidated (Gupta 

et.al.,1993).

It is interesting to note here that the predicted structure o f  the hydrophobins, based 

on their amino-acid sequence, is reminiscent o f a variety o f toxins, including snake venoms 

and neurotoxins (Talbot et. a l ,  1993). The possibility that hydrophobins have a dual role i.e. 

not merely in enabling the hydrophobic interactions involved in adhesion, but also as a 

functional toxin has not been investigated.In support o f  this, it should be noted that ( 1) as 

secretory proteins,the hydrophobins are thought to be localized in the fungal cell wall (St. 

Leger,1992b), and (2) there have been reports o f  mortality entirely due to toxin secretion in the 

gut o f  the Culex quinquefasciatus mosquito,from partially digested conidia o f M.anisopliae. Toxin 

is apparently released during digestion o f conidia i.e.even before germination actually occurs 

(Lacy et.al.,1988),thus suggesting localization o f toxins in the conidial cell-wall where the 

hydrophobins are also purported to be localized.
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1.4 Classical genetic study on pathogenicity and strain improvement in 

Metarhizium : its capabilities and limitations

Classical genetic analysis in the Perfect Fungi involved mating experiments whereby 

parents with known phenotypic markers were crossed, and the percentage recombinant and 

non-recombinant progeny used to determine complementation, frequency o f  cross-over, genetic 

linkage, and allelic interactions. Metarhizium, like the majority o f the important 

entomopathogenic fungi, belong to the Fungi Imperfecti, and have no known sexual stage. 

Therefore, the parasexuai cycle, first demonstrated in A.nidulam  by Pontecorvo et. al. (1953) has 

been utilized in early genetic study o f  Metarhizium. This phenomena, occurring very rarely in 

nature, has been viewed as a contingent alternative to the sexual cycle for generating genetic 

variability. It consists o f a series o f steps i.e. heterokaryon formation, diploidization, somatic 

crossing over and haploidization that may be viewed as analogous to mating and fertilization 

in a sexual cycle, without a meiotic prerequisite.

Parmeter et.al. (1963) described heterokariosis as an intracellular association o f  two or more 

genotypically different nuclei in one or more cells o f  a thallusln. 1970, Tinline reported that most 

hyphal cells o f  M.anisopliae were uninucleate,suggesting that mechanisms limiting perpetuation o f a 

heterokaryon may existHowever, as some hyphal cells were observed to contain at least two nuclei, 

and anastomoses were common between spores, germ tubes and hyphae, Tinline concluded that a 

mechanism for heterokariosis, even if  o f an ephemeral nature, existed in the species.In subsequent 

work by Bergeron and Messing-Al-Aidroos (1982), and Magoon and Messing-Al-Aidroos (1986), 

haploid strains o f M.anisopliae carrying complementary spore-colour and nutritional markers were 

crossed in vitro to induce parasexuality.When these strains were plated onto minimal media, hyphal 

anastomosis followed by heterokaryon formation sometimes gave rise to nuclear fusion and the 

formation o f heterozygous diploids.These forced diploids were subjected to haploidization by the 

introduction o f mitotic poisons such as Benlate® or Botran®. Recombinant genotypes are 

postulated to be produced either by parasexuai recombination or non-disjunction induced by the 

mitotic poisons. Analysis o f  the frequency o f recombinant genotypes and phenotypes in 

comparison to parental genotype and phenotype were used to designate 10 spore colour markers 

and 10 auxotrophic markers to 5 linkage groups. Analysis o f  these results enabled Magoon and 

Messing - Al - Aidroos to postulate two metabolic pathways for spore pigment biosynthesis in 

M.anisopliae. In 1992, Shimizu et.al. used Pulsed Field Gel Electrophoresis ( PFGE ) for kariotypic 

analysis o f  M.anisopliae. Resolution o f  7 chromosomal bands was achieved, thus supporting 

the work o f Magoon & M essing-A l-A idroos ( 1986) in
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postulating at least 5 linkage groups based on parasexuai analysis o f 20 auxotrophic and spore 

colour markers.

By and large, the use o f  parasexuai genetics in strain improvement programmes o f  

fungi has had limited success. A  possible explanation for the emergence o f  predominantly 

weakly pathogenic recombinants in parasexuai crosses is given by Clarkson (1991), who 

postulated that recombination between isolates that are normally reproductively isolated, disrupts 

adapted complexes o f pathogenicity. As parasexuai crosses may involve cell-wall, cell membrane, 

cytoplasmic and nuclear fusion o f two fungal individuals, the functional incompatibility 

mechanisms o f both individuals are likely to be activated. It follows that such crosses, even 

when undertaken through protoplast fusion, are likely to be successful only between species or 

strains with a relatively high level o f  similarity.

For example, Riba e t  al. (1985) report that parasexuai crosses between morphological 

mutants o f  M.anisopliae var. major and M. anisopliae var. minor yielded recombinants that 

were avirulent for the insect species to which the parental strains exhibited virulence. Similar 

results were obtained in parasexuai crosses between insect-pathogenic isolates o f  Verticillium 

lecanii and the plant pathogenic species Verticillium albo-atrum  and V dahliae whereby 

recombinants exhibited low levels o f  pathogenicity (Clarkson & Heale, 1985). Notable exceptions 

are the work o f Heale e t  al. (1989) who induced parasexuality in conidia, and Couteaudier et.al 

(1996) who induced parasexuality via protoplast fusion. Heale used pathogenic w ild -typ e strains 

o f M.anisopliae to generate auxotrophic mutants that differed in sporulation capability and 

virulence towards the Brown Plant Hopper o f Rice, Nilaparvata lugens. Haploid recombinants 

obtained from conidial parasexuai crosses with these mutants were both highly virulent and 

extremely efficient sporulators. The subsequent success o f Couteaudier in obtaining hypervirulent 

hybrids following protoplast fusion between Beauveria bassiana and B. sulfurescens indicated 

that interspecial parasexuai crosses may not always disrupt innate mechanisms o f  growth and 

virulence.

A significant drawback in the use o f  fusion products from parasexuai recombination is 

the fact that negative mutations arising from random cross-overs may not be easily mapped. 

Hence, the use o f parasexuai genetics and random recombination events has not provided the 

definitive answer to strain improvement.
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1.5. DNA mediated genetic transformation : its achievements and potential 

for genetic analysis and strain improvement in Metarhizium

The introduction of specific genes into an organism does not necessitate the high 

level o f nuclear and cytoplasmic compatibility that is required for successful parasexuai 

crosses. This is primarily due to the fact that cytoplasmic mixing is negated, as well as 

fusion between differing cell-walls, cytoplasmic and nuclear membranes. At the nuclear level, 

inter-strain gene interactions are limited by the introduction o f a single gene or a small 

number o f genes into a genome. This has allowed stable introduction and expression o f genes 

from unrelated sources. For example, highly heterologous antibiotic and fungicide resistance 

genes from bacteria and fungi have been successfully used in fungal transformations 

(Blakemore et. a l ,  1989; Engelenburg et. a l ,  1989; Bernier et. al., 1989; Goettel et. al., 1990). In 

most cases, the vectors used for fungal transformation are themselves o f heterologous i.e. of 

bacterial and viral origin. A limitation to the introduction o f a foreign gene lies in the 

possibility o f promoter compatibility. In addition, the gene to be expressed should have the 

correct codon bias, termination and polyadenylation signals so that it is processed correctly in 

the host organism. Most o f these technical problems have been overcome by the almost 

universal acceptance o f the promoters and regulators o f certain model fungal systems like the 

Neurospora crassa pyr 4 and Aspergillus nidulans arg B  and trp C  gene systems (Engelenburg 

et. a l ,  1989). The molecular approach is also more definitive in that the scientist holds direct 

knowledge o f the genes introduced or removed without having to rely on phenotypic or 

nutritional markers as indicators of the genes being mutated.

The DNA synthesizer and Polymerase Chain Reaction (PCR) based gene amplification 

has allowed synthesis o f native genes o f an organism with specifically designed mutations. 

These genes may either be inserted into a suitable vector, or used directly for transformation. 

If the fungal isolate is recombinationally competent, the mutated gene is likely to undergo 

gene conversion by homology at the site o f the native gene. The transformant produced would 

thus be an effective mutant for the phenotype encoded by the native gene. The method 

described is known as targeted gene replacement and negates the need for the classical 

methods o f UV or chemical induced mutagenesis, coupled with extensive screening procedures, 

for the isolation of mutants o f interest. Null mutants produced by targeted gene replacement 

would enable functional comparisons o f the wild-type and mutant phenotype.

The importance of establishing an efficient genetic transformation system for application 

in strain improvement lies in the ability to introduce a gene bearing a desirable trait into a
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suitable host. Other than genes encoding traits obviously desirable for ease in formulation, 

lowered cost o f production and environmental hardiness, the alternative and probably more 

important group of genes to be considered are the genes that encode for determinants of 

virulence. As such, positive identification o f virulence determinants has the two-fold advantage 

o f allowing an understanding of the mechanisms of fungal pathogenicity as well as having 

important applications in strain improvement. Identification may be definitively achieved by the 

use o f efficient protocols for DNA mediated genetic transformation in combination with the 

use o f cloned mutated copies of putative virulence genes for targeted replacement and 

disruption o f native genes. The subsequent application o f a cloned gene (that may or may not 

have been mutated) that is definitively essential for virulence, in a strain improvement program, 

is for attempting gene replacement o f a homologous, native gene in a strain demonstrating 

low level expression o f the virulence determinant, but carrying other traits advantageous to 

commercialization, or for attempting PEG induced multi-copy integrative transformation with 

the objective of obtaining an over-expressing phenotype.

In the past 15 years, histological, biochemical and molecular evidence have 

cumulatively allowed elucidation o f some of the possible mechanisms o f fungal pathogenicity 

to insects. Several putative pathogenicity determinants have been postulated amongst which are 

proteases that degrade insect cuticle (St. Leger et. a l.,1987a). In 1996, St. Leger et. al. introduced 

multicopies o f a gene encoding a cuticle-degrading protease, PR1 into M.anisopliae, and 

proved that over-expression o f the cuticle-degrading protease resulted in increased virulence to 

M.sexta. Although these results do not prove that PR1 is essential for pathogenicity, they do 

demonstrate that PR1 facilitates the process o f infection. In addition, genetic improvement o f 

Metarhizium has been achieved, thereby increasing its feasibility for commercialization. In an 

effort to elucidate pathogenicity genes in the agent o f rice blast, Magnaportha grisea, 

differential display techniques have been utilized to elucidate several o f the genes 

preferentially expressed during infection, including the hydrophobin encoding gene, MPG1. In 

1993, Talbot et. al. very elegantly proved that the Magnaportha grisea hydrophobin is a 

virulence determinant by means o f targeted gene replacement. These are unequivocal examples 

of the technical versatility and accuracy o f DNA mediated genetic transformation and targeted 

gene replacement in enabling strain improvement and elucidating determinants o f virulence.

M.flavoviride has been observed to produce white, yellow, green, grey, brown, orange 

and black (melanin) pigments in culture.The properties o f these pigments and shunt products 

o f melanin biosynthesis in terms o f virulence and environmental hardiness has not been tested. A  

prerequisite to functional analysis o f specific pigments is the need to obtain suitable mutants 

that accumulate a pigment (s) o f interest. The latter task may be undertaken by molecular
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genetic means. Based on observations o f pigmentation patterns and the classification o f  

M.flavoviride as a Deuteromycete, this species is likely to synthesize melanin via 1,8 - 

Dihydroxynapthalene (1,8-DHN), like two other Deuteromycetes, Colletotrichum and Altemaria. 

Cloned genes involved in melanin biosynthesis from both the latter fungi have recently become 

available. PKS1 from C.lagenarium encodes a Type I polyketide synthase (Takano et.al.,1991) 

and THRI from the same organism encodes a reductase involved in conversion o f  1,3,8 - 

trihydroxynapthalene to vermelone (Perpetua et.al.,1996). A  30kb genomic fragment from

A.altemata contains three genes o f  the melanin biosynthetic gene cluster i.e. ALM, BRM1 and 

BRM 2 (Kawamura et.al., 1997). The enzymes involved in melanin biosynthesis from 1,3,6,8- 

THN ( the first product after cyclization o f acetate ), are primarily reductases and dehydratases. 

As they are likely to have a moderate to high level o f  homology to genes o f  the melanin 

biosynthetic cluster in M.jlavoviride, they may be used directly for Southern hybridization and 

detection o f native genes in M jlavoviride. Mutated forms o f  these cloned genes may also be 

used directly for targeted replacement o f  genes o f  the melanin biosynthetic cluster in M. 

jlavoviride.

An alternative strategy to detect M.jlavoviride genes involved in melanin biosynthesis 

would be to design PCR primers against conserved regions o f the existing Colletotrichum and 

Alternaria genes. These consensus primers may then be used to amplify a gene fragment from 

wild-type genomic samples o f  M.jlavoviride that may be used as a probe for Southern 

hybridization and detection o f native melanin biosynthesis genes. The detection and cloning o f  

these genes, with subsequent mutation and reintroduction into the isolate for targeted gene 

replacement, may enable generation o f  specific null mutations. This approach negates the need 

for random mutagenesis for the isolation o f mutants deficient in melanin biosynthesis, as well 

as the requirement for a genomic library.

An important use o f null mutants in melanin biosynthesis is to determine whether 

melanised appressoria are essential for infectivity o f  M.jlavoviride to its insect hosts. In certain 

fungi e.g. in M. grisea (Talbot et. al. ,1993), Pyricularia oryzae (Woloshuk & Sisler, 1982; Kubo & 

Furusawa, 1991) and Colletotrichum spp. (Kubo & Furusawa, 1991), melanisation o f appressoria 

confers the physical strength that enables penetration o f  plant cuticles. However, melanised 

appressoria are not required for infectivity o f  Alternaria alternata (Kawamura et.al.,1997), 

suggesting that appressorial melanization is not a determinant o f virulence in all plant 

pathogenic fungi. The role o f appressorial melanisation in infectivity o f  insect pathogenic fungi 

has not been elucidated.
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A  major criterion in the selection o f an entomopathogenic fungus for biological control

is host specificity. An ideal candidate fungus should be highly virulent to several insect pests

yet harmless to beneficial and non - target organisms. This criterion is o f  particular importance 

i f  a biological control agent is to be utilized in areas where the rearing o f  susceptible but 

beneficial insects, like the silk worm and the honey - bee, is undertaken on a commercial

scale.Even otherwise, specificity o f a biopesticide to pest insects (as opposed to beneficial 

insects) is an important consideration because o f the immense contribution o f insects as a whole 

to the ecosystem. However, the likelihood o f a candidate fungus being so highly, selectively 

specific is very small, and this is an area in which molecular genetics could play a 

monumental role by helping to elucidate mechanisms o f  host specificity, in view to strain 

improvement.

In considering the host range o f Metarhizium, M.flavoviride demonstrates selective

pathogenicity towards members o f the Orthoptera, Homoptera, and Coleoptera, while M.anisopliae 

demonstrates broad-range infectivity to members o f  all three families, including the Lepidoptera, 

Hemiptera and Isoptera (St.Leger er.a/., 1994d;Lai ef.a/.,1982;Lacy et.a/.,1988;Allard et.al., 1990). 

Elucidation o f  the mechanisms that confer differential host specificity in M.flavoviride and 

M.anisopliae may provide the technology for modulating host-range in the genus Metarhizium. 

O f primary importance would be the task o f broadening the host range o f M flavoviride to 

include the Lepidoptera, Hemiptera and Isoptera while attempting to delete the genes that 

induce pathogenicity to specific beneficial insects. Broad range pathogenicity to insect pests is 

an advantageous trait because it negates the necessity to use several isolates simultaneously in 

an ecosystem for broad range pest control. The latter may initiate competitive interactions 

between the isolates as they are not likely to have absolutely mutually exclusive nutritional 

niches. Such interactions may result in the extinction o f  some o f  the isolates which would be 

inimical to effective pest control.

Barriers to pathogenicity may exist at the level o f  the cuticle, within cuticular lamellae 

or in the hemocoel. At the cuticular level, insect secretions may be mediating pathogen 

responses. An example is the effect o f Solenopsis invicta venom alkaloids on fungal spores. 

These alkaloids are thought to have evolved as disinfectants o f  the ant cuticle and in mound 

soil. Venom is often dispersed into a fire ant mound as a sting, or on approach o f  an intruder, 

giving rise to potentially high concentrations within a mound, and on ant surfaces (Obin & 

Vander Meer,1985; Blum, 1988). Each worker’s venom sac contains ca. 10 - 15 pg o f alkaloids. 

High concentrations o f  venom alkaloids were found to inhibit germination o f M.anisopliae and

B.bassiana conidia for up to 24 hr. while very low concentrations were fungistatic to

14



Paecilomyces fumosoroseus conidia even after 48 hr. incubation. Although B.bassiana was 

postulated to carry an alkaloid detoxification system, the presence o f these alkaloids in 

culture induced modifications to vegetative growth patterns giving rise to proliferation as 

hyphal bodies as opposed to germ tubes and mycelia. O f interest here is the fact that the 

alkaloid may act as an effective barrier to pathogenesis, and that it elicited distinctly 

different responses in the different fungal genera.

Several molecular strategies may be applied to the problem o f venom alkaloids. 

Differential display techniques may be applied on B. bassiana grown with and without the 

alkaloids to isolate the gene(s) involved in its detoxification. The gene(s) o f interest may 

then be cloned into a suitable vector and integrated in multicopies into B. bassiana. 

Alternatively, if  other genera o f entomopathogens are found to be more pathogenic to S. 

invicta in the absence o f venom alkaloids, the cloned B.bassiana gene(s) encoding alkaloid 

detoxification may be introduced into these genera.

Converse to the situation where an insect secretion is fungistatic or fungicidal is 

the case where an insect secretion e.g. a hormone, induces developmental competence and 

infectivity in an entomopathogen. Such a situation would be particularly useful if  

elimination o f pathogenicity to a beneficial insect was desired, as it provides an alternative 

strategy to the deletion o f genes that encode for cuticle degrading enzymes. If an insect 

secretion is found to significantly enhance conidial germination and development, it is 

likely that its molecules bind spore surface receptors and are transported into the spore by 

specific cell-wall or intra-membrane transporter molecules. If the insect secretion and its 

spore surface receptors (usually lectins) and associated transporter channels have been 

elucidated chemically, and cloned genes that encode for the spore surface receptors, 

transporters or suitable homologues are available, they may be used for designing mutations 

that inhibit binding or transport o f insect secretory molecules into the spore. The mutated 

version o f the gene may then be used for targeted replacement o f the native gene, thereby 

effectively eliminating pathogenicity toward the beneficial insect.The feasibility o f this 

strategy for engineering host specificity is supported by the fact that the lectins (cell- 

surface glycoproteins) o f certain nematode-trapping fungi and plant pathogenic fungi have 

been found to dictate the specificity o f  their interactions with their hosts, clearly 

discriminating host from non-host (Inbar & Chet, 1997).

The task o f inducing pathogenicity to an insect that is not a natural host o f  an 

entomopathogenic fungus is relatively easier to achieve than removing pathogenicity to a 

natural host. If the barrier to pathogenicity in the isolate o f interest is due to non- 

production o f a cuticle-degrading enzyme, cloned genes from natural pathogens that encode
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for cuticle degrading enzymes may be introduced into the isolate by DNA-mediated 

transformation. Several genes that encode for cuticle degrading enzymes from entomopathogenic 

fungi are currently available eg. a subtilisin-like proteinase,PR 1,trypsin-like serine proteinase 

PR2, thennolysin-like metalloproteinase and carboxypeptidase from M.anisopliae have been 

cloned (St.Leger et.al.,1994 a,b & c) while efforts to clone a chitinase from M.anisopliae has 

begun (Valadares Inglis et.al.,1997). A cloned cuticle degrading protease from Beauveria

bassiana is also available (Joshi et.al.,1995). As both. M .anisopliae and B.bassiana are likely 

to have similar expression systems to M.jlavoviride, genes from these organisms are likely 

to be stably expressed in M.jlavoviride if  used for overexpression studies.

If a potential pathogen is able to penetrate the cuticular barrier, but is unable to 

survive in the insect hemolymph, genes that encode for insecticidal toxins that debilitate 

the hosts immune response and allow fungal proliferation in the hemolymph, may be 

introduced into the isolate. Possible candidates include the Destruxins, insecticidal toxins 

produced by many strains o f M.anisopliae but not by M .jlavoviride isolates 

IMI330189,ARSEF2023 and IMI324673 (Kershaw, 1993). Engineering the Destruxin synthase 

gene cluster into isolate IMI330189 may widen its host range as the toxin has been

reported to be insecticidal to members o f the Lepidoptera (Roberts,1966a & b) and the 

Diptera (Lacy & Lacy, 1988), two insect families that have not been reported to be susceptible 

to the fungus, perhaps due to fungistatic mechanisms at the level o f  the hemolymph. 

Technical difficulties that may be encountered include the large size o f the Destruxin 

synthase gene cluster - it is postulated to be in excess o f 30 kb. (John Clarkson, personal 

communication) - that precludes the possibility o f  successful insertion o f the entire

biosynthetic gene cluster into a single plasmid vector, in addition to successful

transformation and stable maintenance o f the large plasmid in the fungus. Random 

integration o f a single or multiple copies o f a large plasmid into a fungal chromosome 

may destabilize the genome not merely by disrupting essential genes, but also by blocking 

important transcriptional pathways. However, the addition o f functional fungal telomeric 

elements containing origins o f replication and fungal centromeric elements to the large 

polyketide biosynthetic gene in view to the creation o f a functional chromosome may 

enable stable and autonomous maintenance o f the gene within the fungal genome. The 

introduction o f chromosomes and large DNA molecules into a fungus may be possible 

using particle bombardment. Methyl-5-hepten-2-on is another possible candidate for 

engineering into M.jlavoviride. This compound is a volatile produced by B.bassiana that 

has been demonstrated to induce paralysis in houseflies (Schaerffenberg & Winkler,1969). As 

such, genetic expression o f this volatile in recombinant IMD30189 conidia, adhering to the 

surface o f housefly cuticles and possibly also other members o f the Diptera, would cause 

gradual debilitation o f insects and paralysis. If the isolate is capable o f  germination and
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cuticular penetration in this insect family, secretion o f the volatile would be followed by 

germination, cuticular penetration and thereafter, rapid mortality. However, if  the isolate is 

incapable of germination and cuticular penetration in members o f this insect family, high level 

secretion of methyl-5 -hepten-2-on is likely to severely debilitate insects and may cause 

mortality by paralysis, or increased susceptibility to other pathogens. Genes that encode for 

Viridoxins A and B, insecticidal toxins produced by M.flavoviride (Gupta et.al, 1993), if  over

expressed in isolate IMI330189 are likely to increase the virulence of the isolate. However, in 

considering the various genes that I’ve described, partial sequence of only a putative 

destruxin synthase gene has been reported (Bailey e t.a l,1996), while the availability of cloned 

genes that encode for Methyl-5-hepten-2-on and the Viridoxins have not been reported.

The five classes o f B.t. toxins have specificity to particular insect families i.e. Cryl 

(Lepidoptera-specific), Cryll (Lepidoptera and Diptera specific), Cryin (Coleoptera specific) and 

CryIV (Diptera specific). CryV and CiyVI are nematode-active toxins (Feitelson et.al.,1992). 

This property o f B.t. toxins enables the use o f B.t. for wide - range pest control, yet ensures a 

significant degree o f host-specificity with the use o f particular strains. It also makes the genes 

that encode for B.t. toxins potentially important candidates for engineering into fungal strains 

for the purpose o f modifying host range and specificity. However, as activation o f the B.t. 

protoxin requires pH-dependent solubilization in the insect gut, proteolytic cleavage by gut- 

juice enzymes, and subsequent binding to specific receptors located on the inside o f the insect 

gut epithelium (Luthy & Ebersold,1981) - but perhaps not within the gut epithelium facing the 

hemocoel, or on hemocytes, or other internal organs - expression o f engineered B.t. protoxins 

and its release during the normal progression of fungal development i.e. germination, cuticular 

penetration and proliferation in the hemocoel - as opposed to ingestion - may not induce 

toxicity. Therefore, genetic modifications in regulatory elements would be required to instruct 

the fungus to deposit B.t. crystals on the outer surface o f the fungal cell-wall (eg. with the 

hydrophobins). Infective mycelial particles and spores would also have to be formulated with 

insect food-bait, so that ingestion, and partial digestion o f the fungal cell-wall in the insect 

gut, would allow the release of B.t. crystals (as well as innate fungal toxins eg. the 

Destruxins and the Viridoxins) in the insect gut. The ionophoretic action o f B.t. toxins on the 

gut epithelium has been reported to cause leakage o f gut juices into the insect hemolymph 

(Luthy & Ebersold,1981). Infective fungal propagules carried by gut juices may also flow into 

the insect hemolymph. Germination and/or proliferation o f these propagules in the insect 

hemolymph in combination with the disruptive action o f B.t. toxins and innate fungal toxins 

are likely to induce rapid mortality in infected insects. Reports o f stable replication and 

maintenance o f bacterial/cosmid vectors in filamentous fungi have not been forthcoming. Therefore, 

if  genes encoding for B.t. toxins are designed to be carried extrachromosomally on these
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vectors, a fungal origin o f replication is likely to be required to enable autonomous 

replication and maintenance o f the vector in the nucleoplasm.

The technology for intergeneric expression o f B.t. genes is already available. B.t. 

genes have recently been inserted into plants i.e. into potato, cotton and com (Sue 

Macintosh & Mamix Peferoen , Abstract - nird. International Colloquium on Bacillus 

thuringiensis, Cordoba 1996). It may be argued that engineering B.t. genes into plants is a 

better strategy than engineering these genes into entomopathogenic fungi, by way o f the 

fact that it is easier to genetically modify, test and commercially produce one organism 

than it is two. The very nature o f the organisms involved make the task o f  releasing a

transgenic plant into the environment safer than the task o f releasing a genetically

modified micro-organism (a GEM) into the environment. The latter are relatively more 

difficult to trace, control, visualize, and gauge long - term effects in their interactions with 

the environment than the release o f transgenic plants. The determinants o f  virulence in 

Metarhizium that may provide effective resistance against insect pests when introduced into 

plants include the Destruxins (if modifications are made to eliminate mammalian toxicity), 

the Cytochalasins, the Viridoxins, and the insect cuticle-degrading proteases, including PR1. 

As effective as these transgenic plants may be, it should be noted that the use o f  

mycopesticides is likely to complement a crop with innate resistance to pests, and may 

also be useful for pest protection o f  crops that cannot express B.t. and other toxins.

The entomopathogenic fungi, including M.flavoviride are slower to kill than the 

insect pathogenic viruses. In the effort to engineer increased speed o f kill, one or more 

cloned determinants o f virulence o f insects may be over-expressed in the fungus - a 

strategy that has already been discussed. An alternative strategy would be to engineer a 

high rate o f growth in the isolate. The latter may be undertaken by introducing or over- 

expressing genes involved in effective biological detoxification eg. genes that encode for 

cellular antioxidants like ascorbic acid and certain flavonoids. Other genes that may 

increase rate o f growth if  introduced in single or multiple copies include genes that

encode for polyamine biosynthesis, the polymerases involved in DNA replication or p-

tubulin genes with strong constitutive promoters that encode for P-tubulin molecules 

resistant to heat, dessication and low temperatures, capable o f polymerization under these 

conditions. Dual infections o f fungi and viruses in the Lepidoptera have been observed to 

induce a rapid rate o f kill, suggesting that these pathogens have largely, mutually exclusive 

nutritional niches in the Lepidoptera, and the existence o f myco-viral synergistic 

mechanisms. This leads to the question o f whether engineering viral elements into fungi 

would significantly improve virulence. In support o f this postulate, researchers at Zeneca 

have detected several patterns o f dsRNA distribution in field strains o f B.bassiana, and
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specific patterns have been correlated with enhanced isolate virulence (D.J.Osbome, 

J.D.Smith & DJ. Rhodes - Abstract - End. International Colloquium on Bacillus thuringiensis, 

Montpellier 1995).

An interesting idea in the move towards creation o f an efficient strain o f  

M.flavoviride or other entomopathogenic fungi for biological control is the possibility o f  

engineering secretion o f an insect attractant eg. a pheromone, into the isolate. The secretion 

o f such biochemicals by conidia and mycelium in propagative formulation (eg. compacted, 

unrefined rice commonly used for field production and application o f M.anisopliae) is very 

likely to induce a higher level o f pest control than isolates without the ability to secrete 

such biochemicals. Formulation o f conidia with an insect pheromone is very likely to be 

expensive and ineffective as the pheromone may degrade upon prolonged exposure to the 

environment. In contrast, an isolate engineered to produce insect pheromone in propagative 

formulation would be secreting the compound continuously over a span o f  time. As 

pheromones are strain and species - specific, it is likely that engineering strain or species - 

specific pheromones or other insect attractants into fungi are likely to induce a high level 

o f targeted control o f specific pests. The strategy o f using a mycopathogen in combination 

with biologically active insect secretions has been tested with the use o f Vlecanii for 

biological control o f the nematode Heterodera glycines with the use o f H.glycines sex 

pheromones, and its analogues (Meyer & Huettel,1996).

1.6. Field efficacy of Metarhizium and other entomopathogens

The use o f entomopathogenic fungi for pest control is well established. 

M.anisopliae has been marketed in Brazil as Metaquino for several years for control o f  

Mahanarva posticata  in sugarcane fields (Mendoca,1992). M.anisopliae has also been used 

for good control o f  pasture and sugarcane pests in Australia (Pinnock,1990). Beauveria 

bassiana has been produced and utilized on a large scale in China and in the former 

USSR (Ferron,1981). Beauveria brongniartii has also been used for effective control o f  

Melolontha melolontha in Switzerland (Keller,1992). The success o f these and many other 

bioproducts is based primarily on improved formulation and strain selection. For example, 

in the 1980’s, Vlecanii was developed as a mycoinsecticide against aphids and the 

whitefly Trialeurodes vaporariorum  for glasshouses, but was withdrawn in the U.K. 

because o f small market potential and erratic performance. However, interest was revived in 

this organism with improvements in production and formulation, resulting in a wettable 

powder with a 50-fold increase in viable conidia over the original product, which was 

based on blastospores (Ravensberg et.al.,1990). The reasons for the commercial failure o f  

Hirsutella thompsonii, developed in Florida as Mycar for control o f the citrus rust mite,
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Phyllocoptruta oleivora, included die need for cold storage, lack o f a suitable bioassay, 

difficulty in producing infective conidia, and inconsistent field results, probably due to adverse 

environmental conditions such as low humidity levels (McCoy, 1986). These problems are 

applicable to the utilization o f other entomopathogenic fungi.

An important consideration that determines the success o f a commercial mycopathogen 

is speed o f kill. When 4th. instar nymphs of the Australian plague locust, Chortoicetes 

terminifera, and 4th. and 5th. instar nymphs o f the Wingless grasshopper, Phaulacridum 

vittatum were inoculated topically with 7500 conidia per insect with the M.flavoviride isolate, 

ARSEF 324 (FI985), a median lethal time (MLT) o f 4.3 days was observed for C.terminifera 

incubated at 29°C, and an MLT of 5.4 days was observed for P.vittatum incubated at 26°C 

(Milner & Prior,1994). This relatively slow rate o f kill in comparison to chemical pesticides, 

and certain other biologicals eg. certain baculoviruses (Leisy & van Beek, 1992), is an obvious 

drawback to the use o f the mycopathogen. However, Kooyman et.al.(1997) report an 80 % 

reduction in grasshopper populations, relative to control populations, using an oil-based 

formulation o f M.flavoviride, 21 days after application. Testing was undertaken over a total 

area o f 150 ha in the Sahel using standard equipment normally used for the application of 

chemical pesticides. This report clearly suggests that the use o f M.flavoviride or other 

biologicals for locust and hopper control is a viable alternative to the use o f chemical 

pesticides.

Although locusts and grasshoppers are also parasitized by nematodes and 

nematomorphs (Baker&Capinera,1997),protozoans,especially o f the Nosematidae (Johnson,1997) 

and entomopoxviruses (Street et.al, 1997), fungi form the most important and best developed 

group of microbial pathogens o f this insect family (Goettel et.al.,1995). A  factor that is likely 

to have contributed to effective pest control by M.flavoviride is depression o f feeding induced 

by the entomopathogen with the onset o f infection (Moore et.al.,1992), ensuring that slowness 

of kill does not enable heightened crop damage due to continued feeding. This effect confers 

a significant advantage over the use o f wild-type Baculoviruses for insect pest control as 

virus infected insects actually feed more than uninfected insects. The latter effect is due to 

the action of a viral gene product called ecdysteroid glucosyl transferase (EGT) that 

interrupts the hormonal control of insect development so that the infected larva continues to 

feed and grow rather than enter the next moult (Leisy & van Beek,1992).The factors that induce 

phagodepression in M.flavoviride have not been elucidated, and may be due to a single factor, 

or alternatively,it may be multifactorial.Possible candidates include secretion of toxins and activation 

of the insect phenol-oxidase system giving rise to melanisation, and general malaise. The
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Viridoxins, insecticidal toxins produced by M.flavoviride have not been tested for 

phagodepressive effects. However, two lines o f evidence suggest that the Destruxins, 

insecticidal toxins produced by M.anisopliae may induce arrest o f feeding (Kodaira,1961 & 

Roberts, unpublished observations). A  second factor that may contribute to the efficacy o f  

M.flavoviride for locust and hopper control is the dissipation o f flight capability with the 

progress o f  infection (Seyoum et.al.,1994). This effect prevents further crop loss by migratory 

swarms and is believed to be due to utilization o f  hemolymph trehalose reserves by the 

fungus. The disaccharide sugar is the predominant hemolymph sugar in many adult insects 

and the major sugar utilized during flight (Becker et.al.,1996). Bearing in mind the innate 

factors that contribute to the efficacy o f M.flavoviride, genetic modifications for increased 

virulence, growth rate, viability and broadening o f  host range, with selective deletion o f  

factors that induce pathogenicity to non - target organisms, are likely to significantly improve 

this mycopathogen for successful pest control.
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2.0

Materials and Methods

2.1 Isolates : M.jlavoviride strain IMI 330189, isolated from Ornithracis cavroisi 

(Orthoptera : Acrididae) in Niger, was used for genetic transformation and other 

experimentation, unless otherwise specified. Stocks were obtained from the International 

Mycological Institute (IMI), Egham, Surrey, TW20 9TY, UK. Stock cultures o f M.jlavoviride 

strain CBS 218.56 were obtained from Centraalbureau roor Schimmelcultures (CBS), 

Oosterstraat 1, POB Box 273, 3740 AG Baam, The Netherlands. For purposes o f this 

research, both strains were routinely cultured on 1/4 Strength Sabourauds Dextrose Agar 

(Appendix A) at (25 - 28)°C, with and without illumination, depending on utilization o f  

conidia.

2.2 Growth of M.flavoviride

2.2.1 Media
Formulation o f  Adameks Medium and 1/4 Strength Sabourauds Dextrose Medium 

is provided in Appendix A, Czapek Dox Complete Formulation and Czapeks Dox Basal 

Salts Formulation without Nitrate is provided in Appendix B, and Modified Leatham's 

Medium is provided in Appendix C.

2.2.2 DAPI staining of protoplasts and blastospores
The DNA-specific stain, DAPI (4,6-Diamidino-2-phenylindole) (Sigma) was prepared 

at a concentration o f 1 mg/ml in 0.6M KC1 buffer. Protoplasts generated from mycelium in 

0.6M KC1 were washed and resuspended in the same buffer to a concentration o f 106 

protoplasts per ml in preparation for staining. lOpl o f  the protoplast suspension was pipetted 

onto a slide, afterwhich lOpl o f  DAPI stain was added onto the protoplast suspension, and 

gently mixed. A  coverslip was placed on the suspension, and the slide heated in an 80°C 

oven for 5 min. to facilitate absorbtion o f  stain.

Blastospores were washed and resuspended in 0.6M KC1 to a concentration o f 5 x 

107 blastospores per ml. 18 pi o f  the sample was pipetted onto a slide, and 2 pi o f DAPI 

stain (at 1 mg/ml) was pipetted onto the blastospore suspension, and gently mixed. The 

stained blastospore preparations were heated in an 80°C oven for 3 min. to facilitate 

absorbtion o f  stain.

The stained protoplast and blastospore preparations were examined under 400 and 

1000 times magnification using a Leica photomicroscope adjusted ( with the use o f a UV
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excitation filter, dichroic mirror, and L435 barrier filter) to enable visualization o f UV induced 

fluorescence.

2.2.3 Spore counts and mycelial dry weight estimations
Spore counts were determined with an Improved Neubaur Hemocytometer 

(Weber,England) and observed under the phase contrast microscope. Based on the nature o f 

hemocytometer counts that fall within a Poisson distribution, standard deviations o f counts 

were calculated as the square root o f the mean of replicate counts. Other standard deviations 

eg. those associated with dry weight measurements were calculated based on the assumption 

that measurements fall within a normal distribution. Dry weights o f harvested mycelium were 

obtained by placing samples in aluminium foil baskets and subjecting them to oven drying at 

70°C until samples reached constant weight.

2.3 Selection of a suitable transformation marker

2.3.1 Materials
Kanamycin sulfate and HygromycinB from Streptomyces hygroscopicus were obtained 

from Sigma. Technical Grade Benlate® (99% Benomyl) was obtained from Du Pont de 

Nemours and Co.

2.3.2 Fungicide and antibiotic sensitivity assays
Benlate®, Kanamycin and Hygromycin B sensitivity assays were undertaken on 1/4 

SDA based media. Stock solutions o f Kanamycin sulphate and Hygromycin B were prepared 

in sterile distilled water and subsequently filter sterilized. Stock solutions were stored frozen 

at -20°C. Both antibiotics were added to molten media, presterilised at 121°C for 15 min., and 

cooled to between (45 - 50)°C. The antibiotic solutions were thoroughly mixed with the media 

to ensure uniform distribution before plating. Benlate® was solubilised in DMSO to a stock 

concentration o f 10 mg/ml, and stored frozen at -20°C. No significant difference in conidial 

sensitivity to Benlate® was detected when the compound solubilised in DMSO was added to 

media prior to sterilization and after sterilization, when sterilization was undertaken at 121°C 

for 15 min. As such, the addition o f the compound prior to sterilization was adopted for 

convenience.

Conidia used for assays were cultured on 1/4 SDA for 10 days at 27°C in complete 

darkness. For the Benlate® and HygromycinB spread plate assays, a total o f 750 conidia with 

a viability level o f 36% were spread onto each plate, while the point-inoculum growth 

inhibition assay utilized 60 conidia in a lp l volume. For the spread plate Kanamycin 

sensitivity assay, 950 conidia of a 56% level o f viability were spread onto each replicate
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plate, while 63 conidia were used per replicated point-inoculum in the point-inoculum 

growth inhibition assay.

The production o f  protoplasts for Benomyl sensitivity tests were undertaken as 

described under Section 2.4. Protoplasts generated in 2.0M KC1 were spread onto assay plates 

containing a 12 ml base o f 1/4 SDA osmotically buffered with 0.6M KC1. Density o f plating 

was 3 x l0 6 protoplasts with 15%  regeneration efficiency per plate. An 8 ml overlay o f  1/4 

SDA osmotically buffered with 0.6M KC1 + 60% sucrose was immediately added to 

facilitate even distribution o f  protoplasts and a sufficient level o f  osmotic buffering. After 

the appropriate length o f  primary incubation, 10 ml o f  1/4 SDA containing Benomyl and 

0.6M KC1 supplimented with 24 % sucrose was added as an overlay. Plates were incubated 

for 7 weeks at 27°C before results were recorded.

Blastospores for Benomyl sensitivity assays were generated in CDC liquid culture. 

108 conidia were inoculated into 150 ml CDC broth and cultured for 48 hr. at (25-27)°C 

with 120 rpm rotary incubation. Flasks were completely foil covered. At the end o f  

incubation, blastospores were harvested by centrifugation at 9000 rpm for 30 min. 

Blastospores were washed in pH 5 milliQ water and resuspended in the same. The spore 

suspension was stored on ice before plating. Plating density was 1.5 xlO6 blastospores with a 

44% level o f  viability per plate.

2 3 3  Nitrogen utilization tests
These tests were undertaken in standard 250 ml conical flasks containing 150 ml 

broth per flask. Leatham’s medium (Appendix C), a defined, complete medium was the 

standard utilized, minus D-glucuronic acid. Stock solutions o f  sodium glutamate, sodium 

nitrate, adenine and proline were made-up in sterile milliQ water and filter sterilized before 

addition into sterilized (121°C, 15 min.) Leathams Broth, to an effective concentration o f  

2.5g/l. An inoculum strength o f 108 conidia were inoculated into flasks stoppered with foam 

bungs. Rotary incubation at 27°C, 120 rpm was undertaken for 5 days before harvesting and 

processing o f  samples.

2.4 Optimization of protoplasting parameters
Enzymatic digestion was the standard method o f  protoplasting utilized. Novozym  

234 (Novo Nordisk) was used at 5 mg/ml in 0.6M KC1 unless otherwise specified. Preliminary 

studies on the relative efficiency o f  using Novozym 234 from Novo Nordisk at 5 and 10 

mg/ml for protoplasting hyphae indicated (25 - 90) % lower yields with the use o f Novo 

Nordisk Novozym 234 at 10 mg/ml over a 2 - 7 hr. period o f  digestion. In Section 4.2.6, 

Novozym 234 from Interspeks was utilized. Section 4.2.7 tested relative protoplasting
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efficiencies o f several enzymes and enzyme cocktails. Novozym 234 from Novo Nordisk was 

the standard used for comparing efficiencies between the different enzymes. Blotted ( fresh) 

mycelium was used at a concentration o f 100-200 mg / 3 ml buffer for digestion in all tests. 

The use o f  150 - 500 mg o f blotted mycelium per 3 ml digest did not produce significantly 

different yields o f  protoplasts.

2.4.1 Effect of cultural conditions on the ease of protoplast 

formation
Conidia were inoculated into liquid culture to generate mycelium for protoplasting. 

Cultural variations introduced at the level o f  liquid culture were found to influence the quality o f 

mycelium generated and its suitability for protoplasting. A  negative correlation was observed 

between the degree o f  mycelial pigmentation and protoplasts yields obtained. Three categories o f 

cultural variations were tested and found to produce different yields and trends in protoplasting 

efficiency. They are as follows:

a) Standard concentration o f  Czapek Dox Complete Broth (CDC: Appendix l),a  relatively 

low inoculum level ( 108 conidia) in a large volume o f  broth (150 ml) in standard conical 

flasks, optimum growth temperature for Metarhizium (27°C), relatively low level o f  aeration 

generated through low speed rotary incubation (120 rpm ). Filter caps1 were used to stopper 

conical flasks.

l '  Standard caps for 250 ml conical flasks made by taping 0.2 pm pore Millipore membrane 

filters (Whatman®, nitrocellulose, 47 mm., Cat. No. 7182004) onto Whatman No.6 filter 

paper (7.0 cm, Qualitative). Caps were sterilized at 121°C for 15 min. before use. They 

were sealed to the mouth of conical flasks with parafilm. Caps were resterilised twice 

for use at least 3 times.

b) Standard concentration o f  CDC, high inoculum level (5.5 xlO8 conidia) in a small volume 

o f broth (50 ml) in standard 250 ml conical flasks , high incubation temperature (31 °C), high 

level o f aeration obtained through high speed rotary incubation (150 rpm) and the use o f  

loose foam bungs to stopper flasks. In addition to protoplasting data, measurements o f  

mycelial dry weight over a period o f  10 days with corresponding total spore counts were 

also obtained.

c) CDC using 1,4 and 7 times the standard concentration o f  yeast extract were compared. 

Cultures were generated with the use o f 150 ml broth in standard 250 ml conical flasks, 

subjected to 120 rpm rotary incubation at 25 °C.
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At the end o f incubation, mycelium produced was harvested by filtration through 3 

layers o f sterile muslin, blotted between Whatman 182 filter paper and 200 mg (fresh-weight) 

blotted portions resuspended in 5 ml glass Bijoux containing 1.5 ml 0.6M KC1 digestion 

buffer in Section a and b, and in 2.0M KC1 in Section c. Novozym 234 (Novo Nordisk 

Biolabs) at 10 mg/ml was added to give an effective concentration o f 5 mg/ml. Protoplast 

counts were made after 3 hr. digestion in a shaking water-bath at 28°C with 50 rpm o f  

shaking. One day old cultures were not muslin filtered but instead spun down at 6000 rpm. 

for 15 min.The pellet was washed several times in 0.6MKC1 and resuspended in the same 

buffer.The young hyphae were just at the beginning o f  pellet formation. They were counted 

and resuspended in 1.5 ml o f  osmotic buffer, to give a net concentration o f 107 structural 

units/ml in a total volume o f  3 ml. 1.5 ml Novozym 234 at 10 mg/ml was then added to 

give a net concentration o f 5 mg/ml.

2.4.2 Effect of pH on protoplasting efficiency of Novozym 234
The optimum working pH o f Novozym 234 in 0.6M KC1 was determined by pH 

buffering with phosphate, MES and HEPES buffers.The range tested was pH 5.0, 5.2, 5.4, 

5.6, 6.0 and 6.5. Unbuffered 0.6M KC1 (initial pH 5.6) was used as a control. Mycelium for 

protoplasting was generated as described above under Section 2.4.1a. Harvesting and 

digestion conditions were also undertaken as described in Section 2.4.1a with the exception 

that 150 mg o f  blotted mycelium was used in 3 ml digests.

2.4.3 Effect of 2-mercaptoethanol pretreatment on protoplasting 

blastospores
Cultures for blastospore production were produced by inoculating 10 day old 

conidia into CDC broth using incubationary conditions described under Section 2.3.2. 

Blastospores in the culture filtrate were spun down by low speed centrifugation (3000-4000 

rpm) for 15 min. in an IEC-Centra bench-top centrifuge (Dunstable,Bedfordshire), washed twice 

in distilled water and resuspended in treatment solution (25 mM 2-mercaptoethanol, 5 mM 

EDTA, pH8) at a concentration o f  108 blastospores/ml. Treatment was undertaken in a sterile 

25 ml Universal bottle at room temperature (15-20)°C with gentle shaking for 0.5, 1.0, 3.0, 

5.0, 10.0 and 24.0 hr. Control (untreated) blastospores were suspended in distilled water and 

stored on ice before protoplasting.

At the end o f  the appropriate incubationary period, the treated blastospores were 

spun down and washed several times, first with distilled water, and then with 0.6M KC1. 

They were then resuspended at a concentration o f 2.5x 107 blastospores / ml in 3 ml o f  0.6M  

KC1 containing 5 mg/ml Novozym 234 (Novo Nordisk) in a 10 ml Bijoux. Protoplasting was 

undertaken for 3 hr. at 28°C in a shaking waterbath with gentle agitation at 55 rpm.
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2.4.4 Effect of 2-mercaptoethanol pretreatment on protoplasting 

hyphae
Mycelium for protoplasting was generated as described under Section 2.4.1a. At the 

end o f  incubation, cultures were filtered through muslin, washed several times in distilled 

water and blotted lightly between Whatman 182 filter paper before resuspending in 25 ml 

treatment solution at a concentration o f 1.7 g/ml. Treatment solution consisted o f  5 mM 

EDTA at pH8 containing varying concentrations o f  2-Mercaptoethanol i.e. 0.28 mM, 1.40 mM 

and 2.80 mM. Incubation was undertaken static at room temperature (20°C) for 5 minutes. 

The treated fungal suspension was then pelleted at 3000-4000 rpm and washed several 

times first with distilled water and then 0.6M KC1 (pH 5.6) to remove all traces o f  

treatment solution. Mycelium was then blotted between Whatman 182 filter paper and 200 

mg digested with Novozym 234 as described under Section 2.4.1.

2.4.5 Efficiency of several osmotic buffers and concentrations in 

protoplasting hyphae
KC1, sorbitol and MgSC>4 at various concentrations were tested for their relative 

efficiency in producing high protoplast yields. Mycelium for protoplasting was generated as 

described under Section 2.4.1a. Harvesting and digestion conditions are also as given above 

with the exception that washing o f newly harvested mycelium was undertaken in the 

appropriate type and concentration o f osmotic buffer. 150 mg o f  blotted mycelium was used 

per 3 ml o f the appropriate digestion buffer.

2.4.6 Effect of starvation as a pretreatment in protoplasting 

germlings
Conidial plates cultured at 27°C for 11 days with continuous illumination were 

used to inoculate VSG germination broth (Appendix D) at a concentration o f  2(10)8 conidia 

per 20 ml broth in 250 ml conical flasks. Germination was undertaken for 17 1/2 hr. with 

200 rpm rotary incubation at 30°C under continuous illumination (Source:Osram L40W/30 

Warm White Warmton d 678). Flasks were stoppered with filter caps. At the end o f incubation, 

germlings were discrete structures that had undergone 2 -3 cytoplasmic divisions from the 

spore. Cultures were spun down at 10,000 rpm for 30 min. (Sorval SS34 rotor), washed twice 

in sterile distilled water, and resuspended in the same, in the smallest possible volume. 

Washed germlings were then used to inoculate an 8 x concentrated solution o f Leatham’s 

Mineral Solution (Appendix C) in sterile distilled water at a concentration o f  1.63(10)7
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germlings per ml, and 0.6M KC1 solutions at concentrations o f  106 and 2.5(10)6 germlings 

per ml. Germlings were then starved in the mineral and KC1 solutions with continuous 

illumination (Source:Osram L40W/30 Warm White Warmton d 678) for 4 hr. with 120 rpm o f  

rotary incubation at 30°C. At the end o f starvation, germlings in concentrated Leatham’s 

mineral solution were pelleted at 10,000 rpm for 15 min. in a Sorval SS34 rotor, washed 

twice in 0.6M KC1, and resuspended in the same. They were then inoculated into 7 ml 

sterile bijoux containing approximately 1 ml volumes o f 0.6M KC1 to achieve an effective 

concentration o f  106 and 2.5(10)6 germlings per ml. Germlings that had been starved in 

0.6M KC1 solutions were stored at room temperature (20°C) before addition o f  enzyme. 500 

pi o f  stock enzyme solution (Interspeks Novozym 234 - 15 mg/ml) made up in 0.6M KC1 

was then added to the germling suspensions in KC1 buffer to give an effective 

concentration o f  5 mg/ml. All bijoux were encased in Al. foil prior to digestion. Digestion 

was undertaken at 30°C for 20 min. with gentle agitation (45 rpm).

2.4.7 Efficiency of several enzymes, individually and in combined 

digests
Fourteen different enzyme systems were tested for their efficiency in protoplasting

hyphae. They are as follows: Trichoderma viride Cellulase (BDH), Penicillium funiculosum

Cellulase (Sigma), Cellulase Ozonuka R-10 (Yakult HONSHA Co. Ltd.), Novozym 234 ( Novo

Nordisk Biolabs or Interspeks ) and Novozym 465 (Novo Nordisk Biolabs), Protease (BDH), 
iDriselase

Chitinase (BDH), and^ (Fluka AG). Mycelium for protoplasting was generated as described 

under Section 2.4.1a. Harvesting and digestion conditions are also as described in Section 

2.4.1a with the exception that 150 mg o f blotted mycelium was used per 3 ml osmoticum 

containing unbuffered 0.6M KC1.

2.4.8 Protoplast and spore counts
Protoplasts and spores were observed under 400 times magnification by phase 

contrast microscopy and counts determined with an Improved Neubaur Hemocytometer 

(Weber,England). Each treatment was replicated between 3 - 5  times. Counts are expressed as

the mean number o f protoplasts x l0 n / ml o f the digest. 95 % Confidence intervals for the 

mean, when expressed, were calculated based on pooled standard deviation.

2.4.9 Statistical analysis of results
Minitab version 10.2 was utilized for Oneway Analysis o f  Variance and Fishers Test 

o f Least Significant Difference ( at the 5%  lev e l) for calculation o f  significance levels.

26



2.5 Epigenetic and environmental influences on protoplast regene

ration

2.5.1 Preparation of mycelial protoplasts in 0.6M and 2.0M KC1 

osmotic buffer

Protoplasts were produced from mycelium generated in liquid culture, using either 

0.6M KC1 or 2.0M KC1 as osmoticum,pH adjusted to 5.6 with 0.1M MES buffer (Section 

2.4.1a). Mature conidia were generated on 1/4 SDA plates (Appendix A) that had been 

incubated at 27°C for 7 days in complete darkness. Conidia were harvested in 0.04% Tween-80 

solution and used to inoculate CDC broth (Appendix B).

At the end of the incubationary period, mycelial cultures were harvested by muslin 

filtration, washed with either sterile distilled water or 2.0M KC1, blotted between Whatman 

183 filter paper, and weighed. Preparation of a 0.6M KCI digest: The biomass washed in 

water was subsequently resuspended in a 3.5 ml volume of thiolic pretreatment solution ( 

18.75 mM 2-mercaptoethanol, 5 mM EDTA, pH 8 ) at a concentration o f 0.12g o f blotted 

mycelium /  ml o f treatment solution. Only contact exposure with pretreatment solution was 

allowed, afterwhich the mycelium was immediately refiltered through muslin, washed with 

0.6M KCI and resuspended in 1.5 ml o f the same buffer (0 .1M  MES buffered to pH 5.6 ). 

An additional 1.5 ml o f the same buffer containing Novozym 234 ( Novo Nordisk ) at a 

concentration o f 10 mg/ml was added to give a final enzyme concentration of 5 mg/ml and 

biomass concentration o f 150 mg of blotted mycelium per 3 ml. total digest volume. Digestion 

was undertaken for 3hr. with 55 rpm of rotary incubation at 27°C at the end of which 

vessels were immediately transferred onto ice for 30 min. Protoplasts were then pelleted by 

centrifugation at 3000 rpm in an IEC-Centra bench-top centrifuge (Dunstable, Bedfordshire), 

washed, resuspended in 0.6M KCI and stored on ice before plating. Preparation of a 2.0M  

KCI digest: 100 mg of mycelial biomass washed in 2.0M KCI was resuspended in 1.5 ml of 

the same buffer. Novozym 234 ( Novo Nordisk ) at 10 mg/ml in 2.0M KCI was then added to 

give an effective concentration o f 5 mg/ml. Digestion was undertaken for 1 1/2 hr. with 55 rpm 

of rotary incubation at 27°C. The digest was then muslin filtered, stored on ice for 30 min., 

spun down at 3000 rpm for 5 min. washed twice with the appropriate osmotic buffer and 

resuspended in the same buffer. The protoplast suspensions were stored on ice before plating.
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2.5.2 Regeneration of mycelial protoplasts produced in 0.6M KCI 

buffer

Lab M Tissue Culture Agar (TCA) at 0.75% and BDH gelatine at 40% were 

tested in combination with 0.6M KCI and 1.4M sorbitol respectively for their ability to 

osmotically stabilize regenerating protoplasts that had been produced in 0.6M KCI. Nutrient 

media utilized was 1/4 SDA (Appendix A) 0.1M MES buffered to pH 6.5. Plating m ethod: 

McCartney bottles containing 35 ml aliquotes o f  regeneration agar were equilibriated to 

60°C in a waterbath. Individual media bottles were then allowed to cool at room 

temperature for 10 min. before the appropriate volume o f  protoplast suspension was seeded 

in. The bottles were then inverted gently several times to allow equal distribution o f  

protoplasts in the media. The media was then poured into standard 8.5 cm Petri dishes and 

allowed to cool under a laminar-flow before capping. Colony counts were made after 7 - 1 0  

days incubation at 27°C in complete darkness.

2.5.3 Regeneration of mycelial protoplasts produced in 2.0 M KCI 

buffer

1/4 SDA (Appendix A), and VGP (Appendix D) in combination with various osmotic 

buffers were tested for their efficiency in regenerating protoplasts produced in 2.0M KCI. 

Tissue Culture Agar at 1.5% was used as the standard solidification agent. Osmotic 

buffering was provided with either KCI or sorbitol, alone or in combination with sucrose. 

All media was pH adjusted to 6.0 with 0.1M HEPES, and 20ml used in standard 8.5 cm 

Petri dishes. Plating method: Base layer plates were made by pouring 12 ml o f  each media 

type into standard Petri dishes. Protoplasts in suspension (1000) were layered onto this base 

layer. 8 ml. o f molten media o f the same type (equilibriated to 50°C) was then used to 

overlay the protoplasts. Plates were capped and then gently swirled to allow equal 

distribution o f  protoplasts. They were then uncapped and allowed to cool under a laminar - 

flow before recapping. Regeneration was undertaken at 27°C in complete darkness. Colony 

counts and morphology were recorded for up to 3 months.

2.5.4 Effect of pH on regeneration efficiency of protoplasts 

generated in 2.0M KCI

Protoplasts were generated using the methods described in Section 2.4.1a with the 

following modifications. Conidia were cultured on 1/4 SDA under conditions o f 12hr. Light/
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Dark cycling. Illumination was provided by 9 fluorescent tubes ( Osram L40W/30 Warm White 

Warmton d 678 ) and 4 tungsten bulbs (Philips 240V 50W) at a height o f  ~48cm. from fungal 

cultures. Conidia were harvested from plates after 10 days growth at 26°C and used to 

generate mycelium for protoplasting, as described under Section 2.4.1.

Regeneration media was VGP buffered with 0.6M sorbitol and 20% sucrose, when 

buffering was used. Media pH was adjusted to between pH 5.0 - 8.0 with Hepes and MES 

buffers. Plating was undertaken using the methods described under Section 2.5.3. Colony 

counts were made after 7 - 1 0  days incubation at 27°C in complete darkness.

2.5.5 Effect of media hardness on regeneration efficiency of 

protoplasts generated in 2.0M KCI

Protoplasts were generated using the methods described in Section 2.5.4. Media 

hardness was adjusted with either ( 0.5 - 2.0 )% Agarose ( Appligene ) or 1.0 - 2.5% Agar 

(Fisher). Regeneration media was VGP containing 0.6M sorbitol and 20% sucrose for 

osmotic buffering, when buffering was used. Plating methods used have been described under 

Section 2.5.3. Colony counts were made after 7 - 1 0  days incubation at 27°C in complete 

darkness.

2.5.6 Regeneration of germling protoplasts produced by starvation 

in different salt solutions prior to digestion

Germlings were starved in 8 x concentrated solution o f Leatham's Mineral Solution 

prior to digestion, as described in Section 2.4.6. Digestion was undertaken using the method 

described in the same section. At the end o f  the digest, protoplasts were pelleted by 

centrifugation at 3000 rpm for 2 min., washed once in 0.6M KCI, and resuspended in the 

same buffer. The protoplast suspension was counted and stored on ice before plating. 

Nutrient media utilized for regeneration was VGP supplimented with 5 g/1 yeast extract (Lab 

M). 0.75M sorbitol was used for osmotic buffering. Plating method: As described in Section 

2.5.3. Colony counts were made after 7 -  10 days incubation at 27°C in complete darkness.
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2.5.7 Testing the effect of varying conidial age on regeneration of 

mycelial protoplasts produced from the conidia

Conidia from a frozen stock suspension were streaked onto 1/4 SDA plates and 

incubated at 27°C in complete darkness for 7 days. At the end o f incubation, conidia were 

harvested in 0.04% Tween-80 solution and used to generate conidial plates 7,10,12,14,16

and 19 days old on 1/4 SDA. Plates were incubated at 27°C in complete darkness. These

plates were subsequently used to generate mycelium for protoplasting. Digests were 

undertaken in 2.0M KCI as described under Section 2.5.1. Plating method: Protoplasts were 

overlaid onto 12 ml o f base regeneration agar (1/4 SDA - Appendix D - buffered with 0.6M  

KCI). 8 ml o f  highly buffered regeneration agar (1/4 SDA buffered with 0.6M KCI, 

supplimented with 48% sucrose) was then poured over the protoplast layer. Colony counts 

were made after 7 - 1 0  days incubation at 27°C in complete darkness.

2.5.8 Testing the effects of photoperiod variations introduced 

during conidial plate culture on regeneration of mycelial 

protoplasts produced from conidia

Conidia from a frozen stock suspension were streaked onto 1/4 SDA plates and 

incubated at 26°C in complete darkness for 7 days. At the end o f incubation, conidia were 

harvested in 0.04% Tween-80 solution and used to generate a second batch o f  conidial

plates. These plates were incubated at 26°C with varying photoperiods i.e. continuous

illumination, continuous darkness and 24hr. light/dark cycling. Illumination was provided by 9 

fluorescent tubes ( Osram L40W/30 Warm White Warmton d 678 ) and 4 tungsten bulbs (Philips 

240V 50W) at a height o f  ~48cm. from fungal cultures. After 10 days incubation at 27°C, 

conidia were harvested and used to generate mycelium for protoplasting. Digests were 

undertaken in 2.0M KCI as described under Section 2.5.1. Protoplast regeneration was 

undertaken on VGP media osmotically buffered with 0.6M sorbitol , and 20% sucrose. 

Plating method: As described under Section 2.5.3. Colony counts were made after 7 - 1 0  

days incubation at 27°C in complete darkness.

2.5.9 Testing the effects of varying photoperiod during the 

process of protoplast regeneration

Protoplasts generated as described under Section 2.5.8 were subjected to varying 

photoperiods during the process o f regeneration i.e. continual illumination, continual darkness,
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Duplicate conidial plates of different age

Conidial plates were incubated at 27°C in 

complete darkness for the following lengths 

of time (in days):

C=D 

CZZD CUD CUD

CZZD 
l------1

Conidia were harvested and used to inoculate 

CDC broth. After 48hrs. incubation at 27°C,

120 rpm rotary incubation, mycelium was 

harvested and prepared for protoplasting.

Mycelium was digested for 1 1/2 hr. in 2.0M 

KCI, 27°C, 55 rpm. At the end of incubation, 

protoplasts were stored on ice before prepara

tion for plating.

Regeneration plates 

regenerants from 3 day conidia CZZD

regenerants from 5 day conidia |----- |
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Liquid culture of mycelium for protoplasting
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Fig.l: Schematic diagram of experiment 2.5.7



Replicate conidial plates subjected to different 

categories of photoperiod variations

Conidial plates were incubated 

at 27°C for 10 days with 

varying photoperiods

( 1

i  i

(-------- 1

(--------1

continuous

illumination

C c

c J c

continuous 24hr.Light/Dark 

darkness cycling

Liquid culture of mycelium for protoplasting

Mature conidia were harvested and 

used to inoculate CDC broth. Flasks 

were subjected to 120 rpm rotary in

cubation at 27°C, for 48hrs. with a 

standardized level o f illumination i.e. 

12hr light/dark cycling. Mycelial digests in 2.0M KCI

Mycelium produced was digested

for 1 1/2 hrs. at 27°C,55 rpm in

2.0M KCI. Protoplasts were stored

on ice prior to plating
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cycles cycles

Regeneration conditions

Fig 2.:Schematic diagram of experiment 2.5.8

12hr. light/dark cycling and 12hr. dark/light cycling. Plating was undertaken as described 

under Section 2.4.4. Results obtained were combined with the results o f  Section 2.4.9.
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2.5.10 Testing the effects of light quality (i.e. different wave

lengths of light) on the process of protoplast regeneration

Protoplasts were generated using the methods described in Section 2.5.8 with the 

following modifications. Conidia were cultured on 1/4 SDA under conditions o f  12hr. Light/ 

Dark cycling. Illumination was provided by 9 fluorescent tubes ( Osram L40W/30 Warm White 

Warmton d 678 ) and 4 tungsten bulbs (Philips 240V 50W) at a height o f  ~48cm. from fungal 

cultures. Conidia were harvested from plates after 10 days growth at 26°C and used to 

generate mycelium for protoplasting.

Light quality was tested by using differently coloured phytatrays from Sigma i.e. red 

( Cat.no.: Z35,808-8 : transmits above 590 nm.; transmission peak at 660nm.), blue (Cat.no.: 

Z35,809-6 : transmission peak at 475nm.; no significant transmission above 550 nm.), yellow  

(Cat.no.: Z35,811-8 : transmits above 480 nm.;transmission peak at 580 nm.) and white 

(Cat.no.: P5929 : transmits all wavelengths). Regeneration media was VGP buffered with 

0.6M sorbitol and 20% sucrose, when buffering was used. An appropriate volume o f  the 

protoplast suspension in 2.0M KCI containing 1000 protoplasts was pipetted onto a 70ml 

base o f  regeneration agar. 20ml o f  VGP was overlaid onto this base layer. Incubation was 

undertaken between (26 - 27)°C with continuous illumination. The source o f  illumination used 

during regeneration is the same as that used during generation o f conidia. Regenerants were 

counted after 7 - 1 0  days incubation at 27°C in complete darkness.

2.5.11 Testing the effects of treating protoplasts with polyorni

thine prior to plating

Protoplasts were generated in 2.0M KCI as described under Section 2.5.10. At the 

end o f  the digest, they were pelleted by centrifugation at 3000 rpm for 2min., washed once 

in SS2 buffer ( 0.6M sorbitol, 20% sucrose, 0.1 M HEPES, pH 7.0 ), resuspended in the same 

and stored on ice. Replicate eppendorfs containing 106 protoplasts in 0.98 ml SS2 were 

prepared and stored on ice. Polyomithine (Sigma: M.W. 1000) was made-up in SS2 buffer to 

a concentration o f  5 mg/ml. 20pl o f  this stock solution was added to each eppendorf (except 

for control eppendorfs) to give an effective concentration o f  100 jig/ml polyomithine. 

Control eppendorfs received 20pl o f SS2 buffer. Eppendorfs were stored on ice for 1 hr., 

afterwhich 500 pi o f  RB ( Regeneration broth: [BDH] D-glucose (10g/l), [ Lab M ] Mycological 

peptone (2.5g/l), [ LabM ] Yeast extract (5 g/1), Sorbitol ( 0 .6M ), Sucrose ( 20% ), HEPES 0.1M, 

pH 7) was added. Eppendorfs were then incubated in total darkness at 25°C for 3 hr. They 

were stored on ice before dilutions were made for plating. Plating method : Plating and
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regeneration media are as described under Section 2.5.3. Colony counts were made after 7 - 

10 days incubation at 27°C in complete darkness.

2.5.12 Calculation of regeneration efficiencies

Regeneration levels were calculated by subtracting the mean number o f colonies 

that emerged on unbuffered plates (ub) from the mean number o f  colonies that emerged on 

buffered plates (b), dividing this value by the total number o f  protoplasts plated (n), and 

multiplying by one hundred i.e. (b-ub)/n xlOO. Averages for 'b’ and 'ub’ were based on 

observations o f 3 - 5 replicate plates, unless otherwise specified.

2.6 DNA-mediated genetic transformation of protoplasts and 

blastospores

2.6.1 Vector : Plasmid pSV50 ( Vollmer & Yanofsky, 1986) that originally carried 

the 2585bp N.crassa Benomyl resistant P-tubulin gene was digested with Sail and Hind HI. 

pBENl was created by subcloning the resultant 2580bp p-tubulin fragment o f the N.crassa 

Benomyl resistant P-tubulin gene into Sail and HindHI restricted pUC18. The vector was 

propagated in DH5a’. Plasmid extraction was undertaken by alkaline lysis using the method 

described in Sambrook et.al., 1989 for large scale extractions. Purification was undertaken by 

2-rounds o f Equilibrium Centrifugation in CsCl-Ethidium Bromide Gradients, as described in 

Sambrook et.al.,l 989. DNA concentration and purity were determined spectrophotometrically.

2.6.2 Transformation of germling protoplasts

Germling protoplasts were prepared as described in Section 2.4.6. The 

transformation method used is based on the method o f Vollmer & Yanofsky (1986) in terms 

o f  the transformation reagents utilized. Modifications were made in the method o f generating 

and protoplasting germlings, the concentrations o f the transformation facilitators used i.e. 

Spermidine and Heparin, the length o f protoplast incubation with DNA before the addition 

o f  PEG solution, and the regeneration media utilized.

Protoplasts in the order o f 106 in 28.5 pi STC (i.e. 0.6M sorbitol, 50 mM Tris.HCl, 

50 mM CaCl2 ) were aliquoted into 1.5 ml eppendorfs and incubated with 2% ( i.e. 0.6 pi o f  

100% ) DMSO for 2 1/2 hr. on ice. Meanwhile, the appropriate dose related quantities o f  

DNA ( in milliQ water) required for transformation o f 3 replicate pools o f  protoplasts were 

aliquoted into eppendorfs. 1.8pl o f Spermidine.3HCl ( 50 mM in STC ) and 4.2 pi o f  Heparin
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(5 mg/ml in STC ) were added to each eppendorf containing the appropriate DNA dose. 

Volumes were adjusted to 12 pi with STC. The resulting effective concentrations o f  

Spermidine.3HCl and Heparin per treatment regardless o f  DNA dose was 30mM and 0.23 

mg/ml respectively.

The DNA / Spermidine / Heparin mix was incubated on ice for 1 hr, at the end o f  

which, 3 pi o f the appropriate dose were added to each o f  3 replicate protoplast pools. DNA  

dose was tested at 10 ng, 25 ng, 50 ng, 100 ng, 250 ng, 500 ng, 750 ng, 1 jig, 5 pg and 10 pg 

per 106 protoplasts in 28.5 pi STC. Eppendorfs were incubated on ice for 1 1/2 hr. 315 pi 

PTC ( 40% PEG 4000,50 mM Tris.Cl pH8.0, 50 mM CaCk) was then added to each protoplast 

pool, the resulting solution gently pipette mixed, and eppendorfs incubated at 27°C in 

complete darkness, for 20 min. Transformed protoplasts were stored on ice before plating. 

Protoplast suspensions were pipetted onto a 12 ml base o f  VGP (Appendix D) and overlaid 

with 8 ml o f  the same media. Plates were incubated at 27°C in complete darkness. After 21 

1/2 - 22 hr. o f  primary incubation, plates were overlaid with 10 ml o f VGP containing 30 

pg/ml Benlate® (Du Pont de Nemours, active ingredient: 99% Benomyl), to give an effective 

concentration o f 10 pg/ml o f  the fungicide. Incubation was resumed at 27°C in complete 

darkness. Growing transformants were observed to surface after 3 weeks incubation.

2.6.3 Transformation of blastospores
Conidial plates for generation o f  blastospores were cultured in complete darkness

o

at 27°C for 14 days. At the end o f  incubation, conidia were harvested and 10 conidia 

inoculated into 150 ml CDC broth (Appendix B), which were subjected to 120 rpm o f rotary 

incubation at 25°C in complete darkness (flasks were foil-covered). At the end o f  

incubation, cultures were muslin-filtered, and culture filtrate centrifuged at 9000 rpm. for 30 

min. to pellet blastospores. The pellet was washed several times and resuspended in milliQ 

water (pH5).

Transformation was undertaken based on the yeast transformation procedure 

developed by| Dz-Chi Chen et.al. (1992). Important modifications made include the use o f  

HAC0 CI3, and a cationic solution (CS) modified from Hanahan (1983). 1.3(10)6 blastospores 

were added to replicate eppendorfs containing 33 pi o f  the appropriate treatment solution i.e. 

0.2M LiAc, 40% PEG3400, either DTT between 5 0 -  150m M  or 2-Mercaptoethanol between 

25 - 150 mM. Each o f  the latter treatments were undertaken with or without 3 mM HACo3+ 

or a cationic solution (CS) containing 3 mM HAC0CI3, 10 mM RbCl, 45 mM MnCl, 10 mM 

CaCb, and 1.2% DMSO. In treatments without HAC0 CI3 or cationic solution, 330 ng o f  

plasmid DNA (in milliQ water) and 50pg Spermidine (in milliQ water) was then added to 

replicate eppendorfs, which were then pulse-vortexed. In treatments with HAC0 CI3 or the
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cationic solution, blastospore pools were first incubated in the appropriate treatment solution 

on ice for 1 hr. before the addition o f 330 ng plasmid DNA (in milliQ water) and 50 pg 

Spermidine (in milliQ water) into each eppendorf. Eppendorfs were then pulse-vortexed. In all 

treatments, this was followed by static incubation at 45 °C for 30 min.

Treated blastospores were stored on ice before spread-plating onto 10 ml 1/4 SDA 

(Appendix A). Plates were incubated inverted at 26°C for 1 7 - 2 0  hr. with illumination i.e. 9 

fluorescent tubes ( Osram L40W/30 Warm White Warmton d 678 ) and 4 tungsten bulbs (Philips 

240V 50W) at a height o f ~48 cm. from fungal cultures. A  10 ml overlay containing the 

appropriate amount o f  Benlate® ( Du Pont de Nemours, active ingredient: 99% Benom yl) 

was then added, to yield effective concentrations o f  5 and 9 pg/ml respectively. Incubation 

was resumed at 26°C ( right side up) with illumination. Transformants were observed to 

surface after 9 days incubation.

2.6.4 Extraction of genomic DNA from fungal isolates
Mycelium for fungal genomic DNA extractions were grown in 1/4 Strength 

Sabourauds Dextrose Broth (Appendix A) containing the appropriate concentrations o f  

Benomyl. DNA extractions were undertaken by the methods described by Raeder & Broda 

(1985) and Powell & Kistler (1990).

2.6.5 PCR analysis of transformants
All PCR reactions were undertaken using an MJ Research, Inc. PTC 100

Programmable Thermal Cycler using the following cycles: Step 1: 94°C, 10 min Step 2:

94°C, 20 sec Step 3: Ta (Annealing temperature appropriate to the reaction), 30

sec Step 4 : 72°C, 1 min (back to Step 2: 35 times) Step 5: 72°C, 10 min. Reactions

were undertaken using lx  ammonium chloride buffer (Bioline), 2.5 units Taq polymerase 

(Bioline) and 1.3 mM o f each deoxynucleotide triphosphate - dNTP ( Bioline ) in 50 pi 

volume reactions. Variations were made in terms o f  MgCl2 concentration and PCR annealing 

temperature for specific reactions. PCR products were analyzed by gel electrophoresis. All 

primers were custom-made by Perkin-Elmer Applied Biosystems. Primer specifications are 

provided in Table 1. PCR products were found to vaiy with the type o f  tube used for 

reactions. Camlab 0.2 pi PCR tubes ( Q P/430N) were routinely used for PCR identification 

o f  transformants.

2.6.6 Cloning and sequence analysis
PCR products for cloning were generated with the M.flavoviride /  N.crassa 

consensus primers fl4L  and rl5L from wild-type M.flavoviride genomic DNA using 200 ng 

genomic DNA, 5.5 - 6.0 mM MgCb and the cycles and conditions described in Section
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2.6.5, with annealing temperature set at 60°C. The 499 bp product was gel purified by 

electroelution as described in Sambrook et.al.(1989). Cloning was undertaken with a T-tailed 

vector produced by Promega (P-GEM T-Easy®). Conditions o f ligations used are as described 

by the manufacturers. Ligations were transformed into DH5a’ using the methods described by 

Hanahan (1983). Clones for plasmid DNA extractions were propagated in Luria Bertani Broth 

with 50 pg/ml Ampicillin (Sambrook et.al., 1989). Extraction and purification o f recombinant 

plasmids for sequencing was undertaken with the Wizard Mini Prep Kit (Promega).

The 335 bp N.crassa-specific fragment was PCR amplified with primers fl2L  and r9L 

at high annealing temperature i.e. ( 60 -62 )°C from transformants VY1 and BS123, under the 

cycles and conditions described in Section 2.6.5. The single amplification products obtained were 

precipitated with Isopropanol and NaCl, and used directly for sequencing. Amplification o f the 

product at 55°C was predicted to give rise to the wild-type p-tubulin fragment, as strong 

amplification o f the fragment was obtained from genomic samples o f the wild-type isolate.

Sequencing was undertaken with the Applied Biosystems 377 DNA (Auto) Sequencer 

using the dye terminator method with fluorescently labelled ddNTP’s. The 335 bp N.crassa- 

specific fragment was sequenced with ncl and r9L. The cloned 499 bp MJlavoviride /  N.crassa 

consensus fragment was sequenced with standard pUC primers.

2.6.7 Southern blotting and hybridization analysis
Southern transfer was undertaken onto Hybond-N+ (Amersham) nilon membrane using 

the capillary transfer method described in Sambrook et.al.(\9S9). Blots were probed with the 2.6 

kb N.crassa P-tubulin gene fragment. This fragment was restricted from pSV50 with Sail, and 

gel purified by electroelution. The fragment was labelled using 32P-labelled aCTP with the 

Pharmacia Biotech Ready To Go® Oligonucleotide Labelling Kit, as described by the 

manufacturers. Hybridization was undertaken at 65°C in a rotary hybridization chamber (Hybaid). 

Blots were washed as fo llow s: a quick rinse with 2xSSC/0.1%SDS at 65°C, 30 min. wash with 

2xSSC / 0.1% SDS at 65°C (2x) ,30min.  wash with l x S S C /0 .1 %  SDS at 65°C, and a final 30 

min. wash with O.lxSSC / 0.1% SDS at 65°C. If the temperature o f washing buffers were 

increased to between 69 - 70°C, cross-hybridization between the N.crassa P-tubulin gene and the 

native M.flavoviride P-tubulin gene was eliminated. SDS and SSC were prepared using the 

standard methods described in Sambrook et.al. (1989).
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Prim er 1 sp ecifica tion s:

1. US1:5* C G T  G C C  G T C  C T C  G T C  G 3’

Length (No. Bases): 16 ; Molecular W eight: 4810 ; Tm : 53.4°C ; PE Oligo N o . : 19735 ; PE 

Seq. N am e: GB110 - 19735

2 . DS2:5’ G C A G C C  A T C  A T G  T T C  T T G  3’

Length (No. Bases) : 18 ; Molecular W eight: 5449 ; Tm=47.8°C ; PE Oligo N o . : 19734 ; PE 

Seq. N am e: GB110 - 19734

3. r9L: 5’ G G G  A A A  C G G  A G G  G A G  A C G GTG ACA 3’

Length (No. Bases) : 24 ; Molecular W eight: 7543 ; Tm=62.3°C ; PE Oligo No.: 30441; PE 

Seq. name : GB172 - 30441

4. fl2L: 5* G G C  T T C  C A G  A T C  A C C  C A C  T C C  C T C  G G  3’ 

Length (No. Bases) : 26 ; Molecular W eight: 7803 ; Tm=65.7°C ; PE Oligo No.: 30442 ; PE 

Seq. name : GB172 - 30442

5. r l 3 : 5 ’ G A G  G G T  G G C  G T T  G T A G G G  3’

Length (No. Bases) : 18 ; Molecular W eight: 5675 ; Tm=54.7°C ; PE Oligo No.: 30440 ; PE 

Seq. name : GB172 - 30440

6. f ! 4 : 5 ’ G G T  G C T  G G C  A A C  A A C  T G G  G 3’

Length (No. Bases) : 19 ; Molecular W eight: 5876 ; Tm=55.22°C ; PE Oligo N o .: 34761; PE 

Seq. Name : GB273 - 34761

7. rl5L: 5’ G G G  G A A G G G  G A C  C A T  G T T  G A C  3’

Length (No.Bases) : 2 1 ; Molecular W eight: 6556 ; Tm=58.1°C ; PE Oligo N o .: 34762 ; PE 

Seq. N am e: GB273 - 34762

8. n c l :  5’ G C C  G G T  A T G  G G T  A C C  C T C  3’

Length (No.Bases) : 19 ; Molecular W eight: 5763 ; Tm=57.4°C ; PE Oligo No.: 45168 ; PE 

Seq. Name : GB227 - 45168

Table 1: Specifications for primers USl,DS2,r9L,rl2L,rl3,fl4,rl5L and ncl 

‘ All primers were supplied by Perkin-Elmer (PE) Applied Biosystems



3

Growth of M.flavoviride

3.1 Introduction

Morphology is important in studies o f fungal pathogenesis because different stages o f  

infection and colonization are characterized by different morphological forms, each form 

presumably more specifically adapted to fungal survival and progressive infection o f the host, 

than any other. Most entomopathogenic Deuteromycetous fungi infect their hosts via penetration 

pegs generated from appressoria (Zacharuk,1981). The fungus assumes a filamentous form o f  

growth as it penetrates the cuticle. Upon reaching the insect hemocoel, it undergoes dimorphic 

transition into a unicellular (yeast-like) form of growth. The fungus usually proliferates in the 

hemolymph in this unicellular form until death o f its host, afterwhich it assumes a filamentous 

form o f  growth as it ramifies saprophytically through its hosts internal and external organs.

During in vitro culture, the entomopathogenic Deuteromycetes produce a filamentous 

growth form and either one or two asexual spore forms, depending on physical and nutritional 

conditions during growth. In aerial culture, conidia are produced from phialides, and in 

submerged culture, a process o f hyphal budding leads to the production o f a unicellular growth 

form generally termed as blastospores ( Latge & Moletta, 1988 ). Growth studies on M.flavoviride 

were undertaken by Jenkins and Prior (1993) concentrating on growth and formation o f true 

conidia in a liquid medium consisting o f sucrose and either peptone or brewers yeast. 

Investigation o f growth patterns demonstrated by isolate IMI330189 in this chapter is intended 

to elucidate growth and sporulation patterns in different types o f defined and undefined 

laboratory media to enable basic genetic study. These studies are particularly relevent for 

protoplasting mycelia, a technique that is sensitive to the presence o f green pigments and 

conidia, both o f which induce recalcitrance to enzymatic degradation o f cell-walls leading to 

protoplast formation.

3.2 Results and discussion 

3.2.1. Life-cycle in liquid culture
The life-cycle o f  isolate IMI330189 in CDC broth is illustrated in Fig.3. CDC is a rich 

complex medium consisting o f 33.4g/l Czapek Dox Basal Salts supplimented with 2 g/1 malt 

extract, 2 g/1 mycological peptone, 2 g/1 yeast extract and 2 g/1 casein. During in vitro culture in 

CDC, isolate IMI330189 demonstrates distinct dimorphism, as it does in vivo. The development
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o f 2  growth patterns and morphologies, and the propagation o f  both forms o f the fungus 

simultaneously is clearly observed in 16 - 18 hr. CDC cultures (Plate 1). Early filamentous 

growth is characterized by a process o f conidial budding to produce a chain o f adherent 

yeast cells that eventually develop into hyphal filaments. A  second population o f conidia 

tend to proliferate by a process o f true budding, leading to the production o f a unicellular 

population termed as blastospores. A  distinctly tricellular (tc) budding pattern was observed, 

suggesting the induction o f  2  buds in rapid succession from one o f the polar ends o f a 

conidium. As development progresses, blastospores tend to be larger than average conidial 

dimensions.

Within 22hrs. most o f the conidial inoculum had germinated and grown into young 

mycelium (Plate 2). The early mode o f  hyphal development i.e. conidial budding is retained 

in mycelial structure, giving rise to the appearance o f ‘beaded’ hyphae. Propagation in the 

yeast phase was clearly observed. After 42 hrs. o f culture, a considerable amount o f mycelial 

biomass had been generated (Plate 3). Mycelium had switched to reproductive phase and 

numerous spore and spore-bearing structures were observed. Plates 4a, 4b & 4c clearly 

indicate that two modes o f  sporulation i.e. phialidic conidiogenesis and hyphal 

blastosporogenesis may occur simultaneously in culture. Conidia were clearly budded off  

from phialidic cells. Blastospores were either budded off from hyphae and /  or proliferated 

as free - budding blastospores in culture. Plate 5 indicates the extent o f submerged 

conidiation possible. Dense conidial clusters are shown surrounding mycelium. CDC cultures 

supported pellet mycelial growth (Plate6 ). . . •  - ” 111111111111” ” .'.".*::::...........

upon transfer to fresh medium*, \  *•. 
$ + # \  \ 

f  I  !  |
transition to directional (polar) growth >,

reversion to non-polar growth • \
• $ a i  I *

• • • •  I

conidia-----------  blastospores —— L— mycelium -----*—1----- J—!------ conidia..........

\  \  !! proliferation in the yeast phase by hudding^s. • ■_______ blastospores
(non-polar growth)

blastospores.

Fig. 3 : Life - cycle in liquid culture

Adameks broth is a complex formulation consisting o f 3%  Com Steep Liquor, 4%  

Yeast extract, 4%Glucose and 0.4% Tween-80. Growth rate o f isolate IMI330189 in Adameks 

broth was higher than in CDC, but growth patterns were similar (although not identical) in both 

media i.e. polar growth occurred simultaneously with unicellular propagation as yeast 

cells. The dimorphic nature o f  the fungus was distinct. After 16hrs. culture, several conidia had
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germinated, and progressed in development to produce distinct hyphal filaments (Plates 7a & 7b). 

Proliferation in the yeast phase was also observed. Tricellular budding patterns observed in 

CDC were also observed in Adameks broth.

In contrast to the slower growth rate observed o f isolate IMI330189 in CDC broth, a 

22 hr. culture o f the isolate in Adameks broth had generated a large amount o f mycelial 

biomass (Plate 8 ). As in CDC, the early mode o f hyphal development by conidial budding into 

a chain o f  adherent buds was retained by developing mycelium. At 36 hr., Adameks broth 

culture consisted o f  reproductive mycelium, with ovoid spores at the end o f short hyphal stems 

similar in morphology to a sporulating CDC culture, suggesting the occurrence o f phialidic 

conidiogenesis (Plate 9). Very few budding blastospores were present suggesting almost complete 

conversion into mycelial filaments. Low power magnification indicated that Adameks cultures 

support a highly filamentous form o f  growth (Plate 10), distinct from the pellet growth observed 

o f culture in CDC broth. 48 hr. cultures had conidiated extensively with almost complete 

conversion o f mycelium into conidia. Mycelia appeared fragmented (Plate 11),an observation also 

reported o f  M.anisopliae culture in Adameks broth (Adameks, 1963).

Modification o f inoculum strength in both CDC and Adameks cultures were found to 

change sporulations patterns. The studies described above have utilized an inoculum strength o f  

2 x 108 conidia per 50 ml. volume o f  broth. Under these conditions, both Adameks and CDC 

cultures were induced to conidiate extensively. However, the use o f half the inoculum strength 

to seed 150ml Adameks cultures diverted sporulation patterns to enable predominant 

blastosporulation (Plates 12a &b).  In contrast to the large, ovoid blastospores produced in CDC, 

blastospores produced in Adameks are distinctly elongated, o f  varying length and generally 

pleomorphic. Tricellular budding patterns were also observed o f blastospores produced in 

Adameks. Some blastospores were so elongated that they appeared more like hyphal bodies 

arrested in growth. The fact that these structures have developed one to two septa support this 

view.

Several lines o f  evidence suggest that isolate IMI330189 carries two conidial 

populations. Macro and micro conidia, the former approximately twice the size o f  micro conidia 

(Plate 13) have been observed in certain plate cultures. The existence o f two major Benomyl 

sensitivity concentration ranges, each likely to correspond to conidial populations o f  different 

ploidy (Chapter 4.1, Fig. 13) and the two primary responses demonstrated by conidia during in 

vitro culture, leading to dimorphism, also supports this view. Macro and micro conidia have not
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Plate 1: 16 - 18 hr. CDC culture indicating simultaneous propagation of 2 growth forms i.e. conidial 

budding to produce chains of adherent yeast cells leading to development of hyphal filaments (‘h’), and 

tricellular budding patterns (y) for propagation in the yeast phase. Bar = 25 pm.

Plate 2 : 22 hr. ‘ young mycelium ’ in CDC . The early mode of conidial budding was retained giving rise 

to the appearance of ‘beaded mycelium’ (‘bm’). Propagation in the yeast phase was clearly observed (‘y’). 

Bar = 25 pm.

**** CDC cultures described in Plates 1 -6  were generated by inoculating 2 x 108 conidia into 50ml broth 

in standard 250ml conical flasks, stoppered with cotton wool bungs. Flasks were subjected to 150 rpm 

rotary incubation at 27°C.
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Plate 3: 42 hr. reproductive mycelium in CDC. Spores at the end of spore-bearing structures are indicated 

as ‘s’. Bar = 25pm.

Plate 4: Phialidic conidiogenesis and hyphal blastosporogenesis in 42 br. CDC cultures. Phialides are 

indicated as ‘p \  conidia are indicated as *c\ and conidiophores are indicated as ‘cp’. Blastospores budded 

off from hyphae are indicated as ‘h \  and free-budding blastospores are indicated as T .  Conidial 

dimensions range between 4( -7 ) x 3( -4.5 ) pm while blastospores budded from hyphae or budding freely 

have dimensions in the range of 8 (-11.5) x 6 (-9) pm. Bar = 10 pm.
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Plate 5

Plate 6

Plate 5: Three day old conidiating cultures : dense conidial clusters are shown surrounding mycelium (Bar 

= 25 p.m).

Plate 6: Pellet growth of mycelia in CDC. Bar = 0.1 mm
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Plate 7a Plate 7b

Plate 8

Plate 7a & b: Adameks 16 hr. culture. The presence of numerous hyphal filaments suggested a higher rate 

of germination in comparison to corresponding CDC cultures that consisted primarily of germinating 

conidia, budding blastospores, and very early development of hyphae. Distinct hyphal filaments (h) that 

retained the early pattern of hyphal development i.e. conidial budding into a chain of adherent yeast-like 

cells; Proliferation in the yeast phase with associated tricellular budding patterns (t). Bar = 25 pm.

Plate 8 : Adameks 22 hr. culture clearly showing the presence of large amounts of mycelium. In contrast 

to CDC cultures, primary hyphal filaments did not display the extensive branching that would eventually 

lead to pellet formation. A very high level of polarity in growth subsequently led to development of long 

hyphal filaments. Bar = 25 pm

**** Adameks cultures described in Plates 7 -1 2  were generated by inoculating 2 x 108 conidia into 50ml 

broth in standard 250ml conical flasks, stoppered with cotton wool bungs. Flasks were subjected to 150 

rpm rotary incubation at 27°C.
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Plate 10

Plate 9 : Adameks 36 hr. culture showing the presence of reproductive mycelium. The prevalence of ovoid 

to elongated spores carried on short hyphal stems (a), structurally similar to observations in CDC 

cultures suggests reproduction predominantly via phialidic conidiogenesis. Cylindrical spores (b) were also 

observed to fragment from the tips of hyphae suggesting that conditions of culture also gave rise to a 

form of thallic conidiogenesis, present at low levels. Bar = 25 pm.

Plate 10 : Filamentous ( as opposed) to pellet growth of mycelia in Adameks broth. Bar = 0.1 mm.
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Plate 11: Adameks 48 hr. culture indicating extensive conidiation. Bar = 25 pm.

been observed within strains o f M.anisopliae, although strains classified within variety minor are 

significantly smaller than strains classified within variety major (Tulloch,1976). Its occurrence in 

M.flavoviride suggests that this species may carry strains that exhibit diploid and haploid 

growth forms that occur either simultaneously, or as alternative phases in its life-cycle. Support 

for diploidy in isolate IMI330189 was obtained from DAPI staining o f mycelial protoplasts 

generated in 0.6M KCI (Plate 14) clearly indicating the presence o f macro and micro nuclei, the 

former more than twice the size o f the latter, suggesting the possibility of diploidy in 

macronuclei.

Multinucleation and/or diploidy may occur as a normal part of the life cycle of the 

isolate. Certain conditions o f culture may induce a greater or lesser level o f this phenomena.

For example, if conditions o f culture induced generation of two nuclei from a generative

nucleus in a phialidic cell, and the induction o f both nuclei into conidia during its 

development, the resultant conidium would be binucleate. Fusion of the two nuclei would result 

in a diploid. However, multinucleate and diploid conidia may also occur via anastomosis and 

nuclear fusion between conidia and hyphae, both o f which have frequently been observed of the 

isolate in certain batches o f solid phase culture ( o f which the inducing factors have not been

defined ) and in one instance, after storage of conidia in 0.04% Tween 80 solution at 4°C

(Plates 15a & b). Mycelial protoplasts carrying diploid nuclei may have arisen by any o f the 

above mechanisms.

Keeping in mind the postulate of dual conidial populations, haploid and diploid (or

multinucleate), it is interesting to speculate on whether the different growth forms that ensue 

i.e. blastospores and mycelia, are differentially induced by the state of conidial ploidy.Initiation 

of spore
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Plate 12b

Plates 12 a & b: An Adameks culture undergoing extensive blastosporulation. Blastospore structure was 

highly pleomorphic, ranging from cylindrical (c) to irregular (i), and of varying lengths. Tricellular 

budding patterns were also observed (t). Long, septate blastospores appeared more like hyphal bodies 

arrested in growth . Bar = 25 pm.
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Plate 13 : A conidial suspension of isolate IMI330189 indicating the presence of macroconidia, m, ( 8.3 - 11.4 

x 5.3 - 5.5 ) pm and microconidia, c, ( 3.3 - 3.6 x 5.5 - 6.4 ) pm. Macroconidia represented 3.9% of the 

conidial population. Bar = 18.4 pm.

Plate 14: DAPI staining of 48 hr. mycelial protoplasts generated in 0.6M KCI indicating the presence of 

macronuclei, m and micronuclei, c. Bar = 9.2 pm.

germination and transition from non-polarized ( yeast-like ) growth to polarized ( filamentous ) 

growth would involve demethylation o f specific developmental genes. Support for this postulate 

was reported in analysis o f behaviour o f the CUP gene in Mucor racemosus and M.rouxii 

during spore germination. This gene was methylated in Mucor spores, but became unmethylated 

after germination. Gene expression was also developmentally regulated and occurred only after 

germ tube emergence, obviously transcribed from the unmethylated form o f the gene ( Ruiz - 

Herrera, 1994). As such, factors that inhibit activity o f the maintenance methylase during DNA 

replication, thereby enabling transcription o f developmental genes, may be considered to facilitate 

dimorphic transition.



In considering the simultaneous propagation o f two distinct growth forms during 

culture o f isolate IMI330189, several genetic developments may be occurring. Cumulative

absorption and assimilation o f nutrients after inoculation is likely to have induced

demethylation of genes that encode for germination. Cytoplasmic and nuclear volume would 

influence the effective concentration o f demethylation factors and transriptional activators 

that are achieved in a cell. This parameter would affect the probability o f chance encounters 

between demethylation and transcriptional factors and their target binding sites. Cytoplasmic 

and nuclear volume would similarly affect intracellular pH and osmolality, both o f which 

may influence gene activation and expression. In the case o f the haploid population of

conidia, several other phenomena may be occurring either simultaneously or closely 

following germination i.e. demethylation and activation (or, if genes were already

demethylated, just activation) o f genes that encode for polarized growth. As haploid conidia 

have only one copy of the genes that encode for these developmental processes, as well as 

smaller cytoplasmic and nuclear volume, it is likely that the effective levels of 

transcriptional activators or derepressors required to initiate gene activation are not as high 

as that required for activation or derepression of two (or several copies) o f these genes in 

diploids (or multinucleate conidia) with a higher cytoplasmic, and nuclear volume. This factor 

is likely to account for the delayed transition into polarized growth observed of one, 

presumably the diploid or multinucleate population o f conidia.

\  

*  %

±  b d_
Plates 15 a & b: Conidial suspension of isolate IMI330189 in 0.04% Tween-80 indicating the presence 

of anastomosing conidia ( a )  and the emergence of haustorial tubes for anastomosis ( h ). Plates. 15c & 

d illustrate morphology of conidial chains ( c ) produced during the process of phialidic conidiogenesis. 

Conidia are connected at their polar ends. In contrast, during conidial anastomosis, haustorial tubes 

are produced from central regions of the conidium, and anastomosis also occurs at central regions. 

Bar = 11.5 pm.
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3.2.2 Factors that promote dimorphic transition in isolate IMI330189 

3.2.2.1 The effects of illumination on transition from blastospore (non

polar) to filamentous (polar) growth
Although the factors that promote demethylation in prokaryotes and eucaryotes are not 

known, factors that influence events associated with demethylation i.e. germination and 

sporulation, have been reported.For example, in Phycomyces blakesleeanus,germination is 

triggered by heat-shock or addition o f certain chemicals eg.short-chain fatty-acids (Ruiz- 

Herrera,1994).The inability o f A.nidulans and N.crassa mutants auxotrophic for polyamines to 

germinate, clearly demonstrated an essential role for these compounds in demethylation o f genes 

that encode for germination (Stevens & Winther,1979;Tabor&Tabor,1985).In further support o f  

the latter postulate is the fact that 5-Azacytidine (5-AC),a potent inhibitor o f  DNA 

methylation,reversed the effects o f Diaminobutanone (DAB),an inhibitor o f ornithine 

decarboxylase and polyamine biosynthesis,in inhibiting phorogenesis, spore germination and 

DNA methylation in M.rouxii (Cano et.al., 1988).

Several factors that initiate dimorphic transition in IMI330189 culture in complete media 

have been elucidated. They include illumination,the level o f yeast extract in media (in tests that 

standardized the amount o f carbon source in media),the level o f oxygenation, temperature and the 

physiological state o f  conidia used to inoculate broth. Fig.4 describes the effect o f illumination on 

growth form in CDC shaken cultures incubated at 28°C.White light is clearly implicated as a 

factor that induces transition from non-polar (yeast-like) growth to polar (filamentous growth).The 

approximate 15 fold excess o f blastospores obtained from cultures incubated in complete darkness 

is likely to represent the blastospore population that in cultures exposed to continuous 

illumination, received the light induced cellular signals that enabled progression into the polar 

(mycelial) growth form.

3.2.2.2 The effects of temperature on transition from blastospore (non

polar) to filamentous (polar) growth
Fig. 5 shows growth patterns with incubation at a range o f temperatures between (20- 

28)°C with continuous illumination,undertaken for generation o f blastospores for genetic 

transformation.Highest blastospore yields obtained with incubation at between (20-23)°C was 6.6  

times greater than the yield obtained with incubation at between (25-26)°C.The low blastospore 

yield obtained with 28°C incubation was associated with a high rate o f conversion o f spores into 

mycelial biomass.Blastospores (and mycelium) generated at between (20-23)°C were observed to 

carry the olive-green pigment, 1,8-Dihydroxynapthalene (1,8-DHN),which confers a higher degree 

o f
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genetic cross-linking to the fungal cell-wall, making it less suitable for LiAc / thiol-mediated 

transformation. In contrast, blastospores generated at between (25 - 26)°C were cream in colour (

i.e. devoid of 1,8-DHN ) and as such, were predicted to be more conducive to LiAc / thiol- 

mediated genetic transformation.

■ Dry weight mycelium (g)

■ Total spore count

Illumination Total
darkness

Treatment

Fig. 4 :The effects of incubation at 28C under 
continuous illumination and total darkness on CDC 
liquid culture. Data represent the mean of three 
replicates. Error bars represent one standard 
deviation from the mean.

Cultures were generated by inoculating 10* conidia into 150ml CDC broth in standard 250ml conical 

flasks, stoppered with filter caps. Flasks to be light protected were completely foil-wrapped. All flasks were 

subjected to 120 rpm rotary incubation at 28°C for 48 hrs. pH of culture filtrate at the end of culture 

was 4.16±0.04 (from  illuminated cultures) and 4.75±0.16 (from  cultures incubated in total darkness).

In a separate experiment testing the effect o f incubation between (20 - 23)°C, and (25 - 

26)°C under conditions o f 12hr. light/dark cycling, total spore counts obtained with the former 

category of incubation were 6.5 times greater than yields obtained with the latter category of  

incubation. Dry weight estimations of generated mycelium indicated 4 1/2 times higher yields 

with incubation at (25 - 26)°C in comparison to incubation between (20 - 23)°C. These 

observations clearly associate reduced blastospore yields with a high level o f conversion into 

mycelium. These observations enabled standardization o f incubation temperature for the 

generation o f blastospores for use in genetic transformation at (23 - 25)°C incubation, in 

complete darkness.
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(20-23)C (25-26)C  

T e m  p e r a t u r e ( C )

28C

Fig. 5: T he effect o f in c u b a tio n  tem p er a tu  re in the ra n g e  
o f (20-28)C  on b la s to sp o re  y ie lds.

Cultures were generated by inoculation of 10s conidia into 150ml CDC broth in standard 250ml conical 

flasks, stoppered with filter caps. Flasks were subjected to 120rpm rotary incubation under continuous 

illumination, at the specified temperatures for 48 hrs. Stars (**’) above bars represent the level of mycelial 

biomass generated based on visual examination of cultures, circles represent the colour of mycelium and 

spores.

3.2.2.3 The effects of temperature on growth rate and transition from 
a filamentous, polar growth form into a non-polar growth form, 
conidia.
Total growth obtained o f 7 day cultures generated at 30°C (from 109 conidia inoculated 

into 50ml CDC broth, subjected to lOOrpm of rotary incubation) yielded an overall 3-fold 

higher level o f total fungal biomass (i.e. mycelial and spore biomass), than incubation at 27°C, 

and 69-fold higher level o f total fungal biomass than incubation at 25°C. This clearly suggests 

an overall higher rate o f growth at 30°C, than at 27°C and 25°C. This observation is consistent 

with germination studies on M.anisopliae reported by Hywel-Jones & Gillespie (1990).

Seven day old cultures incubated at 27°C and 30°C were also observed to receive the 

signals to conidiate earlier than cultures incubated at 25°C. This is indicated by a 24-fold 

higher total spore count from cultures incubated at 27°C, and an 89-fold higher total spore 

count from cultures incubated at 30°C, in comparison to cultures incubated at 25°C. The 

induction o f green pigmentation in mycelium as gauged by colouration also occurred more



rapidly at 30°C than at 27°C and 25°C. Similar trends were also observed in 2 day old 

cultures, obtained by inoculation o f 108 conidia into 50 ml CDC broth.

It is interesting to note here that the mode o f sporulation taken is strongly influenced 

by the physiological state o f conidia used to start the cultures. Certain batches o f  conidia may 

induce predominant formation o f blastospores from hyphae, while others may predominantly 

conidiate or generate both spore forms simultaneously in culture. Rapid development o f green 

pigmentation is usually associated with conidiation. Development o f blastospores from hyphae is 

likely to predominate in cultures that demonstrate delayed green pigment synthesis and 

prolonged synthesis o f a white (or colourless) or yellow pigment. In support o f  this postulate, 

blastospores are usually white, and occasionally pale yellow in colour. However, it should be 

noted that blastospore extrusion from hyphae illustrated in Plates 4b, 4c and 4d had occurred 

(albeit infrequently) in mycelium that had undergone extensive conidiation. As mycelium then 

carried high concentrations o f green pigment, it is likely that blastospores also carried the green 

pigment. Significant differences in the dimensions o f the whitish and green blastospores were 

not noted. DAPI staining o f whitish blastospores indicated the presence o f between 1 - 5 nuclei 

per blastospore. Ploidy and nuclear numbers in isolate IMI330189 conidia have not been 

examined.

3.2.3a Growth in complex media
Although culture o f isolate IMI330189 in both Adameks and CDC gave rise to yeast- 

like proliferation during the early phase o f growth, CDC cultures generally demonstrated 

conversion into polarized (filamentous) growth while retaining a significant population o f cells 

(blastospores) that continued to proliferate as yeasts. In contrast, in most Adameks cultures, 

complete conversion into filamentous growth was observed before reinitiation o f  non-polar 

growth, by way o f blastospore extrusion from hyphae or by way o f conidiation. This observation 

suggests that Adameks formulation has a greater capacity to initiate polarized growth in all 

populations o f conidia than CDC. This may involve a heightened capacity to synthesize the 

growth factor (s) that either directly or indirectly induces dimorphic transition i.e. via synthesis 

o f a transcriptional activator molecule or demethylation.

In culture o f M.anisopliae, Humphreys et.al. (1989) correlated filamentous growth with 

higher blastospore production and rich media containing high concentrations o f glucose. Such
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Fig.6: Five day growth of isolate IMI330189in Adameks and CDC broth 
culture. Each observation represents the mean of 3 replicates. Circles in 
the bars represent the colour of harvested mycelium while squares 
represent the colour of culture filtrate.

Standard deviation for each observation was less than 5% from the mean. Cultures were generated by 

inoculation of 10s conidia into 150 ml broth in standard 250 ml conical flasks, stoppered with filter caps. 

Flasks were subjected to 120 rpm rotary incubation at 27°C for 48 hr.

media was associated with low water activity, albeit at a level non-inhibitory to growth. At 

40g/l glucose and 40g/l yeast extract, Adameks broth is a very rich medium containing very 

high levels of glucose. This may explain the distinctly filamentous form of growth observed of  

the fungus during culture in this medium. In formulating Adameks broth for culture of 

M.anisopliae, increasing Tween-80 concentration from 0.1% to 0.8 % was found to reduce the 

degree of pellet growth, leading to a higher level o f conversion o f mycelium into blastospores. 

Tween-80 was used at a concentration of 0.4% for culture o f isolate IM3330189 in Adameks 

broth. This is likely to be an important physical factor contributing towards the filamentous 

growth form o f the isolate in Adameks broth, other than low water activity induced by high 

glucose concentration. In contrast, CDC broth supported distinct pellet growth. Although a rich 

medium, it does not contain glucose or Tween-80, both o f which induce a filamentous form o f  

growth. Fig.6 indicates relative production o f blastospores and mycelial biomass in Adameks 

and CDC cultures.

3 .2 .3 b  G ro w th  in  d efin ed  m edia

Isolate IMI 330189 was found to yield prolific levels of growth in complex media like 

Adameks, CDC and 1/4 SDA. However, the ability to culture the fungus in a simple defined 

medium is essential to basic genetic study. Leathams Medium (Appendix C), a complete defined
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medium for culture o f fungi was tested for its capacity to induce growth and conidiation o f  

the isolate.

Fig.7 indicates the results o f nitrogen source utilization tests in Leathams Medium 

comparing nitrate, adenine and proline with glutamate. Glutamate and nitrate yielded a significant 

(i.e. a measurable) amount o f mycelium with a distinct preference for the former as compared 

to the latter nitrogen source. However, the amounts obtained were very low suggesting either 

that the formulation was unsuitable for growth, or that the strain was auxotrophic for a specific 

growth factors). The use o f adenine and proline as nitrogen sources, did not yield a significant 

(or measurable) amount o f mycelium. The use o f adenine yielded a distinctly cloudy culture. As 

visual examination o f  adenine supplimented replicate cultures indicated a high level o f

proliferation in the yeast-phase, this observation suggests that adenine may not be inhibiting 

growth, but may instead be promoting proliferation in yeast phase by repression o f one or more 

o f the gene(s) involved in inducing polarized growth. Had the level o f proliferation in yeast- 

phase been low, this observation would have suggested that the inhibition o f polarised growth 

observed may be due to inhibition o f growth as a whole, rather than an inhibition due to 

repression o f  a gene(s) that specifically encode for polarised growth and/or initiation o f the 

dimorphic change.

When either Leathams vitamin solution, trace elements solution or a combination o f the 

vitamin solution, trace elements solution, and mineral solution are eliminated from Leathams

basal salts formulation, with glutamate as nitrogen source, slightly lower yields were obtained in 

comparison to the use o f all three solutions together, suggesting a requirement for all three 

components.

Nitrogen utilization tests comparing glutamate, nitrate and proline in a Czapek Dox

Basal Salts Formulation without nitrate (Appendix B) yielded similar results to the use o f

Leathams Basal Salts Medium by way o f the fact that glutamate was the nitrogen source most 

efficiently utilized but yielded poor levels o f  growth. Nitrate did not yield any biomass. Proline 

yielded visible mycelial biomass but at a level too low for filtration and mass estimation. When 

viewed in combination with the results o f nitrogen utilisation tests in Leathams Medium, these 

observations strongly suggest that the isolate is auxotrophic for a specific growth factor(s), that 

is provided by complex media. In addition, glutamate is clearly the best utilized nitrogen source 

amongst the various nitrogen sources tested.
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Plate 16 describes comparative plate growth o f the isolate on 1/4 SDA, CDC and

Leathams Defined Medium clearly indicating a good level o f growth and conidiation with the

use of Leathams Medium with glutamate as nitrogen source. These results contradict

observations o f poor growth in Leathams Broth Culture. Broth cultures were inoculated with a 

defined inoculum level, whilst streaked plate cultures are likely to hold larger inoculum levels. 

This suggests the possibility that a significant number of conidia inoculated into Leathams

Broth cultures were inhibited in germination, leading to low yields of biomass.

0.35 j

3 0.3
63 0.25
1>% 0.2 -
E**r. 0.15
9
$ 0.1 --*

0.05Q
0 -

1 2 3 4 5

Nutritional medium

Fig. 7 :Comparative growth of IMI330189 on 
undefined complete media (1) and defined 
complete media containing different nitrogen 
sources ( 2-5 )

Key:

( Colour o f mycelium : [ ] )
1. Undefined Complete Media (CDC:Czapek Dox Complete 

Media) [ cream with a tinge of green ]
2. Defined Complete Media (Leathams Medium) + Glutamate 

[ distinctly brown ]
3. Defined Complete Media (Leathams Medium) + Nitrate 

1 distinctly brown ]
4. Defined Complete Media (Leathams Medium) + Adenine 

[ dark olive green ]
5. Defined Complete Media (Leathams Medium) + Proline 

[ olive brown ]

Each treatment was undertaken in triplicate and error bars represent one standard deviation from the 

mean. Sodium glutamate, Sodium nitrate, Adenine and Proline were each used at 2.5 g/1. Cultures were 

generated by inoculating 108 conidia into 250ml conical flasks stoppered with loose cotton-wool bungs. 

Flasks were subjected to 120rpm rotary incubation at 27°C for 5 days before harvesting and processing 

of samples.
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Plate 16: Plate growth of isolate IM1330189 on 1/4 SDA, CDC and Leathams Defined Medium (d) clearly 

indicating a good level of growth and conidiation with the use of Leathams Medium with glutamate as 

nitrogen source.

3 .2 .4  S y n th e s iz ed  p ig m en ts

Plate 17 indicates the progression and types o f pigments produced by isolate IMI330189 

during solid phase culture using CDC (Appendix B). The sequence o f pigment development by 

colour is colourless / white (w ) bright yellow (y) brown (b ) dark olive green (og).

Most Deuteromycetes synthesize melanin via 1,8-Dihydroxynapthalene (1,8 - DHN), an 

olive green pigment (Bell & Wheeler, 1986). The progression o f pigment development in isolate 

IMI330189 and the similarity o f several of its pigmentation mutants ( white and brown ) to 

Verticillium dahliae pigmentation mutants supports the above postulate. Fig. 8 describes the 

metabolic pathway leading to DHN melanin. This has been provided to enable association of 

the differently coloured precursors pigments observed in isolate IMI330189 with specific steps 

in the DHN melanin biosynthetic pathway.

The white (or colourless) pigment in the DHN melanin biosynthetic pathway is 

Scytalone. The yellow pigment synthesized after the white pigment in culture o f the isolate may 

be a partial oxidation product of 1,3,8-THN. A bright orange pigment has been observed on 

one occasion under conditions of strong illumination in CDC liquid cultures o f the isolate ( 

generated by inoculation o f 108 conidia into 100ml CDC broth, and subjected to 120rpm of 

rotary incubation at 27°C ), and is likely to be 2-Hydroxyjugalone. The brown pigments are

1,3,8-THN and Vermelone. The olive green pigment, 1,8-DHN may form a 1,1’ dimer or a grey
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2,2’-dimer.The former is oxidized into black melanin granules via red to red-brown intermediates, 

while the latter is oxidized into black melanin granules via olive to olive-black intermediates. 

Black,melanized,conidiated mycelium has been observed on SDA plates incubated at 27°C in 

continuous darkness for 20 weeks.

Acetate

[H] -H20  [H] -H20

1,3,6,8-THN — •  Scytalone •1,3,8-THN •Vermelone #1,8-DHN-

t (colourless)

Flaviolin 

(reddish brown

orange) 
t

3,3-Biflaviolin

1HJ
1,2,4,5,7-PHN------- >5-HS

I

(brown)

[O]

2̂ HJ
(yellow-orange)

t (brown) (olive

IH] 101

4r
4-HS

-h 2o

-̂----------- > 1,2,4,5-THN

[HI

3,4,8-THT

[H f

4,8-DHT

green) DHN-1,1

dimer | 

101

red red-brown 

intermediates

DHN-2,2-dimer 

(grey)

[O]

olive olive-black 

intermediates

MELANIN

[01

Juglone

(brown)

1,.

(HI

[01
IH]

2,4,8-THT

Fig. 8: Melanin biosynthesis via DHN and shunt metabolic pathways. [H]: reducing steps catalyzed by 

reductases, -H20 : dehydration steps catalyzed by dehydratases, (t): steps sensitive to tricyclazole 

inhibition. After Wheeler & Stipanovic (1985), with amendments to show Biflaviolin, as described in Bell 

& Wheeler (1986).
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K ey:- T im e - course o f pigm ent biosynthesis in M.flavoviride isolate IM I330189 incu

bated  a t 27°C  u n d e r conditions of p a rtia l illum ination w ith  w hite light. 1 1/2 - day
W V

cu ltu re  (1 ) :  colourless p igm ents generated ; 2 1 /2 - 4  day cu ltu res (2,3a,3b): yellow7 pig-
°9 bm ents generated ; 7day cu ltu res (4a,4b): d a rk  green, brow n & yellow pigm ents generated .

Plate 17: Pigment development in CDC plate culture of isolate 1MI330189

The yellow and brown pigments are commonly observed in CDC plate and liquid

cultures for lengthy periods under conditions that are non-conducive to development of the 

olive green pigment, 1,8-DHN. Mycelium that carry these pigments are relatively conducive to

enzymatic degradation of cell-walls leading to protoplast formation ( Chapter 4.2,Figs. 15 & 16 ). With 

rotary cultures, conditions that induced biosynthesis o f white, yellow and brown pigmentation 

were obtained by inoculating 108 conidia into 100 - 150 ml CDC in standard 250ml conical 

flasks, stoppered with filter caps, and subjecting flasks to 100-120rpm of rotary incubation at 

(25 - 27)°C.

On 1/4 SDA plates, the brown pigments were rarely observed except under conditions 

of partial or continuous illumination with white and red light. When brown conidia were 

inoculated into CDC broth to generate mycelium for protoplasting, the presence o f this pigment 

or conidial physiology associated with its biosynthesis was found to improve protoplast cell- 

wall regeneration efficiency by 77% in comparison to conditions that induced biosynthesis o f  

the olive-green pigment, 1,8-DHN ( Chapter 4.3, Plate 20 ).

The olive-green pigment is the predominant pigment synthesized under conditions
O

conducive to melanin development in both 1/4 SDA and CDC. The use o f 10 conidia to
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inoculate a 50ml broth volume of CDC in standard 250 ml conical flasks stoppered with filter 

caps, and subjected to 150-200rpm o f rotary incubation at 30°C was found to be conducive 

to 1,8-DHN melanin biosynthesis. These conditions were also conducive to a rapid rate o f  

conidiation. Fig.5 indicates that culture at suboptimal temperatures i.e. between 20-23°C also 

induced biosynthesis o f  1,8-DHN, implicating it as a stress response pigment Mycelium

carrying olive-green 1,8-DHN was found to be the most recalcitrant to enzymatic degradation

by glucanases.

It is interesting to note here that culture o f  the isolate in Adameks broth under the 

conditions specified for Fig.6 gave rise to mycelium distinctly white in colour, although 

perfused with large amounts o f loose brown pigments that may either have been extruded from

mycelia ( i.e.l,3,6,8-THN or Flaviolin ), or may instead have originated from Com Steep Liquor,

a component o f culture medium. The pigmentation properties described are similar to brm-1 

mutants o f Verticillium ( Bell & Wheeler, 1986 ) suggesting that the conditions o f culture and 

properties o f Adameks broth induce inhibition o f  the dehydratase catalyzing conversion o f  

Scytalone ( a colourless pigment) into 1,3,8-THN (a brown pigment). Jenkins & Prior (1993) report 

that very high concentrations o f sucrose to yeast in media (i.e. sucrose : yeast ratio o f 1.0), and 

veiy low concentrations o f sucrose to yeast (i.e. sucrose : yeast ratio o f 0.3 ) delay development 

o f green pigmentation in mycelium. As such, the high yeast ( 40g/l ) and glucose ( 40g/l ) 

concentration in Adameks broth may be one of the primary factors inhibiting olive -green 1,8- 

DHN biosynthesis giving rise to the accumulation o f colourless Scytalone, and whitish 

mycelium. Based on the ease o f protoplasting whitish and yellow pigmented mycelium generated 

in CDC broth, it is postulated that the white (unpigmented) mycelium generated in Adameks 

broth would be highly conducive to enzymatic methods o f protoplasting.

3.3 Summary

Isolate IMI330189 demonstrates distinct dimorphism in vitro culture, as it does in vivo. 

Early development from conidia is characterized by proliferation in the yeast phase. The 

unicellular growth form has been loosely termed as blastospores. A proportion of the 

blastospore population eventually produce germ tubes that develop into mycelia. Two asexual 

spore forms originating from hyphae are generated by the isolate i.e. conidia and blastospores. 

Blastospores budded from hyphae were found to have similar dimensions to blastospores 

observed during the early phase o f fungal development.
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The factors found to influence dimorphic transition in the isolate are light, temperature in the 

range o f (20 - 30)°C, and nitrogen source. Illuminating Czapek Dox Complete (CDC) cultures 

distinctly promoted dimorphic transition from the early blastospore growth form into mycelia. 

Temperature in the range o f (20 - 23)°C retained a very high proportion o f early blastospores 

in yeast phase, even under conditions o f continuous illumination, while temperatures in the 

range o f (25 - 27)°C promoted dimorphic transition o f blastospores into mycelium. Although 

incubation at 30°C supported a higher rate o f polarized (i.e. filamentous) growth than 

incubation at between (20 - 28)°C, the combination of high temperature and rapid progression 

o f growth initiated conidiation (i.e. reversion to non-polar growth) significantly more rapidly in 

these cultures. As such, 30°C cultures commonly carried slightly lower yields o f mycelial 

biomass in comparison to cultures incubated at (26 -27)°C, as a proportion of mycelial 

biomass generated had been converted into conidial biomass. Incubation at 30°C in 

combination with low CDC broth volume (50ml), and a high level o f aeration i.e. between 

(150 - 200) rpm induced extensive submerged conidiation in the isolate, a phenomenon rarely 

observed in filamentous fungi.

Several lines o f evidence suggest that isolate IMI330189 carries two conidial 

populations i.e. the presence o f macro- and micro-conidi a, the former approximately twice the 

size o f micro-conidi a, the detection o f macro- and micro- nuclei in DAPI stained protoplasts, 

the existence o f two major Benomyl sensitivity concentration ranges, both o f which may 

correspond to conidial populations with different ploidy, and the distinct dimorphism 

demonstrated by the isolate in vitro and in vivo.

In comparing growth form o f the isolate in two types o f rich media i.e. Adameks 

Broth and CDC Broth, the use of the former gave rise to distinctly filamentous growth, and 

very high blastospore yields while the use o f the latter yielded distinctly pellet-like growth, 

and lower blastospore yields. The progression o f pigment development demonstrated by the 

isolate suggests that it may be synthesizing melanin via 1,8-DHN, as observed o f many 

Deuteromycetes.
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4.0 Genetic transformation

4.1 Selection of a suitable transformation marker

4.1.1 Introduction

One o f the most important aspects o f transformation is the ability to identify 

transformants from the majority o f isolates that do not carry the transgene. This is usually 

achieved by ensuring that the gene o f interest carries a marker gene that confers a strong 

selective growth advantage to transformants as compared to non-transformants.

Selectable markers may be dominant or they may complement a nutritional mutation 

and permit growth in the absence o f  supplimentation. Examples o f  dominant selectable 

markers are the | eukaryotic oligomycin resistance gene (Ward et.al.,1986), and the prokaryotic 

antibiotic resistance genes that degrade Kanamycin or G418 (Penalva ef.a/., 1985),Hygromycin B 

(Punt et.al.,1987), Bleomycin and the related antibiotic, Phleomycin (Gatignol et.al.,\99Q). The 

latter two compounds are examples o f clastogenic agents i.e. chemicals that can induce 

chromosome or DNA breakageApart from functioning as useful selective agents, an 

additional advantage o f  using these compounds lies in the fact that they also increase the 

frequency o f  stable transformation (Benediktsson & Schieder,1993).

Another important group o f dominant selectable markers are the p-tubulins that 

encode resistance to the benzimidazoles. Benzimidazoles have wide applications in medicine 

and agriculture as broad spectrum, systemic fungicides and antihelminthic drugs.The 

antifungal benzimidazoles include Benomyl (methyl l-[butylcarbamoyl]-benzimidazole-2-yl 

carbamate), its major degradation product, Carbendazim (methyl benzimidazole-2-yl-carbamate 

or MBC), Nocodazole, and Thiabendazole. They are specific inhibitors o f  microtubule 

assembly that act by binding to P-tubulin molecules, preventing tubulin polymerization (Dalvi 

& Whittiker,1995). As such, they interfere with a great number o f cellular processes that 

involve microtubules, such as mitosis, meiosis, intracellular transport o f  molecules for 

secretion, particles, and organelles, and maintenance o f  cell shape and cellular mobility 

through ciliar and flagellar motion. They are also known to inhibit Cytochrome P450 

(CYP51) involved in sterol biosynthesis (Murray & Ryan, 1983). High efficiency gene transfer 

based on resistance to Benomyl was first demonstrated on a Benomyl sensitive strain o f  

N.crassa with a cloned homologous P-tubulin gene from a Benomyl resistant strain o f  

N.crassa (Orbach et.al. 1986). As transformation o f M.anisopliae had been successful with 

the N.crassa Benomyl resistant gene (Bemier et.al., 1989), this compound was one o f the
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foremost candidates for use as a selective marker in attempting transformation on 

M.flavoviride.

Gene markers that complement a nutritional mutation are more laborious to use as 

these systems neccessitate the preliminary isolation and characterisation o f suitable mutants. 

Certain auxotrophic mutants may be isolated by selecting for resistance to toxic metabolites 

that are substrate analogues o f enzymes involved in key nutritional processes. For example, 

resistance to the metabolic poison, fluoro-orotic acid has been used to select for mutants 

auxotrophic for pyrimidine (pyr-) that require uridine or uracil for growth due to a 

dysfunction in either orotidine 5-phosphate decarboxylase or dihydroorotase. Complementation 

of a pyr- mutant by a functional gene restores protrophy, and provides the basis for selection 

(Ballance,1983). Mutants unable to utilize acetate as a carbon source (Fac or Acu- mutants), 

due to a mutation in the enzyme acetyl-CoA synthase can be isolated by selection for 

resistance to fluoroacetic acid. These mutants can be restored to prototrophy by 

complementation with a functional acetyl CoA synthase gene (Hargreaves,J.A. and 

Turner,G.,1989). Similarly, resistance to chlorate can be exploited to isolate nitrate reductase 

deficient mutants (NiaD), that can be restored to prototrophy by complementation with a 

functional nitrate reductase gene (Malardier et. «/.,1989).

An interesting cotransformation system developed by St.Leger et. a/.(1995) utilized both 

the Aspergillus nidulans benomyl resistance gene, benAS and the E.coli j3-glucoronidase gene 

under control o f the A.nidulans gpd promoter. Expression o f the GUS gene in vivo was 

monitored by injecting its chromogenic substrate, X-glucoronide into insects infected with 

fungal transformants. The area o f invasion was stained blue, marking the presence o f the 

transgenic fungus. Fungal propagules isolated from infected insect blood also carried the blue, 

transgenic phenotype. The use o f the GUS gene was intended to provide a practical means of 

marking genetically engineered pathogens for field trials. In the following discussion, the term 

‘Benomyl’ when used refers to Benlate® containing 99% Benomyl.

4.1.2 Results and discussion
4.1.2.1 Evaluating the nitrate reductase transformation system for 

isolate 1M1330189
Nitrate reductase mutants o f the related M.cmisopliae isolate, ME1 has been transformed 

with vectors, pSTAlO and pSTA14 carrying Aspergillus oryzae nitrate reductase genes (A.Bailey, 

Personal communication). Although this suggested the possibility o f using the nitrate reductase 

sytem to transform isolate IMI330189, attempts to isolate nitrate reductase
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mutants in the isolate were repeatedly unsuccessful. Nutritional studies on nitrogen source 

preferences o f  the fungus subsequently indicated two possible reasons for the difficulty in 

isolating nitrate reductase mutants. Firstly, the insignificant level o f mycelial biomass 

obtained when nitrate was used as sole source o f  nitrogen, suggested that the wild type 

isolate o f  IMI330189, in contrast to most fungi, could not utilize nitrate efficiently. In fact, 

the fungus demonstrated a distinct preference for glutamate in comparison to nitrate, proline 

and adenine (Fig.7, Chapter 3). Secondly, as the isolate did not grow well in Leathams 

Medium ( a defined complete medium ) and a Czapek Dox based basal salts liquid 

formulation ( excluding nitrate ) when both were supplimented with glutamate as nitrogen 

source, and glucose was provided in excess (25g/l), it may have an essential requirement for 

a complex growth factors) not provided by these media. The possibility that nitrate 

utilization may be enhanced in defined minimal and complete media with inclusion o f this 

complex growth factor cannot be discluded. Difficulty in isolation o f nitrate reductase 

mutants in minimal media supplimented with glutamate and arginine respectively may have 

been due to poor efficiency o f growth in media excluding this postulated complex growth 

factor(s).

As such, the use o f the nitrate reductase system for transformation o f isolate 

IMI330189 requires prior elucidation o f  the growth requirements o f  the fungus in defined 

media. In addition, verification o f the absence o f the nitrate reductase gene in the organism 

at the time o f  these experiments had yet to be obtained. If the isolate is found to be a 

nitrate reductase mutant, the wild type may be used directly for transformation with the 

A.oryzae nitrate reductase genes.

4.1.2.2 Kanamycin sensitivity assay on isolate IMI330189 conidia
Sensitivity o f  isolate IMI 330189 to Kanamycin sulphate in the range o f 50 - 300 

pg/ml yielded no significant level o f  inhibition as compared to controls that excluded the 

antibiotic. This observation was consistent in the spread plate assay utilizing high inoculating 

density as well as the point-inoculation assay that utilized low inoculating density.

4.1.2.3 Hygromycin B sensitivity assay on conidia of isolates 

IMI330189 and CBS218.56
The conidial spread plate assay that utilizes a high inoculum density per treatment 

(plate) did not indicate a significant level o f  sensitivity to 300 pg/ml Hygromycin B as 

compared to control plates devoid o f the antibiotic. On the other hand, radial extension o f  

colony diameter in the point inoculation assay indicated 58% inhibition o f  growth with the 

use o f 300 jig/ml Hygromycin B (Fig. 9). Transformation conditions are more closely related 

to the spread plate assay as high densities o f  protoplasts and blastospores are spread onto 

plates. As selection for the E.coli Hygromycin B resistance gene is usually undertaken with
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antibiotic concentrations in the range of 20 - 50 pg/ml, while no significant level of sensitivity was 

detected with the use of 300 fig/ml in the IMI330189 conidial spread plate assay, the feasibility of 

its use for transforming the isolate was negated. Fig. 10 indicates the results of Hygromycin B 

sensitivity tests on isolate CBS218.56, with a curve corresponding to the sensitivity of isolate 

IMI330189 to the antibiotic for comparison. Clearly, both isolates demonstrate similar patterns of 

sensitivity to the antibiotic.
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Fig.9: Hygromycin B sensitivity assay of IMI330189 conidia in 
terms of relative radial extension of point inocuia (d) and 
viability counts of high density inocuia (c) on media with and 
without Hygromycin B; %inh(d)=% inhibition of radial extension

For the point-inoculum growth inhibition assay, each treatment had 
been undertaken in triplicate,while in the high inoculum density 
spread plate assay, each treatment had been undertaken 8 times. 
E rror bars represent one standard deviation from the mean.
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4.1.2.4 Benomyl Sensitivity Assays on isolates IMI330189 and
CBS218.56

Benomyl sensitivity assays were undertaken on conidia,blastospores and on 

protoplasts. Fig. 11 represents the results of Benomyl sensitivity assays on isolate IMI330189 

conidia using the point inoculum inhibition assay and the high inoculum density spread plate 

assay. The point inoculum inhibition assay indicates complete inhibition o f growth at and 

above 2.5 pg/ml, while the spread plate assay indicates complete inhibition o f growth at and 

above 7 pg/ml. Although the former method clearly demonstrates a higher level o f sensitivity

to Benomyl, transformation conditions are more similar to the latter method as high

densities o f transformed fungal biomass are plated onto transformation plates. As such, 

transformation was undertaken with Benomyl concentrations above 7 pg/ml.

Fig.12 indicates Benomyl sensitivity of isolate CBS218.56 conidia using the point 

inoculum inhibition assay. Complete inhibition o f growth is observed at and above 2.5 

pg/ml. Fig. 13 illustrates almost identical patterns of growth inhibition by Benomyl in the 

two strains. The step pattern o f growth inhibition observed suggests the presence o f three

populations o f conidia, ~57 % of which are completely inhibited in growth by low

concentrations o f Benomyl at and between 0.25 - 0.50 pg/ml, ~10 % are completely inhibited 

in growth at intermediate concentrations at and between 0.50 - 0.75 pg/ml, while the 

remaining population at ~33 % are completely inhibited in growth at high Benomyl 

concentrations at and between 0.75 - 2.50 pg/ml. The slight increment in growth consistently 

observed in both strains between 0.75 and 1.0 |ig/ml Benomyl is likely to be due to 

modifications to the microenvironment of point inoculation after loss in viability o f ~67 %
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of the conidia present in that environment. Growth enhancing modifications include autolysis 

of non-viable conidia with consequent release and availability o f cellular components and 

nutrients, increased oxygen availability and room for expansion.

P a r c s n ta g *  (T) o f  th a  
to ta l n o .o f  c o lo n ia s  

a m a r g a n t  o n  b a n la te  
c o n ta in in g  p la ta a  o v a r  

th a  to ta l n o .o f  
c o lo n ia a  a m a r g a n t  o n  
c o n tr o l p la t e s  w ith o u t  

B a n la ta

9 T 1«

8 - 16

7 - 14

6

5 10

4

3

2

1

0
o on

M ea n  c o lo n y  d ia m e te r  
(d ) in m m . o n  p la t e s  

w ith  a n d  w ith o u t  
B a n la te

B en la te  c o n c e n tr a t io n  (u g /m l)

Fig. 11: Benlate sensitivity assays of IM I330189 conidia determ ined by relative 
radial extension of point inocuia (d) and percentage viability of high density 
inocuia (T) on media with and without Benlate

For the point inoculum growth inhibition assay and high inoculum density spread 
plate assay, each treatment had been replicated 3 times, with the exception of 7 pg/ml 
in the latter assay, which had been replicated 6 times. E rror bars represent one 
standard deviation from the mean.

Conidia o f isolate IMI330189 harvested from 1/4 SDA plates or stored in 0.04% 

Tween-80 solutions at 4°C have frequently been observed to undergo conidial anastomosis 

(Chapter 2, Plates 15a & b).Certain batches of conidia have also been observed to contain 

subpopulations o f conidia with dimensions approximately 2 times the size o f regular conidia 

(Chapter 2, Plate 13). These two observations when viewed together suggest the possibility 

that large conidia are heterokaryons or diploids formed by conidial anastomosis during plate 

culture. It should be noted that conidia of diploid strains of M.cmisopliae have been reported 

to be significantly larger than haploid conidia, and size has been used to identify ploidy 

(Bergeron & Messing-Al-Aidroos,1982).

The presence of subpopulations of conidia with different ploidy may account for the 

step pattern o f growth inhibition by Benomyl. Benomyl has been reported to induce nuclear 

instability and haploidization in diploids of Aspergillus nidulans (Hastie,1970) and 

M.anisopliae (Bergeron & Messing-Al-Aidroos,1982). Upon point-inoculation of conidia onto 

plates containing Benomyl, haploidization may be occurring in a small proportion o f diploid
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nuclei,giving rise to aneuploids i e.2n-l,2n-2,2n-3,etc.If these aneuploids carry the P-tubulin 

genes from both the original haploid nuclei,they are likely to have a higher level of resistance to 

Benomyl than the haploid conidial population,and they are believed to be represented by ~10% of 

the conidia completely inhibited in growth at intermediate Benomyl concentrations at and 

between (0.50-0.75)pg/ml.The haploid and aneuploid conidial population containing a single 

copy o f the p-tubulin gene,or aneuploids carrying two copies of the p-tubulin gene but deficient 

in a large number o f chromosomes with a consequently low rate of growth,are postulated to be 

represented by ~57% of the conidia completely inhibited in growth by low concentrations of 

Benomyl,at and between (0.25-0.50)pg/ml.The heterokaryotic and diploid conidial population is 

postulated to account for ~33% of the conidia completely inhibited in growth by high Benomyl 

concentrations,at and above 0.75 pg/ml.
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Fig.12:Benlate sensitivity assay of CBS218.56 conidia 
determined by relative radial extension of point inocuia 
on media with and without Benlate

Each treatment had been undertaken in triplicate. E rror bars represent 
one standard deviation from the mean.

The postulated higher levels of Benomyl resistance in heterokaryotic and diploid conidia 

may be explained as follows. Benomyl, as mentioned previously, inhibits growth by binding to P- 

tubulin molecules.The level of inhibition observed of any conidium is dependent on the relative 

number o f P-tubulin molecules bound by Benomyl,and the number that escape binding by 

Benomyl.As heterokaryotic and diploid nuclei carry two copies of the p-tubulin gene,they are 

likely to generate larger pools of the P-tubulin gene product than haploid and aneuploid 

nuclei,missing a copy of the P-tubulin allele. It follows that heterokaryotic and diploid conidia 

would contain a larger population of P-tubulin molecules that escape binding by Benomyl, giving 

nse to a higher level o f resistance in these ploidies.
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It is interesting to note that the Hygromycin B sensitivity assay could not differentiate 

between these subpopulations of conidia, clearly reflecting the different modes of action of these 

compounds. While the effects of Benomyl are influenced by ploidy, the latter does not influence 

the effects of Hygromycin B. This compound has been reported to disturb protein synthesis by 

interfering with peptidyl-tRNA translocation resulting in misreading (Gonzales, 1978).
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Fig.13:Sensitivity of IMI330189 and CBS218.56 conidia to 
Benlate in terms of percentage inhibition of radial 
extension observed of point inocuia.

I was calculated as follows:- I = ( l - d t / d c ) x  100 where dt = mean colony 
diameter on Benomyl containing plates and dc = mean colony diameter on 
control plates minus Benomyl.

Sensitivity assays on various compounds are commonly undertaken on conidia as they 

are usually produced easily and in abundance. As such, they are useful for preliminary tests of 

drugs and inhibitors. However, they do not always simulate transformation conditions that utilise 

protoplasts, as the lack of a cell-wall may induce a higher level of cytoplasmic uptake of 

nutrients and other compounds from the environment in comparison to conidia that have a thick 

melanised cell-wall, and introduction of the drug or inhibitor used for selection is usually 

undertaken only after a period of preliminary incubation without selection. As this study on 

transformation utilised protoplasts and blastospores, Benlate® sensitivity tests were also undertaken 

on these two growth forms.
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Benomyl
concentration

(in pg/ml)

Total no. of Benomyl resistant regenerants emergent on duplicate plates 

when selection was overlaid onto the protoplast layer after 18 and 20 hrs. 

of primary incubation. Observations were made after 7 weeks growth at

27.5°C

Frequency of emergence 

of Benomyl resistant 

colonies in the

conidial spread plate 

assay after 3 weeks 

growth 

(Frequency per 106 

conidia)

(Each treatment was 

undertaken in triplicate)

18 hrs. 

primary 

incubation 

before 

addition of 

Benomyl for 

selection

Frequency of 

emergence of 

resistant regenerants 

(per 106 protoplasts)

20 hrs. 

primary 

incubation 

before 

addition of 

Benomyl for 

selection

Frequency of 

emergence of resistant 

regenerants 

(per 106 protoplasts)

5 4 4.44 7 7.78 > 2.4xl03 (1.8)

6 / / / / > 2.4x103 (1.8)

7 / / / / 0

9 0 0 0 0 /

15 0 0 / / /

20 0 0 / / 0

25 0 0 / / /

30 0 0 / / /

35 0 0 0 0 /

Table 2: Benomyl sensitivity tests on protoplasts after 18 and 20 hrs. of primary incubation without selection at 27°C. 
3xl06 protoplasts with a regeneration efficiency of 15% were spread onto each plate. Frequencies of mutations to resis
tance were calculated based on the no. of regenerants per 106 protoplasts. Each treatment was undertaken in duplicate. 
Frequencies of conidial mutations to Benomyl resistance in the conidial spread plate assay are provided for comparison. 
The conidial sensitivity assay utilised only 750 conidia per Petri dish. Had high density of inocuia been used per Petri 
dish (containing the specified concentrations of Benomyl), the number of emergent Benomyl resistant colonies would 
have been higher. Values in brackets refer to the mean number of colonies emergent from pools of 750 conidia.



72

Benlate® concentration 
(in pg/ml)

Total no.of emergent colonies 
on 4 replicate plates

Frequency of emergence of 
resistant colonies per 106 
blastospores under the 
conditions of assay **

Description

9 background growth / Numerous small,flat,conidiated 
green colonies.

15 6 2.3 Emergent colonies raised, with 
dimensions ranging from small 
to large. These could be mistaken 
for transformant colonies. 
Surrounding media clear of 
background growth.

20 8 3.0 as above
30 7 2.7 as above

Table 3 : Benomyl sensitivity assay of blastospores directly spread onto plates containing the fungicide.Observations represent 
the total no. of colonies emergent on 4 replicate plates. Only colonies that may be mistaken for transformants have been scored while 
the remaining growth consisting of distinctly flat, mycelial or conidiated colonies has been termed as background (bg) growth and were 
not scored.

Benlate®
concentration
(jig/ml)

Total no. of emergent 
colonies on 4 replicate 
plates

Frequency of emergence of resistant colonies 
per 10* blastospores under the conditions of 
assay **

Description

15 background growth / Small and medium sized, flat 
colonies,conidiated yellow and dark green

20 12 4.5 Raised colonies that could be mistaken for 
transformants;Small and flat background 
colonies also present.

30 5 1.9 As above

Table 4: Benomyl sensitivity assay of blastospores when media containing the fungicide was added as an overlay over blastospores 
subjected to 20 hrs. primary incubation without selection. Only colonies that may be mistaken for transformants have been scored while 
the remaining growth consisting of distinctly flat mycelial or flat conidiated colonies has been termed as background (bg) growth and were 
not scored.



Table 2 demonstrates the results o f Benomyl sensitivity tests on protoplasts when 

addition o f the Benomyl overlay was undertaken after 18 and 20 hr.of primary incubation.The 

emergence o f fungicide resistant regenerants occurred with high frequency on 5pg/ml 

Benomyl.Benomyl concentrations at and above (9-35)pg/ml did not yield any resistant 

regenerants.In contrast,the frequency o f emergence o f resistant regenerants with the use o f 5 

pg/ml Benomyl in the conidial spread plate assay was found to be at least 300 times higher than in 

protoplasts,even though conidia had not been subjected to a preliminary phase o f incubation 

without selection. The latter step is standard procedure in many transformation protocols to allow 

stable integration and expression o f transgenes.In the conidial spread plate Benomyl sensitivity 

assay,the frequency o f  emergence to resistance is abruptly reduced to zero at 7pg/ml 

Benomyl,indicating a sharp threshold concentration over which the innate Benomyl resistance o f a 

small sub-population o f conidia,is negated. Conidia,having thick cell-walls with a low level o f 

permeability,are expected to absorb less effective concentrations o f Benomyl than protoplasts.This 

is likely to be the primary factor responsible for the relatively higher level o f  sensitivity o f  

protoplasts to the fungicide.

Direct plating o f  high densities o f  blastospores onto media containing Benomyl results in 

the emergence o f resistant colonies at concentrations at and above 15pg/ml(Table 3).When 

blastospores were subjected to 20hr.of primary incubation before addition o f the Benomyl 

overlay,only background growth was observed on 15 pg/ml while the use o f 20 and 30 jig/ml 

resulted in the emergence o f resistant colonies at frequencies o f 4.5 and 1.9 transformants/pg 

DNA respectively (Table 4).The number o f colonies emergent on a particular concentration o f 

Benomyl is a reflection o f the number o f viable colonies at that concentration relative to the 

availability o f nutrients.In contrast to the higher Benomyl concentrations,at 15pg/ml,a larger 

number o f fungal cells would retain viability although they would be inhibited in 

growth.However,with the large number o f viable cells present,nutrient availability would be a 

significant limitation to growth,and in combination with growth inhibition by Benomyl,the 

stressors may be sufficient to eventually negate viability in a large number o f cells.On the 

higher concentrations o f Benomyl,a large number o f fungal cells may have been killed upon 

introduction o f the fungicide leaving only cells with an innately high level o f fungicide 

resistance.As relatively fewer cells would be viable with increasing concentrations o f the 

fungicide,nutrient availability for the remaining Benomyl resistant cells would have been at a 

higher level,and this may be the factor enabling growth, development and emergence o f large 

numbers o f resistant cells with the use o f high Benomyl concentrations.Clearly,the use o f very 

high Benomyl concentrations for selecting blastospore transformants would not enable accurate 

elimination o f non-transformant growth. This factor is particularly relevent when considering 

observations discussed in Chapter 4.4 whereby blastospore and germling protoplast transformants 

were found to have a high level o f  resistance to Benomyl i.e.up to 100 pg/ml o f the fungicide.
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Length of 
primary 
incubation (in 
hrs.)

Total no. of 
colonies emerging 
on 4 replicate 
plates

Frequency of 
emergence of resistant 
colonies per 10 6 
blastospores under the 
conditions of assay * *

Description

12 5 1.9 Raised, medium-sized colonies 
that may be mistaken for trans
formant colonies;Background 
growth consisting of small, 
mycelial colonies.

15 4 1.5 As above
16 background

growth
/ Colonies medium to large, 

conidiated but distinctly flat 
clearly marking them as 
background growth.

17 background
growth

/ Background growth consisting of 
small to medium sized,flat, 
conidiated colonies.

18 background
growth

/ As above

20 background
growth

/ As above

Table 5: Sensitivity assay of blastospores to 9 pg/ml Benomyl when the fungicide was added as an 
overlay onto blastospores incubated for different lengths of primary incubation.Only raised,medium 
to large colonies that may be mistaken for transformants have been scored, while the remaining 
growth consisting of distinctly flat,mycelial or conidiated colonies has been termed as background growth 
and were not scored.

** Assay conditions: 1.5 x 106 blastospores were spread onto standard 90mm. Petri dishes containing 
20ml media (1/4 SDA) supplimented with Benlate® in DMSO at varying concentrations. Percentage 
viability of the blastospore population was 44%.



It is interesting to note that the phenomena of Benomyl resistant colonies emerging on high (and 

low) concentrations of the fungicide, as opposed to intermediate concentrations of the fungicide 

was not observed in sensitivity assays on protoplasts, suggesting that selection of germling 

protoplast transformants may be undertaken with the use o f Benomyl, at and above 10 pg/ml.

Table 5 indicates the sensitivity of blastospores to 9 pg/ml Benomyl when the length of 

primary incubation without selection had been varied between 1 2 -2 0  hrs. Surprisingly, the use of 

shorter lengths o f primary incubation elicited a higher number o f emergent resistant colonies than 

the converse. Lengthy primary incubation is likely to have enabled a significant level of 

development in a large number o f blastospores. Therefore, when selection was introduced, 

development may have progressed to a phase o f growth considerably more sensitive to Benomyl 

than blastospores. It is very likely that at and between 1 5 -2 0  hrs. o f primary incubation, 

blastospores would have germinated, and the resulting germlings were considerably more sensitive 

to Benomyl than the blastospore generation.

In the previous discussion, the emergence o f Benomyl resistant colonies has been 

considered a reflection o f the fact that conidial populations used for sensitivity assays contain 

small subpopulations with innately high levels o f resistance to the fungicide. The use o f certain 

concentrations o f Benomyl and certain conditions o f assay were considered to select for these 

subpopulations o f conidia. The possibility o f mutations to resistance was not considered. 

Researchers from Du Pont Laboratories recently evaluated Benlate® (crude preparation of 

Benomyl), Benomyl (pure preparation) and Carbendazim for gene mutations in the Salmonella / 

Ames plate - incorporation assay (Sarrif et.al.,1994). No mutagenic activity was observed with 

either Benomyl or Benlate® (tested up to 500 and 1200 pg/ml respectively, the limits of 

cytotoxicity of these compounds) in either base - pair substitution (TA100 or TA1535) or 

ffameshift - sensitive (TA98 and TA1537) strains, with or without S9 metabolic activation. 

However, some Carbendazim preparations caused mutations in ffameshift - sensitive strains at very 

high concentrations (> 5000 pg/plate) with metabolic activation. Conclusive evidence indicates that 

mutagenicity is not due to the major Carbendazim metabolite,methyl (5-hydroxy-lif-benzimidazol- 

2-yl) carbamate (5-OH MBC) but to two highly mutagenic contaminants, 2,3-diaminophenazine 

(DAP) and 2-amino-3-hydroxyphenazine (AHP) in Carbendazim samples. Without S9 activation, 

DAP and AHP were positive at test concentrations as low as 5 and 10 pg/plate, respectively. In 

the presence of S9 activation, mutations were detected at concentrations as low as 0.025 and 0.05 

pg/plate, respectively.

These results conclusively indicate that Benomyl (and its derivatives), at concentrations 

normally used for genetic transformation o f filamentous fungi i.e. (2.5-10.0) ng/ml, are non- 

mutagenic in the Salmonella - Ames plate incorporation assay i.e. they do not induce frame- 

shifts or base-pair substitutions. If these results may be accurately extrapolated to fungal 

systems, they suggest that the activity o f  this compound is limited to inhibition o f  P-tubulin 

polymerization and microtubule assembly, with its consequent side-effects that include 

chromosomal non-dysjunction during cell-division.
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The potent anti-mitotic activity o f the benzimidazoles on fungi led to the obvious 

questions o f  human and animal safety during their use in agriculture,medicine and 

experimentation. Friedman and Platzer (1978) report that both Benomyl and Carbendazim 

have a low level o f  affinity for mammalian tubulin. In addition, as these compounds are 

rapidly degraded and eliminated in the liver, they are non-toxic or give rise to low levels 

o f toxicity with transient exposure. The latter two arguments are supported by experiments 

undertaken by Heilman and Laiyea (1990) on mice in which Benomyl was administered 

orally and intraperitoneally at 500mg/kg and lOOmg/kg respectively. No visible hepatoxicity 

was observed. However, repeated exposure resulted in development o f malignant liver 

tumours, centrilobular hypertrophy, dose-dependent decreases in liver protein, glycogen and 

Vitamin A, wide-spread congestion, vascular degeneration, and massive necrosis o f  

hepatocytes. Other observed effects include inhibition o f  thymidine incorporation in mouse 

liver, and inhibition o f  liver microsomal enzyme activity (Dalvi & Whittiker,1995).

It is not known conclusively whether the hepatotoxic effects observed are due to 

Benomyl or its major derivatives, Carbendazim and 5 -hydroxybenzimidazole-2 -carbamate (5- 

HBC). Heilman & Laryea (1990) suggest that Benomyl toxicity may largely be due to a very 

reactive degradation product, n-butylisocyanate.This compound was also implicated in inhibition 

o f  enzyme and nucleic acid biosynthesis.Based on its effects upon repeated exposure (throu

gh oral and intraperitoneal administration at the dosages specified), Benomyl has been categ

orized as a teratogenic, mutagenic, carcinogenic, neurotoxic and hepatotoxic agentHowever, 

these compounds may be considered safe for controlled use in experimentation.

The major targets o f Benomyl and Carbendazim are therefore the Ascomycetous 

fungi on which they are highly inhibitory, even with transient exposure at low 

concentrations. They have been found to be less effective on the Basidiomycetes and 

completely ineffective on the Oomycetes and Zygomycetes (Davidse, 1986).

4.1.3 Summary
Isolate IMI330189 does not demonstrate sufficient sensitivity to Kanamycin or 

Hygromycin B to make the use o f these dominant selectable marker systems feasible for 

genetic transformation. However, this isolate as well as isolate CBS218.56 were found to be 

sensitive to low concentrations o f the antimicrotubular agent, Benomyl. Complete inhibition 

o f  growth was observed at 7 pg/ml in the high inoculum density, conidial spread plate assay 

while the Benomyl sensitivity assay on protoplasts indicated similar observations at and 

above 9 (xg/ml. The latter concentration was also found to be suitable for use in blastospore 

transformations when the length o f primary incubation (without selection) was set between 

16 -20  hr.

76



4.2

Optimization of protoplasting parameters in M. flavoviride

4.2.1 Introduction

Protoplasting as a tool has been utilised successfully in various aspects o f  

mycological research eg. in the purification o f organelles for ultra-structural and biochemical 

studies, protoplasting is a common preliminary step undertaken to facilitate gentle lysis o f  

the cell wall in view to maintaining the integrity o f organelles (Whittaker et. al.t 1969; Smith 

and Scarborough, 1984; Hubbard et.al., 1986). In the field o f genetics, protoplasting is 

sometimes undertaken to facilitate gentle extraction and purification o f DNA. For example, in 

karyotyping both Metarhizium and Beauveria, protoplasting is used for preparation o f intact 

chromosomal DNA for CHEF gel electrophoresis (Couteaudier et.al., 1996; Shimizu et.al.,1992). 

Protoplast fusion has been applied successfully on the fungus M.anisopliae (Silveira,1983) 

and between isolates o f Beauveria bassiana and B.sulfurescens (Couteaudier et.al., 1996) to 

overcome strain incompatibility at the level o f  the cell wall, and is a viable alternative to 

molecular methods o f achieving genetic transformation. Other interesting applications o f  

protoplasts include their use in studies o f  biosynthetic processes (Cabib,1975), and as 

biochemically uniform substrates for toxicological studies (Chen Rui & Morrell,1994). They 

have also been used for generation o f mutants via UV irradiation (Hebraud & Fevre,1987).

In the current study,optimization o f protoplasting parameters was undertaken 

primarily to facilitate DNA mediated genetic transformation where high yields o f  protoplasts 

o f good regeneration potential, reasonable suspension purity and competency are required. To 

this effect, protoplasting was attempted on three growth forms i.e. hyphae, blastospores and 

germlings.

4.2.2 Results and Discussion

4.2.2.1 Effect of cultural conditions on the protoplasting quality of 

mycelium
When cultures were grown under conditions non-conducive to green pigment 

development and conidiation i.e. conditions specified as ‘NC’ in Fig. 14, two peaks in 

protoplasting efficiency were obtained - very early on in culture (after 2  days) and very late 

in culture (after 6 days). After the first peak in yield obtained from 2 day-old cultures, a
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significant reduction in protoplasting efficiency was observed. However, cultures 4 days-old 

and older showed a steady increase in protoplast yields up until 6 days when yields 

approximated that observed of two day-old cultures. Examination of mycelial colour 

indicated the progression of pigment development as follows: almost colourless (day 2) - 

creamish yellow - yellow - dark yellow - dirty dark yellow brown (day 6). The reduction in 

protoplast yields in 3 day mycelium coincided with development o f yellow pigmentation. 

However, progressive increase in the concentration o f yellow pigment (days 4 - 6 )  and the 

development o f brown pigments (days 5-6) were not associated with lower protoplast yields.
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Fig. 14 :Protoplasting mycelium produced under conditions 
conducive and non-conducive to pigment development and 
conidiation. Novozym 234 (Novo Nordisk) was used at 
5mg/ml in 0.6M KC1.

Each treatm ent was rep licated  three tim es. Letters represent the results o f  Fishers T est o f  L east Sign ificant 
D ifference analysed on In transform ed protoplasts counts. The use o f  the sam e letter denotes that there is no 
significant d ifference betw een the com pared means. Error bars represent one standard deviation from  the m ean.

Kexi

N C  and C

NC  : Conditions non-conducive to green pigm ent developm ent and conidiation : 27°C  culture  o f  10* conidia inoculated 
into 150ml C D C  broth utilising standard concentrations o f  yeast extract, 120rpm  rotary incubation, flasks stoppered  
w ith  filter caps

C: C onditions conducive to green pigm ent developm ent and conidiation : 31 °C culture o f  5.5x10* conidia inoculated into 
50 ml C D C  broth utilising standard concentrations o f yeast extract, 150rpm rotary incubation, flasks s toppered w ith 
loose foam  bungs
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Protoplast counts 
(*10A6/m l from  3m l 2 
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Fig. 15 :Growth trends ofM.flavoviridander conditions conducive to green pigment 
development and conidiation.Protoplast counts over the time-course are also 
indicated;pp:protoplast counts;myc:mycelial biomass;bs:blastospore 
counts;con:conidial counts.

Error bars associated with mycelial dry weights represent one standard 

deviation from the mean. Coefficients of variation associated with means 

of protoplast, blastospore and conidial counts range from between 0.4% 

to 12.5%.

When cultures were grown under conditions conducive to green pigment 

development and conidiation i.e. conditions specified as ‘C’ in Fig. 14, a distinct reduction in

protoplasting efficiency was observed as cultures aged, and this coincided with escalating

levels o f green pigmentation. The latter was observed as a developmental change in

mycelial colour from green (day 2) to dark green (days 3-5). Two other phenomena were also 

associated with increasing age of culture i.e. a decrease in mycelial biomass as determined 

by dry weight measurements and an increase in total spore counts recovered from the 

cultures (Fig. 15). From day 3 onwards, cultures appeared dark green indicating the release o f  

vast amounts o f green pigment into the culture medium. Microscopic examination revealed 

extensively conidiated mycelium that retained a large proportion o f its conidia even after 

vortexing and several washes. Like mycelia, conidia were also pigmented dark green. Spores 

are generally more recalcitrant to enzymatic degradation than hyphae (Peberdy,1979). 

Although protoplasting has not been attempted on pure conidial suspensions o f

M.flavoviride, it is clear that as conidiation progressed in culture, the generated mycelium 

protoplasted with decreasing efficiency , possibly in response to the presence o f large 

numbers o f conidia, pigmented dark green, and high concentrations o f the same pigment in
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mycelium. The protoplast yield obtained from 2 day-old dark green mycelium that had

14 -

1* yeast extract 4*yeast extract 7*yeast extract

Concentration of yeast extract in CDC

Fig. 16 : Protoplast yields associated with the use of CDC for 
generation of mycelium for protoplasting with modifications in 
terms of the concentration of yeast extract used in the 
medium

Conditions o f culture:-108 conidia were inoculated into ISO ml CDC broth containing 
7-times the standard concentration o f yeast extract. Flasks were stoppered with filter 
caps. Cultures were subjected to 100 rpm rotary incubation at 25°C.

Each treatm ent was replicated three times. Letters represent the results of 
Fishers Test of Least Significant Difference analysed on In transformed 
protoplasts counts. The use of the same letter denotes that there is no 

significant difference between the compared means.

undergone extensive conidiation during culture, was 63% lower than that obtained from a 2 

day-old culture generated under conditions that were not conducive to green pigment 

development and conidiation. As previously discussed in Chapter 3, the dark olive-green 

pigment associated with conidia and conidiated mycelium is likely to be 1,8 - DHN, while the 

white, yellow and brown pigments induced under conditions non-conducive to green pigment 

biosynthesis and conidiation are likely to be Scytalone, a derivative of 1,3,8 - THN and either 

1,3,8 - THN or Vermelone respectively.

Preliminary growth studies had indicated that the combination of high speed rotary 

incubation (150 - 200 rpm ) at a high growth temperature ( 30°C ), low broth volume (50ml )  

and high inoculum density (109 conidia / 50 ml culture ) are factors that promote biosynthesis 

of green pigment. Observations also clearly associate conidiation with conditions that strongly 

promote green pigment biosynthesis, suggesting that these two phenomena may be induced by 

the same environmental and intracellular signals. Inoculum density effects are
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likely to be due to modifications in medium composition as fungal development progresses. Under 

conditions ‘C’ and ‘NC,complete media had been utilised,and as such, must be considered nutrient-rich. 

However, the use o f 3-fold lower broth volume and 5-fold higher inoculum density in ‘C’ may have 

modified the concentration of specific media components resulting in rapid induction of green pigment 

biosynthesis.

The stimuli that initiate conidiation seem to differ between fimgi.In Neurospora crassa, 

conidiation has been associated with nutritional deprivations resulting from developmental modifications 

to the culture environment as growth progresses (Sargent & Kaltenbom,1972; Turian & Bianchi,1972). A  

recent report by Jenkins and Prior (1993) on M.flavoviride suggests that in the presence of excess carbon, 

a | rise in the C:N ratio initiated development of green pigmentation and phialides. In preliminary growth 

tests undertaken for this section, the use of lx ,10x, 25x and 50x the standard concentration of yeast 

extract in CDC broth indicated cessation o f growth with the latter two concentrations, while the use o f 

lOx yeast extract resulted in low level inhibition of growth. Based on the latter results, supplementing 

CDC broth with 4x and 7x the standard concentration o f yeast extract (Fig. 16) was intended to maintain 

the N level in culture, and delay green pigment development and conidiation, without inhibiting growth. 

Such mycelial cultures were expected to be highly susceptible to enzymatic digestion of cell-walls. Fig. 16 

indicates that the use o f 4x and 7x yeast extract for culture o f mycelium at 25°C with 12hr.Light/Dark 

cycles gave rise to significantly higher yields o f protoplasts than the use o f standard concentrations o f 

yeast extract,clearly supporting the postulate that low C:N ratios delay green pigment development thereby 

allowing a greater degree o f mycelial cell-wall digestion. Digestion efficiency and protoplast yields could 

be correlated with the pigments carried by mycelium, thereby enabling prediction of protoplast yields by 

visual examination o f washed mycelium. The use o f the standard concentration of yeast extract gave rise to 

white mycelium with a tinge of green, the use o f 4x die standard concentration of yeast extract gave rise to 

yellow mycelium with a tinge o f green, while the use o f 7x the standard concentration o f yeast extract 

gave rise to a brighter yellow mycelium with a tinge o f green. As such, a clear qualitative response was 

observed whereby increasing degrees of yellow pigmentation were associated with increasing yields of 

protoplasts, suggesting that the yellow pigments may facilitate cell-wall digestioa

It is well known that at particular stages in the life-cycle o f yeasts and filamentous fungi, their 

cell-walls are more susceptible to enzymatic attack,and are easier to protoplast than others (Peberdy,1979; 

Pfeiffer & Khachatourians,1987;Collings e/. a/.,1988). Several lines o f evidence implicate the melanins as 

the cause o f this resistance to enzymatic degradation. Firstly,melanin deposition in fungi is known to 

occur primarily in its outer cell-wall, where it appears as electron-dense granules (Bell & Wheeler,1986). 

The outer cell-wall is the primary site of action of lytic enzymes. Secondly, the ability o f lytic enzymes to 

hydrolyze fungal cell-walls has been inversely related to the melanin content of the walls (Bloomfield & 

Alexander,1967;Hurst & Wagner,1969; Bull,1970a&b).Thirdly, Kuo & Alexander (1967) suggest that 

melanin can bind both an enzyme and its substrate. Fourthly, Bull (1970a) found that Aspergillus melanin
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inhibited two types o f hydrolytic enzymes, pl,3-glucanase and chitinase in a time-dependent and non

competitive manner,indicating non-specific binding of polysaccharases by melanin and confirming its 

antimycolytic properties. These lines of evidence are supported by observations made in this study that 

clearly associate different stages in fungal growth and development with different types and 

concentrations o f pigments, each of which may be associated with differing levels of resistance to 

enzymatic degradatioa

Considering the reduced protoplast yields obtained from 3 day-old mycelium with die onset of 

yellow pigment development (Fig. 14), it is interesting to speculate on the mechanism by which the yellow 

pigments facilitated cell-wall digestion in Fig. 16. In the latter, mycelium from all three treatments carried 

low levels o f green pigmentation. The high efficiencies of digestion observed in the presence of high 

concentrations o f yellow pigmentation are likely to be due to the fact that in contrast to green pigmentation, 

the yellow pigments o f isolate IMI330189 do not bind some or all cell-wall degrading polysaccharases. As 

green pigments are known to bind cell-wall polysaccharases non-specifically, yellow pigments may exert 

their facilitative effects on cell-wall digestion by forming complexes with dark green pigments present in 

mycelium, thereby preventing association o f the dark green pigments with cell-wall degrading enzymes. 

The essential mechanism is that of masking whereby the presence o f the green pigments are masked by the 

yellow pigments.The efficacy o f this masking mechanism is clear by way o f the fact that the use o f 7x 

yeast extract for generating mycelium gave rise to mycelium carrying the highest concentrations o f yellow  

pigments, in addition to low levels of green pigments, and a 4.7-fold increase in protoplast yields in 

comparison to the use o f standard concentrations of yeast extract for generating mycelium, the latter 

associated with low levels o f both yellow and green pigments. Therefore, in Fig.l, the reduced protoplast 

yield observed o f 3 day-old mycelium suggests that the mycelium carried low, non-visible levels o f green 

pigment (in addition to the visible yellow pigments), conferring a higher level o f enzymatic resistance to 

the mycelial cell-wall in comparison to younger, non-pigmented mycelium.

Aging cultures o f several fungi including M.flavoviride are known to undergo autolysis whereby 

endogenous fungal hydrolytic enzymes act upon its own cell-walls to effectively loosen its structure. This 

process is known to facilitate protoplasting. In Fig. 14, elevations in yellow pigment concentration 

subsequent to day 3 and development o f brown pigments between days 5-6 did not result in reduced 

protoplast yields.These observations suggest that the yellow and brown pigments generated by isolate 

IMI330189 do not have inhibitory effects on endogenous cell-wall degradative enzymes that cause 

autolysis. Conversely, when conditions o f culture distinctly favoured development o f green pigments in 

mycelia and in conidia, protoplast yields rapidly declined as cultures aged, indicating effective inhibition 

of autolytic enzymes by green pigments.These observations suggest that the green, yellow and brown 

pigments produced by M.flavoviride have differential inhibitory effects on endogenous cell-wall hydrolytic 

enzymes, in addition to the polysaccharases contained in Novozym 234.
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The use o f Adameks media for growth has been discussed in Chapter 3, Section 3.2.4. 

5 day-old Adameks cultures gave rise to mycelium perfused with large amounts o f loose 

brown pigments that may either have been extruded from mycelia ( i.e. 1,3,6,8-THN or flaviolin 

), or may instead have originated from Com Steep Liquor, a component o f culture medium. 

When washed free of culture medium and its associated pigments, mycelium appeared 

distinctly white in colour. Based on the ease o f protoplasting whitish and yellow pigmented 

mycelium generated in CDC broth, it is postulated that the white ( unpigmented) mycelium 

generated in Adameks Broth would be highly conducive to enzymatic methods of 

protoplasting.

4.2.2.2 The effect of varying digestion pH on the enzyme 

efficiency of Novozym 234
The optimum pH for protoplasting using Novozym 234 (Novo Nordisk) was found to 

be 5.6 ( Fig. 17). At this pH, Novozym 234 was most active (yielding the highest protoplast 

count) and the protoplasts produced, most stable. pH in the range o f 5.0 - 5.4 and above 6.0 

was found to result in a significant reduction in protoplasting efficiency. The unadjusted pH of  

0.6 M KC1 at room temperature ( 20°C) was found to be 5.6, and when used, gave a 63% 

lower protoplast yield after 3 hrs. digestion than when the osmoticum was pH buffered to 5.6 

(D ata not shown).

In the pH range of 5.0 - 5.4, protoplasts were stable in the digest for 2 hrs. In the pH 

range o f 5.6 - 6.5, protoplast stability was increased from 2 to 3 hrs. pH 5.6 represents the 

[ I f ]  concentration that induced highest enzymatic activity and conferred the highest level of 

protoplast stability.

4.2.2.3 The effect of 2-mercaptoethanol pretreatment on protoplasting 

blastospores and hyphae
Two day old blastospores o f M. flavoviride were considerably more recalcitrant to the 

lytic action of Novozym 234 (Novo Nordisk) than hyphae. These blastospores were white to 

pale yellow in colour and were budded out, either from inoculated conidia or from hyphae ( 

Plate 4c, Chapter 3 ). Novozym 234, used at 5 and lOmg/ml on untreated blastospores produced low 

yields in the order o f 104 protoplasts /  ml only after 6 hr. o f digestion (data not shown). However, 

pretreatment of blastospores with 25 mM 2-mercaptoethanol for 5 hrs. with gentle agitation at 

room temperature followed by 1 1 / 2  hrs. o f digestion yielded 2 .4 ( 10 )7 protoplasts/ml and almost 

100% conversion of spores into protoplasts. (Fig. 18). Longer periods o f incubation in treatment 

solution caused reductions in protoplast yields, indicating destabilization o f the blastospore cell- 

wall with possible damage to the cell membrane.
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Fig. 17 :The effect of varying digestion pH on the protoplasting efficiency of Novozym 
234 ( Novo Nordisk ) on hyphae (digestion buffer:0.6M KCI). Observations are based 
on averages calculated from 3 replicate digests.

Alphabets represent the results of Fishers Test of Least Significant Difference on In trans

formed protoplast counts. The use of the same letter denotes that there is no significant 

difference between the compared means.

As blastospores were not pigmented green but were still highly recalcitrant to 

enzymatic degradation, a contradiction was observed to the postulated role o f green 

pigmentation as the sole factor in causing resistance to cell wall hydrolytic enzymes during 

autolysis and protoplasting. These observations suggest that blastospore cell walls are 

significantly different from mycelial cell walls, probably thicker, which may account for the 

higher level of resistance to enzymatic degradation. This observation raises the possibility 

that escalating resistance to enzymatic degradation observed in aging hyphae may be due 

not merely to cumulative deposition of green pigments in cell-wall lamellae, but also to 

physical changes occuring to the developing cell-wall.

With 2-mercaptoethanol pretreatment, a short period of digestion (1 1/2 hrs.) was 

sufficient to allow almost 100% conversion o f blastospores into protoplasts. These 

protoplasts were expected to be more homogenous in behaviour than mycelial protoplasts as 

the latter

84



Length of pretreatment ( in hours)

Fig. 18 : The effect of varying length of 2-mercaptoethanol pretreatment on the efficiency of protoplast -  
ing blastospores. Novozym 234 (Novo Nordisk) was used at 5 mg/ml in 0.6M KCI.Observations are based 
on averages calculated from three replicate digests.

L ette rs  represent the results of Fishers Test of Least Significant Difference on In transformed protoplast 

counts. The use of the same letter denotes that there is no significant difference between the 

compared means.

may originate from different parts of the hyphae, which in turn, can be highly 

heterogeneous in terms o f its nuclear and organellar composition.

When two day old hyphae were pretreated with low (1.4 mM) concentrations o f 2-

mercaptoethanol for 5 minutes at room temperature, the protoplast yield obtained was in the
8 7 x

order ^t^lO7 protoplasts/ml after 2 hrs. digestion i.e.|~ 17 fold higher than in untreated 

hyphae (Fig. 19). However, the hyphal substrate was not completely protoplasted and the 

resultant protoplast suspension was contaminated with a large amount o f hyphal debris and 

unprotoplasted blastospores. A four-fold reduction in the amount o f mycelium used resulted 

in a slight reduction in protoplast yields , but a higher level of purity was obtained (data 

not shown).



Untreated 0.28 mM 1.40 mM 2.80 mM

Concentration of 2-mercaptoethanol

Fig. 19 : The protoplasting efficiency of hyphae pretreated with varying concentrations of 
2-mercaptoethanol. Novozym 234 (Novo Nordisk) was used at 5 mg/ml in 0.6M KC1. 
Observations are based on averages calculated from 3-5 replicate digests.

Letters represent the results of Fishers Test of Least Significant Difference on In 

transformed protoplast counts. The use of the same letter denotes that there is no 

significant difference between the compared means.

Thiolic reagents like 2-mercaptoethanol, dithiothreitol and dithioerythritol act to 

reduce disulfide bonds o f proteins (cysteine residues) and fatty acids (lipoic acids) 

(Solomons, 1984). This is postulated to loosen fungal and bacterial cell wall structure and 

render it more susceptible to the action of hydrolytic enzymes. However, high concentrations 

are postulated to act upon plasma membrane proteins and lipids as well and this may 

account for the distinct reduction in regeneration efficiency observed when these reagents 

are used for protoplasting. Hence, in these experiments, the lowest effective concentrations 

were aimed for, the range being considerably higher for blastospores (25mM) than for hyphae 

(up to 1.4 mM).

Protoplast suspension purity is gauged primarily in terms o f the relative levels o f  

unprotoplasted fungal biomass in comparison to protoplasts at the end of digestion. The high 

level o f suspension purity obtained from protoplasting 2 -mercaptoethanol treated blastospores 

was not obtained when untreated mycelium was used as substrate in a low salt buffer 

digestion. This is because in preparation of mycelium for digestion, muslin filtration o f the 

fungal culture along with repeated washing cannot entirely remove the blastospore 

population. Along with whole-cell and fragmented hyphal debris, these spores are carried 

through as unprotoplasted contaminants into the resulting protoplast digest, contributing to a 

high level o f impurity. In DNA mediated genetic transformation, these blastospores act as
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foci for adherence, but not uptake o f DNA molecules, resulting in effective reduction in DNA  

concentration. Therefore, the primary advantage o f pre-treating blastospores and hyphae with 2 - 

mercaptoethanol is in obtaining a higher level o f purity in the resultant protoplast suspension.

4.2.2.4 The effect of subjecting germlings to nutrient starvation prior 

to protoplasting
Germlings were protoplasted in view o f several reports (Vollmer & Yanofsky,1986; Powell & 

Kistler,1990) that associated them with a high level o f  competency for DNA uptake.After 17 1/2 hrs. o f  

culture, these germlings still carried the green pigments associated with conidia.Table 6  indicates that 

control germlings not starved prior to digestion, produced low yields | i.e. (0 .6 -2 .2 ) 106

protoplasts/ml.In contrast, germlings starved in 8-times concentrate o f Leatham’s mineral solution prior 

to digestion produced the highest protoplast yields, j i.e .(4 .7-l4.5)106 /  ml.These protoplasts were 

subsequently found to regenerate at levels suitable for their use in genetic transformation (Chapter 4.4).

Incubation o f protoplasts at growth temperatures in mineral solutions like Leatham’s and 

2.0M KC1 induces a carbon-nitrogen starvation response that is believed to initiate autolysis o f  fungal 

cell-walls. Another method that facilitates cell-wall digestion by inducing a starvation response and 

autolysis, is growth in the presence o f hexose analogues like 2-deoxy-D-glucose as sole carbon source 

(Moore, 198 l).The latter compounds are used to facilitate protoplasting particularly when the fungal 

substrate contains high concentrations o f melanins.

4.2.2.5 The effect of varying osmotic buffer concentration and type 

on protoplasting efficiency
KC1 at 2.0M was found to be the best osmoticum, producing yields in the order o f  108 

protoplasts per ml after 1 1/2 hrs.digestion (Fig.20)followed by sorbitol in the range o f (1.8-2.0)M. 

Yields approximated 7 x l0 7 protoplasts/ml. MgSO^was tested because o f its reported ability to

produce high buoyancy protoplasts (de Vries and Wessels,1975) that would ease its purification from 

unprotoplasted fungal biomass. However, MgSC>4 in the range o f (0.2-0.8)M did not produce a high 

protoplast yield ,nor protoplasts o f  a distinctly higher level o f  vacuolation and buoyancy than 

KC1 or sorbitol.

Sorbitol, in the range ( 1 .2 - 2 .0 ) M  gave an increasing trend in protoplasting efficiency 

as the buffer concentration was increased. However, KC1 and MgSC>4 in the range ( 0.6 - 2.0 ) M

and (0 .2  - 0 .8 ) M respectively gave more complex patterns where two distinct peaks in yield 

were obtained. At the lower KC1 peak, the protoplast suspension was considerably
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contaminated with blastospores, but the converse was true at the higher salt peak where the 

level o f blastospore contamination was distinctly lower. This observation was consistent upon 

repetition and suggests two separate osmolalities that are optimum for protoplasting the 

different growth forms of the fungus present in the digest, hyphae protoplasting well at the 

lower salt concentrations and blastospores protoplasting optimally at higher salt concentrations. 

This raised the possibility o f using 2.0M KC1 for protoplasting pure blastospore suspensions. 

Preliminary results using 3(10) 6 blastospores per 2 ml digest and Novozym 234 at 5 mg/ml in 

a 11/2 hr. digest indicated that 66% of the blastospores were present as discrete protoplast 

ghosts, an indication o f over-digestioa As such, increasing the total blastospore inoculum, and /  

or a shorter period o f digestion in 2.0M KC1 may facilitate efficient turn-over o f blastospores 

into protoplasts.

Treatment

Protoplasts released x 105/ml after 30mins.digestion

106 germlings protoplasted 
in a 1.5ml digest

2.5(10)6 germlings 
protoplasted in a 1.5ml digest

Mean 95%
confidence

limits

Mean 95% confidence 
limits

1.Unstarved control germlings 2.2a 1.3 -3.8 0.6b 0.4- 1.1

2. Germlings starved in
8 x concentrate Leathams mineral
solution

4.7® 2.8 - 7.9 14.5° 8.7 - 24.3

3.Germlings starved in 0.6M KC1 2.5“ 1.5-4.2 6.1“ 3.6 - 10.2

Table 6:Protoplast yields obtained by starving germlings in two different 
mineral solutions in comparison to unstarved control germlings.Each 
treatment was undertaken in duplicate. Letters represent the results of Fishers 
Test of Least Significant Difference on In transformed protoplast counts.

The use of the same letter denotes that there is no significant difference between the 
compared means.

The high relative efficiency o f high salt buffers in digestion as compared to low salt 

buffers may be due to the effect of high salts in leaching off cell-wall bound enzymes during 

digestion, and during 'conditioning5 (i.e. pre-incubation o f substrate in salt buffers at growth 

temperatures, prior to digestion). In a mixed substrate of hyphae and blastospores, high salt 

concentrations can be expected to be more effective on hyphal cell-walls than on blastospore 

cell-walls. The release o f endogenous hyphal lytic enzymes would result in higher total 

concentrations o f cell-wall degradative enzymes in the digest. This may be the deciding factor 

that enabled digestion o f blastospore cell-walls in 2.0M KC1 digests, as opposed to 0.6M KC1 

digests.
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2.0 M KC1 may exert its effects by intercalation of its cations within the hyphal cell 

wall matrix and charge induced disruption of the bonds that hold wall-bound enzymes. 

Alternatively, the role of a high salt solution may be to disrupt the ionic bonds

°  °  ^ N S S S 2 5 5 5 5
cvj tj - go o  cvj c q c o
^  ^  ^  c\ j  d o d o

Buffer type and concentration

Fig.20 :The efficiency of various types of osmotic buffers,at various concentrations in 
digestion of hyphae.Novozym 234 (Novo Nordisk) was used at 5m^ml in 0.6M 
KCI.Observations are based on averages calculated from 3 replicate digests.

L ette rs  represent the results of Fishers Test of Least Significant Difference on In transform ed protoplast counts. 

The use of the same letter denotes that there is no significant difference between the compared means.

that provide fungal cell wall integrity, rather than induce the release of significant levels of 

endogenous lytic enzymes. The disrupted cell wall structure may have facilitated penetration of 

Novozym 234. At low salt molarities, the cation concentration may have been too low to exert 

these disruptive effects. Hence, the use of high salt buffers may obviate the need for lengthy 

pretreatment with high concentrations of thiolic compounds, with its consequent side effects.

4.2.2.6 The efficiency of d ifferen t enzymes in p ro toplasting  hyphae

With a yield in the order of 10 7 protoplasts per ml, a crude cellulase produced by 

Penicillium funiculosum  was found to be individually, the most efficient digesting enzyme in 

0.6M KCI (Table 7). When used in combination with Trichoderma viride cellulase, with both 

enzymes at 10 mg/ml, double the protoplast yield was obtained. After 3 hrs. digestion, very 

little burst was observed indicating a good level of protoplast stability in the digest.
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As T.viride cellulase on its own produced very low yields o f protoplasts, it can be deduced 

that the efficacy o f the two cellulases when used together is predominantly due to the 

action o f P.funiculosum cellulase. No synergistic activity was observed when P.funiculosum 

cellulase was used in combination with Novozym 234, and the yield obtained was low. A  

low level o f synergy was observed with a combination o f Novozym 234 and Ozonuka R - 

10 Cellulase. Yields were approximately similar when Novozym 234 was used alone or in 

combination with either protease, chitinase, or Driselase. Novozym 465, a highly purified 

cellulolytic preparation was unable to protoplast the fungus.

Enzym e system s tested
Protoplasts released x 10*7 ml 

after 11/2 hrs. digestion

Average 95% Confidence limits

Trichoderma viride cellulase (\Q)+Penicillium funiculosum 
cellulase (10)

21.27a 15.50-29.20

Trichoderma viride cellulase (5)+Penicillium funiculosum 
cellulase (5)

10.73 b 7.82-14.73

Penicillium funiculosum cellulase(5) io.oob 7.29-13.73

Cellulase Ozonuka R-10 (5)+ Novozym 234(5) 5.45 c 3.97 - 7.48

Trichoderma viride cellulase(5)+ Novozym 234(5) 5.07 cd 3.69 - 6.96

Novozym 234 (5) 4.40 cd 3.20 - 6.03

Novozym 234(5)+ Protease(2.5) 4.34 cd 3.16-5.96

Novozym 234(5)+ Chitinase(3) 4.16 cd 3.03 - 5.71

Novozym 234(5)+Penicillium funiculosum(5) 3.60 c*1 2.62 - 4.94

Novozym 234{5}+Trichoderma viride 
ce\\u\ase(5)+Penicillium funiculosum cellulase(5)

3.4 cd 2.49 - 4.69

Novozym 234(5)+Driselase(5) 3.17d 2.31-4.36

Trichoderma viride cellulase(5) 0.13 e 0.09-0.17

Cellulase Ozonuka(5) 0.08e 0.06-0.11

Novozym 465(5) o.oo-e 0.00-1.37

Table 7 :The efficiency of several different enzyme systems in protoplasting hyphae. Enzyme 
concentrations are given in mg/ml in bracketts. Novozym 234 utilised was obtained from Novo 
Nordisk Biolabs.Observations are based on averages calculated from 3 replicate digests. Letters 
represent the results of Fishers Test of Least Significant Difference ( a t the 5%  level) on In 
transformed protoplast counts. The use of the same letter denotes that there is no 
significant difference between the compared means.

Fig. 21 indicates the results o f a supplementary experiment undertaken to determine 

the relative protoplasting efficiencies o f Novozym 234 and P.funiculosum cellulase under the 

same conditions described, with the exception that 7 x the standard yeast concentration had
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been used during liquid culture and the substrate concentration reduced from 200 mg 

blotted weight mycelium to 150 mg blotted weight mycelium. P.funiculosum cellulase
o

produced yields in the order of 10 protoplasts per ml after 11/2 hrs. digestion, while the 

highest yield produced by Novozym 234 in the order o f 107 protoplasts per ml was 

obtained after 3 hrs. digestion. The beginning of a second peak in protoplasting efficiency 

was observed after 5 hrs. digestion. This peak may represent the result o f cumulative 

enzymatic degradation of blastospore cell walls and the rise in number o f blastospore 

protoplasts.

Most fungi, with the exception o f the family Oomycetes, do not have any cellulose 

in their cell walls. As Novozym 465, a highly purified cellulolytic enzyme preparation failed 

to protoplast M. flavoviride, it can be deduced that this fungus falls within the non

cellulose containing group of fungi.

NZ
-  120  - -
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Length of digestion (hrs.)

Fig. 21 :Comparing protoplasting efficiencies o f Novozym 234 
(NZ:Novo Nordisk:5 mg/ml) and P.funiculosum  cellu lase  
(PFC:Sigm a: 5 mg/ml) over a 5 hr. period o f digestion (m ycelial 
substrate used had been cultured in CD C +7-tim es yeast)

Letters represent the results of Fishers Test of Least Significant Difference on In transformed protoplast counts. 

The use of the same letter denotes that there is no significant difference between the compared means.

Hence, the high level o f protoplasting efficiency observed with the use of P. funiculosum  

cellulase must be related to enzyme activities present as impurities in the cellulase. As most 

common Deuteromycetes are closely related to the Ascomycetes, the hyphal walls o f 

Metarhizium should predominantly contain (3-1,3 and [3-1,6 glucans, a -1,3 glucans,
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galactomannoproteins, lipids and a substantial amount of chitin. It follows that chitinase and 

protease activity should facilitate protoplasting o f the fungus. The lack o f enhanced yield 

when these enzymes were used in combination with Novozym 234 may be due to surplus 

chitinase and protease activities in Novozym 234. Enzyme activities associated with 

Novozym 234 are 1,3-a-glucanase, 1,3-P-glucanase, laminarinase, xylanase, chitinase and 

protease while Novozym 465 is associated with endo-l,4-beta-D-glucanase, cellobiohydrolase, 

exo-l,4-beta-D-glucosidase and cellobiase.

18 19

Plates 18 & 19: Phase contrast micrographs showing the morphology of 2 day old
mycelial protoplasts generated in 0.6M KCI with Interspeks Novozym 234 at 5 mg/ml.
The presence of very small protoplasts are indicated as ‘s’. Bar = 25 pm.

4.2.3 Sum m ary

The pigments synthesized by M.Jlavoviride have not been analysed structurally to 

ascertain if they are melanins or compounds o f other biosynthetic origin. However, this study 

has established a semi - quantitative and qualitative link between the induction of specific 

pigments and cell-wall susceptibility o f specific developmental stages to enzymatic 

degradation. A clear association has been made with conditions that induce high 

concentrations o f green pigment biosynthesis in mycelium, and conidiation, with reduced 

yields o f protoplasts. A clear link has also been made with conditions that induce high 

concentrations o f yellow and brown pigmentation in mycelium with high yields of 

protoplasts.

o
Under optimised conditions, M.jlavoviride hyphae can yield up to 10 protoplasts per 

ml in 3 ml digests containing 150mg blotted mycelium. With 2-mercaptoethanol pretreatment, 

conversion rates o f blastospores into protoplasts can approach 100%, with yields in the order 

of 107protoplasts/ml. Germlings can be protoplasted at an efficiency o f 106 protoplasts/ ml.
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4.3

Environmental and epigenetic factors that influence 

protoplast regeneration in Metarhizium flavoviride

4.3.1 Introduction

Protoplast regeneration and reversion studies are crucial to several aspects o f

mycological study.De Vries and Wessels (1975) and Tanaka et.al. (1981) have defined ce ll-

wall regeneration as the formation o f a cell- wall around a protoplast, while the process o f  

reversion has been defined as the extrusion o f a hypha from a regenerating protoplast. 

These definitions may be simplified to include both initiation o f  cell - wall formation and 

return to the hyphal form as regeneration, a definition used by Fukui et.al.{ 1969), Garcia - 

Acha et.al. (1966) and Sietsm a& D e Boer (1973). The processes o f regeneration and reversion 

in protoplasts has been used as model systems to elaborate the mechanisms underlying wall 

polymer deposition, accruement and wall biogenesis (Peberdy,1978). Investigations o f  this 

nature have enabled elucidation o f  the mechanisms underlying the morphological transitions 

o f shape and form characteristic o f  the fungal life-cycle.

In studies o f protoplast mediated genetic transformation, high efficiencies o f

regeneration and reversion potentiate higher transformation frequencies, a factor crucial to 

the success o f several techniques in genetic engineering. It would also be o f  technical value

for protoplast fusion, a method o f  forced heterokariosis utilized for genetic analysis. For

biochemical studies, high regeneration and reversion potential is a mark o f  good protoplast 

quality, ensuring that results obtained are not artifactual but truely reflect the physiological

capacity o f an intact fungal cell.

Culture conditions suitable for protoplast regeneration and reversion vary among 

fungi (Kobayashi et.al., 1985). Early studies on fungal protoplast regeneration have shown that 

specific carbon sources, pH, osmotic buffering (Garcia-Acha et.al.,1966), and hardness o f  

regeneration media (Necas, 1961,Svoboda, 1966 and Kobayashi et.al.,1985) are important factors 

that affect the efficiency o f regeneration and reversion. However, there have been no reports 

to date on epigenetic mechanisms o f  variation that function during this process. The current 

study was undertaken to rectify this oversight and optimize several o f  the environmental 

parameters that contribute towards effective protoplast regeneration and reversion in 

M.Jlavoviride.
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For purposes o f simplicity and unless otherwise specified, the early definition for 

regeneration including both initiation o f cell - wall formation and reversion to hyphal growth 

will be utilized in this study.

4.3.2 Results and discussion

4.3.2.1 Environmental influences on protoplast regeneration

4.3.2.1.1 Effect of gelling agents and osmotic buffering on 

regeneration of protoplasts produced in 0.6M KCI

A  relatively high level o f protoplast regeneration at 28% was observed with the 

use o f 1/4 SDA , pH 6.5, osmotically buffered with 0.6M KCI and solidified with 40% 

gelatine (Table 8). However, two significant peculiarities negate the use o f  gelatine solidified 

media for protoplast regeneration. Firstly, the latter stages o f  regeneration are marked by 

distinct liquidation o f media. This phenomena was significantly more distinct in media 

buffered to pH6.5 as opposed to 6 .8 , but was not observed on osmotically unbuffered 

plates. The latter plates held only whole cells while osmotically buffered plates held both 

protoplasts and ( unprotoplasted) whole cells. These observations suggest that protoplasts (as 

opposed to whole cells) were capable o f hydrolyzing gelatine, most probably by the 

production o f extracellular proteases. Induction o f these proteases must have occurred to a 

significantly higher level at pH 6.5 as opposed to pH 6 .8 . In agar solidified media, 

liquidation was not observed suggesting that the synthesis and secretion o f these 

extracellular proteases are induced by gelatine or the hydrolytic products o f  gelatine (amino- 

acids),but not the agar polysaccharide or its constituent monosaccharides.

Secondly, gelatine solidified media at both pH 6.5 and pH 6 .8 , could not support 

colony growth beyond 0.5 mm in diameter. Colonies were also small and distinctly diffuse as 

opposed to the compact appearance o f  colonies emerging on agar solidified plates. Colony 

maturation and conidiation did not occur. These observations suggest the presence o f a 

fungal growth inhibitors) in gelatine solidified media. Similar observations have been 

obtained in relation to regeneration o f F.culmorum protoplasts (Garcia-Acha et. a l.,1966) in 

gelatine solidified media and may be due to excessive assimilation o f the by-products of 

gelatine hydrolysis. The latter two factors negate the use o f  40% gelatine to solidify media 

for M.Jlavoviride protoplast regeneration.
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A distinct contrast is seen in the successful regeneration and reversion o f yeast 

protoplasts at 20% or higher concentrations o f  gelatine (Necas,1961). Liquidation o f  

gelatinous media had not been reported by Necas and may be due to low level induction 

or the inability to induce secretion o f proteases in response to gelatine in yeasts.

Media Gelling %
eellins

Osmotic
Pern

regener
nl

intage 
ation at
FT:

type agent agent buffer
6 .5 6.8

TCA 0.75 0.6M KCI 30a 18b
1/4

SDA
1.4M Sorbitol 4C 5°

0.6M KCI 28® 14b
Gelatine 40 1,4M Sorbitol 16b 20ab

Table 8: Regeneration efficiencies of protoplasts produced in 0.6M KCI (Letters represent 

the results of Fishers pairwise comparisons on transformed protoplast counts, t where t = 

asin ( sqrt [ b - ub ] /1000 ), b=total no. of colonies emerging on buffered plates, and ub=total 

no. Of colonies emerging on unbuffered plates ).The use of the same letter indicates that 

there is no significant difference between treatments compared. Each treatment was 

replicated between 3 - 5  times.

It is interesting to note that although the use o f gelatine solidified media was

found to be fungistatic to M.flavoviride mycelial protoplasts, certain combinations o f  gelatine

solidified media and osmotic buffers gave rise to comparatively higher levels o f  

regeneration than when TCA was used for solidification. For example, the use o f 1.4M 

sorbitol and 40% gelatine yielded significantly higher regeneration levels (16 - 20) % than 

the use o f 1.4M sorbitol and 0.75% TCA (4 - 5) %. This effect may be due to complexing 

o f sorbitol molecules by amino-acids released by gelatine hydrolysis, thereby reducing the 

effective osmolality o f the media. 1.4M sorbitol had been chosen because o f  its ability to

maintain protoplasts stably in a high efficiency digestion. However, with an estimated

osmolality o f  1640 mOsm., it has a significantly higher level o f  osmotic buffering than 

0.6M KCI (927 mOsm.) and as such, may be inducing a rate o f growth prohibitively slow 

for efficient regeneration and reversion.

In comparing the efficacy o f the different osmotic buffers, protoplasts generated in 

0.6M KCI regenerate with overall higher efficiency on media osmotically buffered with 

0.6M KCI ( 1 4 - 3 0 ) %  than 1.4M sorbitol (4 - 20) %. In the use o f  0.6M KCI for osmotic 

buffering, pH 6.5 (28 - 30) % was more suitable for regeneration than pH 6.8  (14 - 18) %.
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Colony morphology on plates solidified with TCA eventually showed normal patterns of 

growth and conidiation. As such, at 30%, 1/4 SDA, osmotically buffered with 0.6M KCI, pH 

adjusted to 6.5 and solidified with 0.75 % TCA was found to support the highest level of 

regeneration in this study. Although this level o f regeneration is high enough to attempt 

transformation studies, it is far from optimal. One environmental factor that may be modified 

to improve regeneration efficiency is media hardness.

4.3.2.1.2 Effect of media and osmotic buffering on regeneration of 
protoplasts produced in 2.0MKC1

The highest level o f protoplast regeneration at 23% was obtained with a modified 

V8-based nutrient media, osmotically buffered with 0.6M sorbitol and 20% sucrose, pH buffered 

to 6.0 with 0.1M MES (Table 8 ). The estimated osmolality o f this media is 1747 mOsm. 

Colony morpholgy with this level o f osmotic buffering was discrete, highly raised and well 

conidiated with dark green (mature) conidia. Colonies were seen to emerge within 7 days of 

plating which is a feasible rate o f growth for attempting transformation

When a 1/4 SDA-based nutrient media, 0.1M MES buffered to 6.0  and solidified 

with 1.5% TCA was used for regeneration (Table 9), highest efficiencies (13 - 14 )% were 

obtained with the use o f 0.6M sorbitol supplimented with between (20 - 45)% sucrose for 

osmotic buffering. However, after 3 months incubation at 27°C, conidiation o f colonies only 

occurred on plates utilizing 20% sucrose (1522.3 mOsm.). Colonies on 1/4 SDA plates 

buffered with 0.6M sorbitol and (40 - 45)% sucrose were small and pigmented green but 

had not conidiated even after 3 months incubation at 27°C. The use o f 1/4 SDA as a 

nutrient base, supplimented with 2.0 M sorbitol alone (2249 mOsm.) also yielded comparable 

regeneration efficiencies (12%) with distinct conidiation of colonies. As such, inhibition of 

protoplast regeneration and reversion was found to occur in media o f osmolality around and 

above 2627 mOsm (=1/4 SDA supplimented with 0.6M sorbitol and 30% sucrose ). Media 

osmotically buffered with 2.0M KCI, regardless o f nutrient base did not support growth or 

regeneration.

It is interesting to speculate on the possible reasons for the higher regeneration levels 

obtained with the use of VGP based regeneration medium as compared to 1/4 SDA based 

regeneration medium.The nutritional value provided by VGP is undoubtedly higher
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than that provided by 1/4 SDA. Other than the contribution o f  specific growth factors in 

V 8 -juice, another possibly potent component o f V 8 juice is its content o f flavonoids. V 8-

Nutrient
base

Osmotic buffer %
Regeneration

Colony description at 3 months

1/4 SDA 1.0MKC1 4a large and well conidiated with dark 
green spores

1.2MKC1 4a large and well conidiated with dark 
green-brown spores

1.4MKC1 7b not all colonies emerged, surface 
colonies large and well conidiated 
with brown spores

1.6M-2.0M KCI 0 no growth
1/4 SDA 0.6M KCI + 20% sucrose 12° large and well conidiated with dark 

green spores
30% sucrose l l c quite large colonies,all emerged but 

not conidiated,cream to slightly 
green in colour

0.6M KCI + (20  - 60 ) % 
sucrose

0 no growth

1/4 SDA 1.0M sorbitol 4a large and well conidiated with dark 
green spores

2.0M sorbitol 12° well conidiated but smaller 
colonies,dark green spores

3.0M sorbitol 0 no growth
1/4 SDA 0.6M sorbitol + 20% 

sucrose
13° large and well conidiated with dark 

green spores
0.6M sorbitol + 
40% sucrose

14* small colonies,pigmented green but 
not conidiated

0.6M sorbitol + 
45% sucrose

14«i tiny but emerged colonies,not 
conidiated,cream-green colour,yeast 
phase

0.6M sorbitol + (50 - 60) 
% sucrose

0 no growth

Table 9 J Regeneration efficiencies of protoplasts produced in 2.0M KCI when 

regenerated on media containing 1/4 SDA as nutrient base, supplimented with 

various levels of osmotic buffering. Letters represent the results of Fishers 

pairwise comparisons on transformed protoplast counts, t where t = asin ( sqrt[ b 

- ub] /1000), b =total no. of colonies emerging on buffered plates, and ub = total 

no. of colonies emerging on unbuffered plates. The use of the same letter 

indicates that there is no significant difference between treatments compared.

Each treatment was replicated between 3 - 4  times.

juice is likely to contain the hydroxycinnamates chlorogenic acid, ferulic acid, and p-

coumaric acid from tomato, the flavones apigenin and luteolin from celery, and the flavon-3-

ol kaempferol from leek. The polyphenols as a group, including the flavanoids, have been

found to have ideal structural chemistry for free radical - scavenging activities, and have

been shown to be more effective antioxidants in vitro than vitamins E and C on a molar 
I et.al.

basis (Rice-Evans^l 997). Protoplasts, being devoid o f  cell-walls and constituent pigments, can 

be expected to be highly vulnerable to free-radicals o f exogenous and endogenous origin
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Nutrient
base

Osmotic buffering %  Regeneration Colony description at 3 months

VGP 1.0MKC1 l l c average size colonies,well 
conidiated with dark green spores

1.2MKC1 13c generally smaller colonies,well 
conidiated,with dark green spores

1.4MKC1 3a many submerged colonies,surface 
colonies well conidiated with dark 
green spores

1.6M-2.0MKC1 0 distinct but tiny colonies,cream in 
colour,yeast phase

VGP 0.6M KCI + 
20% sucrose

12° smaller colonies,well 
conidiated,with dark green spores

0.6M KCI + 
30% sucrose

l f tiny but distinct colonies,cream in 
colour,yeast phase

0.6M KCI + (40 - 60) 
% sucrose

0 no growth

VGP 1.0M sorbitol 12° large,well conidiated colonies with 
dark green spores

1.5M sorbitol 8b large,well conidiated colonies,with 
dark green spores

2.0M sorbitol 15° small to slightly larger 
colonies,well conidiated,with 
cream coloured spores

2.5M sorbitol 0 no growth
VGP 0.6M sorbitol+20% 

sucrose
238 small colonies,well conidiated,with 

cream coloured spores
0.6M sorbitol+ 
30% sucrose

10* tiny colonies,not conidiated,cream- 
slightly green in colour,yeast phase

0.6M sorbitol+ 
40% sucrose

3a moderately small colonies,cream in 
colour,yeast phase 
no growth0.6M sorbitol +

(45 - 60) % sucrose
0

Table 10Regeneration efficiency of protoplasts produced in 2.0M KCI when 

regenerated on media containing a modified V8-juice formulation as nutrient 

base,supplimented with various levels of osmotic buffering. Letters represent 

the results of Fishers pairwise comparisons on transformed protoplast counts, t 

where t = asin ( sqrt [ b - ub ] /1000), b=totaI no. of colonies emerging on buffered 

plates, and ub=total no. of colonies emerging on unbuffered plates. The use of 

the same letter indicates that there is no significant difference between treat

ments compared. Each treatment was replicated between 3 - 4  times.

(i.e.those generated from exposure to light during the early stages o f  protoplast 

regeneration). As conidial culture and liquid culture o f mycelium for protoplasting had been 

undertaken with exposure to illumination, it is likely that free-radicals had also been 

generated during production o f conidia and mycelium, and may cumulatively contribute 

towards the endogenous pool o f free-radicals in protoplasts. As such, antioxidants that are
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components of regeneration media like VGP would, upon absorbtion, neutralise these free-radicals, 

and enhance protoplast regeneration and growth. It should be noted at this point that not all 

polyphenols are suitable for media utilized for the regeneration of transformed protoplasts. Certain 

flavonoids, eg. Quercetin, has been reported to inhibit nuclear ATPase, DNA uptake and protein 

kinase activity in higher eucaryotes including fungi, although nuclear ATPase activity o f yeasts is not 

inhibited by the flavon-3-ol (Tsuchiya et.al., 1988). As such, Quercetin may, upon absorbtion from 

regeneration media into protoplasts o f filamentous fungi, inhibit DNA uptake from the cytoplasm into 

the nucleus. Therefore, the use o f phytochemicals either individually or as components o f media for 

regeneration of transformed or fused protoplasts would require prior empirical determination of 

possible toxic effects and inhibition of protoplast fusion or DNA uptake.

4.3.2.1.3 Effect of media pH on regeneration efficiency of protoplasts 
generated in 2.0M KCI

Fig.22 indicates that buffering o f VGP with 0.1 M MES to pH 6.0 gave rise to the first and 

highest peak in regeneration efficiency at 37%. A second and lower peak was obtained by pH 

buffering to 7.5 with 0 .1M Hepes buffer to yield a regeneration efficiency o f 28%. The dual peaks in 

regeneration efficiency suggest the presence o f 2 protoplast populations, with pH optima for 

regeneration at pH 6.0 and pH 7.5. The different protoplast populations may reflect the different 

origins o f protoplasts in relation to hyphal organization. An alternative and more likely possibility is 

that these differences reflect the presence o f protoplasts originating from different growth forms i.e. 

blastospores and mycelia. In support o f this argument, Chapter 4.2, Section 4.2.2.5 provides evidence 

suggesting that 2.0M KCI is an efficient facilitator of blastospore cell-wall digestion in the presence of 

a mixed substrate o f blastospores and mycelia. The latter two growth forms may have different 

intracellular pH, and as such, different pH optima for regeneration. If this postulate is proven, 

regeneration at the two different pH optima may enable separation o f the two protoplast populations. 

However, if  the latter is undertaken to differentiate between the effects o f treatment on blastospore 

and mycelial protoplasts, it should be noted that optimization in protoplasting pure blastospore 

suspensions has been undertaken (Chapter 4.1), and may be used instead.

4.3.2.1.4 Effect of media hardness on regeneration efficiency of protoplasts 
generated in 2.0M KCI

Fig.23 indicates the effects o f Fisher Agar used at between (1.0 - 2.5)% on protoplast 

regeneration efficiency. Although there is no significant difference between treatments at the 

5% level (Fishers LSD), there is a suggestion that cell - wall
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pH 5.0 pH 5.5 pH 6.0 pH 6.5 pH 7.0 pH 7.5 pH 8.0

pH

Fig. 2 2 : The effect of media pH on regeneration efficiency of 
protoplasts generated in 2.0M KCI

**Letters represent the results of Fishers pairwise comparisons on transformed 

protoplast counts, t where t = asin (sqrt [ b - ub ] /1000), b = total no. of co

lonies emerging on each replicate buffered plate, and ub = average of the total no. 

of colonies emerging on each replicate unbuffered plate. The use of the same letter 

indicates that there is no significant difference between treatments compared. Each 

treatment was replicated between 4 -6  times.

regeneration is more efficient with the use o f harder media i.e. 2.5% Fisher Agar and 

possibly higher, than the use o f softer agar. Fig.24 indicates the effects o f agarose used at 

between (0.5 - 2.0) % on protoplast regeneration efficiency. The use o f low agarose 

concentration at 0.5% was clearly found to be suboptimal for regeneration. The use o f (1 .0- 

2.0) % agarose did not give rise to significantly higher regeneration at the 5% level. 

However, consistent with the test o f Fisher Agar, there is a suggestion that the use of 

harder media i.e. higher agarose concentration at 2 .0%, and possibly higher is more optimal 

for protoplast regeneration. Appligene Agarose has a veiy high gel strength i.e. > 1520g/cm  

in the case o f a 1% gel. This is significantly higher than the gel strength of Fisher Agar. A 

1.5% gel o f the latter has a gel strength o f 750 g/cm2 . As the highest regeneration 

efficiency at 41% was obtained with the use o f 2.0% agarose for solidification, this clearly
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suggests that regeneration of M.flavoviride protoplasts generated in 2.0M KC1 is promoted 

by embeddment in very hard agar.

1 1.5 2 2.5

Concentration of Fishers Agar (%)

Fig. 23 : The effect of Fishers Agar concentration on 
regeneration efficiency of protoplasts generated in 2.0M KCi

** Letters represent the results of Fishers pairwise comparisons on transformed 

protoplast counts, t where t = asin (sqrt [ b - ub ] /1000), b = total no. of colonies 

emerging on each buffered replicate plate, and ub = average of the total no. of 

colonies emerging on each replicate unbuffered plate). The use of the same 

letter indicates that there is no significant difference between treatments comp

ared. Each treatment was replicated between 3 -4  times.

Yeast protoplasts have also been reported to regenerate significantly better with the 

use o f high concentrations of agar i.e. (1.3 - 2.0)% as opposed to (0.5 - 1.0)% 

(Svoboda,1966) and high concentrations of gelatine between (20 - 40)% as opposed to (5 - 

15)% ( Necas,1961). In the latter report, the use o f equivalent concentrations o f gelatine, but 

with 30% of the proportion used as a hydrolysate o f gelatine did not enable protoplast 

regeneration suggesting that the regenerative ability o f protoplasts was not influenced by the
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chemical composition o f gelatine but rather on the physical consistency i.e. hardness of the 

regeneration media solidified by gelatine. These observations suggest that hard regeneration 

media, regardless o f gelling agent promote cell-wall regeneration in fungal protoplasts. 

Similar observations have been reported in regeneration o f protoplasts from embryonic 

suspension cultures of Bentgrass Agrostis alba and A.palustris ( Asano et. al.,1994 ). However,
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Fig.24: The effect of agarose concentration on regeneration 
efficiency of protoplasts generated in 2.0M KG

**Letters represent the results of Fishers pairwise comparisons on transformed 

protoplast counts, t where t = asin (sqrt [ b - ub J /1000), b = total no. of colonies

emerging on each buffered replicate plate, and ub = average of the total no. of

colonies emerging on each replicate unbuffered plate. The use of the same letter

indicates that there is no significant difference between treatments compared. Each 

treatment was replicated between 3 -5  times.

this is not a general property exhibited by all protoplasts. It is interesting to note that 

protoplasts o f F.culmorum revert more effectively in semisolid as opposed to solid or liquid 

media. A 36% increase in the regeneration efficiency o f F.culmorum protoplasts was 

obtained by a (2.0  - 0 .2 )% reduction in the agar concentration o f regeneration media 

(Garcia-Acha et. al., 1966).
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Percentage regeneration of protoplasts (%)

Treatment 10 6 germlings 2.5(10 )ti germlings
protoplasted in a 1.5ml protoplasted in a

digest 1.5ml digest

1.Unstarved control germlings 22a 39b
*** /

2.Germlings starved in 29ab 21a
8xconcentrate Leathams ****** ********

mineral solution ********

3.Germlings starved in 2.0M 46b 35ab
KC1 *** *******

Table 11: Regeneration of germiing protoplasts: l.control - germlings had not 

been starved prior to digestion ; 2.germlings had been starved in a mineral solu

tion prior to digestion;3.germlings had been starved in 2.0M KC1 prior to digestion; 

asterisks (*) represent relative protoplast yields associated with the treatment;

( / ) represents a yield of < 10s protoplasts /  ml; Letters represent the results of 

Fishers pairwise comparisons on transformed protoplast counts, t where t = asin 

(sqrt[b-ub]/1000),b=total no. of colonies emerging on buffered plates,and ub=total 

no. of colonies emerging on unbuffered plates. The use of the same letter 

indicates that there is no significant difference between treatments compared.

Each treatment was undertaken in duplicate.

4.3.2.1.5 Regeneration of germiing protoplasts

Germiing protoplasts were found to regenerate at efficiencies in the range o f (21 - 

46)% (Table 11).Although in certain cases, starvation prior to digestion caused a significant 

reduction in regeneration efficiency as compared to unstarved control germlings, the latter 

did not protoplast efficiently. Starvation in 8 x concentrate o f  Leatham’s medium produced 

the highest protoplast yields upon digestion. With regeneration efficiencies in the range o f (21 

- 29) % , these protoplasts were feasible for use in transformation studies.
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4.3.2.2 Epigenetic influences on protoplast regeneration

4.3.2.2.1 Regeneration levels of mycelial protoplasts when

mycelium was generated from conidia of different age

Fig.25 indicates that varying the age o f  primary conidia used to generate 

mycelium for protoplasting gives rise to significantly different levels o f  cell-wall 

regeneration. Two peaks in regeneration efficiency are observed. The first, when a 9 day old 

conidial plate was used to generate mycelium for protoplasting, and the second, when a 14 

day old conidial plate was used to generate mycelium for protoplasting. It is interesting to 

speculate on the reasons for the two peaks in protoplast regeneration efficiency. As the 

variations introduced at the level o f  conidial culture were observed to exert an effect during 

the process o f protoplast regeneration, these variations may be considered to have an effect 

that is sustained over the period o f conidial germination, growth o f mycelium and enzymatic 

degradation o f the cell-wall.

A sustained influence other than that induced by a genetic mutation may be

effected by a mechanism o f epigenetic inheritance i.e. either by gene demethylation, histone

(H4) acetylation (Fincham,1994) or cytoplasmic inheritance (Thompson et. al., 1987). As 11 day 
K ^

old conidia gave rise to a low efficiency o f regeneration, it is unlikely that the higher

regeneration level observed o f  9 day old conidia is due to developmental demethylation o f  a

gene (s) and/or gene activation after 9 days o f culture, giving rise to a cytoplasmically 

transmitted factor (s) that enhances protoplast regeneration. As such, the dual peaks in 

regeneration efficiency observed with the use o f 9 and 14 day old conidia may instead be 

associated with sequential phialidic extrusion o f  primary and secondary batches o f  conidia, 

the premise being that specific stages before, after or during extrusion o f conidia give rise 

to properties that enhance regeneration o f mycelial protoplasts generated from these conidia. 

If the latter postulate is true, the low level o f protoplast regeneration observed with the use 

o f 11 day old conidia may be because the specific properties described are induced only at 

specific stages o f development, afterwhich they recede. These properties are likely to be in 

the form o f a specific metabolite (s) that fluctuate during differentiative processes. As such , 

they may be playing a regulatory role during differentiation, in addition to having specific 

properties that enhance cell-wall regeneration.
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The reduced level o f protoplast regeneration observed with the use o f 11 day old 

conidia may also be plausibly explained if  the cell-wall regeneration enhancing properties 

described are carried by metabolites that are developmentally induced in growing mycelium 

and in conidia (by demethylation o f a gene (s) and/or gene activation), and progressively 

converted into other metabolites (without regeneration enhancing properties) with the passage 

o f culture. The most important examples o f such metabolites are the fungal pigments 

including those involved in the melanin biosynthetic pathway and associated shunt products. 

As mentioned in Chapter 3, several lines o f evidence suggest that conidial stocks o f isolate 

IMI330189 carry two populations o f conidia, one o f  which is postulated to be diploid or 

multinucleate. If a diploid conidial population exists, the speed o f  progression o f pigment 

biosynthesis leading to melanization may be expected to be significantly different in these 

conidia from that observed in haploid conidia. This is likely to be due primarily to 

differences in the speed o f initiation o f  melanization, whereby diploid conidia, having two 

copies o f the genes involved in melanin biosynthesis, both o f which may need to be 

demethylated and/or activated, and a larger cytoplasmic and nucleoplasmic volume, may be 

expected to be slower in the initiation o f  pigment development than haploid conidia. As 

such, the dual peaks in regeneration efficiency obtained with the use o f 9 day old and 14 

day old conidia may correspond to differential maturation o f  a fungal pigment(s) that 

confers cell-wall regenerative properties in haploid and diploid conidia respectively.

The structure and composition o f  mycelial cell-walls are likely to be strongly 

influenced by conidial physiology. Factors that influence conidial physiology include age o f 

conidia, media and conditions (eg. moisture level) used during culture o f  conidia. If the 

factors) that enhances protoplast regeneration is a fungal pigment(s) or another metabolite, 

these compounds may be transmitted cytoplasmically, or via the cell-wall from conidia into 

mycelium. As such, they may be regarded as transmissible regeneration enhancement factors. 

Based on experimental evidence already presented, the amount o f this factor(s) present in 

mycelium is likely to be dependent on the age o f  conidia used to generate mycelium for 

protoplasting. This factor(s) may either exert an influence on cell-wall biogenesis (eg. it may 

regulate the structure and composition o f the fungal cell-wall), or it may actually be

deposited in the cell-wall as a structural component. In the latter case, the metabolite (s) may 

play an essential role at the cell boundary as a functional antioxidant during growth o f  

mycelium, and during protoplast regeneration, if  the degree o f cell-wall degradation does not 

eliminate them. Although Calcofluor White staining o f  protoplast cell-walls did not indicate

the presence o f  significant cell-wall material on protoplasts obtained from all treatments, it

is possible that low but sufficient levels o f cell-wall material may be retained on

protoplasmic membranes to promote regeneration by antioxidative mechanisms.
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It should be noted here that fungal melanin precursor pigments are generally 

exported into the cell-wall after their biosynthesis, where they are eventually oxidized by 

enzymes and molecular oxygen or free radicals into melanins ( Watkins et.al.,in press ). As 

such, factors that influence the extent o f digestion eg. digestion buffer and enzymes, and the 

effective length and temperature o f digestion, are likely to influence the proportion o f  the 

fungal cell-wall retained by protoplasts, with its associated pigments. These combinations o f  

parameters may have ultimately determined protoplast regeneration efficiency.

Factors found to give rise to differential degrees o f digestion eg. the use o f  0.6M 

KC1 in comparison to 2.0M KC1 to digest mycelium, were also found to give rise to 

different trends in protoplast regeneration efficiency ( data not shown ).The use o f different 

inoculating volumes for spreading conidia during preparation o f conidial plates also gave 

rise to different trends in protoplast regeneration efficiency. Varying conidial inoculating 

volume during preparation o f plates were found to induce different fungal physiology, as 

gauged by the emergence o f different pigmentation patterns. Fig.26 indicates different trends 

in protoplast regeneration efficiency when plates used to generate mycelium for 

protoplasting were prepared by inoculating 108 conidia into a 2ml volume o f milliQ water, 

rather than the use o f  the same inoculum strength in a 120pl volume o f milliQ water (Fig. 

25). It is interesting to note the extent o f  the physiological differences that may be induced 

in fungi in response to the presence or absence o f free water. This is clearly observed in 

Phytopthora palmivora, whereby the absence o f light induces a strict requirement for free 

water to enable sporangium formation ( Brasier,1969 ). Other authors have also suggested 

that water activity exerts distinct effects on fungal growth and morphology (Humphreys 

et.al., 1989).

4.3.2.2.2 Regeneration efficiency of mycelial protoplasts as a 

function of photo-period variations introduced during the process 

of regeneration, and during the process of conidial plate culture 

used to generate mycelium for protoplasting

When conidial plates were grown under fully illuminated conditions and then used 

to generate mycelia in liquid culture for protoplasting, the protoplasts produced regenerated 

with 1 0 0 % efficiency if  incubated in complete darkness or with a 12hr. dark /light cycling 

regime, beginning regeneration with a dark cycle (Fig.27). Conversely, regeneration was not
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Fig. 25 : Regeneration efficiency plotted against age of conidia used 
to generate mycelium for protoplasting. Conidial plates were 
generated by spreading 10A8 conidia in an inoculating volume of 
120 ul.

**Letters represent the results of Fishers pairwise comparisons on transformed protoplast counts, t 

where t = asin (sqrt [ b - ub ] / 1000 ), b = total no. of colonies emerging on buffered plates, and ub = 

total no. of colonies emerging on unbuffered plates. The use of the same letter indicates that there is 

no significant difference between treatments compared. Each treatment was undertaken in duplicate at 

the level of conidial culture, and in duplicate at the level of mycelial generation, and digestion. 

Regeneration was calculated based on observations of 4 replicate buffered plates and 4 replicate 

unbuffered plates.

as efficient (43%) when incubation of protoplasts was undertaken with a 12hr. light/dark 

cycling regime, beginning with 12hrs. o f illumination. Regardless of illumination levels during 

regeneration, when conidial plate cultures were subjected to incubation in complete darkness, 

relatively low levels o f protoplast regeneration were obtained (9-27)%, while the use o f 24hr. 

light-dark cycles during conidial plate culture yielded moderately high levels o f protoplast 

regeneration (29-51)%. These observations suggest the following: (1) illuminating conidial 

plates prior to producing mycelium for protoplasting confers a regenerative advantage to 

protoplasts, and (2 ) protoplasts are light sensitive during the first 12hr. o f regeneration.
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Fig. 26 : Regeneration efficiency plotted against age of conidia used to 
generate mycelium for protoplasting. Conidial plates were generated by 
spreading 10A8 conidia in an inoculating volume of 2 ml.

**Letters represent the results of Fishers pairwise comparisons on transformed protoplast counts, 

where t = asin (sqrt [ b - ub ] /1000), b = total no. of colonies emerging on buffered plates, and ub = 

total no. of colonies emerging on unbuffered plates. The use of the same letter indicates that 

there is no significant difference between treatments compared. Each treatm ent was undertaken in 

duplicate at the level of conidial culture, and in duplicate at the level of mycelial generation, 

and digestion. Regeneration was calculated based on observations of 4 replicate buffered plates 

and 4 replicate unbuffered plates.

As the variations introduced at the level of conidial plate culture exert a sustainable effect 

on the subsequent mycelial generation, they may be termed epigenetic. Either one or several 

components o f white light clearly play a role as transcriptional activators / inducers o f a 

cell-wall regeneration enhancement factor(s), whereby transcriptional induction / initiation of 

this factor(s) may or may not have been preceded by gene demethylation / histone (H4) 

acetylation events. Possible candidates for this factor(s) include any one o f the several 

enzymes involved in cell-wall biosynthesis eg. ATPases, l,3-(5-glucan synthetases, proteases, 

chitin synthetases and ornithine decarboxylase, either individually or in combination, and / or 

transcriptional activators o f these metabolites. The latter discussion suggests the existence of 

a factor(s) with specific effects on cell-wall regeneration. It should be noted however that as
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liquid culture studies indicate a stimulatory effect o f light on growth o f the organism 

(Chapter 3, Fig.4 ),conidia cultured in solid phase with illumination may have been 

stimulated to a higher rate o f growth than conidia subjected to complete darkness, possibly 

by way o f biosynthesis o f  a growth factor, or several, that are vital to growth, suggesting 

that the postulated regeneration enhancement factor(s) may exert non-specific growth 

enhancing effects, that also influence the process o f cell-wall regeneration. As such, the 

effects exerted by this postulated factor(s) may not be specific to the process o f  cell-wall 

regeneration. Bearing this in mind, it should be noted that some o f the enzymes involved in 

cell wall biosynthesis i.e. the ATPases, proteases and the enzymes o f the polyamine 

metabolic cascade play other important cellular roles besides that o f  cell-wall biosynthesis, 

suggesting that they may be growth factors that have a general effect o f growth 

enhancement.

Whether or not continual illumination induced a gene demethylation or histone 

acetylation event requires identification and cloning o f the gene or genes that encode for 

the factor(s) postulated, and restriction analysis with isoschizomeric methylation sensitive and 

resistant enzymes. However, a clear dose-related response was observed in exposing plates to 

illumination at the level o f  conidial plate culture suggesting that the longer the cumulative 

length o f exposure to illumination, the greater its enhancing effects on cell-wall regeneration. 

This clearly suggests light induced transcriptional activation o f a gene(s) and maintenance o f  

transcription and gene expression for the duration o f exposure to light. As generation o f  

mycelium had been undertaken under standard conditions o f illumination, it is clear that the 

dose related effects o f illumination are due to the effective length o f exposure to 

illumination at the level o f conidial culture. As such, the gene products induced by 

illuminating conidia are clearly transmitted cytoplasmically, or via the cytoplasmic membrane 

into mycelium, and are retained during growth o f mycelium, and during the process o f  

protoplasting. The factor(s) may therefore be accurately described as a light induced 

protoplasmically transmitted factor(s) that enhances cell-wall regeneration. Due to the strength 

o f the effect o f continuous illumination o f conidia indicated in Fig. 27, we may postulate 

that if  conidial culture as well as liquid culture o f mycelium had been undertaken under 

conditions o f continuous darkness (as opposed to the 12hr. Light/Dark cycling regime 

utilized for this experiment), cell-wall regeneration may have been completely disabled. As 

such, white light or one or more o f its components are likely to be essential for initiation 

o f cell-w'all biogenesis. The effect o f the different wavelengths o f light on the regenerative 

process is discussed in the next section.
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Fig. 27 :Regeneration levels of mycelial protoplasts as a function of photoperiod 
variations introduced during regeneration, and during conidial plate culture

**Letters represent the results of Fishers pairwise comparisons on transformed protoplast counts, t 

where t = asin (sqrt [ b - ub ] / 1000 ), b = total no. of colonies emerging on buffered plates, and ub = 

total no. of colonies emerging on unbuffered plates. The use of the same letter indicates that there is 

no significant difference between treatments compared. Each treatment was undertaken with 4 

replicates at the level of conidial culture, and in duplicate at the level of mycelial generation, and 

digestion. Regeneration was calculated based on observations of 4 replicate buffered plates and 4 

replicate unbuffered plates.

Although the general observations of this experiment clearly indicate that 

illumination of conidial plates provides mycelium with the highest regenerative properties 

upon protoplasting, there is a suggestion that cumulative effects o f illumination may be
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detrimental to this process. For example, in considering the case o f protoplast regeneration 

with continuous illumination, the highest efficiency at 29% was obtained when conidia used 

to generate mycelium for protoplasting were subjected to 24hr.Light /Dark cycles, as opposed 

to the case when both conidial plate culture and  regeneration were undertaken under 

conditions o f continuous illumination. In the latter case, the effective length o f exposure o f  

the organism to light from the spore to the mycelial, and then onto the protoplast 

generation was the greatest, which is likely to have induced toxicity and cell death in a 

significant number o f  protoplasts. This would account for the lower level o f  protoplast 

regeneration obtained (20%). The lowest regeneration efficiency at 9% was obtained when 

conidia were cultured in complete darkness, once again reiterating that although it may be 

beneficial to regulate illumination levels that protoplasts are subjected to, in particular during 

the first 12 hrs. o f  cell-wall biosynthesis, exposing conidia to a high level o f  illumination 

during plate culture is likely to be an essential requirement for obtaining a high level o f  

protoplast regeneration.

^spore---------> mycelium------------>protoplast

24 hr.L/D > 12hr.L/D----------------> L=29% regeneration efficiency

2
spore--------->mycelium------------->protoplast

L--------------->12hr.L/D----------------->L = 20% regeneration efficiency.

The lower level of efficiency as compared to the above is postulated 

to be due to cumulative light-induced toxicity as both the processes 

of conidial plate culture and protoplast regeneration had been subjected 

to continuous illumination.

3
spore-------- >mycelium------------->protopIast

D ------------- >12hr.L/D >L=9% regeneration efficiency

It can be argued that i f  there is a cumulative effect o f  light-induced toxicity after 

subjecting plates to continuous illumination during conidial culture and during regeneration 

of protoplasts, conidia cultured in complete darkness, should have yielded high efficiency 

regeneration when mycelial protoplasts produced from them were regenerated under 

continuous illumination or 12hr. Light / Dark cycling. Under these conditions, the threshold 

level over which cumulative light induced toxicity would occur, would not have been 

breached. However, empirical observations indicated the lowest levels o f  cell - wall 

regeneration at 9% when plate culture was undertaken under continuous darkness, while 12
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hr. Light / Dark cycling yielded a 20% efficiency o f  regeneration. These observations suggest 

that if  the process o f protoplast regeneration is undertaken with continuous illumination, or a 

12hr. Light / Dark cycling regime beginning with 12hr. o f  illumination, the light-induced 

regeneration enhancement factor(s) must pre-exist in the protoplast prior to the start o f  

regeneration to be effective. Therefore, other than the postulated role o f  this factor(s) as 

enhancers o f regeneration, they are also very likely to function directly as light protectants, 

crucial to the viability o f the protoplast during the early stages o f regeneration.

Plate culture undertaken with continuous illumination and a 24hr. Light / Dark 

cycling regime was found to generate conidia with predominantly brown pigmentation 

whereas plate culture undertaken in complete darkness generated conidia with dark green 

pigmentation (Plate 20). These differences were distinct and suggest that the green and brown 

pigments may have different physiological properties that may have contributed to the 

differential levels o f  cell-wall regeneration efficiency observed. This raises the question o f  

whether the regeneration enhancement factor described above could be a melanin, a melanin 

precursor pigment(s) or a shunt product o f  melanin biosynthesis. Several lines o f  evidence 

suggest that this is a possibility. Firstly, fungal melanins have inhibitory effects on the action 

o f cell wall hydrolytic enzymes , including those that are used for protoplasting (Bell & 

Wheeler, 1986). As such, the presence o f certain fungal pigments or melanins may 

significantly modify digestion o f  mycelial cell walls, and consequently the regenerative 

capacity o f protoplasts produced from the mycelium. If they help retain essential components 

o f the cell wall on the protoplast, they may in effect prime cell - wall regeneration as the 

postulated regeneration enhancement factor(s) would. In argument against the latter postulate 

is the fact that the brown pigments produced by mycelium generated in CDC (Appendix B) 

do not inhibit cell-wall degrading polysaccharases (Chapter 4.2). Secondly, biosynthesis o f  

melanin and its precursors are induced by light, and these metabolites have been proven to 

protect fungi against the harmful effects o f UV irradiation (Bell & Wheeler,1986). 

Biosynthesis o f  the postulated regeneration enhancement factor(s) is also induced by light 

and below a threshold level, this factor(s) also demonstrates light protective properties. 

Thirdly, as in the case o f  the regeneration enhancement factors), melanins and melanin 

precursor pigments are also transmitted from the fungal spore to germ tubes and the 

subsequent mycelium. These observations were obtained from germination studies in liquid 

culture. In the growing mycelium, their effective concentrations are diluted, but they are 

likely to retain their physiological properties. Alternatively, they may be degraded and 

metabolised to provide the precursors for their eventual resynthesis. In mycelial protoplasts, 

they may function as intracellular or membrane bound melanin precursors that have 

antioxidative and/or light protective properties. In this capacity, their presence would enhance 

the regenerative capacity o f  protoplasts. Fourthly, several fungal melanin precursor pigments 

have phytotoxic properties upon oxidation. An example o f a phytotoxic shunt product o f the
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melanin biosynthetic pathway in Altemaria eichhomiae is alteichin (Watkins et. al.,in press). 

Certain shunt products o f fungal melanin biosynthesis have broad range antibiotic properties. 

O f particular interest here in correlating the properties o f  melanin with the properties o f the 

postulated regeneration enhancement factor(s) is the fact that melanins involved in immune 

responses in invertebrate animals are known to be autotoxic as well (Bell & Wheeler, 1986). 

Exposure to white light during fungal growth has been known to confer both inductive and 

degenerative properties. The degenerative effects are pronounced under conditions o f  over

exposure. During the process o f  protoplast regeneration, over-exposure to white light may 

have induced growth retardation and cell death by oxidation o f  accumulated light-induced 

melanin precursors into autotoxic metabolites. Toxicity may also be induced by shunt 

products o f  melanin biosynthesis. Suzuki et.al. (1982) and Yamaguchi et.al.(\9%2) both report 

that 2-hydroxyjugalone (2-HJ), a shunt product o f  the DHN melanin biosynthetic pathway are 

toxic to protoplasts o f  Pyricularia oryzae. Most Deuteromycetes ( like MJlavoviride ) in

which the melanin biosynthetic pathway has been characterized synthesize melanin via 
1.8
j^DHN. These reports suggest the possibility that 2-HJ biosynthesis is induced when cultures 

are incubated with continuous illumination. Against the latter argument, Stipanovic & Bell 

(1977) report that 2-HJ is converted, at least partially, to 3,4,8-THT and other non-toxic 

metabolites on a continual basis, preventing accumulation o f  high concentrations, and that it 

is the only pigment in the DHN pathway that is known to be toxic.

The arguments presented above suggest that the postulated light-induced 

regeneration enhancement factors) is also the factors) that confers toxicity above a 

threshold concentration, occurring upon over-exposure to light, possibly by auto - oxidation. 

This postulate is solely based on the fact that conidial plates subjected to continual 

illumination during culture, did not regenerate as well under continuous illumination in 

comparison to conidial plates that had been incubated under partial i.e. 24hr. Light / Dark 

cycles - the latter observation suggesting a form o f  autotoxicity induced by pre-existing 

levels o f  the regeneration factors) upon overexposure to light. For reasons already 

discussed, the same observations also suggest that the postulated factor(s) may be a fungal 

pigment. However, the possibility that the light - induced regeneration enhancement factor(s) 

is unrelated to the light - induced factor(s) that confers toxicity, i.e. they are synthesized 

independently, cannot be discluded. The latter explanation would also support the lines o f  

evidence for a light-induced regeneration enhancement factors) and light induced toxicity 

during protoplast regeneration.

The accumulation o f fungal pigments may induce toxicity by several mechanisms. 

Many pigments are photosensitive and when irradiated with light o f a given wave - length, 

they absorb energy and attain a higher excitation state. Examples o f  photosensitive pigments
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include the water - soluble vitamin riboflavin and its derivatives FMN (flavin 

mononucleotide) and FAD (flavin adenine dinucleotide), chlorophyll's a and b, the bile 

pigment bilirubin, retinal and various porphyrins. Fungi are also likely to contain 

photosensitive pigments including cytoplasmic and mitochondrial FMN and FAD involved in 

the Citric Acid Cycle. The energy o f excitation carried by a photosensitized pigment may be 

transferred onto an adjacent oxygen molecule, converting it into the singlet state whilst the 

photosensitive pigment returns to the ground state. Singlet oxygen can react with other 

molecules present, or it can attack the photosensitive molecule itself. Alternatively, the 

‘excited state’ o f  the photosensitized molecule may also cause damage to surrounding tissue. 

By these mechanisms, exposure to white light may have induced cellular damage, in 

particular to mitochondria that are rich in haem proteins and flavin - containing proteins ( 

Halliwell & Gutteridge, 1989).

In line with the argument that certain photosensitive pigments may be inducing 

toxicity in protoplasts, it should be noted that VGP (in contrast to 1 /4 SDA) contains a high 

proportion o f  plant-derived pigments. V 8 -juice, a component o f  VGP, carries a host o f  

different flavonoids, some o f  which contribute to the orange colour o f  the medium. As 

illumination o f VGP has been observed to induce a photobleaching effect in the absence o f  

an inoculated culture i.e. there is a gradual loss in the orange colour o f  the media upon 

exposure to intense illumination, the pigments involved are clearly photosensitive. Therefore, 

we may postulate that the higher level o f  regeneration efficiency obtained with the use o f  

VGP in comparison to 1/4 SDA (Tables 9 and 10) may be due to the fact that regeneration 

had been undertaken in complete darkness. In the subsequent test o f  varying illumination 

levels during conidial culture (Fig. 27), pigments carried by media and absorbed from the 

media into protoplast cytoplasm may have been photosensitized during the process o f  cell- 

wall regeneration under continuous illumination, leading to cellular damage and greatly 

reduced regeneration efficiency. When regeneration was undertaken in complete darkness, the 

presence o f the same pigments at ground level energy state are not likely to have induced 

any form o f  toxicity, and may instead have enhanced regeneration by antioxidative or other 

beneficial properties attributable to many pigments. The latter fact is supported by the very 

much higher regeneration efficiency observed o f protoplasts when incubated in complete 

darkness. However, the photobleaching effects o f  VGP pigments may not be associated with 

biological toxicity and an equally feasible explanation for the effect o f  light-induced 

protoplast toxicity may lie in the fact that unlike conidia and mycelium, a naked protoplasm 

has the capacity to absorb veiy high levels o f  illumination, with consequent effects on 

cellular toxicity.
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In a second experiment, using a second batch o f conidia cultured under conditions 

of 12hr. Light / 12hr. Dark cycling, there was a suggestion that subjecting protoplasts to 

continuous illumination during regeneration enabled equal or higher efficiencies o f protoplast 

regeneration in comparison to when regeneration was subjected to complete darkness. These 

observations suggest that cumulative light exposure o f the second batch o f conidia with 

12hr. Light/Dark cycles during culture was significantly less than in the case o f the first 

batch o f conidia subjected to 12hr. Light/Dark cycles during culture, clearly suggesting that 

physiological state o f conidial stocks plays an important role in determining the levels o f  

cumulative illumination that gives rise to biosynthesis o f toxic metabolites. Another 

important deduction to make from these observations is that continuous illumination during 

protoplast regeneration need not induce protoplast toxicity, despite the abundance o f  

photosensitive media pigments that may or may not be absorbed by protoplasts, and / or the 

presence o f  self-generated fungal pigments.lt is clear that photosensitive V 8 -juice pigments 

contained in VGP do not generate a significant level o f  high excitation energy molecules 

upon illumination.

4.3.2.3 The effects of light quality on protoplast regeneration

The effect o f light quality on protoplast regeneration is described in Fig.28. The 

use o f yellow light was found to be significantly suboptimal for cell - wall regeneration. The 

use o f  red light and blue light conferred a significant advantage to cell-wall regeneration 

over the use o f yellow light, and incubation in complete darkness. Although regeneration 

efficiencies obtained with the use o f  red and blue light at the 5% level (Fishers LSD) are 

not significantly different, there is a suggestion that red light is more conducive to cell - 

wall regeneration than blue light. Enhanced cell -wall regeneration observed with the use o f  

specific wave - lengths o f light are likely to be due to activation or modulation o f specific 

ce ll-w all biosynthetic enzymes or associated regulatory enzymes.

4.3.2.4 The effect of polyamines on protoplast regeneration

Fig.29 indicates the results o f  preincubating protoplasts with poly ornithine prior to 

regeneration. Conidial culture used to generate mycelium for protoplasting was undertaken 

under conditions o f continuous illumination. Results indicate a significant enhancement o f  

cell-wall regeneration when protoplasts were incubated with polyomithine, in comparison to 

control protoplast pools that were not treated with this compound. Polyamines have been 

reported to enhance growth in several systems eg. in E. coli, S. cerevisiae, N. crassa and A. 

nidulans (Tabor & Tabor, 1984), and in several cases, observations indicated an absolute 

requirement for these amines. Their postulated systemic roles include initiation o f  DNA ( 

Boynton et.al., 1976 ) and RNA synthesis ( Russell, 1983 ), DNA modification by way o f
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methylation or inhibition o f methylation (Voet & Voet, 1990), stabilization o f ribosomal units ( 

Algranati, 1977), stimulation o f  cAMP - independent protein kinases (Atmar,1981) and 

stimulation o f  protein biosynthesis in vitro. As such, preincubation o f protoplasts with 

polyomithine can be expected to have exerted a systemic effect o f growth enhancement.

Two lines o f  evidence strongly argue against the latter postulates and suggest that 

polyamines may exert membrane and cell-wall specific effects during the process o f  

protoplast regeneration, i.e. firstly, they have been reported to decrease lysis o f  bacterial 

spheroplasts and protoplasts when diluted into hypotonic media (Mager,1959) as well as 

stabilize cell walls o f  halophilic organisms (reviewed in Tabor & Tabor,1964). It is 

interesting to note that the polyamine, cadaverine is covalently linked to a cell-wall 

peptidoglycan o f Selenomonas ruminantium (Kamio et.al., 1982). Secondly, in the yeast 

S.cerevisiae , they have been reported to mediate the correct architectural organization o f the 

yeast plasma membrane and cell-wall through some form o f  regulatory control o f  the 

relative content o f membrane and wall polysaccharides. Cell-wall electron micrographs o f  a 

S.cerevisiae ornithine decarboxylase deficient mutant cultured with and without putrescine 

indicated significant abnormalities in cell-wall structure o f  polyamine starved cells as 

compared to cells supplimented with putrescine. These abnormalities could be clearly 

differentiated from the effects o f  nitrogen starvation in putrescine supplimented cells. 

Examination o f 14C glucose incorporated into cell-wall polysaccharides o f putrescine 

supplimented and starved cells indicated significant differences in the relative amounts o f  

mannan, chitin, alkali-insoluble and alkali-soluble glucans and total content o f  glucans (Miret 

et. a l,  1992). As such, it has been postulated that polyamines may be involved in differential 

regulation o f  the various species o f  enzymes involved in cell wall biosynthesis (Miret et. 

a/., 1992; Nombela et. al., 1988).

Polyamine concentrations are markedly affected by culture conditions. Factors 

known to be important are media, pH, the amount o f  aeration, the presence o f  certain amino- 

acids (eg. arginine and lysine), growth rate and age o f  the culture (Tabor & Tabor, 1985).The 

latter most factor suggests the possibility that conidial age associated with optimum 

protoplast regeneration (Fig.25 Section 4.3.2.2.1) may also represent peak levels o f  

cytoplasmic and nuclear polyamines. This raises the possibility o f  obtaining high levels o f  

protoplast regeneration with the use o f conidia o f suboptimal age, by supplimentation with 

polyomithine. Polyamines may also be mediating the effects o f  primary stimuli like 

illumination discussed in Section 4.3.2.2.2, in inducing a high rate o f  growth, and 

transcriptional, and post-transcriptional biosynthetic regulation o f cell-wall biosynthetic 

enzymes and melanins. As such, they may function as important second or third messengers 

in a host o f biosynthetic cascades.
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Fig. 28: The effect of light quality on regeneration efficiency of 
mycelial protoplasts.Conidial culture for generation of mycelium was 
subjected to 12hr. Light / Dark cycling.

**Letters represent the results of Fishers pairwise comparisons on 

transformed protoplast counts, t where t = asin (sqrt [ b - ub ] /1000 ), b

= total no. of colonies emerging on each buffered replicate plate, and

ub = average of the total no. of colonies emerging on each replicate 

unbuffered p late). The use of the same letter indicates that there

is no significant difference between treatments compared. Each treat

ment was replicated between 3 - 4  times.

a second experiment
It is interesting to note the results of^preincubating protoplasts with polyomithine, 

putrescene and hexaminecobalt chloride prior to regeneration. For the latter experiment, a 

second glycerol stock o f conidia had been utilized. The use of this glycerol stock for 

generating conidia for protoplasting, under conditions o f 12 hr. Light / Dark cycles, gave rise 

to protoplasts that regenerated slightly better when incubated under continuous illumination 

rather than under conditions o f continuous darkness. As discussed previously, these
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observations clearly indicate that the first and second glycerol stocks are physiologically 

different, the most likely reason being a significantly higher level of cumulative exposure to 

illumination in the first stock, in contrast to the second. Each of the compounds were tested 

at a concentration range between (4 000 - 20 000) pg/ml. The compounds were used to 

pretreat 106 protoplasts in a 25pi volume, on ice for 1 hr., prior to regeneration. There was 

no significant difference in the regeneration levels obtained from untreated protoplast pools

Percent 
regeneration (% )

50 (

30

20

PO concentration (ug)

Fig. 2 9  :T h e  effect o f  trea tin g  p r o to p la sts  w ith  p o ly o rn ith in e  (P O ) p r io r  to p la tin g

**Letters represent the results of Fishers pairwise comparisons on transformed protoplast counts, t 

where t = asin (sqrt [ b - ub ] / 1000), b = total no. of colonies emerging on buffered plates, and ub = total 

no. of colonies emerging on unbuffered plates . The use of the same letter indicates that there is no 

significant difference between treatments compared. Each treatment was undertaken in duplicate. Tests 

were undertaken by preincubating 106 protoplasts with 100 pg of polyomithine in a 1 ml volume 

prior to regeneration.

when compared to regeneration levels obtained from treated protoplast pools. These 

observations suggest that the second batch o f conidia is physiologically more adapted to 

induce high levels o f de novo cell-wall biosynthesis than the first. This form of adaptation 

negated the requirement for polyamines during protoplast regeneration, suggesting that 

cultural conditions giving rise to the second batch o f conidia either induce biosynthesis of 

polyamines, or induce physiological mechanisms that compensate for the role o f the 

polyamines. Hexaminecobaltum chloride was tested along side the polyamines to determine 

whether the use o f this compound could substitute for the lack of polyamines. No 

significant difference was observed in the use of this compound in comparison to the use 

of equivalent concentrations o f polyomithine and putrescene.

118



The lack o f toxicity in the use o f such high concentrations of both polyomithine 

and putrescene as a pretreatment prior to the regeneration of protoplasts suggests that these 

compounds may be routinely incorporated into protoplast suspension buffers where they may 

play a role in enhancing cell-wall regeneration, if the physiological state of the conidial 

stock used to generate mycelium for protoplasting is not adapted for the induction o f high 

cell-wall regeneration levels. It should be noted here that the physiological state o f conidial 

stocks may be adapted to induce high levels of protoplast regeneration by regulating the 

levels of illumination that conidia are exposed to over several generations of subculture, and 

optimizing the age of conidia used to generate mycelium for protoplasting.

Plate 20: Conidial plates cultured under varying levels of illumination i.e. L: continuous 

illumination,L/D: 24hr. light/dark cycling, D: continuous darkness. Plates cultured under

continuous illumination and 24 hr. light/dark cycling contain khaki brown conidia 

while plates cultured under continuous darkness contain yellowish green conidia.

4.3.3 Summary

In contrast to the use o f low salt concentrations (i.e. 0.6M KC1) for cell wall 

digestion, the use o f high concentrations o f salt (i.e.2.0M KC1) yielded significantly better 

digestion but was found to pose a particular problem as their use in regeneration media did 

not support growth or regeneration. Results presented in this chapter indicate, however, that 

the use o f these buffers for digestion is still feasible as 100% regenerative efficiency can 

be achieved by manipulating illumination levels during conidial plate cultures used to
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generate mycelium for protoplasting, and the use o f regeneration media containing 0.6M  

Sorbitol and 20% sucrose, combined with regeneration in complete darkness.

Germiing protoplasting was undertaken on the basis that they were reported to 

yield high transformation efficiencies. Regeneration levels were found to be high enough for 

their use in transformation, and they were subsequently found to be competent for uptake o f  

DNA molecules. However, as a period o f starvation is required prior to protoplasting, the 

method is more labour intensive than protoplasting mycelium. As such, for purposes o f  

protoplast fusion , the use o f mycelial protoplasts is considered more feasible. The latter 

studies are hoped to facilitate genetic complementation analysis undertaken in conjunction 

with DNA-mediated transformation, as a means o f verifying gene function.

It is clear that certain physiological characteristics o f conidia are transmitted to the 

subsequent mycelial generation, and have a profound effect on regeneration o f mycelial 

protoplasts. Examples o f  two parameters that strongly influence conidial physiology in a 

manner that gives rise to differential levels o f cell-wall regeneration are the age o f conidia, 

and cumulative exposure o f conidia to illumination. As such ,the results o f this study 

unequivocally demonstrate that epigenetic sources o f variation are parameters that may be 

manipulated to enhance protoplast regeneration and reversion. If one or another o f  the 

epigenetic parameters o f  conidial culture that strongly influence protoplast regeneration are 

not optimized, incubation under red light (of a wavelength above 590 nm) may be used to 

promote cell-wall regeneration.
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4.4

DNA-mediated genetic transformation of protoplasts and
blastospores

4.4.1 Introduction 

4.4.1.1 Molecular mechanisms of transformation

4.4.1.1.1 DNA uptake

In 1981, Schablik and Szabo reported detection o f a DNA-uptake stimulating factor 

(DUSF) in 48hr. cultures o f a N.crassa cell-walless (slime) mutant grown in supplimented 

Vogel’s minimal medium.Toth et.al subsequently isolated and characterised this factor in 

1987 and in 1994.DUSF was found to significantly stimulate uptake o f both macromolecular 

DNA and oligonucleotides.

Four critical factors were found to support the assumption that DUSF is a receptor 

o f nucleic acid transport i.e. (1) macromolecular DNA and oligonucleotides competitively 

bound to DUSF (2) DUSF stimulated macromolecular DNA and oligonucleotide uptake in 

N.crassa and several mammalian cells (3) DUSF was detected among cell membrane 

proteins o f N.crassa and several mammalian cells (4) Anti-DUSF antibodies inhibited basal 

uptake o f  DNA and oligonucleotides in N.crassa

Molecular filtration and column chromatography reproducibly ascertained the 

molecular weight o f DUSF as 230 000. It is one homogenous protein with an isoelectric 

point o f  pH 5.5. UV spectrum o f DUSF had maximum absorbtion at 278 nm. The native 

DUSF is built-up o f 2 identical subunits, each with a molecular weight o f  110,000,The 

monomers are postulated to be linked by non-covalent bridges. Its appearance in culture 

media was limited to the early stationary phase o f growth, after which it quickly 

disappeared from the medium (Toth e t . a l . Therefore, cells are competent for only a 

brief period during their life-cycle, similar to a bacterial competence factor described by 

Smith (1981).

Phase contrast and immunofluorescence microscopy was used to localise DUSF in 

the N.crassa cytoplasmic membrane. DUSF was also localised in the cytoplasmic 

membranes o f two strains o f murine tumour cells, and was found to stimulate the uptake of 

macromolecular DNA and oligonucleotides in these cells as well. In N .crassa , fluorescence 

was observed as large cap-like congregations on smaller (presumably younger) cells ( Plates
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A l & A2), or as few dispersed smaller particles on the whole surface of the bigger cells ( 

Plates B1 & B2). In murine tumour cells, fluorescence was generally more dispersed and 

observed as small localisation's of fluorescence (Plates C1,C2,D1,D2,E1 & E2).

Plates A1,A2,B1 & B2: Detection of DUSF in Neurospora crassa (slime) cells by immunostaining. Cells 

were first treated with polyclonal anti-DUSF antibody (raised in rabbit), then with fluorescein-linked 

anti-rabbit immunoglobulins. Phase contrast (1) and fluorescence (2) microscopy of smaller (A) and larger 

(B) cells.1

1 Reprinted from Biochimica et Biophysica Acta, VoL1219 G.Toth, J.Schlammadinger & G. Szabo DNA 
uptake stimulating protein from Neurospora crassa enhances DNA and oligonucleotide uptake also in 
mammalian cells Nos. 314 - 320 1994 with kind permission of Elsevier Science - NL, Sara Burgerhanstraat 
25 10055 KV Amsterdam The Netherlands
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Plates C1,C2,D1,D2,E1 & E2 : Detection of DUSF in different mammalian tumour cells by 

immunostaining. Cells were treated with polyclonal anti-DUSF antibody (rabbit), then with fluorescein- 

linked anti-rabbit immunoglobulins. Phase-contrast (1) and fluorescence (2) microscopy of HEp-2 (C), 

F4N(D) and K562(E) cells.1

1 Reprinted front Biochimica et Biophysica Acta, Vol. 1219 G.Toth, J.Schlammadinger & G. Szabo DNA 
uptake stimulating protein from Neurospora crassa enhances DNA and oligonucleotide uptake also in 
mammalian cells Nos. 314 - 320 1994 with kind permission of Elsevier Science - NL, Sara Burgerhanstruat 
25 10055 KV Amsterdam The Netherlands
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When supercoiled plasmid DNA was used in transformation, DUSF-facilitated uptake 

o f DNA was found to linearise the plasmid, and in terms o f  DNA integrity, even if  a 

proportion o f DNA was degraded, some undegraded plasmid DNA remained. A receptor , 

functionally similar to DUSF has also been localised in the cell membrane o f leukocytes 

(Hefeneider et.al., 1990). The specific binding o f  DNA to the leukocyte cell membrane, as 

well as the appearance o f DNA in coated pits o f macrophages (Sudar et.al., 1986) has been 

demonstrated by electron microscopy. However, there have been no reports o f internalisation 

o f DNA or oligonucleotides by these cells. As such, DUSF seems to be the only reported 

protein which binds DNA and oligonucleotides and also stimulates their uptake into 

different eukaryotic cells.

DUSF did not stimulate uptake o f albumin, amino-acids, FITC-dextrane or Lucifer- 

yellow. As such, its effects seem to be specific to DNA and oligonucleotides (Toth et. 

al.,1994). Whether DUSF can bind and transport sugars has yet to be determined. If DUSF 

is found to bind sugars, evidence for heightened levels o f  DNA uptake under conditions o f  

nutrient limitation, which are likely to involve sugar deficiencies and degradation o f nucleic 

acids, may be explained. Under such conditions, the sugar specific transmembrane transport 

proteins may not be in sufficiently high number, and have sufficiently high sugar binding- 

affinity, for the efficient uptake o f  sugars present at very low concentrations. The need for 

an alternative receptor and transporter protein becomes evident. If DUSF is found to have 

affinity for sugars, its developmental expression during nutrient limiting conditions may 

represent an adaptation for the uptake o f  sugars and nucleotides for generating ATP and for 

DNA repair. If this is the case, it is likely that DUSF would have a higher binding affinity 

for one or more sugars than the constitutively expressed sugar-specific transmembrane 

transporter proteins for compensation o f cellular sugar deficiencies. Under the conditions o f  

transformation, starved cells are washed free o f culture medium and provided DNA. As 

sugars are not provided, DUSF molecules present are free for binding and transporting 

DNA.

In studies o f DNA uptake through the nuclear membrane o f isolated yeast nuclei, 

Tsuchiya et. al. (1988) suggest a functional mechanism other than that o f  size - exclusion 

based passive diffusion through nuclear pores. They based their postulates on the fact that 

the maximum size limit for entry into the nuclear compartment is consistent with a channel 

radius o f 4.5 nm, which corresponds to a physical size o f  60,000 Daltons in a globular 

protein while the plasmid vectors used for transformation in S.cerevisiae are larger than 5 

kilobase pairs i.e. > 3(10)6 Daltons.
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The optimal pH for DNA uptake was 7.0. Stimulation was observed with 7 mM 

Mg2+ while Mn2+ or Ca2+ were not effective. DNA uptake was found to demonstrate an 

absolute requirement for ATP. The specific requirement for Mg2+ is likely to stem from its 

role as a cofactor o f ATPase activity. Dosage dependent inhibition by a non-hydrolyzable 

ATP analogue, AMP-PNP, suggest involvement o f nuclear ATPase.These results are 

consistent with the work o f Loyter et.al (1982) in proposing an active transport mechanism 

for DNA uptake. While GTP and CTP could substitute for ATP, UTP was found to be a 

poor functional substitute. The addition o f DCCD (N,N-Dicyclohexylcarbodiimide) inhibited 

nuclear ATPase activity, while Quercetin, an inhibitor o f  nuclear ATPase in higher 

eucaryotes did not inhibit nuclear ATPase activity in yeasts, indicating the possibility o f  

divergent mechanisms o f DNA uptake in the lower and higher eucaryotes. Quercetin did, 

however, inhibit protein phosphorylation in isolated yeast nuclei. H-7 and H-9, 

isoquinolonesulfonamide derivatives developed as inhibitors o f  protein kinases moderately 

inhibited DNA uptake, ATPase activity and protein phosphorylation. The role o f  membrane 

potential in DNA uptake was investigated with the use o f  various ionophores. The 

protonophore, CCCP (car-bonyl cyanide-m-chlorophenylhydrazone), and the potassium 

ionophore valinomycin did not inhibit DNA uptake, suggesting that differences in membrane 

potential do not drive DNA uptake.

On a slightly different vein, in vitro studies with isolated yeast nuclei indicate that 

RNA molecules synthesised in the nucleus are released into the extranuclear space in the 

presence o f ATP. Phosphorylation o f endogenous nuclear proteins, especially the proteins o f  

the nuclear membrane and nuclear matrix has been speculated to cause expansion o f  the 

nucleus and promote the export o f intranuclear RNA (Agutter,1984). It is not known if  a 

similar mechanism exists as a functional complement to phagocytosis and ATPase mediated 

transport for the uptake o f DNA into yeast nuclei. In contrast to observations on RNA 

output, plasmid DNA, once incorporated, was not easily released from the nucleus, even after 

60 min. incubation in the presence o f ATP and Mg2+. These observations suggest that if  a 

mechanism for DNA extrusion exists, it may utilise a functionally different mechanism from 

that o f  RNA extrusion, and may require specific factors i.e. factors o f  cytoplasmic origin, 

that were not present in the experimental conditions utilized.

Studies in H. influenzae by Williams et.al. (1994) indicate the existence o f  a 

competence-specific gene, sxy in sequences upstream o f rec-1, the homologue o f E.coli Rec 

A.. Transpositional inactivation o f sxy was found to completely prevent DNA uptake and 

transformation, while a point-mutation in sxy, designated sxy-1, consisting o f  a G - A  

transition resulting in an isoleucine for valine substitution o f the encoded protein, was found 

to confer a 100 to 1000-fold increase in competence.
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A number o f different mutations affecting competence and transformation have been 

identified and characterised, but the only ones known to be in regulatory genes are in 

homologues o f the E.coli CYA and CRP genes. CYA encodes for the enzyme adenylate 

cyclase and CRP encodes for the cyclic AMP binding regulatory (receptor) protein. These 

two gene products together regulate transcription o f  genes involved in the E.coli global 

carbon-energy regulon.These effectors also control utilisation o f  various sugars in H. influenzae 

(Dorocicz,I.,Williams,P. & Redfield,R.J.,1993), showing that their roles in H.influenzae are not 

specific to competence. Mutations in CYA and CRP, designated cya and crp respectively, 

block competence, suggesting two factors i.e. firstly, competence is triggered at least in part, 

by nutritional limitation, and secondly, competence in H.influenzae may use a pathway 

similar to catabolite regulation in E.coli.

It is interesting to speculate on whether the sxy gene product interacts with CRP

and CYA functions. Two lines o f evidence suggest that this is not the case. Firstly,

transpositional mutation o f  sxy-1, preventing competence did not change sugar fermentation,

and secondly, competence was not restored by the addition o f  exogenous cAMP. These

observations clearly suggest that transpositional mutation o f  sxy-1 is not blocking
11994

competence by interfering with cAMP levels or CRP function. As such, Williams et.al. have 

proposed that the sxy gene product is a component o f  a second regulatory mechanism ( i.e. 

other than that influencing transcription o f CYA and CRP, or their functional gene products 

) controlling competence. However, as the sxy-1 mutation was found to be strongly 

influenced by nutrient availability ( i.e. the mutation was found to induce moderate levels o f  

competence when nutrients were plenty, and full competence under conditions o f  partial 

nutrient limitation ), a factor that interacts with CYA and CRP function, the reverse 

possibility o f the cya and crp mutations blocking competence by preventing sxy ( and sxy-1 

) expression cannot be ruled out.

Sxy-1 exhibited two phenomena that suggested it to be a competence-specific 

regulatory gene i.e. it increased both DNA uptake and recombination while demonstrating no 

alterations in DNA repair. If it had encoded a structural gene o f a DNA polymerase or a 

DNA ligase, there would have been enhanced levels o f  DNA repair. In addition, the presence 

o f CRP sites near the sxy-1 promoter suggests that its transcription may be regulated by 

the cAMP-CRP complex (Zulty & Barcak,1993). A plasmid borne wild-type sxy gene 

transformed into H.influenzae was found to cause even more extreme hypercompetence. 

Zulty and Barcak report that the sxy gene and its predicted protein show little homology to 

any previously reported gene or protein.

It is interesting to note that DUSF expression in N.crassa occurs during early 

stationary phase when cultures are expected to be undergoing nutrient limitation. Similarly, in
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H.influenzae, development o f maximum competence is triggered by transfer to a starvation

medium, suggesting that a gene encoding for competence is expressed during nutrient

limitation. The question o f whether the H.influenzae jxy gene could be encoding a DUSF - 

like receptor protein, and sxy-1, a DUSF- like protein with higher affinity for DNA, is left to 

be answered.

The need for innate mechanisms o f DNA uptake from an evolutionary view point 

is likely to stem from nutritional requirements for nucleotides released when DNA is

degraded. Under certain circumstances, the transported DNA molecules may be used as 

templates for genetic exchange. Alternatively, if  DUSF and other DNA-uptake receptors are 

found to have a high level o f affinity for sugars, these observations would validate the 

postulated role of these receptors and transporters as agents o f sugar and nucleic acid 

uptake for nutritional and DNA repair purposes under conditions o f nutrient limitation.

4.4.1.1.2 M echanism s of in tegration
The three types o f recombination events originally described for the yeast

Saccharomyces cerevisiae by Hinnen et.al. (1978) has also been observed in filamentous 

fungi. In order o f increasing length and / or degree o f sequence homology between the 

hybridizing sites, they may be termed as ectopic integration, homologous additive integration 

and homologous gene replacement. Figs. 30,31 and 32a were adapted from the descriptions 

of Hinnen et.al.( 1978).

1 Ectopic integration. A short segment o f sequence homology between a donor 

plasmid and a recipient chromosome results in the induction o f a single double

strand break in the vicinity o f the hybridizing site on the circular donor plasmid 

and on the recipient chromosome. A single cross-over event leads to plasmid 

integration. It is now thought that ectopic integration is also due to homologous 

recombination involving a short sequence in the transforming DNA that is also

5

ColEl

LEU2

8 LEU2 ColEl 8

Fig.30 : Ectopic integration in S.cerevisiae with a nonreplicating ColEl-based 

plasmid carrying S.cerevisiae LEU2.

present in dispersed repeated copies in chromosomes. In this example, (8 ) represents 

a 0.25kb terminal repeat o f the S.cerevisiae Tyl transposon. The 8 sequence is
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present in the genome in about 100 dispersed copies. Alternatively, immediately 

upstream of LEU2, there is also a copy o f the leucine transfer ribonucleic acid 

(tRNA gene) that is present in several copies in the chromosome.

2 Homologous additive integration. When hybrid DNA of a reasonable length and 

homology is formed, the induction o f a single double-strand break in both donor 

plasmid and recipient chromosome, accompanied by strand exchange / cross-over 

is likely to result in the addition / integration of the plasmid adjacent to the 

sequence of homology on the chromosome (Fig.31).

LEU 2

v////m
ColEl LEU 2

Fig.31: Homologous additive integration of the ColEl-based plasmid carrying

S.cerevisiae LEU2.

3 Homologous gene (or sequence) replacement. A very high level o f sequence 

homology between donor plasmid and recipient chromosome may result in the 

induction o f two double-strand breaks in both the circular donor plasmid and on 

the recipient chromosome, in regions flanking the hybridizing DNA. Double cross

over would give rise to donor to recipient conversion, in a process termed single- 

step sequence (or gene) replacement or zene conversion (Fig.32a).

l U u2 X
LEU2

ColEl

LEU2

Fig.32a: Homologous replacement of the chromosomal leu2 gene in 

S.cerevisiae with the LEU2 gene carried by the ColEl-based plasmid.
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4. Targeted gene replacement. Homologous sequence replacement has been used by 

molecular geneticists to repair short to moderately long genes carrying point-muta- 

tions, and to create specific mutations in genes for the creation of null mutants 

for analysis o f function (Fig.32b).

Transforming plasmid carrying 
the gene of interest (in red), 
disrupted with a selectable 
marker gene (in black)

region of 

cross-over

M arker Chromosome after transformation 
showing the disrupted gene

Gene to be mutated

region of 

cross-over

Chromosome carrying the gene 
to be disrupted (in red)

Fig.32b: Targeted gene replacement for the creation of a null m utan t Regions of sequence 

homology are indicated in red, flanking chromosomal regions are given in blue, while the 

boxed central region usually carries a selectable marker. In this instance, the m arker gene 

has been used both to select for transformants, as well as to mutate the chromosomal gene 

to be disrupted. If targeted gene replacement by homology is used for repair of a mutated 

gene, a plasmid carrying the correct version of the gene to be repaired is likely to be used 

in a cotransformation experiment with another plasmid carrying a selectable marker.

4.4.1.2 M olecular m ethods of genetic transfo rm ation

4.4.1.2.1 P ro top last m ediated transfo rm ations
Several methods for molecular transformation o f fungi have been developed. The 

pioneering procedures have utilised protoplasts in combination with chemical facilitators that 

induce competence. Transformation has been undertaken on protoplasts enzymatically

generated from conidia of several strains of Colletotrichum spp. (Specht et.al.,\99\), germlings in 
N.crassa (Vollmer & Yanofsky,1986),mycelia in M.anisopliae (Bernier et.al., 1989) and

blastospores in B.bassiana (Pfeiffer & Khachatourians,1992). They have been induced but not

tested for competency in Entomophthora, upon inoculation o f conidia into insect tissue

culture medium (Tyrell & Macleod, 1972).Chemical facilitators commonly utilised are CaCl2,

DEAE dextran, Polyamines, Divalent Cations, Dimethyl sulfoxide (DMSO),Polyethylene glycol
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(PEG),Clastogenic agents and the Thiols. The most common physical facilitator o f protoplast 

- mediated transformation is the electroporator.

DEAE-dextran
DEAE-dextran has been widely used for enhancing uptake o f  infectious viral DNA 

(McCutchan & Pagano,1968), infectious viral RNA (Koch et.al.,1966) and mammalian cell 

DNA containing integrated viral DNA sequences (Hill & Hillova,1971). DNA uptake was 

enhanced 4-fold when this compound was prepared in HEPES buffer rather than in Tris.

CaCI2
Studies by Loyter et.al. (1982) on the transformation o f  murine cell lines has yielded 

important information on the parameters that influence DNA adsorbtion to cellular 

membranes, and its subsequent uptake in the presence o f  CaCl2 as a DNA carrier. HeLa 

DNA used in transformation was initially prepared in CaCl2 buffer, and subsequently mixed 

with NaCl /  NaHPC>4 buffer solution to yield DNA-CaPC>4 precipitates. These workers charted 

the movement o f HeLa DNA during transformation by fluorescent labelling with the double 

stranded DNA stain DAPI. Nuclear fluorescence due to staining o f murine genomic DNA 

was diffuse and homogenous, while cytoplasmic fluorescence indicating DNA - CaPC>4 

complexes were confined to small spots o f  characteristic shape and size.

Transformation was undertaken at physiological temperature i.e. 37°C. Physiological 

temperature was found to be an important facilitator o f transformation. No cytoplasmic 

fluorescence was observed when transformation was undertaken at 4°C, although CaP(>4 

precipitates could be seen adsorbed to cells. This observation contradicts many published 

transformation procotols for filamentous fungi whereby the transformation mix is incubated 

on ice followed by a brief heat shock (Vollmer & Yanofsky,1986;Bemier et.al.,1989) 

suggesting that DNA adsorbtion may be facilitated by cold ( i.e. low temperatures ) while 

uptake and integration may require physiological temperature.

When CaP(>4 -D N A  complexes were formed between pH 7.1 and 7.5, DNA uptake 

into cytoplasm could be clearly visualised. Beyond this range, uptake was not evident as 

determined by the lack o f cytoplasmic fluorescence. Large DNA-CaPC>4 complexes were 

formed when precipitation was undertaken above pH 7.5, indicating inhibition o f uptake in 

larger molecules. As the size o f DNA molecules to be transfected is a primary factor that 

determines the effective size o f DNA-CaPC>4 complexes, larger molecules can be expected 

to transfect less efficiently. It is interesting to note here that DNA uptake through the 

nuclear membrane o f isolated yeast nuclei was found to be optimal at pH 7.0 ( Tsuchiya 

et.al., 1988 ), suggesting significant differences between DNA uptake mechanisms in yeasts 

and in murine cells. Alternatively, this inconsistency may reflect differences in DNA uptake
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mechanisms through cytoplasmic membranes in comparison to nuclear membranes. CaCfe 

utilisation in human adenovirus infectivity assays was found to confer a 100 fold increase 

in efficiency over utilisation o f DEAE dextran (Graham et. al., 1973). However, its use for 

mammalian cell transfection was disappointing (Graham & van der Eb,1973), and may be 

due to the large molecular size o f mammalian DNA in comparison to adenoviral DNA.

In the effort to determine whether the entire CaP04-DNA complex or only the 

DNA itself entered the cells, the fluorescent molecule chlorotetracycline, a specific stain o f  

calcium complexes was utilised in reactions that included and excluded DNA. Observations 

o f cytoplasmic fluorescence o f  the same shape and at similar numbers indicated that CaP0 4  

was able to enter cells even in the absence o f DNA. As chlorotetracycline did not stain 

recipient cell nuclei, it was used for CaP04 detection in nuclei. Although cytoplasmic 

fluorescence was observed in the majority o f cells, fluorescence was observed in only a few 

nuclei (1-5)%. Unpublished electron microscopic evidence by Loyter et. al. suggest that DNA  

enters the nucleus as part o f  a CaP04 complex. Introduction o f a plasmid directly into cell 

nuclei by microinjection indicated that less than 1% o f the cells grow to stably express the 

transgene. These observations suggest that movement o f DNA from the cytoplasm into the 

nucleus and processing o f DNA in the nucleus are the most significant barriers to gene 

transfer. Loyter et.al. subsequently suggest that as CaP04 is an inducer o f  phagocytosis, DNA  

uptake in the presence o f CaP04 may be phagocytotic. Observations that indicate inefficient 

uptake o f DNA at high pH suggest that the induction o f phagocytosis is a specific process 

dependent on the form o f the DNA-CaP04 precipitate.

Polyamines, divalent cations and DMSO
The polyamines are a group o f DNA binding proteins that include spermine, 

spermidine, putrescene, polyomithine and polyarginine that are commonly used as facilitators 

o f transformation. They protect DNA from heat denaturation and damage from shearing. The 

stabilising effects o f the polyamines are attributed to neutralisation o f negative charges on 

DNA phosphate groups, and consequent escalation in the effectiveness o f various attractive 

forces. This has been postulated to facilitate binding o f  DNA to negatively charged cellular 

surfaces. In this respect, the polyamines may play a functionally similar role to the divalent 

cations Ca2+,Mg2+,Cu2+and Zn2.

Hanahan (1983) postulates that the interaction o f the cell with exogenous DNA is 

similar to that o f two complex polyanions : the DNA with its negatively charged phosphate 

backbone, the cell with a surface o f phospholipid and lipopolysaccharide (itself a 

phospholipid), carrying negatively charged phosphate moieties. Divalent cations are adept at 

shielding phosphates, and form more stable co-ordination complexes with phosphate than do 

monovalent cations (Sillen, 1964). DMSO is very effective at solvating metallic cations (Meek
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et.al., 1960; David, 1972), and is likely to be effective at organising and stabilising ionic 

interactions along boundaries between hydrophobic lipid bilayers and the aqueous 

environment. As such, these substances may be facilitating the otherwise unlikely association 

o f two phosphate-rich structures.

Hanahan (1983) reports that growth o f  E.coli in the presence o f 10-20 mM Mg2+ 

significantly stimulated transformation efficiency. Ca2+ and Mn2+ were found to effectively 

substitute for Mg2+, indicating that the observations obtained were a general effect o f 

divalent cations. If Mg2+ were introduced as cells were harvested and placed on ice, 

transformation efficiencies were approximately 40% o f the levels obtained over continual 

growth in the presence o f Mg2+. These efficiencies are too high to suggest that Mg2+ is 

inducing or repressing biosynthesis o f a factor, but rather suggests a role for Mg2+ in 

modifying or in stabilising pre-existing components. Observations by Lieve (1974) support 

this postulate. Lieve indicates that ~  40% o f E.coli cell surface lipopolysaccharides may be 

stripped off with 1 mM EDTA treatment. However, when E.coli cells are grown in the 

presence o f 1 0 -2 0  mM Ca or Mg , about 70 % o f  the cell surface lipopolysaccharides 

become subject to removal by EDTA treatment. These observations suggest that non-specific 

charge-based attraction and adhesion o f  divalent cations onto the E.coli cell surface may 

induce reorientation and restructuring o f  the membrane to expose a larger number o f  LPS 

molecules, consequently resulting in a higher percentage removal o f LPS molecules upon 

EDTA treatment. Alternatively, it is possible that divalent cations bind to specific LPS-
*y,

associated receptors that are confluent with intramembrane transport channels eg. Ca - 

ATPase. The binding affinity o f cations to LPS-associated receptors may be high enough to 

induce stripping o f these cation-receptor complexes upon treatment with the ionic chelator 

EDTA, resulting in heightened net removal o f membrane LPS.

It is interesting to note at this point that a combination o f temperatures near 0°C, 

DMSO and millimolar concentrations o f divalent cations are generally used during 

transformations o f E.coli. Overath et.al.{1915) report that these conditions induce phase 

transitions in the phospholipid membranes o f E.coli that bind the peptidoglycan layer. The 

phospholipids cease to rotate, twist and diffuse, and instead become closely packed and 

behave as a solid. In vitro, millimolar concentrations o f divalent cations and temperatures 

near 0°C were found to be essential for producing similar phase transitions in synthetic 

mambrane vesicles (Verkleij e£a/.,1974;Papahadjopoulos et.al., 1977). Hanahan (1983) postulated 

that such phase transitions that led to crystallisation o f  phospholipid membranes facilitated 

conformation and accessibility o f  intramembrane transporter channels. Transport through the 

membrane, however, is likely to be optimal at higher temperatures, a postulate supported 

empirically by successful bacterial transformations that recommend heat-shock to facilitate
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uptake (Hanahan, 1983), and fungal transformations that recommend a period o f  incubation at 

physiological temperatures after incubation on ice (Vollmer & Yanofsky, 1986).

When about 90% o f the negative charges on DNA molecules have been neutralised 

by polyamines, condensation occurs, and DNA is precipitated. Polyamine bound and 

compacted DNA has been found to have definite organisation, with nuclease- sensitive 

linkages only at defined intervals (Marx & Reynolds,1982), a factor that may account for the 

nuclease resistance o f polyamine bound DNA. In the latter respect, the effect o f the 

polyamines are similar to the divalent cations.Although compaction may inhibit non-specific 

nuclease activity, it may enhance specific enzymatic reactions, and based on the enhanced 

transformation efficiencies observed, it is unlikely to interfere with ATPase dependent DNA  

uptake. Polyamine molecules not bound to DNA also have access to cells and nuclei. In 

vitro tests suggest that they can stimulate or inhibit various enzymes involved with DNA  

synthesis and metabolism (Tabor & Tabor, 1984). Additionally, several cyclic AMP-independent 

protein kinases are stimulated by polyamines (Bachrach et.al.,\9%S). This suggests that the 

use o f  polyamines in transformations may confer not merely nuclease resistance to 

polyamine compacted DNA, but may also exert cellular and nuclear influences that enhance 

frequency o f  integration.

Spermine and spermidine have been used to facilitate DNA uptake in several fungal 

transformation systems i.e. in whole cell transformations o f Colletotrichum trifolii 

(Dickman,1988) and in N.crassa (Vollmer & Yanofsky,1986). In HGPRT deficient Chinese 

Hamster Lung Cells, spermine did not facilitate DNA uptake as efficiently as another 

polyamine, Polyomithine (Farber et.al.,1975). The latter compound was found to facilitate 

DNA uptake between 30-150 times better than DEAE -dextran in the mammalian cell line. 

Polylysine and polyarginine were found to be equally effective at optimum concentrations. 

Concentrations beyond a threshold level were found to be inhibitory. DNA uptake was 

optimal when Polyamines were added to DNA prior to transformation.

Concentrations o f both DEAE-dextran and Polyomithine above a threshold value 

were toxic to mammalian cells. Heparin has been used as a facilitator o f transformation in 

yeasts (Schweizer, 1982), and filamentous fungi (Vollmer & Yanofsky, 1986), and its binding to 

the DNA molecule is believed to confer nuclease resistance. N.crassa transformation 

undertaken by Vollmer & Yanofsky is an example o f a very successful transformation 

procedure that utilises both heparin and spermidine during preparation o f  DNA.

PEG
Polyethylene glycol (PEG) has two properties that facilitate transformation. As a 

fusenogen, it induces cells to clump, facilitating protoplast fusion (Fincham,1989).The polymer

133



also precipitates and induces concatenation o f  DNA molecules, effectively bringing DNA  

molecules in closer contact with cell surfaces, and encouraging tandem integration. In maize 

protoplasts, PEG has been shown to protect plasmid DNA from nucleotide degradation (Maas 

& Werr,1989). It is useful to note here that Orrantia & Chang (1990) report that the 

majority o f calcium phosphate precipitated DNA is degraded to oligonucleotides smaller 

than lOObp in transfected mammalian cells.

REMI
Restriction enzyme mediated integration (REMI) is a relatively new technique that 

utilises a restriction enzyme to facilitate the process o f  transformation. Plasmid DNA used 

for transformation would have been linearised with the enzyme utilised in REMI-mediated 

transformation. The addition o f restriction enzyme is believed to result in cleavage o f  

regions within the genome allowing for integration o f  the vector into those sites. 20 -50 fold 

enhancement in the frequency o f  ectopic integration o f foreign DNA has been demonstrated 

with REMI-mediated transformation in Dictyostelium  ( Kuspa & Loomis,1992).

However, this technique does not always yield a higher frequency o f  transformation. 

REMI mediated transformation o f Colletotrichum lindemuthianum with a Hygromycin B 

resistance gene indicated a 1.25 fold higher transformation efficiency in treatments without 

restriction enzyme (1000 transformants / pg DNA) than treatments with optimal concentration 

o f restriction enzyme (800 transformants /  pg DNA) (Redman & Rodriguez,1994). The latter 

was based on Hygromycin B selection. These observations suggest that in a significant 

number o f transformants, random integration o f  the Hygromycin B resistance gene was 

lethal. However, when selection was undertaken on Hygromycin B and Nystatin, an efficiency 

o f 22 REMI mediated transformants /  pg DNA was obtained, while treatments without 

restriction enzyme did not yield any Nystatin resistant transformants.

Selection on Nystatin was undertaken on the premise that random integration o f  the 

Hygromycin B resistance gene may disrupt one o f  the several genes involved in the 

ergosterol biosynthetic pathway. Nystatin, a polyene antibiotic, inhibits fungal growth by 

interacting with ergosterol in the cell membrane (Molzahn & Woods, 1972).The Nystatin- 

ergosterol complex effectively disrupts membrane permeability resulting in cell death. As 

such, disruption o f any o f  the genes in the ergosterol biosynthetic pathway would confer 

Nystatin resistance. The latter is an illustration o f how REMI mediated transformation may 

be used to tag developmentally important genes for their subsequent identification and 

isolation.
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Thiols
The effects o f the thiols on biological tissue has been discussed elsewhere (Chapter 

4.2). They act primarily to reduce disulfide bridges o f proteins and lipoproteins. During 

transformation, they are used as permeabilization agents and are likely to facilitate 

penetration o f divalent cations and DMSO, both o f which are believed to reorient membrane 

phospholipids, enabling exposure o f  receptor-transporter proteins.

Clastogenic agents
Non - cytotoxic levels o f  clastogenic agents i.e. agents that induce chromosome or 

DNA breakage, have been shown to enhance the frequency o f stable transformation in 

protoplasts (Benediktsson et.al., 1994). Examples are irradiation with X-rays (Kohler et.al., 1989) 

or UV light (Benediktsson et.al., 1991 ;Gharti-Chhetri et.al.,1990) or the use o f  chemicals such 

as 3-aminobenzamide (Gharti-Chhetri et.al., 1990), bleomycin (Benediktsson & Schieder,1993) 

and Mytomycin C (Paszkowski et.al., 1984). In animal cells, 5-fluorodeoxyuridine has been 

shown to have the same effect (Postel,1985). All these agents lead to DNA strand breaks. X- 

rays and bleomycin induce breaks directly (Burger et. al., 1981) and 3-aminobenzamide prevents 

the ligation o f DNA ends during replication (Morgan & Cleaver,1983). UV irradiation induces 

the formation o f thymidine-dimers, that subsequently results in strand-breaks after their 

removal (Hall et.al.,1992).Benediktsson & Schieder (1993) have postulated that the induction 

o f repair mechanisms by breaks in genomic DNA are responsible for the observed increase 

in transformation frequency.

Interestingly enough, UV irradiation o f plasmid molecules prior to transformation also 

significantly increased transformation efficiency over unirradiated control plasmids (Spivak et. 

.al., 1984 & Van Duin et.fl/.,1985).Irradiated plasmids that had been treated (repaired) with 

photoreactivating enzymes failed to stimulate transfection. DNAse treatment could not 

simulate the effect o f UV irradiation, indicating a mode o f  action other than that o f  plasmid 

nicking and linearization. X-ray irradiation also proved ineffective in simulating the effects 

o f UV irradiation.

Electroporation
A physical facilitator o f  protoplast mediated transformation in fungi is the 

electroporator. This apparatus is specifically designed to administer electrical pulses to 

biological tissue. Samples are loaded into plastic cuvettes bound by electrodes on two sides. 

Normally, the electrode gap is kept to a minimum o f 1-2 mm so that higher field strengths 

in the order o f 1 0 -1 2  kV/cm may be obtained ( the field strength across the electrodes is 

calculated as set voltage / inter electrode distance).
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The primary cellular factor that influences electroporation efficiency is growth phase. 

This factor influences cell density, cell diameter, cell wall rigidity and susceptibility to 

electroporation. Important physicochemical factors are temperature, pH, osmolarity, ionic 

concentration o f the electroporation buffer and post electroporation incubation conditions. The 

electroporation buffer should be a non-ionic osmotic stabiliser, typically sucrose, mannitol, 

sorbitol or glycerol. These solutions are targeted to effect the highest possible levels o f  

electrical resistance, without adversely affecting protoplast osmotic stability or viability. 

Electrical parameters include the use o f optimum field strength, which is a function o f the 

voltage supplied and the RC time constant i.e. specific resistivity o f  the electroporation 

buffer and external resistance, and the capacitance o f the capacitor. Other factors to be 

considered are the number o f repetitive pulses administered, and different electrode geometry 

which may provide uniform or non-uniform fields (Prasanna et. al. 1997).

The underlying principle behind electroporation is that the application o f brief, high 

voltage electrical pulses creates transient pores in cell membranes or walls, that facilitate 

uptake o f DNA (Richey et. a/.,1989).Tissue is electroporated at low temperatures i.e. (0 -4 )°C  

by using ice cold buffers, and chilling cuvettes and DNA on ice prior to use. Low 

temperatures avoid rapid resealing o f  electrically perforated cells, thereby facilitating 

maximum uptake o f DNA.Electroporative transformation o f  Pleurotus ostreatus protoplasts 

with pAN7-l carrying the E.coli Hygromycin-B phosphotransferase gene yielded efficiencies 

in the range o f  3.5 - 48 transformants / pg DNA (Ming Peng et.al., 1993). Sphaeroplasts o f 

M.anisopliae have also been electroporatively transformed giving a yield o f 28±6 

transformants / pg DNA with the A.nidulans Benomyl resistant allele, benA3 on pBENA3 

(Goettal et.al., 1990),while electroporative transformation o f  M.anisopliae protoplasts with 

pBT6  carrying the Septoria nodorum P-tubulin gene yielded an efficiency o f  1.3 to 1.8 

transformants /  pg DNA ( Bogo et.al.,1996).

4.4.1.2.2 Whole cell transformations
The chemical, biochemical and physical facilitators o f  DNA uptake described have 

also been used for whole cell transformations o f yeasts and filamentous fungi. However, the 

use o f high concentrations o f  the alkali metal ions has been been specifically designed for 

cell-wall permeabilization o f  fungal whole cells. The pioneering work was undertaken on 

yeasts by Iimura et.al.{1983) who utilised 0.2M CaCl, while Ito et.al.{\9H3) utilised 0.1M Li+ 

supplied as the acetate salt with success. Mycelial transformations o f  the alfalfa fungal 

pathogen Colletotrichum trifolii were undertaken with 0.1M Lithium acetate (Dickman, 1988), 

suggesting that these facilitators were suitable for use on filamentous fungi that do not 

show a distinct yeast phase.Their use has not been reported for conidial transformations.
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Conidia have been permeabilized with non-metabolisable hexose analogues like 2-deoxy-D- 

glucose.This compound is phosphorilated by hexokinase and the deoxyglucose-6 -phosphates produced 

inhibit phosphohexose isomerase and glucose-6 -phosphate dehydrogenase activity.This effectively 

blocks the hexose catabolic pathway,draining phosphate pools and preventing accumulation o f ATP, 

thereby resulting in starvation.Degradation o f purine nucleotides is initiated. Deoxyglucose sequesters 

uridine and guanosine nucleotides, thereby preventing biosynthesis o f  polysaccharides and new wall- 

components. Erosion o f preformed wall material results in reduced osmotic stability and lysis 

(Moore, 198l).Deoxyglucose has been used to treat conidia o f  A.nidulans and C.lindemuthianum prior to 

enzymatic treatment, for generating protoplasts in view to genetic analysis and breeding by somatic 

recombination (Bos,1985).In the fission yeast, Schizosaccharomyces pombe (Berliner, 1971) and the yeast 

phase o f  Histoplasma capsulatum (Berliner & Reca,1970), deoxyglucose has been used in combination 

with high molarities o f MgSC>4 for generating protoplasts without facilitation by lytic enzymes.The high 

efficiency o f this method is indicated by work on Spom be, whereby a maximum cell to protoplast 

conversion rate o f 70% was obtained.

Electroporation has also been undertaken on fungal whole cells.In transformation o f  

Colletotrichum spp., 10 o f 12 isolates tested required mechanical damage for transformation to 

occur.This was undertaken by vortexing blended mycelial fragments or spores with glass beads at high 

speed.Damaged cells were mixed with DNA and incubated on ice for 20 min. prior to electroporation 

(Redman & Rodriguez,1994).

Microinjection
Microinjection in the field o f fungal genetics has primarily aided investigations o f  heterokaiyon 

incompatibility by transfer o f nuclei, mitochondria, or cytoplasm from hyphae o f one genotype to 

another (Wilson,1963;Typas&Heale,1979;Typas,1983).Procedures used caused considerable trauma to 

the hypha making the approach unsuitable for the study o f  growing hyphae.However, recent 

improvements in protocols have overcome earlier difficulties making pressure (Toyoda

ef.a/.,1987;Correa & Hoch,1993) and ionophoretic microinjection (Read ef. a/,1992;Knight et.al.,1993) o f  

fungal cells routine.

The procedure basically involves immobilization o f cells,followed by microinjection. 

Immobilization o f tissue has been undertaken by growing hyphae and germlings on adherent surfaces

eg.Agar(Afewray/?ora:Wilson, 1963; Ferric////«w:Typas&Heale, 1919),cc\\ophanc(Basidiobolus,Neurospor 

a: Knight e t  al., 1993), cover slips (UromycesiKmgjit et.al.,1993), hydrophobic silane-treated cover 

slips,and polystyrene supports (Uromyces:CoTTQa&Hoch, 1993).Altemative approaches include the 

holding-pipette(Money, 1990),suction holding pipette (Crossway et.al., 1986) and microforceps 

(Keijzer,1993).
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A sharp micropipette tip is essential for successful microinjection. It makes penetration o f 

the cell-wall easier, and minimises wounding o f the cell. Tip diameters ranging from 0.1pm  

(Toyoda et.al,\9S7) to 0.5 pm (Correa & Hoch,1993) have been used to microinject small 

molecules into fungal cells. The drawback o f this strategy is that the small bore o f  the 

micropipette places size limitations on the molecules introduced into the cell. Microinjection 

o f proteins, antibodies, DNA, and organelles may require larger bore micropipettes. This will 

increase wound-healing and may reduce viability o f  the injected cells. However, the problem 

can be overcome by sharpening the tips o f  larger micropipettes so they become shaped like 

the tip o f a hypodermic needle. This bevelling increases the opening size while retaining a 

small sharp tip, yielding a micropipette that yields minimal damage by wounding.

Particle bombardment
One o f the most sophisticated methods o f whole cell transformations today is 

particle bombardment with the Biolistic Particle Delivery System developed by John 

Sandford in 1991.This system is capable o f  accelerating subcellular-sized microprojectiles 

coated with DNA over a range o f velocities neccessary to optimally transform many 

different cell types. The efficiency o f bombardment is determined by the nature and size o f  

o f the microparticles, and by several instrument parameters. One important parameter is the 

velocity at which microprojectiles are accelerated into tissue. This parameter is influenced 

by helium pressure in the gas acceleration tube, and the distance that the microcarriers 

travel to target cells.

In M.anisopliae, low biolistic transformation efficiencies in the order o f (0.2 - 5.0) 

transformants /  jag DNA have been reported using pNOM102 carrying the E.coli GUS gene, 

and pBENA3 carrying the A.nidulans Benomyl resistant allele, benA3. However, Bogo et.al. 

(1996) have recently reported biolistic transformation efficiencies in the range o f (3 2 -2 0 1 )  

transformants /  pg DNA with pBT6  carrying the S. nodorum P-tubulin allele. These results 

suggest a high level o f optimisation o f conidial physiology and instrument parameters in 

Bogo’s experiments giving rise to stable integration and maintenance o f transgenes.

An interesting observation o f Bogo et.al.(1996) was that 90% o f 20 tranformants 

generated by Biolistic means demonstrated mitotic stability, whilst only 67% o f the 9 

transformants generated by electroporation demonstrated mitotic stability. Of the 44 transformants 

analysed from PEG facilitated protoplast transformations, only 46% demonstrated mitotic 

stability. These results indicate an increasing trend o f genetic stability in transformants when 

generated by PEG-facilitated protoplast-mediated methods, electroporation and particle 

bombardment.
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Despite the ease o f the particle delivery system, and the high percentage o f  

transformants demonstrating mitotic stability, its requirements in terms o f instrumentation ( 

the gene gun apparatus and parts ) and chemicals ( tungsten and gold particles o f  various 

sizes ) are highly specific, and the levels o f  optimisation required equally extensive. In 

contrast, simple chemical optimisation procedures have yielded high efficiency transformation 

o f protoplasts and whole cells. It cannot be doubted, however, that physical facilitators are 

o f particular relevance when considering the insertion o f genes that are difficult to clone 

and transform, by way o f their size or nature. One example is the Destruxin synthetase gene 

o f M.anisopliae with a putative size in excess o f 30 kbp. Because o f its large size, this gene 

could not be cloned as a single fragment for use in gene disruption studies. Similarly large 

genes (eg. the Acv gene), when cloned as smaller fragments into plasmids, could not disrupt 

the native gene. As such, the Particle Delivery System and Microinjection holds the highest 

promise for the introduction o f such genes and chromosomes into the fungal genome.

4.4.2 Results and discussion

4.4.2.1 Transformation of germling protoplasts

The effects o f DNA dose. The effects o f DNA dose on transformation efficiency are 

described in Fig.33. A gradual reduction in the total number o f emergent colonies on three 

replicate plates was observed with increasing DNA dose from 10 ng - 5.0 |ig. Transformation 

efficiency was at its highest at 200 Benomyl resistant colonies per pg DNA with the use o f  

10 ng DNA to treat protoplasts.

In transformation o f mammalian cells reported by Loyter et.al.( 1982), with increasing 

DNA dose, the number o f cells having DNA adsorbed to its surface also increased but 

reached a plateau after a threshold concentration o f DNA (~18pg). The number o f cells with 

incorporated DNA also increased with DNA dose until an optima was achieved (~20jig), 

afterwhich a gradual decrease was observed, giving rise to a skewed bell-shaped curve. 

These observations may be used to explain the reduction in the number o f emergent 

Benomyl resistant colonies from germling protoplast pools treated with high concentrations 

o f DNA.

Certain polyamines, eg. spermine and spermidine have DNA-binding and condensing 

properties in solution (Tabor & Tabor, 1984; Davis, Dibner & Battey,1986). In this transformation 

procedure, spermidine was used in preparation o f  DNA for transformation. Spermidine and 

calcium (or other divalent cations ), used at the specified concentrations, induce precipitation 

o f DNA. In the presence o f excess DNA, large precipitates (i.e. DNA / Ca2+ / Spermidine
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com plexes) are likely to be formed. As these complexes are likely to carry a net positive 

charge from the calcium cation and from spermidine molecules, they are likely to 

accumulate on negatively charged protoplasmic membranes by charge based interactions. 

However, as DNA uptake through the plasma membrane is believed to be carrier-mediated 

and transporter channels are likely to have specific dimensions, DNA complexes with 

dimensions that exceed channel size will be impeded in uptake. Another disadvantage o f  

inducing the formation o f large DNA complexes is that they reduce the effective 

concentration o f DNA in solution that is o f a size suitable for uptake. Large DNA 

aggregates that bind to DNA uptake receptors would also reduce the number o f available 

receptors for unbound DNA molecules, and carrier-DNA complexes with dimensions suitable 

for uptake.

An interesting comparison to the effect o f DNA concentration in solution, on 

adsorbtion and incorporation o f DNA is the effect o f precipitating DNA at various pH 

levels between 6.7 and 8.3. As observed with increasing DNA dose, the number o f cells 

with adsorbed DNA increased with a rise in pH between 6.7 to 7.1, afterwhich, the curve 

plateaued. The number o f cells with incorporated DNA also increased with a rise in pH 

between 6.7 to 7.3, afterwhich a clear reduction was observed, giving rise to a skewed bell

shaped curve. Loyter et.al.( 1982) report that above pH 7.5, large DNA precipitates were 

formed, corresponding to the pH range in which cellular numbers with adsorbed and 

incorporated DNA begins to recede. These observations clearly associate large DNA 

precipitates with reduced uptake.

Fig.34 represents the effects o f  using low (25ng) and high (lOfig) DNA dose for 

transforming when the level o f  Benomyl selection was increased from 10-20 pg/ml. The 

primary difference observed with the use o f a higher level o f selection is in the fact that 

colonies stable upon subculture onto 10 jig/ml emerge from protoplast pools treated with 

high DNA dose i.e. 10 pg. In contrast, when 10 pg/ml Benomyl was used for selection, the 

use o f high DNA dose at and above 1 pg. negated the emergence o f colonies. Colonies that 

emerged from protoplast pools treated with very low DNA dose i.e. 25ng DNA and 

overlaid with 20 pg/ml Benomyl were not stable upon subculture onto 10 fig/ml Benomyl, 

although they were stable upon subculture onto 8 pg/ml Benomyl.

The latter observations are interesting as they suggest that the use o f 20pg/ml 

Benomyl selects for a different population o f transformed protoplasts, that are not detected 

with the use o f lOpg/ml Benomyl for selection. These observations are contrary to 

expectations in that a higher number o f  transformants were expected with the use o f
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lOpg/ml Benomyl in comparison to the use o f 20pg/ml Benomyl for selection.The 

mechanism

200

Total no.of emergent 
Benomyl resistant 
colonies per ug of 

plasmid DNA 
(TE/ugDNA)

*  TE/ugDNA

■Total no. of colonies emerging 
on 3 replicate plates

% stable upon subculture onto 
10ug/ml Benomyl

% Tested positive by PCR ***

10 50 100 250 500 750 1000 5000

DNA dose (in ng) per 10*6 protoplasts with a regeneration efficiency of 8.5%

Fig- 33 : Efficiencies of germling protoplast transformations with increasing 
concentrations of plasmid DNA. Results represent observations from three replicate 
plates. Selection had been undertaken with a 10 ug/ml Benomyl overlay.

*** Isolates tested were randomly selected from colonies stable upon subculture onto lOpg/ml 

Benomyl.

by which this phenomena occurs is not known. Clearly, the rate o f transformant emergence 

is determined by complex interactions between DNA dose and the level o f Benomyl used 

for selection.

Fig. 35 indicates the relative rate o f emergence of Benomyl resistant transformants 

in comparison to non-transformants. All the PCR identified transformants indicated in Fig.35 

demonstrated a significantly higher rate of growth than non-transformants, suggesting that a 

higher rate o f colony emergence in comparison to controls may be used to definitively 

identify transformed colonies from non-transformed colonies. However, as strong PCR 

positive isolates were also observed to emerge close to or after the emergence o f non

transformed colonies originating from control protoplast pools, this suggests that relative rate 

of emergence cannot be used as a definitive criterion for identification of non-transforments.
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Fig. 34 : The effect of low (25ng) and high DNA dose (lOug) on the efficiency of germling 
protoplast transformation when Benlate selection was used at 20ug/ml. Results represent 
observations from duplicate plates.

VY1,VY3 and VY4 (Fig.35), are germling protoplast transformants originating from pools 

treated with 10 ng DNA, VY5, is a germling protoplast transformant originating from a pool 

treated with 50 ng DNA, VY2, is a germling protoplast transformant originating from a pool 

treated with 100 ng DNA, and Cl and C2, are regenerants emergent from control protoplast 

pools that had not been treated with DNA. All isolates (bar Cl and C2) were tested 

positive by PCR as transformants carrying the N.crassa Benomyl resistant (3-tubulin gene.
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B e n o m y l re s is ta n t  r e g e n e ra n ts

Fi g . 35 :  Di f f e r e n t i a l  rate o f  e m e r g e n c e  o f  g e r ml i n g  
p r o t o p l a s t  t r a n s f o r m a n t s  ( V Y 1 - 5 )  and  i solates  
e m e r g i n g  from non D N A  treated ( c o nt r o l )  p r o t o p l a s t  
po o l s  (C 1 & C2)  af ter  37 days  c u l t ur e  at  27C
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4.4.2.2 Blastospore transformations

LiAc based blastospore transformations were undertaken using 6  broad categories o f  

treatments i.e. 0.2M LiAc and 40% PEG3400, in combination with either DTT between 50- 

150 mM or 2-mercaptoethanol between 25-150 mM. Each o f  these two treatment categories 

were tested on their own, and with and without HAC0 CI3 supplimentation at 3 mM, or 

supplimentation with a cationic solution modified from Hanahan (1983). Fig.36 and Fig.37 

describes results obtained from these experiments.

Treatment o f blastospores with LiAc. PEG3400 and the thiolics : The use o f LiAc, 

PEG 3400 and the thiols on their own gave rise to very low levels o f  background growth 

when 5 and 9 pg/ml Benomyl were used for selection. However, the number o f  Benomyl 

resistant colonies that emerged from pools o f 106 blastospores was very low, ranging from 

0-1, indicating it to be an inefficient method o f transformation. The appearance o f  high 

numbers o f  Benomyl resistant colonies at the upper and lower ends o f the DTT 

concentration range tested suggests the presence o f  two blastospore populations i.e. a 

population sensitive to high DTT concentrations at and above 100 to 150 mM, and a 

population refractive to the effects o f the thiol below 150 mM. In the former population, 

toxicity effects o f  DTT are likely to have precluded viability o f  transformed blastospores 

above 80 mM, while the use o f 50 mM is likely to have been insufficient for effective cell- 

wall permeabilization and facilitation o f DNA uptake in the majority o f  blastospores 

present In the latter population o f blastospores, concentrations o f  DTT below 150 mM are 

likely to have been insufficient for cell-wall permeabilization and facilitation o f  DNA uptake 

for transformation. The use o f 2-mercaptoethanol (Fig. 37) gave rise to Benomyl resistant 

colonies only when used at 75 mM, suggesting a very narrow concentration range in which 

the thiol exerts its permeabilization effects without jeapordizing blastospore viability. This 

observation also suggests that 2 -mercaptoethanol in the concentration range utilised, is less 

efficient as a facilitator o f transformation than DTT. The latter effect may either be due to 

inefficient cell-wall permeabilization, over-permeabilization and/or toxicity.

The primary effect exerted by DTT and 2-mercaptoethanol is to reduce cysteine 

disulfide bridges in the cell-wall, resulting in looser cell-wall structure with a higher level 

o f permeability. As the thiols primarily influence cell-wall permeability, detection o f  the two 

blastospore populations at different concentrations i.e. at low and high concentrations suggest 

differences in cell-wall thickness.

Treatment o f blastospores with LiAc. PEG3400. the thiolics and a cationic solution: 

The use o f LiAc, PEG 3400, and the thiols in combination with the cationic solution (CS),
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sporadically yielded clear to moderately high background growth. Once again, as observed 

with the use o f LiAc, PEG3400 and the thiolics alone, emergent colonies were observed to 

cluster at both ends o f the thiolic range tested when selected with both 5 and 10 jig/ml 

Benomyl, suggesting the presence o f two blastospore populations. With 9 pg/ml Benomyl for 

selection, highest efficiencies were observed with the use o f  80 mM 2-mercaptoethanol 

giving rise to 14 Benomyl resistant colonies per |ig DNA. With 5 pg/ml Benomyl for

selection, highest efficiencies were in the order o f 19 Benomyl resistant colonies per pg

DNA from blastospore pools treated with 150 mM 2-mercaptoethanol.

Treatment o f blastospores with LiAc. PEG3400. the thiolics and HACoCU: Overall, 

highest numbers o f Benomyl resistant colonies were consistantly observed with the use o f  

LiAc, PEG3400, and the thiolics in combination with HAC0 CI3. In the presence o f DTT, 

background growth was almost always negated, while the presence o f 2 -mercaptoethanol 

resulted in low to high levels o f  background growth. Clustering o f a large number o f 

Benomyl resistant colonies at the ends o f the thiol concentration ranges tested was not 

observed indicating that overall competence and DNA uptake levels were higher in the 

presence o f HAC0 CI3 in comparison to the cationic solution. Concentrations optimal for 

transformation in the use o f both thiolics were observed i.e. (1 0 0 - 120) mM DTT yielding 

18 Benomyl resistant colonies per pg DNA, and 2 5 -5 0 m M  2-mercaptoethanol yielding 17 

Benomyl resistant colonies per pg DNA (Fig.36). PCR analysis indicated a minimum

transformation efficiency o f 7.6 transformants /  pg DNA when blastospores were treated

with 0.2M LiAc, 40% PEG 3 4 0 0 ,120mM DTT and 3 mM HAC0 CI3, while a minimum PCR 

- based transformation efficiency o f 4.5 transformants /  pg DNA was obtained when 

blastospores were treated with 0.2M LiAc, 40% PEG 3400,150 mM 2-mercaptoethanol and 3 

mM HAC0 CI3.

In comparing the 3 different categories o f  blastospore transformations i.e. the use 

o f LiAc and PEG3400 and the thiolics on their own, and the use o f the latter in 

combination with either HAC0CI3, or the Cationic Solution, it is interesting to note that the 

higher the level o f  efficiency in the transformation system, the less distinct is the presence 

o f two transformed blastospore populations. In addition, the thiol concentrations that gave 

rise to relatively low numbers o f Benomyl resistant colonies in the inefficient transformation 

systems, generally yielded very high numbers o f  Benomyl resistant colonies with the use o f  

optimised transformation systems. These observations suggest that the primary factor limiting 

transformation is blastospore competency for DNA uptake, as opposed to thiol related 

reductions in viability.
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4.4.2.3 HAC0CI3 : its postulated mechanism of action

The results of this study suggest that HAC0 CI3 facilitates whole-cell ( blastospore) 

transformation in M.flavoviride. In E.coli, HACo3+ has been postulated to act as a carrier for 

DNA-uptake by serving as an analogue o f cobalamin, its intramembrane transport (coupled 

with DNA) suggested to be mediated by cobalamin transporters (Hanahan,1983). The cation 

has also been reported to bind DNA and induce conformational changes (Widom & 

Baldwin,1980; Behe & Felsenfeld,1981). These changes may be facilitating uptake o f HACo3+ 

bound DNA, via cobalamin transporters. Although spermine and spermidine could both induce 

similar conformational changes in DNA in E.coli transformations, neither could substitute for 

HACo3+ during transformation (cell viability was not affected by substitutions), suggesting that 

the mechanisms o f polyamine and HACo3+-mediated DNA-uptake are likely to be significantly 

different. In addition, preincubation of HAC0 CI3 with DNA (in the presence o f other cations) 

has been reported to reduce transformation efficiency, while preincubation o f cells (of E.coli) 

with HAC0 CI3 under the same conditions was found to be essential for its action. In support 

of the latter observations in E.coli, in the efficient blastospore transformation method 

described in this study, HAC0 CI3 in transformation buffer had been used to pretreat cells for 

1 hr. on ice, prior to the addition o f DNA. Plasmid DNA for transformation had not been 

treated with the catioa

Observations in E.coli whereby vitamin B 12 and Coenzyme B 12 (a derivative of 

cobalamin carrying an additional adenosine moiety) were both found to be potent competitive 

inhibitors o f plasmid transformation, suggested that naked plasmid DNA molecules are capable 

of being transported through cobalamin receptor - transporter channels, without mediation of 

(i.e. binding to) HACo3+. In support o f this postulate was the finding that cobalamin is o f the 

same order o f size as the cross-section of a DNA molecule. It therefore appears that HACo3+ 

enhances transformation efficiency primarily by interactions with the cell, rather than as a 

carrier for DNA-uptake. During incubation of blastospores with HAC0 CI3, the trivalent cation 

may be acting in two ways to condition blastospores for DNA uptake. Firstly, it may be 

binding to blastospore cell-walls by chaige-mediated interactions, thereby facilitating DNA  

attraction to blastospores by the same mechanism. Secondly, binding and uptake o f the cation through 

cobalamin receptor-transporters may activate the channels for DNA uptake. A  HACo3+ bound
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Fig. 36 : Relative efficiency of various LiAc based transformation solutions on 
blastospore transformation efficiency.Results represent observations from duplicate 
plates.Selection was undertaken with 9ug/ml Benlate.

cobalamin receptor may also attract DNA molecules by charge based interactions. Obviously, 

the stimulatory effects o f HAC0 CI3 on transformation are likely to be effective only at low 

concentrations, and as a form of cell-pretreatment prior to the addition o f DNA. At high 

concentrations, and if added simultaneously with DNA, the cation is likely to competitively 

inhibit DNA uptake.

It is interesting to note that an active transport system for cobalamine exists despite 

the fact that it is not required for growth of E.coli nor is it synthesized by the bacterium 

(Bassford & Kadner,1977; Sennet et.al., 1981). This raises the question o f whether the 

cobalamine receptor and transporter system is a non-specific channel for nutrient and DNA 

uptake. Refering back to the DNA uptake stimulating factor (DUSF) described under Section 

4.4.1.1.1, expression o f the receptor-transporter protein was associated specifically with early 

stationary phase cultures that demonstrated enhanced DNA uptake. It was not constitutively 

expressed. It is possible that the developmental trigger for DUSF synthesis is nutrient 

deprivation associated with the onset o f stationary phase. Work on H.influenzae by Williams 

et. al. (1994) indicates that development of maximum competence is triggered by transfer to a 

starvation medium, suggesting that competence may be associated with biosynthesis o f a 

DUSF-like factor.
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These observations lead to the question of whether alternative receptor-transporters 

exist for DNA uptake under non nutrient-limiting conditions, i.e. during exponential phase. 

Such receptor-transporters may be less specific in their substrate affinity and may undertake 

transport o f several metabolites, including DNA. The cobalamin transporter described by 

Hanahan (1983) in E.coli may be an example o f such a receptor-transporter system. The 

affinity o f some of these receptor-transporters for individual substrates may differ against 

the uptake o f DNA. This effect, if existant, may be exacerbated under non nutrient limiting
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Fig.37: Relative efficiency of various LiAc based transformation solutions on blastospore 
transformation efficiency. Results represent observations from duplicate plates. Selection was 
undertaken with Sug/rxi Benomyl.

conditions whereby a large number of high affinity nutrient substrates (not bound to DNA) 

are present to competitively inhibit DNA binding and uptake.

Cations other than HACo3+ have been associated with DNA uptake.Other than the 

stimulatory or conditioning effects on cells to be transformed eg. the stimulatory effects on 

transformation o f E.coli by continuous culture in the presence of low levels i.e.(10 - 20) mM 

o f C a2+and M g2+reported by Hanahan (1983), these and other cations have also been reported 

to act as physical carriers for DNA uptake. One example is the facilitation o f DNA uptake
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by CaP04 f which may be mediated by the well characterised Ca2+-ATPase transporter 

system, as opposed to mediation o f  a separate receptor -transporter system specific for 

CaP04 . Likewise, intramembrane transport o f other cations like Zn2+ , Mg2+ and Cu2+ may be 

mediated by their own transporter systems which may enable uptake o f cation-DNA 

complexes. These transporter systems may have two conformational states that enable 

transport into and out o f the cell. An example o f  the latter type o f system is the E.coli 

lactose permease (Kaback,1986;Kaback,1985;Overath & Knight, 1983) and ADP-ATP (LaNoue 

et.al.,\ 978;Vignais,1976) transporter systems. One o f  the conformational states o f the lactose 

permease system has a low affinity lactose-binding site facing the interior o f the cell, while 

the alternative conformational state has a high affinity lactose-binding site facing the 

exterior o f the cell. This system effectively ensures higher extracellular rather than 

intracellular concentrations o f lactose. In the context o f  the Ca -ATPase transporter system, 

as extracellular Ca concentration is four orders o f  magnitude higher than in the cytosol, 

the transporter may have different conformational states conceptually similar to the lactose
Ai

permease system, with varying levels o f  binding affinity for Ca , and preferential transport 

o f Ca2+ from the cytosol into the extracellular region.

The evidence and assumptions presented here suggest that the number o f  DNA 

molecules transported through the cellular membrane and the nuclear membrane as DNA-
Ai

CaP04 complexes for any particular length o f  time, via facilitation o f the Ca -ATPase, is 

limited by the rate o f  Ca2+ uptake, which in turn is dependent on cellular requirements and
A i

the maximum permissible cytosolic concentration o f  Ca . For a given period o f incubation 

with DNA, the maximum amount o f incorporated DNA-CaP04 complexes must be constant, 

and dependent on the rate o f  Ca2+ throughput. If cells were Ca2+ starved, the initial rate o f
A j

DNA-CaP04 influx would be higher than under conditions non-limiting to Ca , until the 

optimal concentration o f intracellular Ca2+ was achieved. Therefore, effective concentrations 

o f incorporated DNA may be higher with Ca2+ starvation because o f  the higher rate o f  

Ca2+ throughput. Therefore, the induction o f  maximal competence by starvation may be partly
7a-due to associated Ca starvation.

The observation that specific strains and organisms exhibit preferences for specific 

divalent cations during transformation (Hanahan, 1983 ) may be a reflection o f the fact that 

they have greater numbers o f receptor-transporters for that cation, and consequently have a 

higher level o f  cation-mediated DNA uptake with particular cations. Alternatively, intra- 

membrane transport o f several divalent cations may be mediated by one receptor-transporter 

complex, having differential binding affinity for particular cations, the affinity level for any 

particular cation, depending on cellular requirements. Therefore, whether or not the use o f  a 

combination o f  cations during transformation stimulates DNA uptake would depend on 

several parameters i.e. the ionic receptor-transporter systems o f the fungal isolate, and the
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ratios o f the different cations present in the transformation buffer. DNA molecules would 

bind to the individual cations in a transformation buffer to varying levels depending on 

cation affinity for DNA, cationic ratio (i.e. formulation) and concentration, relative to the 

concentration o f DNA present.

It is o f interest to note here that although the DUSF reported in N.crassa was 

expressed during early stationary phase, reports o f  efficient fungal transformations have more 

often than not utilised fungal substrates in very early growth phase eg. germling protoplasts 

(Vollmer & Yanofsky,1986), and conidia (Specht et.al., 1991). In fact, in tests o f relative 

transformation efficiencies in a range o f growth phases i.e. from conidia to germlings o f  

varying tube lenghts, Specht et.al.{ 1991) report a clear trend o f decreasing transformation 

efficiencies upon germination o f conidia and elongation o f germ tubes. The efficient 

transformation system reported for M.flavoviride in this study has utilised protoplasts 

originating from germlings as opposed to exponential phase mycelium. These lines o f 

evidence cumulatively suggest the existance o f  two growth phases conducive to DNA 

uptake i.e. early stationaiy phase when DNA-specific uptake receptors like the N.crassa 

DUSF are expressed, and pre- and very early exponential phase represented by conidia in 

pre-germination phase and germlings. The latter represents a phase o f  active cellular and 

nuclear division. Many types o f DNA repair mechanisms have a higher affinity for active 

genes ( i.e. genes in actively dividing cells) than to tightly-packed DNA (Bohr et.a l, 1985). 

This suggests the possibility that activation o f  DNA recombination-repair mechanisms in 

actively dividing cells during pre-germination phase and early exponential growth o f 

germlings, may account for the high transformation efficiencies observed with the use o f 

these growth phases for transformation.

Comparisons in the use o f 5 and 9 ue/ml Benomvl for selection: Fig.36 and Fig.37 

clearly indicate that the use o f 9 pg/ml Benomyl for selection, yields overall higher numbers 

o f Benomyl resistant colonies than the use o f  5 pg/ml Benomyl for selection. This 

observation was consistent in treatments that yielded high efficiencies o f  transformation (i.e. 

the use o f LiAc / PEG3400 / thiolics with HAC0 CI3 or CS), suggesting that transformed 

nuclei have a higher selective advantage when subjected to 9 over 5 pg/ml o f the 

fungicide.

4.4.2.4 Improvements to the methods of transformation
An important factor that may enable significant improvement to transformation 

efficiency is the use o f  DNA dose below 10 ng to treat pools o f  106 protoplasts. The 

outcome o f using effectively higher DNA concentrations on the nature o f  integration may 

be tested by cumulative step-wise treatment with low DNA dose. This would enable
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incorporation o f effectively higher concentrations o f DNA, while averting the use o f high 

initial doses that may result in the formation o f large DNA precipitates.The latter 

complexes are postulated to be impeded in uptake.

In transformation o f mycelial protoplasts, the effects o f using lengthy primary 

incubation i.e. 72 hrs., before the addition o f Benomyl for selection, was found to result in 

significantly higher numbers o f  Benomyl resistant colonies i.e. between 3 - 1 1  from pools 

consisting o f 106 treated protoplasts. Although 42% o f the emergent colonies are not likely 

to be transformed (estimations were made by subtracting the total number o f colonies 

emergent from protoplast pools not treated with DNA from the total number o f colonies 

emergent from protoplast pools treated with DNA), these values reflect an overall higher 

efficiency o f transformation than with the use o f shorter lengths o f primary incubation 

before the addition o f Benomyl for selection. These observations suggest that a significant 

number o f transformed protoplasts are inhibited in growth by early addition o f Benomyl i.e 

after 1 9 -2 1  hrs. o f  primary incubation, perhaps due to a slow rate o f regeneration, and /  or 

expression o f Benomyl resistance. However, a significant drawback to the use o f lengthy 

periods o f primary incubation before the addition o f  selection, is in the fact that a large 

number o f isolates may need to be screened. An alternative may be the use o f step-wise 

additions o f Benomyl at low concentrations eg. the addition o f  an effective 5 pg/ml 

Benomyl after 1 9 -2 1  hr. primary incubation, followed by the addition o f  another 5 pg/ml 

Benomyl after a second period o f incubation. Although the addition o f selection has 

normally been undertaken by incorporating Benomyl into media used as an overlay, the use 

o f 2  such overlays, each consisting o f 10ml, over a 20ml base carrying regenerating 

transformed protoplasts, may reduce O2 availability during regeneration. As an alternative, the 

fungicide may be sterilised in milliQ water, and 10ml containing the effective concentration 

required, spread onto regeneration plates after the appropriate lengths o f incubation.

A second alternative would be to add selection after (21 - 72)hr. primary incubation 

but at concentrations greater than 10 pg/ml. Section 4.4.2.1 indicated that the use o f  20 

pg/ml Benomyl for selection did not limit the emergence o f  transformed regenerants.

As HAC0 CI3 has been found to facilitate blastospore transformations, the cation is 

also likely to facilitate transformation o f germling protoplasts. As in blastospore 

transformations, HAC0 CI3 should be tested as a cellular conditioning solution used prior to 

the addition o f DNA.
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4.4.2.5 PCR and sequence analysis of transformation

PCR analysis and identification o f transformants necessitates sufficient sequence o f  

the wild-type Mflavoviride P-tubulin gene and the transgene i.e. the N.crassa Benomyl 

resistant P-tubulin gene to enable the design o f  primers specific to M.flavoviride and 

N.crasssa. These primers would enable differential amplification o f  the P-tubulin transgene 

sequence from the wild-type M.flavoviride P-tubulin sequence and identification o f their 

respective amplification products by way o f size separation through gel electrophoresis. The 

complete coding sequence o f the N.crassa Benomyl resistant P-tubulin gene has been 

reported by Orbach et. al. (1986). The M flavoviride P-tubulin gene sequence was not 

available. However, as the P-tubulin gene family had been reported to be highly conserved 

(Keeling & Doolittle, 1996), this suggested that an alignment o f  several p-tubulin gene 

sequences may indicate consensus and non-consensus regions for the design o f specific 

generic primers. As Southern Analysis indicated strong cross-hybridization between the 

N.crassa P-tubulin gene and the native M flavoviride P-tubulin gene, a random search o f  the 

GENEMBL : PLN (European Molecular Biology Laboratory Nucleotide Sequence Database, 

Plant Division) database was undertaken to obtain and align sequences closely related to the 

published N.crassa Benomyl resistant p-tubulin gene. Alignment o f the 6  highest scoring 

tubulin sequences with the N.crassa Benomyl resistant p-tubulin gene sequence enabled 

identification o f regions with highest levels o f  conservation. The up-stream primer, US1 and 

the down-stream primer, DS2 (Table 1, Chapter 2), were designed based on these conserved 

regions, and spanned a distance o f 718 bps., 297 bps. up-stream and 388 bps down-stream 

from the point-mutation to Benomyl resistance in the N.crassa P-tubulin gene.

US1 and DS2 amplification o f  M flavoviride genomic DNA yielded 6  fragments 

(Fig.38), one o f  which was a fragment o f  the expected size i.e. 718 bps. This fragment and 

another 1.2kb fragment hybridized strongly to the 2.5kb N.crassa Benomyl resistant P - 

tubulin gene used as a probe in Southern Analysis, confirming that they carried sequences 

in the conserved region o f M.flavoviride and N.crassa P-tubulin gene fragments.

Although priority had been given to the design o f primers a few hundred basepairs 

upstream and downstream to the point-mutation to Benomyl resistance, these regions are so 

highly conserved that they provide veiy few sites for the design o f differential primers with 

a significant level o f  sequence divergence beyond one or two basepairs at their 3 ’ends. In 

addition, the presence o f sites with sufficient sequence dissimilarity between wild-type and 

N.crassa genes did not neccessarily make it suitable for primer design due to the possibility 

o f ectopic binding to other sites on either the M.flavoviride P-tubulin gene or on the
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Fig.38: US1 and DS2 amplified products from N.crassa genomic DNA (Lanes 1 & 2), wild-type 

M.flavoviride genomic DNA (Lanes 3 & 4) and plasmid pBENl (Lanes 5 & 6), carrying the N.crassa 
Benomyl resistant (3-tubulin gene. Four of the amplification products from wild-type Mflavoviride 
genomic DNA i.e.~718 bps, ~950 bps, ~1.2 kb and ~1.7 kb were also amplified from pBENl, 

indicating that they are amplification products from the (3-tubulin gene,as opposed to products of 

mis-priming and mis-amplification from Mflavoviride genomic DNA.The desired fragment i.e. -718 

bp was the major and only amplification product from N.crassa genomic DNA.

Prim er ratios; US1 and DS2 were each used at 5 pmoles per reaction. Template: Genomic DNA 

from wild-type Mflavoviride and N.crassa were each used at 200 ngs per reaction. pBENl was 

used at 50 pgs per reaction. Mg: 6 mM MgCl2 was used per reaction. PCR settings: 1

Fig.39: Control PCR reactions to test efficacy of the primers fl2L, rl3  and r9. PCR annealing 

temperature,Ta was set at 55°C: Key:-: M.flavoviride wild-type genomic DNA amplified with (Lane 

1) all 3 primers-the expected 168 bp consensus fragment was not amplified; (Lane 2) fl2L  and r l3  - 

168 bp consensus fragment was amplified ; (Lane 3) fl2L and r9L - weak amplification of the 335 bp 

fragm ent This product was subsequently found to be consistantly amplified at low PCR annealing 

temperatures i.e. 55 - 56°C, but not above 56°C. The level of amplification varied from weak to 

strong. N.crassa wild-type genomic DNA amplified with (Lane 4) all 3 primers - the 168 bp 

consensus fragment and 335 bp fragment amplified; (Lane 5) fl2L  and rl3  - 168 bp consensus 

fragment amplified; (Lane 6) fl2L and r9L - 335 bp fragment amplified; pBENl amplified with (Lane 

7) all 3 primers -168 bp consensus fragment and 335 bp fragment amplified ; (Lane 8) fl2L  and r l3  - 

168 bp consensus fragment amplified; (Lane 9) fl2L and r9L - 335 bp fragment amplified.

Prim er ratios: 5 pmoles rl2L , 2.5 pmoles r9L, and 2.5 pmoles rl3L  were used per reaction when all 

3 primers were used in combination; 5 pmoles each of fl2L  and r9L when used in combination; 5 

pmoles each of fl2L and rl3  when used in combination. Template: 200 ngs Mflavoviride and 

N.crassa genomic DNA used per reaction ; 50 pgs pBENl per reaction. Mg: 6 mM MgCl2 per 

reaction. PCR settings:1

1 PCR settings: Step 1: 94°C, 2 mins Step 2: 94°C, 20 secs Step 3: T , (Annealing tem perature), 30

secs Step 4: 72°C, 1 min (back to Step 2: 35 times) Step 5: 72°C, 10 mins
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Fig. 40: Sequence alignment of 5 cloned wild-type (3-tubulin fragments of M.flavoviride. Each sequence 
represents a PCR amplified 499bp fragment cloned into pGEM®-T Easy. The P-tubulin consensus 
primers, fl4L and rl5 L  were used to generate the fragments, while standard pUC foreward and 
reverse primers were used for sequencing. The consensus sequence represents the most frequently 
occuring nucleotide at each position. Alphabets in lower case represent deviations from the consensus 
sequence. Three of the fragments, m fl4r, m fw llr  and m fwl2r were identical over 499bps, while m fw lr 
carried a G instead of an A in position 89, and mfw2r carried an A instead of a G in position 177. 
These results suggest that the wild-type P-tubulin gene may consist of a minimum of 3 alleles.

mfwllr.frg 
mfw]2r,frg 
mfwl4r.frg 
mfwlr.frg 
mfw2r.frg 
Consensus

50

GGTGCTGGCA ACAACTGGGC CAAGGGTCAC TACACTGAAG GTGCTGAGCT

51 100
mfwllr. frg ----------- -------------------------- ------------- -------------
mfwl2r.frg ----------- -------------------------- ------------- -------------
mfwl4r.frg ----------- -------------------------- ------------- -------------
mfwlr. frg -----------    g - -------------
mfw2r.frg ----------- -------------------------- ------------- -------------
Consensus TGTCGACAAT GTCCTTGATG TTGTCCGTCG CGAGGCCGAA GGCTGTGACT

101 150
mfwllr. frg ----------- -------------------------- ------------- -------------
mfwl2r.frg ----------- -------------------------- --------------------------
mfwl4r.frg ----------- -------------------------- ------------- -------------
mfwlr. frg ----------- -------------------------- ------------- -------------
mfw2r.frg ----------- -------------------------- --------------------------
Consensus GCCTCCAGGG CTTCCAGATC ACCCATTCTC TTGGTGGTGG TACCGGTGCC

mfwllr.frg 
mfwl2r.frg 
mfwl4r.frg 
mfwlr.frg 
mfw2r.frg 
Consensus

mfwllr.frg 
mfwl2r.frg 
mfwl4r.frg 
mfwlr.frg 
mfw2r.frg 
Consensus

151 200

   a  -------------
GGTATGGGTA CTCTGTTGAT CTCCAAGATC CGTGAAGAGT TTCCCGACCG

201 250

AATGATGGCT ACTTTCTCCG TCGTTCCCTC TCCCAAGGTT TCCGACACCG

251 300
mfwllr. frg ----------- -------------------------- ------------- -------------
mfwl2r.frg ----------- -------------------------- ------------- -------------
mfwl4r.frg ----------- -------------------------- ------------- -------------
mfwlr. frg ----------- -------------------------- ------------- -------------
mfw2r.frg ----------- -------------------------- ------------- -------------
Consensus TTGTCGAGCC CTACAACGCC ACTCTCTCCG TCCATCAGCT CGTTGAGAAC

301 350
mfwllr. frg ----------- -------------------------- ------------- -------------
mfwl2r.frg ----------- -------------------------- ------------- -------------
mfwl4r.frg ----------- -------------------------- ------------- -------------
mfwlr. frg ----------- -------------------------- ------------- -------------
mfw2r.frg ----------- -------------------------- ------------- -------------
Consensus TCTGACGAGA CTTTCTGCAT CGACAACGAG GCTCTGTACG ATATCTGCAT

1 The multiple sequence alignment was generated using the gcg program, LINEUP. The gcg program 
PRETTY was used to display the alignment and calculate the consensus sequence. Both LINEUP and 
PRETTY were used on G-nome.
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mfwllr.frg 
mfwl2r.frg 
mfwl4r.frg 
mfwlr.frg 
mfw2r.frg 
Consensus

mfwllr.frg 
mfwl2r.frg 
mfwl4r.frg 
mfwlr.frg 
mfw2r.frg 
Consensus

mfwllr.frg 
mfwl2r.frg 
mfwl4r.frg 
mfwlr.frg 
mfw2r.frg 
Consensus

351 400

GCGCACTCTC AAGCTGTCCA ACCCTTCATA CGGTGACCTG AACTATCTCG 

401 450

TCTCTGCCGT CATGTCTGGC GTCACCACAT GCTTGCGTTT CCCCGGTCAG 

451 498

CTGAACTCTG ATCTGCGTAA ACTGGCTGTC AACATGGTCC CCTTCCCC

Continuation of Fig. 40

N.crassa P-tubulin gene. r9L, a N.mm a-specific primer diverging by a single base-pair at its 

3’end from wild-type M.flavoviride P-tubulin gene sequence (Fig.43) worked well in 

combination with fl2L, a M.flavoviride/N.crassa consensus primer, under conditions o f high 

stringency i.e. low to moderate concentrations o f Mg and high PCR annealing temperature. 

However, the fl2L/r9L primer combination was not robust enough to differentially amplify 

the N.crassa P-tubulin gene from the wild-type M.flavoviride P-tubulin gene under conditions 

of low stringency i.e. low PCR annealing temperature. Therefore, sequence from regions of 

the M.flavoviride P-tubulin gene that significantly diverge from the N.crassa P-tubulin gene

such as the US1 and DS2 amplified 950bp and 1.7kb fragments (that hybridized weakly in

Southern Analysis to the N.crassa Benomyl resistant P-tubulin gene used as a probe) may 

enable design o f robust primers for unequivocal differential amplification o f both P-tubulin 

genes under conditions of low and high stringency.

The targeted 718 bp US1 and DS2 amplified fragment was gel purified, and 

sequenced directly using US1. US1 generated sequence was sufficiently similar to the 

corresponding segment in the N.crassa gene (indicating that the fragment was a P-tubulin 

gene sequence) to enable design o f the consensus primers rl4L and rl5L (Chapter 2,Table 1). 

The latter two primers amplifed a 499bp fragment from Mflavoviride genomic DNA that 

was subsequently gel purified, and cloned into a T-tailed vector, pGEM T-Easy. Standard 

pUC primers were used to sequence 5 randomly selected clones. Alignment o f their

foreward strand sequences are provided in Fig.40 and clearly indicate the presence o f 3

fragments, diverging only at position 89 and position 177. The 3 differing sequences suggest 

the presence o f 3 different P-tubulin alleles, or alternatively, the possibility o f a high rate of 

spontaneous point-mutations ( in the absence o f physiological stressors ) in positions 89 and 

177. It is unlikely that the low level o f sequence divergence in the 5 clones is the result of 

PCR error, as the divergence was consistent in both foreward and reverse strand sequences. 

Alignment of foreward and reverse strand sequences o f the most frequently occuring allele.
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m fwl2, is described in Fig.41. Alignment o f the amino-acid translation o f  m fwl2 with the 

amino-acid translation o f the N.crassa Benomyl resistant p-tubulin gene is described in 

Fig.42, indicating 97% identity. Fig. 43 describes the alignment o f  m fw l2 foreward strand 

sequence with the foreward strand sequence o f  the N.crassa Benomyl resistant P-tubulin 

gene indicating 87.3% identity. Appendix E lists the analysis o f  codon frequencies in mfwl2.

In a random match o f m fw l2 to the GENEMBL database, the sequence was found 

to have 90.0% identity to the Epichloe typhina tubB gene for P-tubulin in a 498 bp 

overlap, 89.9% identity to the Acremonium coenophialum gene for P-tubulin in a 497 bp 

overlap,89% identity to the Colletotrichum graminicola tubulin gene in a 498 bp overlap, 

88.3 % identity to the Acremonium chrysogenum gene for P-tubulin in a 487 bp overlap, 

8 8 .6% identity to the C.gloeosporioides p-tubulin (TUB2) gene in a 498 bp overlap, followed 

by 87.3% identity to the N.crassa P -tubulin gene in a 498 bp overlap, 87.3% identity to the 

Aspergillus flavus P-tubulin gene in a 497 bp overlap, 86.1% identity to the Septoria 

nodorum P-tubulin gene in a 498 bp overlap, 86.5% identity to the A. parasiticus P-tubulin 

gene in a 497 bp overlap and 87.6% identity to the Citrus green mold tub2 gene for p- 

tubulin in a 331 bp overlap.lt is interesting to note that m fw l2 carried the highest level o f  

identity to the Epichloe typhina tubB gene o f plant origin rather than to a fungal gene.

M.flavoviride and N.crassa consensus primers , fl2L  and rl3L (Chapter 2,Table 1), and 

a N.crassfl-specific primer, r9L (Table 1), were designed using the US1 generated 718bp 

fragment sequence. The intended PCR differential amplification strategy was based on the 

use o f  fl2L, rl3L and r9L as a cocktail for amplification o f  a 335bp N.craxsa-specific 

fragment, and a 168bp consensus fragment from transformants and the positive control, 

plasmid pBEN l. The tri-primer cocktail was not expected to amplify the N.crassa-specific 

335bp fragment from wild-type M.flavoviride genomic DNA. The specificity o f  these primers 

in control reactions is described in Fig. 39.

Efficacy o f  the tri-primer cocktail in PCR identification o f transformation : Fig.39 

indicates that the fl2L , rl3Land r9L cocktail amplified the 335bp N.crassa-specific fragment 

and the 168bp consensus fragment from N.crassa genomic DNA (Lane 4) and pBENl (Lane 

7). As expected, the tri-primer cocktail did not amplify the N. crassa-specific fragment from 

wild-type Mflavoviride genomic DNA (Lane 1). However, the consensus fragment was also 

not amplified suggesting that a modification to primer ratios would be necessary to enable 

amplification o f this fragment. Fig.44 describes the results o f  modifications to primer ratio 

and PCR annealing temperature that enabled amplification o f the 168bp consensus fragment
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1 GGTGCTGGCAACAACTGGGCCAAGGGTCACTACACTGAAGGTGCTGAGCT 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1
GGTGCTGGCAACAACTGGGCCAAGGGTCACTACACTGAAGGTGCTGAGCT

50

498 449

51

448

TGTCGACAATGTCCTTGATGTTGTCCGTCGCGAGGCCGAAGGCTGTGACT 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
TGTCGACAATGTCCTTGATGTTGTCCGTCGCGAGGCCGAAGGCTGTGACT

100

399

101 GCCTCCAGGGCTTCCAGATCACCCATTCTCTTGGTGGTGGTACCGGTGCC 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
GCCTCCAGGGCTTCCAGATCACCCATTCTCTTGGTGGTGGTACCGGTGCC

150

398 349

151 GGTATGGGTACTCTGTTGATCTCCAAGATCCGTGAAGAGTTTCCCGACCG 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
GGTATGGGTACTCTGTTGATCTCCAAGATCCGTGAAGAGTTTCCCGACCG

AATGATGGCTACTTTCTCCGTCGTTCCCTCTCCCAAGGTTTCCGACACCG 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
AATGATGGCTACTTTCTCCGTCGTTCCCTCTCCCAAGGTTTCCGACACCG

200

348

201

299

250

298 249

251 TTGTCGAGCCCTACAACGCCACTCTCTCCGTCCATCAGCTCGTTGAGAAC
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1

300

248
II II 1 1 II II II 1 1 II 1 II II II 1 II 1 1 1 1 1 1 II II 1 II II 1 II 1 II 1 1 1 
TTGTCGAGCCCTACAACGCCACTCTCTCCGTCCATCAGCTCGTTGAGAAC 199

301 TCTGACGAGACTTTCTGCATCGACAACGAGGCTCTGTACGATATCTGCAT
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 II 1 II 1 1 1 1 1 II 1 II 1 II 1 1 1

350

198
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
TCTGACGAGACTTTCTGCATCGACAACGAGGCTCTGTACGATATCTGCAT 149

351 GCGCACTCTCAAGCTGTCCAACCCTTCATACGGTGACCTGAACTATCTCG
i i i i i i i i i i i i i i i i i i i i i i i i i i i i i ii i ii i i i i i i i i i i i i i i i i

400

148
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 
GCGCACTCTCAAGCTGTCCAACCCTTCATACGGTGACCTGAACTATCTCG 99

.401 TCTCTGCCGTCATGTCTGGCGTCACCACATGCTTGCGTTTCCCCGGTCAG
i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i

450

98
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
TCTCTGCCGTCATGTCTGGCGTCACCACATGCTTGCGTTTCCCCGGTCAG 49

451 CTGAACTCTGATCTGCGTAAACTGGCTGTCAACATGGTCCCCTTCCCC 4 98

48
1 M II 1 II II 1 1 II II II 1 1 1 1 1 1 II 1 II 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
CTGAACTCTGATCTGCGTAAACTGGCTGTCAACATGGTCCCCTTCCCC 1

Fig. 41: Alignment of foreward and reverse strand sequences from mfwl2r, a 499 bp. PCR amplified 
wild - type p-tubulin gene fragment from M.flavoviride cloned into pGEM®-T Easy. Percent Similarity: 
100.000 ; Percent identity : 100.000. The P-tubulin consensus primers, fl4L  and rl5L  were used to 
generate the fragments, while standard pUC foreward and reverse primers were used for sequencing. 
The arrow labelled pmNc represents the corresponding position in Mflavoviride that holds the point- 
mutation conferring Benomyl resistance in N.crassa.

1 GAGNNWAKGHYTEGAELVDQVLDWRREAEGCDCLQGFQITHSLGGGTGA 50 
I I I I I I I I I I I I I I I I I I I • I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

1 GAGNNWAKGHYTEGAELVDNVLDWRREAEGCDCLQGFQITHSLGGGTGA 50

51 G M G T L L IS K IR E E F P D R M M A T Y S W P S P K V S D T W E P Y N A T L S V H Q L V E N  100
I I I I I I I I I I II I I I I I I I I I : I I I I I I I I I I I I II I I I I I I I I I I I I I I

51 GMGTLLISKIREEFPDRMMATFSWPSPKVSDTWEPYNATLSVHQLVEN 100

101 SDETFCIDNEALYDICMRTLKLSNPSYGDLNHLVSAVMSGVTVSLRFPGQ 150
II I I I I I I I I I I I I I I I I I I I I II I I I I I I I • I I I I I I I I I I • : I I I I I I

101 SDETFCIDNEALYDICMRTLKLSNPSYGDLNYLVSAVMSGVTTCLRFPGQ 150

151 LNSDLRKLAVNMVPFP 166 
I I I I I I I I I I I I I I I I

151 LNSDLRKLAVNMVPFP 166

Fig. 42: Sequence alignment of the amino-acid translation of mfwl2r, the wild-type allele of 
Mflavoviride encoding p-tubulin , and the corresponding region in the Benomyl resistant N.crassa P - 
tubulin gene. Percent Similarity : 98.193 ; Percent Identity : 96.9882. A=Alanine, B=Asparagine, 
C=Cysteine, D=Aspartic acid, E=Glutamic acid, F=Phenylalanine, G=Glycine, H=Histidine, I=IsoIeucine, 
K=Lysine, L=Leucine, M=Methionine, N=Asparagine, P=Proline, Q=Glutamine, R=Arginine, S=Serine, 
T=Threonine, V=Valine, Tryptophan, Y=Tyrosine, and Z^GIutamine.

1 Alignments were generated using the gcg program, GAP on g-nome. GAP utilises the algorithm of 
Needleman and Wunsch to And the alignment of two complete sequences that maximises the number 
of matches and minimises the number of gaps.

2Amino-acid sequences were generated using the gcg program TRANSLATE. Alignment of the amino- 
acid sequences was undertaken using the gcg program BESTFIT. BESTFIT uses the local homology 
algorithm of Smith and Waterman to align the best segment of similarity between two sequences.
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1 ................................... feGTGCTGGCAACAACTGGGfCCAAGGGTCACTACACTG
I I I I I I I I I I I I I II  I I I I I I II I I I I I I I II I I I I I 

1 1 5 1  CTTCGGCCAGTCQGGTGCTGGCAACAACTGGGCCAAGGGTCACTACACTG
i f̂T4 "

3 8 AAGGTGCTGAGCTTGTCGACAATGTCCTTGATGTTGTCCGTCGCGAGGCC
I I I I II I I I I I I I I I I I I  I II II I I I I I I I I I I I I I I I I I I I

1 2 0 1  AGGGTGCTGAGCTTGTTGACCAGGTTCTCGATGTCGTCCGTCGCGAGGCT

88 GAAGGCTGTGACTGCCTCCAGtGCTTCCAGATCACCCATTCTCTTGdTGG
II I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I I II II I I I I I 

1 2 5 1  GAGGGCTGCGACTGCCTCCAGGGCTTCCAGATCACCCACTCCCTCGGTGG
. . fl2L /

13 8  TGGTACCGGTGCCGGTATGGGTACTCTGTTGATCTCCAAGATCCGTGAAG 
I I I I I I I I I II I I I I I II II I I I I II I I II I I I I II  I I I I I I I I

1 3 0 1  TGGTACCGGTiGCCGGTATGGGTACCCTCCTTATCTCCAAGATTCGTGAGG
. S   ̂ p -- •------------ MF215

188  AGTTTCCCGACCGAATGATGGCTACTTTCTCCGTCGTTCCCTCTCCCAAG
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I 

1 3 5 1  AGTTCCCCGACCGCATGATGGCTACCTACTCCGTCGTGCCCTCCCCCAAG
• *■■■■ — ■ * NC1378

2 3 8  GTTTCCGACACCGTTGTCGAGtcCTACAACGCCACTCTCfTCCGTCCATCA
I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

1 4 0 1  GTCTCCGATACCGTTGTCGAGpCCTACAACGCCACCCTCjTCCGTCCATCA
. ^  ' .

2 8 8  GCTCGTTGAGAACTCTGACGAGACTTTCTGCATCGACAACGAGGCTCTGT
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I

14 51 GCTCGTTGAGAACTCCGACGAGACCTTCTGCATTGACAACGAGGCGCTTT

37

1200
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1 2 5 0

1 3 7

1 3 0 0

1 8 7

1 3 5 0

2 3 7

1 4 0 0

2 8 7

1 4 5 0

3 3 7

1 5 0 0

3 3 8  ACGATATCTGCATGCGCACTCTCAAGCTGTCCAACCCTTCATACGGTGAC 3 8 7
I I I I II I I I I I I I II I I I I I I I I I I I I I I I I II I I I I I II

1 5 0 1  ACGACATTTGCATGAGGACCCTCAAGCTCTCCAACCCCTCTTACGGCGAT 1 5 5 0  

3 8 8  CTGAACTATCTCGTCTCTGCCGTCATGTCTGGCGTCACCACATGCTTGCG 4 37
I I I I I I I I I I

1 5 5 1

4 3 8

1 6 0 1

48 8

III  I I I I I I I I I I I I I I I I II I I II
CTTAACCACCTCGTCTCCGCCGTCATGTCCGG,TGTCACCGTCTCCCTCCG

•,— r9L ----------- ■-
1 6 0 0

TTTCCCCGGTCAGCTGAACTCTGATCTGCGTAAACTGGCTGTCAACATGG 4 8 7
I I I I I I I I I I I I I I I I I I I I I I I I I II II II II II I I I I I I I I
TTTCCCPGGCCAGCTGAACTCCGATCTCCGCAAGCTCGCQGTCAACATGG 1 6 5 0

rl 5
TCCCCTTCCCC*............................................................................................................  4 98
I I I I I I I I I I

1 6 5 1  TTCCCTTCCCCCGTCTCCACTTCTTCATGGTCGGGTTCGCTCCCCTTACC 1 7 0 0

Fig. 43: Sequence alignment of the most frequently occuring cloned fragment from the wild-type 
M.flavoviride P-tubulin gene, mfwl2r, with the published N.crassa Benomyl resistant P-tubulin gene 
sequence (Orbach et.al., 1991). Percent Similarity : 87.349 ; Percent Identity : 87.349. m fwl2r 499bp PCR 
fragment was generated and sequenced as described for Fig. 41. Brackets represent regions in which 
PCR primers have been designed. Labels above the brackets refer to primer names. The 1378 — 
nucleotide ( indicated as NC1378) in the N.crassa p-tubulin gene is represented by a point-mutation 
from a T to an A that results in the substitution of a Tyrosine for a Phenylalanine, found in the 
wild-type gene. Orbach et.al.(1990) reported that the single base-pair substitution described confers 
resistance to the Benzimidazoles. The corresponding position in the M.flavoviride wild-type P-tubulin 
allele i.e. the 215— nucleotide (indicated as MF215) holds a T, as in the N.crassa wild-type gene. Both 
the N.crassa and M.flavoviride wild-type genes encode Benomyl sensitive P-tubulins. Alignments were 
generated as described for Fig. 41 in footnote1.
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Fig. 44: Increasing PCR annealing temperature to 60°C and modification of 3 primer ratios as follows 

- 5 pmoles fl2L, 3.3 pmoles r l3  and 1.7 pmoles r9L enabled amplification of the 168 bp consensus 

fragment from M.flavoviride genomic DNA (Lane 2). The same conditions enabled amplification of both 

the 168 bp consensus fragment and the 335 bp TV.croswi-specific fragment from pBENl (lane 4) and 

N.crassa genomic DNA (Lane 6). The use of fl2L at 5 pmoles, r l3  and r9L at 2.5 pmoles did not 

enable amplification of the 168 bp consensus fragment from M.flavoviride genomic DNA (Lane 1) but 

did enable amplification of both the consensus fragment and the 335 bp N .mma-specific fragment 

from pBENl (Lane 3) and N.crassa genomic DNA (LaneS).

Template and Mg concentration as specified for Fig. 39. PCR settings.1

1 2 - 3 41 5, 6 8 91 1 1 1 10 11 12 13 14 n
1 I 1 1 ) 1

weak 1 •  1 1 1 1 1 I '1
band
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__ ZZ•i imi H 300b| 

- 200b|
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Fig. 45 a & b : Identification of VY6 and BS200 as transformants using the 3 primer cocktail. Both the 

168 bp consensus fragment and the 335 bp N.crassa-specific fragment was amplified from VY6 

(Fig.45a, Lane 5), the positive control, pBENl (Fig. 45a,Lane 2 & Fig.45b,Lane 8 ), and BS200 ( Fig.45b, 

Lane 14 ). The 168 bp consensus fragment was amplified from the negative control, wild-type 

M.flavoviride genomic DNA ( Fig.45a, Lane 1 )  and from several putative transformants i.e. Lanes 3, 4, 

6, 10, 11, 12 and 13. As several of these latter isolates demonstrated very strong transformant 

phenotype but did not amplify the 335 bp fragment, the use of the 3 primer cocktail was discarded in 

favour of using the N.crassa-specific combination, fl2L and r9L.

Primer ratios: 5 pmoles fl2L, 3.3 pmoles r l3  and 1.7 pmoles r9L. Template: 200 ngs genomic DNA per 

reaction, 50 pg pBENl per reaction. Mg : 6 mM MgCI2 per reaction.

1 PCR settings: Step 1: 94°C, 2 mins Step 2: 94°C, 20 secs Step 3: Ta (Annealing temperature), 30
secs Step 4: 72°C, 1 min (back to Step 2: 35 times) Step 5: 72°C, 10 mins
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DNA concentrations of wild-type and putative transformants were standardized by gel electrophoresis 

prior to PCR amplification. Amplification of the fl2L / r9L 335 bp fragment at low PCR annealing 

temperature was undertaken, as positive amplification is an indication of accurate DNA 

standardization, an important criterion for validating PCR comparisons between the wild-type isolate 

and transformants. An isolate was considered to be transformed if it amplified the 335 bp fragment at 

low PCR annealing temperature i.e. (55 - 56)°C along with wild-type M.flavoviride, and also at high 

annealing temperatures between (56 - 62)°C that enabled specific amplification of the 335 bp fragment 

only from transformed isolates, and not from wild-type Mflavoviride.

Primer ratios: 5 pmoles fl2L and r9L per reaction. Template: 200ng per reaction. MgCL: 6 mM

7 8

■ 335 bp fragment

18 19 20

■ B H

— —  335 bp fragment

Fig. 46a & b : fl2L and r9L amplification of the 335 bp fragment from wild-type Mflavoviride genomic 

DNA, pBENl and several putative transformants when PCR annealing temperature was set at 55°C. 

Lane 1: VY7gL, Lane 2: VY7gD, Lane 3: VY7yL, Lane 4: VY7yD, Lane 5: VYl,Lane 6: VY10, Lanes 7 & 9: 

pBENl, Lanes 8 & 10: wild-type Mflavoviride, Lane 11: BS32, Lane 12: BS4, Lane 13: BS6, Lane 14: BS9, 

Lane 15: BS10, Lane 16: BS11, Lane 17: BS117, Lane 18: BS118, Lane 19: BS123 and Lane 20 : T3. The low 

annealing tem perature enabled amplification of the 335 bp fragment from wild-type Mflavoviride. PCR 

settings 1

1 PCR settings: Step 1: 94°C, 2 mins Step 2: 94°C, 20 secs Step 3: Ta (Annealing temperature), 30
secs Step 4: 72°C, 1 min (back to Step 2: 35 times) Step 5: 72°C, 10 mins

400 bp 
300 bp 
200 bp

Fig.46a

Fig.46b
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from M.flavoviride wild-type genomic DNA with the use o f the tri-primer cocktail. These 

modified primer ratios enabled detection o f transgene (N.crassa p-tubulin) sequences from 

two transformants i.e. VY6 ( Fig. 45a at Ta = 60°C ) and BS200 (Fig.45b at Ta = 57.5°C ) 

(Figs.45a & b). However, as several putative transformants that demonstrated strong 

transformant phenotype did not amplify the 335bp N. crassa-specific fragment, the use o f the 

tri-primer cocktail under the conditions described was not considered to be sufficiently 

robust to definitively amplify transgene sequences from all genomic samples. Perhaps, 

increasing PCR annealing temperature above 60°C may enable improvement in the efficacy 

o f the cocktail.

Efficacy o f the f!2L / r9L di-primer combination in PCR identification o f  

transformation : fl2L and r9L amplified the 335bp N.crassa-specific fragment from N.crassa 

genomic DNA ( Fig.39,Lane 6  ) and pBENl (Fig.39,Lane 9). Although amplification o f the 335 

bp fragment had not been expected from wild-type Mflavoviride genomic DNA, a weak 

signal was obtained. This amplification was subsequently found to be consistantly stable 

with the use o f  6mM Mg when PCR annealing temperature was set at 55°C ( Figs.46a & b, 

Lanes 8 & 10 ), and 56.5°C, but not at 58°C (Fig.47), 60°C (Fig.48), 62°C (Figs. 49,50 & 51) 

and 64°C, indicating specific amplification o f  the transgene fragment (as opposed to the 

wild-type gene fragment) at high temperatures. Therefore, PCR analysis o f putative 

transformants was undertaken by initially standardizing DNA concentration, and then 

amplifying with fl2L and r9L at an annealing temperature o f 55°C(Fig.46). Transformants 

and wild-type Mflavoviride generally yielded amplification bands at 55°C, if standard 

concentrations o f genomic DNA were utilised. High PCR annealing temperatures were then 

tested with step-wise reductions beginning with 64°C, 62°C, 61 °C, 60°C,58°C,and 57°C.

PCR amplification o f the 335bp A.crassa-specific fragment from blastospore 

transformants and germling protoplast transformants at high annealing temperatures are 

indicated in Figs. 47,48,49,50 & 51. The fragment was amplified from 3 germling protoplast 

transformants originating from protoplast pools treated with 10 ng DNA, 2 transformants 

originating from protoplast pools treated with 100 ng DNA and another 2 transformants 

originating from protoplast pools treated with 250 ng DNA, indicating that transformants 

emerged from all categories o f treatments.

Fig.50 illustrates that both Vy7y and Vy7g demonstrate differential expression o f  

the N.crassa transgene when grown with (VY7yL and VY7gL) and without (VY7yD and 

VY7gD) illumination. Under standard PCR conditions and template concentration, both VY7y 

and VY7g amplified approximately twice the amount o f the 335bp. N.crassa transgene 

fragment when mycelial substrate for DNA extractions had been grown in complete
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335 bp fragment -

2 3

Fig. 47: fl2L and r9L amplification of the 335 bp fragment from BS118 (Lane 1) and pBENl (Lane 2) 

when PCR annealing temperature was set at 58°C. The fragment was not amplified from wild-type 

M.flavoviride (Lane 3).

Primer ratios: 5 pmoles each of fl2L and r9L. Template: 200 ng BS118 and wild-type Mflavoviride 
genomic DNA per reaction, 50 pg pBENl per reaction. Mg: 6 mM MgCl2. PCR settings: 1

335 bp fragment

Fig. 48: fl2L and r9L amplification of the 335 bp fragment when PCR annealing temperature was set 

at 60°C. Germling protoplast transformants, VY2 originating from a protoplast pool treated with lOOng 

DNA (Lane 4), and VY10 originating from a protoplast pool treated with 250ng DNA (Lane 5). The 

positive control, pBENl (Lane 2). The fragment was not amplified from wild-type Mflavoviride (Lane 1).

Prim er ratios: 5 pmoles each of fl2L and r9L. Template: 200 ng genomic DNA per reaction, 50 pg 

pBENl per reaction.: 6 mM MgCl2. PCR settings: 1

1 PCR settings: Step 1: 94°C, 2 mins Step 2: 94°C, 20 secs Step 3: Ta (Annealing temperature), 30
secs Step 4: 72°C, 1 min (back to Step 2: 35 times) Step 5: 72°C, 10 mins
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Fig. 49: fl2L and r9L amplification of the 335 bp fragment from blastospore transformants, T3 (Lane 1) 

and BS200 (Lane 2), and germling protoplast transformant, VY1 (Lane 3) and the positive control, 

pBENl (Lane 4) when PCR annealing temperature was set at 62°C. The fragment was not amplified 

from wild-type M.flavoviride (Lane 5). Lanes 8 -1 2  represent DNA quantity markers. Comparison of the 

standard quantity markers with the amplification products indicate amplification of * 500ng of the 

335 bp P-tubulin fragment from 200ng genomic template under the PCR conditions specified.

Prim er ratios: 5 pmoles each of fl2L and r9L. Template: 200 ng T3, BS200, VY1 and wild-type 

M.flavoviride genomic DNA per reaction, 50 pg pBENl per reaction. Mg: 6 mM MgCl2. PCR settings:1

1 2

400 bp"
300 b p ----------
200 b p  _

Fig. 50: fl2L  and r9L amplification of the 335 bp fragment when PCR annealing temperature was set 

at 62°C. VY7 isolates i.e. VY7yL (Lane 1), VY7yD (Lane 2), VY7gL (Lane 3) and VY7gD (Lane 4), 

originate from germling protoplast pools treated with 100 ng DNA, VY4, originating from a germling 

protoplast pool treated with 10 ng DNA (Lane 5) and pBENl (Lane 7). The fragment was not amplified 

from wild-type M.flavoviride (Lane 6).

Primer ratios: 5 pmoles each of fl2L  and r9L. Template: 200 ng of each putative transformant, and 

wild-type M.flavoviride genomic DNA per reaction, 50 pg pBENl per reaction. Mg: 6 mM MgCl2. PCR 

settings: 1

1 PCR settings: Step I: 94°C, 2 mins Step 2: 94°C, 20 secs Step 3: Ta (Annealing temperature), 30
secs Step 4: 72°C, 1 min (back to Step 2: 35 times) Step 5: 72°C, 10 mins
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Fig. 51: fl2L and r9L amplification of the 335 bp fragment from BS117 (Lane 1), BS123 (Lane 2), BS9 

(Lane 3), BS10 (Lane 4), BS11 (Lane 5) and pBENl (Lane 6) when PCR annealing tem perature was set at 

62°C. The fragment was not amplified from wild-type M.flavoviride (Lane 7). BS117 and BS123 were 

obtained from transformed blastospore pools treated with 0.2M LiAc, 40% PEG3400, 150 mM 2- 

mercaptoethanol and 3 mM HACo**. BS9, BS10 and BS11 were obtained from transformed blastospore 

pools treated with 0.2M LiAc, 40% PEG3400,120 mM DTT and 3 mM H A Co3+. T3 and BS200 were 

obtained from blastospore pools treated with 0.2M LiAc, 40% PEG3400, 25 mM 2-mercaptoethanol, 3 

mM HACo** and 500 mM 5-Azacytidine.

Primer ratios: 5 pmoles each of fl2L and r9L. Template: 200 ng of genomic DNA from each putative

transformant, and wild-type M.flavoviride, 50 pg pBENl per reaction. Mg: 6 mM MgCI2. PCR settings: 1 
I----------  wild-type  1 I  pBEN l---------- 1

mM Mg mM Mg

Fig. 52: Specificity of r9L for the N.crassa binding-site with varying concentrations of MgCl2 when 

PCR annealing temperature was set at 55°C. r9L could bind to its target site on the N.crassa 0-

tubulin gene on pBENl, and amplify the 335 bp product with fl2L  at low concentrations of MgCl2 i.e.

3 mM, and above. However, the primer could not bind to and amplify from wild-type M.flavoviride 
DNA with fl2L  at MgCI2 concentrations below 4.5 mM, indicating higher MgCl2 requirements for 

binding and amplification from the wild-type gene in comparison to the transgene. At higher PCR 

annealing temperatures i.e. 58 - 63 °C, r9L retained its ability to bind to its target site on pBENl and 

amplify the 335 bp fragment with fl2L at all Mg molarities (2 -6  m M ), but high Mg concentrations

(Le. 5 mM and above) were required to enable amplification of the fragment from wild-type

M.flavoviride genomic DNA. Primer ratios: 5 pmoles fl2L  and r9L per reaction. Template: 200 ng wild- 

type M.flavoviride genomic DNA per reaction. 50 pg pBENl per reaction.

*PCR settings: Step 1: 94°C, 2 mins Step 2: 94°C, 20 secs Step 3: T , (Annealing temperature), 30
secs S tep 4: 72°C, 1 min (back to Step 2: 35 times) Step 5: 72°C, 10 mins
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235
1 1 1 1 1 II II II 1 II II 1 1 1 1 II II II 1 1 II 1 

CCCTCCTTATCTCCAAGATTCGTGAGGAGTTCCCCGACCGCATGATGGCTv 186

32 TACCTACTCCGTCGTGCCCTCCCCCAAGGTCTCCGATACCGTTGTCGAGCC 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
ACCTACTCCGTCGTGCCCTCCCCCAAGGTCTCCGATACCGTTGTCGAGCC

81

185 136

82 CTACAACGCCACCCTCTCCGTCCATCAGCTCGTTGAGAACTCCGACGAGA 
II 1 1 1 1 1 1 II 1 II II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 II 1 
CTACAACGCCACCCTCTCCGTCCATCAGCTCGTTGAGAACTCCGACGAGA

131

135 86

132 CCTTCTGCATTGACAACGAGGCGCTTTACGACATTTGCATGAGGACCCTC 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
CCTTCTGCATTGACAACGAGGCGCTTTACGACATTTGCATGAGGACCCTC

181

85 36

182 AAGCTCTCCAACCCCTCTTACGGCGATCTTAACCACCTCGTCTCCGCCGT
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 11 1 1

231

35
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1
AAGCTCTCCAACCCCTCTTACGGCGATCTTAACCA................. 1

Fig. 53: Alignment of foreward and reverse strand sequences from the 335bp PCR amplified p-tubulin 
gene fragment from protoplast transformant, VY1. The fragment was generated using fl2L and r9L, 
and sequenced with fncl and r9L. Percent Similarity : 100.000; Percent Identity : 100.000. 1 The arrow 
indicates the region of the T to A point-mutation that confers resistance to Benomyl.
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....................ATTCGTGAGGAGTTCCCCGACCGCATGATGGCT 33
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CCCTCCTTATCTCCAAGATTCGTGAGGAGTTCCCCGACCGCATGATGGCT 186
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ACCTACTCCGTCGTGCCCTCCCCCAAGGTCTCCGATACCGTTGTCGAGCC 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
ACCTACTCCGTCGTGCCCTCCCCCAAGGTCTCCGATACCGTTGTCGAGCC

CTACAACGCCACCCTCTCCGTCCATCAGCTCGTTGAGAACTCCGACGAGA I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I 
135 CTACAACGCCACCCTCTCCGTCCATCAGCTCGTTGAGAACTCCGACGAGA

83

136

133

86

134 CCTTCTGCATTGACAACGAGGCGCTTTACGACATTTGCATGAGGACCCTC 183 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
85 CCTTCTGCATTGACAACGAGGCGCTTTACGACATTTGCATGAGGACCCTC 36

184 AAGCTCTCCAACCCCTCTTACGGCGATCTTAACCACCTCGTCTCCGCCGT 233 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

35 AAGCTCTCCAACCCCTCTTACGGCGATCTTAACCA.................. 1

Fig. 54: Alignment of foreward and reverse strand sequences from the 335bp PCR amplified P-tubulin 
gene fragment from blastospore transformant, BS123. The fragment was generated using fl2L and 
r9L, and sequenced with fncl and r9L. Percent Similarity : 100.000; Percent Identity : 100.000. 1 The 
arrow indicates the region of the T to A point-mutation that confers resistance to Benomyl.

'Alignments were generated using the gcg program, GAP on g-nome. GAP utilises the algorithm of
Needleman and Wunsch to find the alignment of two complete sequences that maximises the number
of matches and minimises the number o f gaps.
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darkness, as opposed to continuous illumination. These observations may be explained by the 

supposition that both VY7y and VY7g carry either one or multiple integrative copies o f the 

transgene. As the (3-tubulin gene family is highly conserved, in both cases, the transgene is 

likely to have integrated by homology beside the site o f the endogenous P-tubulin gene, giving 

rise to duplicate or multiple copies o f tandemly arranged genes. During subsequent vegetative 

growth o f transformants, the phenomena o f ‘quelling’ reported in N.crassa (Cogoni 

et.al.,1994) or another form(s) o f DNA modification may have been induced in VY7y and 

VY7g treatments subjected to continuous illumination in the presence o f Benomyl i.e. 

methylation / modification o f one or more copies o f tandemly arranged copies o f  transgene(s) 

leaving a minimum o f one unmethylated /  unmodified copy o f  the transgene for transcription 

and expression. Although several lines o f evidence suggest that methylated genes are not 

transcribed (Ruiz-Herrera,1994), methylation is not likely to affect DNA polymerase activity 

and gene amplification by PCR. However, we cannot disclude the possibility o f other 

modifications induced by conditions o f culture (that may or may not be associated with 

DNA methylation), that affect DNA conformation and / or DNA interaction with proteins, or 

its chemistry in a manner that prevents DNA polymerase activity and gene amplification by 

PCR. It follows that preferential amplification o f  only unmodified genes in treatments 

protected from white light gave rise to comparatively higher levels o f  amplified product than 

treatments subjected to continuous illumination with white light, the reason being, in the 

latter cultures, duplicate copies o f P-tubulin genes integrated adjacent to the site o f the 

native P-tubulin gene were not subjected to DNA modifications that inhibit 

amplification.These postulates require confirmation by Southern Analysis to determine copy 

number o f the N.crassa P-tubulin transgene in VY7y and VY7g, as well as DNA analysis to

elucidate possible modifications in terms o f secondary structure and chemistry.

It is interesting to note here that the mechanism o f  induced toxicity observed o f the 

isolate upon prolonged exposure to white light may extend to the level o f DNA chemistry, 

its integrity /  conformation, and its ability to act as a template for in vitro amplification and 

possibly also in vivo replication associated with cell-division. Based on observations discussed 

in Section 4.3.2.3 (Chapter 4), the toxic effects o f white light may be due to the yellow

wave-lengths. As dimorphic transition from the non-polar (spore) to the polar
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(filamentous) growth form is clearly induced by exposure to white light (Chapter 3, Section 

3.2.2.1), it is interesting to suggest that at moderate doses, light acts as a transcriptional 

activator o f  (polarized) growth, but at high dosage, it retards growth by several mechanisms, 

one o f which is inhibition o f DNA replication. As such, the use o f  systems such as that 

existing in VY7y may enable elucidation o f cumulative levels o f  light exposure and quality 

that enable, enhance and inhibit gene amplification.

It is interesting to note here that factors that induce gene silencing can differ 

markedly between organisms. Silencing has been reported to occur at high frequency in 

tobacco plants raised as seedlings in closed culture vessels, but not in plants raised from 

seed in a glasshouse (Hart et.al.,1992), suggesting that treatments protected from light induce 

the phenomena at high frequency - contrary to the postulated gene modification described 

here. Although several lines o f  evidence suggest that silencing occurs at the level o f  

transcription via gene methylation ( Brussian et.al., 1993; Matzke et.al.,1989 ), de Carvalho et. 

al. (1992) have provided evidence in Arabidopsis suggesting that silencing can occur post- 

transcriptionally.

The obvious relevence o f ‘quelling' or other DNA modifications that prevent gene 

transcription, if  they are confirmed to occur in isolate IMI330189, is in the fact that over

expression mutants created by the insertion o f single or multiple copies o f  a particular gene 

adjacent to the site o f  the homologous endogenous gene, are likely to be modified during 

vegetative growth if  culture is undertaken with illumination. Therefore, it would be 

advantageous to target insertion o f  additional copies o f genes at known sites that are not 

functionally disruptive, other than the site adjacent to the homologous endogenous gene, and 

in single rather than tandemly arranged duplicate copies.

Fig.52 illustrates the specificity o f  r9L for the N.crassa binding site with varying 

concentrations o f M gC k ' Based on the specificity o f r9L for the N.crassa P-tubulin 

sequence at low MgC^ concentrations, the fl2L and r9L primer combination was also used 

for identification o f  transformants at a PCR annealing temperature o f  55°C, by reducing 

MgCl2 concentration from 6 mM to 4 mM. The putative transformants tested were those that
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were refractive to amplification with fl2L  and r9L even at 55°C using 6  mM Mg, 

conditions under which the 335 bp fragment was amplified from wild-type M.flavoviride 

DNA. Although very low template concentrations were used i.e. < 15ng to avoid inhibition 

o f  the PCR reaction by sequestering o f  Mg by excess template DNA, this method was not 

sufficiently sensitive to allow r9L to clearly differentiate between wild-type and N.crassa p- 

tubulin gene binding-sites. In addition, the use o f  4 mM Mg was found to result in 

inconsistant amplification possibly due to low Mg availability.

The integrity o f  the fl2L  and r9L primer combination for detection o f  transformants 

is supported by sequence analysis o f several PCR positive isolates i.e. VY1, BS123, T3, 

BS200, BS11 and BS117 that confirm the presence o f  the N.crassa transgene. However, 

definitive differentiation o f the wild-type P-tubulin gene from the transgene, regardless o f 

temperature stringency would be an improvement to the existing system o f  PCR detection. 

This may be achieved with the use o f  a 4-primer cocktail consisting o f ncl and r9L for 

amplification o f a 296bp N.crassa-specific fragment, and f l4  in combination with rl5 for 

amplification o f a 498bp consensus fragment.

Alignment o f  foreward and reverse strand sequences o f the 335 bp fragment from 

germling protoplast transformant,VYl is described in Fig. 53, and the blastospore 

transformant, BS123 is described in Fig.54. Alignment o f VY1 foreward strand sequence 

with N.crassa foreward strand sequence is described in Fig.55, and BS123 foreward strand 

sequence with N.crassa foreward strand sequence is described in Fig.57. Both PCR positive 

transformants reflected 100% sequence homology to the corresponding region o f  the 

N.crassa p-tubulin gene proving that they carry the transgene. Alignment o f  VY1 foreward 

strand sequence to M flavoviride (mfwl2r) foreward strand sequence is described in Fig.56. 

Alignment o f BS123 foreward strand sequence to M flavoviride (mfwl2r) foreward strand 

sequence is described in Fig.58. With an 87% level o f  sequence identity, both alignments 

reflect the same level o f sequence divergence observed between M flavoviride wild-type 

sequence (mfwl2r) with the corresponding N.crassa Benomyl resistant P-tubulin gene 

sequence.

4.4.2.6 Mitotic stability of transformants on 10 -100 jig/ml Benomyl
Several transformants that demonstrated stable growth on 10 fig/ml Benomyl upon 

first subculture from primary transformation plates were subsequently tested for stability on 

10, 20, 30,40,50,60,70,80,90 and 100 pg/ml Benomyl, when incubated at 28°C, in complete 

darkness. All transformants analysed i.e. germling protoplast transformants VY5, V Y 11, VY7g, 

VY4, VY6 , VY1 and VY3, and blastospore transformants BS10, BS11, B S117 and BS123 

demonstrated prolific growth and conidiation on all concentrations o f Benomyl tested. Slight
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 TCGTGAGG 8
I I I I I I I I

TGGTACCGGTGCCGGTATGGGTACCCTCCTTATCTCCAAGATTCGTGAGG 1350
• * *  T  •AGTTCCCCGACCGCATGATGGCTACCTACTCCGTCGTGCCCTCCCCCAAG 5 8 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
AGTTCCCCGACCGCATGATGGCTACCTACTCCGTCGTGCCCTCCCCCAAG 1400

*  I .
GTCTCCGATACCGTTGTCGAGCCCTACAACGCCACCCTCTCCGTCCATCA 108
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
GTCTCCGATACCGTTGTCGAGCCCTACAACGCCACCCTCTCCGTCCATCA 14 50

109 GCTCGTTGAGAACTCCGACGAGACCTTCTGCATTGACAACGAGGCGCTTT 158 
I I I I I I I I I I I I I I I Ii I I I I i II  I Ii I I I I i I I I I I I I I I I I I I I II I i 

1451 GCTCGTTGAGAACTCCGACGAGACCTTCTGCATTGACAACGAGGCGCTTT 1500

159 ACGACATTTGCATGAGGACCCTCAAGCTCTCCAACCCCTCTTACGGCGAT 208 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

1501 ACGACATTTGCATGAGGACCCTCAAGCTCTCCAACCCCTCTTACGGCGAT 1550

209 CTTAACCACCTCGTCTCCGCCGTCATGTCCGGTGTCACCGTCTCCCTCCG 258 
I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

1551 CTTAACCACCTCGTCTCCGCCGTCATGTCCGGTGTCACCGTCTCCCTCCG 1600

259 TTTCCCCGG................................................  267
I I I I I I I I I

1601 TTTCCCCGGCCAGCTGAACTCCGATCTCCGCAAGCTCGCCGTCAACATGG 1650

VY1 -----------------  x

N.crassa-------- 1301

9

1351

59

1401

Fig. 55: Sequence alignment of a 335bp PCR amplified P-tubulin fragment from protoplast 
transformant, VY1 to the published 2 586bp N.crassa P-tubulin sequence (Orbach eLal., 1991). Percent 
Similarity : 100.000; Percent Identity : 100.000.1 Arrows indicate the position of the T to A point- 
mutation in the transgene (**) and the N.crassa Benomyl resistant P-tubulin gene (*). VY1 PCR 
fragment was generated using fl2L  (p-tubulin consensus primer) and r9L( N.crassa specific primer). 
The fragment was sequenced with N.crassa specific primers fncl and r9L.

VY1________________________ . . . . .
------------ 1  TCGTGAGGAGTTCCCCGACCG 21I I I I I I I I I I I I I I I I I I 

m f w l 2 r------  151 GGTATGGGTACTCTGTTGATCTCCAAGATCCGTGAAGAGTTTCCCGACCG 200
y ** .

22 CATGATGGCTACCTACTCCGTCGTGCCCTCCCCCAAGGTCTCCGATACCG 71 
I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I 

201 AATGATGGCTACTTTCTCCGTCGTTCCCTCTCCCAAGGTTTCCGACACCG 250
. * a

72 TTGTCGAGCCCTACAACGCCACCCTCTCCGTCCATCAGCTCGTTGAGAAC 121 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

251 TTGTCGAGCCCTACAACGCCACTCTCTCCGTCCATCAGCTCGTTGAGAAC 300

122 TCCGACGAGACCTTCTGCATTGACAACGAGGCGCTTTACGACATTTGCAT 171 
II I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I II I I I I I 

301 TCTGACGAGACTTTCTGCATCGACAACGAGGCTCTGTACGATATCTGCAT 350

172 GAGGACCCTCAAGCTCTCCAACCCCTCTTACGGCGATCTTAACCACCTCG 221 
I I II I I I I I I I I I I I I I I I I II I I I I I II II III I I I I I 

351 GCGCACTCTCAAGCTGTCCAACCCTTCATACGGTGACCTGAACTATCTCG 4 00

222 TCTCCGCCGTCATGTCCGGTGTCACCGTCTCCCTCCGTTTCCCCGG  267
I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I 

401 TCTCTGCCGTCATGTCTGGCGTCACCACATGCTTGCGTTTCCCCGGTCAG 4 50

Fig. 56: Sequence alignment of a 335bp PCR amplified P-tubulin fragment from protoplast 
transformant, VY1, to a cloned 499bp PCR amplified wild-type M.flavoviride P-tubulin fragment, 
mfwl2r. Percent Similarity : 87.197 ; Percent Identity : 87.187.1 Arrows indicate the position of the T to 
A point- mutation in the transgene (**) that confers resistance to Benomyl, and the corresponding 
nucleotide (a T) in the wild-type M.flavoviride P-tubulin allele (*) that confers sensitivity to the 
fungicide. VY1 PCR fragment was generated and sequenced as described for Fig. 53. mfwl2r PCR 
fragment was generated, cloned and sequenced as described for Fig. 41.

1 Alignments were generated using the gcg program, GAP on g-nome. GAP utilises the algorithm of
Needleman and Wunsch to find the alignment of two complete sequences that maximises the number
of matches and minimises the number of gaps.
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B S 1 2 3 -

N.crassa

*"285  CTTCCAGATCACCCACTCCCTCGGTGG 259
I I I I I I I I I I I I I I I I I I I I I I I I II I 

1251 GAGGGCTGCGACTGCCTCCAGGGCTTCCAGATCACCCACTCCCTCGGTGG 1300

258 TG G TACCGGTGCCGGTATGGGTACCCTCCTTATCTCCAAGATTCGTGAGG 209 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

1301 TG G TA CCGGTGCCGGTATGGGTACCCTCCTTATCTCCAAGATTCGTGAGG 1350
** T *208 AGTTCCCCGACCGCATGATGGCTACCTACTCCGTCGTGCCCTCCCCCAAG 159

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
1351 AGTTCCCCGACCGCATGATGGCTACCTACTCCGTCGTGCCCTCCCCCAAG 1400

*  A •158 GTCTCCGATACCGTTGTCGAGCCCTACAACGCCACCCTCTCCGTCCATCA 109 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

1401 GTCTCCGATACCGTTGTCGAGCCCTACAACGCCACCCTCTCCGTCCATCA 1450

108 GCTCGTTGAGAACTCCGACGAGACCTTCTGCATTGACAACGAGGCGCTTT 59 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

1451 GCTCGTTGAGAACTCCGACGAGACCTTCTGCATTGACAACGAGGCGCTTT 1500

58 ACGACATTTGCATGAGGACCCTCAAGCTCTCCAACCCCTCTTACGGCGAT 9
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

1501 ACGACATTTGCATGAGGACCCTCAAGCTCTCCAACCCCTCTTACGGCGAT 1550 
• + « # •

8 C TTA A CCA .................................................................................................................................  1
I I I I I I I I

1551 CTTAA CCA CCTCG TCTCCG CCG TCA TG TCCG G TG TCA CCGTCTCCCTCCG  1600

Fig. 57: Sequence alignment of a 335bp PCR amplified P-tubulin fragment from blastospore 
transformant, BS123 to the published 2 586bp N.crassa p-tubulin sequence (Orbach etai., 1991). Percent 
Similarity : 100.000; Percent Identity : 100.000.1 Arrows indicate the position of the T to A point- 
mutation in the transgene (**) and the N.crassa Benomyl resistant P-tubulin gene (*). BS123 PCR 
fragment was generated using fl2L (P-tubulin consensus primer) and r9L.( N.crassa specific primer). 
The fragment was sequenced with N.crassa specific primers fncl and r9L.

BS123--------  285  CTTCCAGATCACCCACTCCCTCGGTGGTGGTACCGGTGCC 24 6
I I I I I I I I I I I I I I I II II I I I I I I I I I I I I I I I I I I 

mfwl2r-------  101 GCCTCCAGGGCTTCCAGATCACCCATTCTCTTGGTGGTGGTACCGGTGCC 150

245 GGTATGGGTACCCTCCTTATCTCCAAGATTCGTGAGGAGTTCCCCGACCG 196 
I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

151 GGTATGGGTACTCTGTTGATCTCCAAGATCCGTGAAGAGTTTCCCGACCG 200
T ** ■

195 CATGATGGCTACCTACTCCGTCGTGCCCTCCCCCAAGGTCTCCGATACCG 14 6 
II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

201 AATGATGGCTACTTTCTCCGTCGTTCCCTCTCCCAAGGTTTCCGACACCG 250
A * •

145 TTGTCGAGCCCTACAACGCCACCCTCTCCGTCCATCAGCTCGTTGAGAAC 96
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I II I I

251 TTGTCGAGCCCTACAACGCCACTCTCTCCGTCCATCAGCTCGTTGAGAAC 300

95 TCCGACGAGACCTTCTGCATTGACAACGAGGCGCTTTACGACATTTGCAT 4 6
II I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I II I I I I I

301 TCTGACGAGACTTTCTGCATCGACAACGAGGCTCTGTACGATATCTGCAT 350

45 GAGGACCCTCAAGCTCTCCAACCCCTCTTACGGCGATCTTAACCA  1
I I II I I I I I I I I I I I I I I I I II I I I I I II II III I 

351 GCGCACTCTCAAGCTGTCCAACCCTTCATACGGTGACCTGAACTATCTCG 400

Fig. 58: Sequence alignment1 of a 335bp PCR amplified P-tubulin fragment from blastospore 
transformant, BS123 to a cloned 499bp PCR amplified wild-type M.flavoviride p-tubulin fragment, 
mfwl2r. Percent Similarity : 87.719 ; Percent Identity : 87.719.1 Arrows indicate the position of the T to 
A point-mutation in the transgene (**) that confers resistance to Benomyl, and the corresponding 
nucleotide ( a  T ) in the wild-type M.flavoviride p-tubulin allele (*) that confers sensitivity to the 
fungicide. BS123 fragments were generated and sequenced as described for Fig. 54. mfwl2r fragment 
was generated and sequenced as described for Fig. 41.

'Alignments were generated using the gcg program,GAP, on g-nome. GAP utilises the algorithm of
Needleman and Wunsch to find the alignment of two complete sequences that maximises the number
of matches and minimises the number of gaps.

164



and random variations in conidial colour between and within strains were observed over the 

entire concentration range. Conidial colour varied between green, dark-green, yellow-green, grey- 

green, dark-grey-green and whitish-grey-green.

In transformation o f M.anisopliae with pSV50 carrying the same N.crassa Benomyl 

resistant P-tubulin gene, transformants grew and sporulated in the presence o f 5 and 10 pg/ml 

Benomyl but were completely inhibited by 25pg/ml Benomyl (Bernier ef.a/.,1989).In 

transformation o f M.anisopliae with pBENA3 carrying the A.nidulans Benomyl resistant P- 

tubulin gene, transformants demonstrated complete inhibition o f growth at 50pg/ml Benomyl 

(Goettel et.al.,1990). These observations suggest that the transformation system established for 

M.flavoviride with the N.crassa Benomyl resistant P-tubulin gene has activated a novel 

mechanism confering a very high level o f resistance to Benomyl.

Consider VY1 and BS123, transformants with a high rate o f growth, stability and 

prolific conidiation on (10 - 100) pg/ml Benomyl, and tested positive by PCR for amplification 

of the 335 bp N.crassa P-tubulin gene fragment. As these isolates demonstrated strong 

transformant phenotype, they were initially thought to contain only copies o f the N.crassa 

Benomyl resistant P-tubulin allele. However, the use o f P-tubulin consensus primers for 

sequencing PCR amplified 450 bp p-tubulin gene fragments from VY1 and BS123 genomic 

DNA did not detect N.crassa P-tubulin gene sequences, but rather, detected the wild-type 

M flavoviride P-tubulin gene. The use o f N. crassa-specific primers for sequencing f!2L/r9L 

amplified 335 bp fragments from VY1 and BS123 genomic DNA, subsequently allowed 

detection o f N.crassa P-tubulin gene sequences, proving that both isolates were transformed.

The latter observations indicate an important but unexpected characteristic o f the 

transformation system i.e. isolates that demonstrate strong transformant characteristics may 

carry a mixture o f N.crassa and wild-type M.flavoviride P-tubulin alleles. An important factor 

to evaluate at this point in time would be the mechanism by which transformants maintain 

levels o f Benomyl resistance as high as 100 f-ig/ml in the presence o f Benomyl-sensitive and 

Benomyl-resistant P-tubulins.

The reported mechanism o f P-tubulin resistance to Benomyl as reviewed by Davidse 

(1986) do not suggest that Benzimidazole resistant P-tubulin molecules have the capacity to 

bind the fungicide, and yet retain the ability to polymerize into functional microtubules. 

Alternatively, a conformational change in Benzimidazole resistant P-tubulin molecules was 

suggested to confer a low level o f binding affinity to the Benzimidazoles or the inability to 

bind. If Benzimidazole resistant P-tubulin molecules retained a low level o f  binding affinity
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for the fungicide, they may be expected to bind the fungicide when the latter was present in 

excess. In such a situation, the presence o f wild-type Benzimidazole-sensitive p-tubulin molecules 

(originating from wild-type alleles), that have a high level o f binding affinity for the fungicide are 

likely to sequester the fungicide, thereby diluting its effective concentration and availability to bind 

Benzimidazole resistant P-tubulin molecules. It follows that the presence o f only the N.crassa 

Benomyl resistant P-tubulin in a transformant is likely to result in a lower level of Benzimidazole 

resistance, by virtue o f the fact that wild-type p-tubulin molecules with higher Benzimidazole

binding affinity for the fungicide are not present to dilute the effects o f the fungicide at high

concentrations.

Although all emergent blastospore transformants demonstrated a high rate o f growth and 

stability on 10 fig/ml Benomyl, only 45% of the emergent germling protoplast transformants were 

stable upon first subculture onto 10 pg/ml Benomyl from primary transformation plates. O f the 

remaining 55% of emergent germling protoplast transformants not stable upon first subculture onto 

10 pg/ml Benomyl, 27.5% demonstrated stable growth on either 8 yg/ml or 6 pg/ml of the fungicide, 

while another 17.6% were not viable even on the latter concentrations of Benomyl, suggesting that 

they were abortive transformants. Germling protoplast transformants stable on 8 but not 10 jig/ml of 

the fungicide are postulated to originate from uninucleate transformed protoplasts, while 

transformants stable on 10 pg/ml Benomyl are postulated to originate from multinucleate germling

protoplasts carrying a mixture o f wild-type and transformed p-tubulin alleles. The latter postulate is

supported by DAPI analysis o f blastospores, confirming the presence o f between 1 - 5  nuclei per 

blastospore, suggesting that a mixture o f transformed and wild-type nuclei may be propagated. 17 

1/2 hr. germling protoplasts generated in 0.6M KC1 are predicted to cany only 1 - 2  nuclei per 

protoplast.

An alternative to the mechanism postulated above is the possibility that N.crassa p-tubulin 

gene regulatory elements were not spliced into the site of the native M.flavoviride P-tubulin gene 

during strand exchange and recombinatioa In this situation, the native M.flavoviride p-tubulin gene 

promoter would have been driving expression o f the N.crassa transgene. Assuming inter-strain 

promoter incompatibility between Metarhizium and N.crassa p-tubulins, this may be the primary 

factor inducing a high level o f resistance to Benomyl in the transformants obtained from this 

study.

Several germling protoplast transformants that were found to loose their resistance to 

Benomyl upon subculture demonstrated mutant morphology i.e. conidia were pigmented brown rather 

than the wild - type green, and were retarded in growth. Three isolates were
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found to demonstrate a non-pigmented £jelly-bean’ morphology. Based on observations

described in Chapter 5, suggesting the presence o f a transposing element in isolate

IMI330189 with a predilection for transposition into genes o f the melanin biosynthetic cluster, 
and brown

the non-pigmented ̂  abortive transformants described may represent isolates in which this 

element was mobilised in response to the physiological stressors associated with protoplast 

formation, treatment with DNA and Benomyl.

4.4.2.7 Sal I integration patterns of the N.crassa transgene in 
transfo rm ants

Genomic DNA of wild-type M.flavoviride generally cross-hybridized to the N.crassa 

Benomyl resistant p-tubulin gene at high stringency as a single band ~(3.0-3.5)kb in size2. 

This factor suggests a high level of sequence homology between the native P-tubulin gene 

and the N.crassa Benomyl resistant p-tubulin gene, and the possibility o f high frequencies 

of reciprocal recombination associated with gene conversion. Figs. 6 0 - 6 1  below explain the 

various types o f Sail integration patterns possible if gene conversion had occured over the 

entire lengths of the native Mflavoviride and N.crassa p-tubulin genes, or alternatively, if 

gene conversion had occured over only highly conserved internal segments of the 

recombining P-tubulin genes. Plasmid pBENl carrying the 2.6kb N.crassa Benomyl resistant 

P-tubulin gene is described as follows:-.

2.6 kb N.crassa p-tubulin gene

Sail

Hindlll

Fig. 59: The 5.2kb transforming plasmid, pBENl. The 2.6kb N.crassa Benomyl resistant P-tubulin gene 

carries a single Sail site located at its 5’ end, and a single H indlll site located at its 3’end.

Based on the single (3.0-3.5) kb hybridization band empirically obtained when Sail 

cut genomic DNA of the wild-type isolate was probed with the 2.6kb N.crassa p-tubulin 

gene, a chromosome of the wild-type isolate of IMI330189 carrying a single copy o f a 

native p-tubulin gene may be described as follows:-
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si s2
i  *

s3 s4
i

C « • >«| 3

Chromosome P 

/

t --1
M.flavoviride native  

P-tubulin gene

Fig. 60: A postulated chromosome (‘P’) of the wild-type isolate of IMD30189 carrying one native P- 

tubulin gene. Sail sites are postulated to occur either at s i or s2 or both, and either at s3 or s4, or 

both.

Fig.61 describes chromosome P if gene conversion had occured between internal 

segments of M.flavoviride and N.crassa P-tubulin genes.

Chromosome P

si s2 s3 s4

• • «a*
a & b refer to flanking 
segments of the native 
P-tubuiin gene

N.crassa P-tubulin  
gene fragm ent

Fig.61: Chromosome P if gene conversion had occured over only internal segments of M.flavoviride 
and N.crassa P-tubulin genes. Sail sites are postulated to occur either at s i or s2 or both, and either 

at s3 or s4, or both.

As wild-type Sail sites (i.e. si or s2 and s3 or s4) are retained after the 

recombination event, the expected Sail hybridization pattern when probed with the N.crassa 

P-tubulin gene is a single major hybridization band (3.0 - 3.5) kb in size, similar to the 

hybridization pattern obtained with the wild-type isolate.

If on the other hand, gene conversion had occured over the entire lengths o f both 

M.flavoviride and N.crassa P-tubulin genes, chromosome P may be described as follows:-

S 5 Chromosome P

N.crassa p-tubulin
gene

Fig. 62: Gene conversion involving the entire lengths of M.flavoviride and N.crassa P-tubulin genes. 

Postulated M.flavoviride Sail sites are indicated as si and s4. S5 refers to the sole terminal 5’ 

N.crassa P-tubulin gene Sail site that has been confirmed by sequence analysis (Orbach etal.,1986).
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The hybridization pattern that may be expected when probed with the N.crassa P-tubulin 

gene is a single major band ~(3.0-3.5)kb in size,as empirically obtained with the wild-type isolate.

Fig.63 indicates Southern Hybridization Analysis o f  3 blastospore transformants and 

Figs.64 a & b indicate Southern Hybridization Analysis o f 5 germling protoplast transformants 

probed with the 2.6 kb Benomyl resistant P-tubulin gene. A  total o f 10 isolates originating from 

transformed germling protoplast pools1 and 10 isolates originating from transformed blastospore 

pools yielded a single hybridization band ~(3.0-3.5)kb in size (like the wild-type isolate)2, in 

Southern Analysis o f Sail digested genomic DNA, probed with the 2.6 kb N.crassa Benomyl 

resistant P-tubulin gene. 10 o f the isolates tested were confirmed to be transformed by PCR 

and/or sequence analysis. If single or multi-copy integration o f pBENl had occurred by 

homology at the site o f the native P-tubulin gene, and / or pBENl had integrated ectopically 

in chromosome P or on another chromosome, dual or multiple hybridization bands ( other 

than the 3.0-3.5 kb band that corresponds to the native p-tubulin gene ) o f  assorted sizes 

would have been obtained. The lack in the latter, in combination with wild - type 

hybridization patterns in all transformants analysed, by default indicate a high degree o f 

sequence conservation between the wild-type and N.crassa P-tubulin genes, and reciprocal 

recombination associated with gene conversion in 100% o f the transformation events.The 

possibility o f  integrative transformation has only been suggested in one PCR identified 

germling protoplast transformant i.e. VY7 that indicated differential amplification o f the 335 

bp N.crassa - specific product at 62°C, when mycelium for DNA extractions had been 

cultured in continuous illumination and in continuous darkness. As the latter observations 

suggest that varying illumination levels during culture o f mycelium for DNA extractions, 

either confers or prevents the phenomena o f ‘quelling’, the isolate is suggested to carry tan-

u O f the 10 isolates originating from protoplasts that were subjected to Southern analysis, 6 o f  them 

i.e. VY1,VY2,VY3,VY4,VY9 and VY10 were identified as transformants by either one or a combination 

o f  the following methods i.e. by fl2L  /  r9L PCR amplification o f the 335 bp fragment at high stringency, 

by demonstrating stability on 100 pg/ml Benomyl, by having a high rate o f emergence on transformation 

plates, and by sequence analysis indicating the presence o f  the N.crassa Benomyl resistant p-tubulin 

gene. O f the 8 DNA-treated isolates originating from blastospores that were subjected to Southern 

analysis, 6 o f  them i.e. BS117,BS118,B S123,BS200,BS201 and T3 tested positive by PCR by amplification 

o f  the f l2 L /r9 L  335 bp fragment at high stringency. BS 117,BS200JBS201 and T3 were also found to 

carry the transgene by sequence analysis.

** Identical hybridization patterns were obtained with Sail cut genomic DNA from wild-type strains 

of M.flavoviride IMI330189 and CBS218.56,probed with the 2.6kb N.crassa P-tubulin sequence.

169a



1 2 3 4

44kb
"v U K * *  : *"• 3.6 kb

H  2.8 kb

2.3 kb

Fig. 63: Southern Analysis o f blastospore transform ants probed with the 2.6 kb N.crassa Benomyl 

resistant p-tubulin gene. Lane 4 - wild-type M.flavoviride indicating a single, m ajo r hybridization 

band ~ 3.0 - 3.6 kb in size corresponding to the native P-tubulin gene, blastospore transform ants, 

BS117 (Lane 1), BS118 (Lane 2), and BS 123 (Lane 3) - also indicate a single, m ajo r hybridization 

band ~ 3.0 - 3.6 kb in size. These isolates were identified as transform ants by PC R  analysis ( 

BS117, BS118 & BS123 ) and DNA sequence analysis ( BS117 & BS 123 ).

! 2 3 4

3.6 kb

2.8 kb

Figs. 64 a & b: Southern Analysis of germling protoplast transform ants probed w ith the 2.6 kb 

N.crassa Benomyl resistant P-tubulin gene. Fig. 64a - VY9 (Lane 3) & VY10 (Lane 4) are isolates 

PCR identified as transform ants, that originate from protoplast pools treated w ith 250 ng DNA. 

Lane 2 carries an isolate em ergent from protoplast pools treated  with 10 pg DNA, selected on 20 

pg/ml Benomyl. Fig. 64 b - VY2 (Lane 3) is an isolate PC R  identified as a transform ant 

originating from a protoplast pool treated with lOOng DNA. Lanes 2 & 4 carry  isolates em ergent 

from germ ling protoplast pools treated with DNA but were not PCR tested. In all instances, 1 

m ajor hybridization band was obtained ~3.0 - 3.6 kb in size. Lane 1 (Figs. 64 a & b) carries wild- 

type M.flavoviride genomic DNA. W eak to no hybridization is observed due to the stringency of 

the wash.
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demly arranged multiple copies o f the transforming plasmid that would be susceptible to 

methylation via quelling. This postulate has yet to be confirmed by Southern Hybridization 

Analysis.

Possible splicing sites during gene conversion: Any site that carries a few to several 

hundred basepairs o f sequence dissimilarity during homologous pairing and hybrid formation 

are likely targets for the induction o f double-strand breaks, strand exchange and 

recombination. In comparing an alignment o f several P-tubulin genes from Epichloe typhina, 

Acremonium coenophialum, Colletotrichum graminicoIa,Acremomum chrysogenum,Colletotrichum 

gloeosporioides and the N.crassa Benomyl resistant P-tubulin gene, the highest levels o f 

sequence divergence corresponded to regions downstream o f the 1033^. nucleotide, and 

upstream o f the 2260^ nucleotide in the N.crassa Benomyl resistant P-tubulin gene. In 

considering the situation where the entire length o f the genes are not involved during 

reciprocal recombination, the 1227 bp intervening sequence, corresponding to the major region 

o f P-tubulin gene conservation is very likely to be involved in strand-exchange during 

recombination. Within this intervening segment, potential-binding sites o f M.flavoviride and 

N. crassa-specific primers are regions in which double-strand breaks may be induced during 

homologous pairing and hybrid formation. However, as the fl2L  and r9L combination 

amplified the 335bp fragment, at low template concentrations, in all isolates tested, the r9L 

binding-site is not likely to be a splicing site during recombination.

Three PCR identified transformants that demonstrated integration patterns identical to 

the wild-type isolate originate from germling protoplast pools treated with 10 ng DNA, 

another originates from germling protoplast pools treated with 100 ng DNA, and 2 others 

originate from germling protoplast pools treated with 250 ng DNA. These observations 

suggest that the use o f higher DNA dose in the range o f 100 - 250 ng does not induce 

integration o f more than a single copy o f the transgene any more than the use o f low 

DNA dosage in the range o f 1 0 - 5 0 n g  i.e. gene conversion occurs independently o f DNA  

dose. An isolate originating from protoplast pools treated with 10 pg DNA, and selected on 

20 pg/ml Benomyl also yielded the same integration pattern. Therefore, if  single or multicopy 

integration o f  the transgene is possible at the site o f  the native p-tubulin gene, or at 

multiple ectopic sites in the genome, it is likely to occur at low frequencies, and is not 

likely to be dependent on dosage o f DNA, or on the level o f Benomyl used for selection.

It is interesting to speculate on the reasons for the high frequency o f gene 

conversion and the lack o f ectopic integration observed o f the isolate under study when 

transformed with the N.crassa Benomyl resistant P-tubulin gene. Several reports cumulatively 

suggest that integration o f transgenes carrying a significant level o f conservation to a native 

chromosomal gene(s), need not occur exclusively through reciprocal recombination leading to
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gene conversion, and / or homologous integration adjacent to the site o f the native 

chromosomal gene. These mechanisms o f homologous recombination may occur in tandem 

with mechanisms that induce ectopic integration o f a transgene. As a general rule, the higher 

the level o f  nucleotide sequence homology between a transgene and its chromosomal site o f  

hybridization, the higher the likelihood o f occurrence o f homologous mechanisms o f  

integration. Without resorting to DNA sequencing, an alternative index o f  nucleotide 

sequence homology between a transgene and its targeted chromosomal site is the level o f  

cross-hybridization between them in Southern Hybridization Analysis. Bernier et.al. (1989) 

provide clear evidence suggesting that a strong level o f  cross-hybridization in Southern 

Analysis between a transforming p-tubulin gene and a native p-tubulin gene is associated 

with high frequencies o f transformants with single or multiple copy homologous integration 

events having occurred adjacent to the site o f  the native p-tubulin gene. However, in certain 

transformants, ectopic integration o f the transgene was also observed to have occured at 

single or multiple chromosomal sites. The possibility o f  gene conversion having occured at 

the site o f  the native P-tubulin gene, regardless o f  homologous integrational and ectopic 

integrational events, was not investigated. In transformation o f  another M anisopliae isolate, 

E6, with plasmid pBT6 carrying the Septoria nodorum Benomyl resistant P-tubulin gene, 

which carries a high level o f  nucleotide conservation to the native E6 p-tubulin gene, 60% 

o f transformation events were found to result exclusively from gene conversion (Bogo 

e t.a l,1996). Novak and Kuck (1994) provide interesting evidence suggesting that even if  the 

nucleotide sequence o f transforming DNA is almost identicle to a corresponding 

chromosomal sequence, bar for a point-mutation in a single nucleotide in the transforming 

DNA, transformation may not occur exclusively by gene conversion at the site o f  the 

chromosomal sequence o f interest. Indeed, although gene conversion may have occurred at 

high frequency at the site o f the native P-tubulin gene in the Acremonium chrysogenum 

isolate under study, the majority o f transformants analysed also carried multiple, ectopically 

integrated copies o f transforming DNA.

The M.anisopliae isolate, ME1 has been transformed with plasmid pBENA3 which 

carries the benA3 allele o f  A.nidulans conferring resistance to Benomyl (Goettel et. a l.,1990), 

and cotransformed with pBENA3 in combination with plasmid pNOM102 which carries an 

E.coli GUS gene (St.Leger et.al., 1995). Goettel et.al.(1990) report multiple copies o f pBENA3 

integrated at multiple (possibly ectopic and homologous) sites in the genome. The possibility 

o f gene conversion having occurred at the site o f the native ME1 P-tubulin gene was not 

investigated. The results o f cotransformation experiments analysed by CHEF gel electrophoresis 

in combination with Southern Hybridization Analysis by St.Leger et.al.(1995), suggest ectopic 

integration o f  pNOM102 at single and multiple unlinked sites in the genome. Neither 

pBENA3 nor pNOM102 cross-hybridized to the native ME1 P-tubulin gene nor to any 

other gene in the fungus. The possibility o f gene conversion having occurred between benA3
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and the native ME1 p-tubulin gene was not investigated, but is suggested to be low  

considering the low level o f  cross-hybridization between the genes.

The evidence discussed so far suggests that ectopic integration o f transgenes may 

occur regardless o f the level o f nucleotide sequence homology between a transgene and 

native chromosomal sequences i.e. a high level o f  nucleotide sequence homology between a 

transgene and its targeted chromosomal site does not inhibit ectopic integration o f the 

transgene. This observation strongly suggests that the frequency o f ectopic integration is 

dependent on factors intrinsic to the host. Isolates not prone to ectopic integration o f a 

transgene such as isolate IMI330189 with pBENl, and those that demonstrate low  

frequencies o f ectopic integration, such as isolate E6 (Bogo et.al.,1996) are either likely not 

to have even short ectopic chromosomal sequences with significant homology to the 

transgene, or few o f them. It is likely that such isolates have a stable genome, not prone to 

spontaneous or DNAse-mediated chromosomal fragmentation, or site-specific endonucleolytic 

restriction that may facilitate ectopic, transgene integration. Such isolates are also likely to 

carry low nucleoplasmic concentrations o f  cations and polyamines that may have facilitated 

stable heteroduplex formation at heterologous chromosomal sites, ectopic to the site o f a 

native chromosomal gene. They may also have very efficient mechanisms for eliminating 

heteroduplex formation and recombination between DNA sequences carrying moderate to 

low levels o f homology, as would occur during hybridization o f  the N.crassa P-tubulin gene 

at sites ectopic to the native P-tubulin gene.

4.4.3 Summary

With an efficiency o f 133 transformants per fig DNA (based on PCR evidence, rate o f  

emergence on transformation plates, stable growth and conidiation on 100 pg/ml Benomyl 

and sequence analysis), and the possibility o f 10-fold improvement with the use o f  

optimised conditions o f protoplast regeneration (Chapter 4.3), the germling protoplast 

transformation system established for isolate IMI330189 may be considered efficient. As 

transformants generally demonstrated stable and prolific growth and conidiation at very high 

concentrations o f Benomyl (i.e. 100 fig/ml), the system and marker used may be considered 

robust, pending confirmation by stability tests, with and without selection, over several 

generations o f subculture. Sail integration patterns clearly indicated gene conversion by 

homology in 100% o f the transformation events analysed in 20 transformants. A s such, 

isolate IMI330189 is considered to have immense potential as a host for gene disruption 

studies with the use o f homoleogous (and possibly heterologous) DNA, in view to genetic 

analysis o f  function.
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5.0

Description of a developmental mutant

In transformation o f germling protoplasts, 6 Benomyl resistant colonies that emerged 

from protoplasts pools treated with a range o f DNA concentrations were found to carry a 

pale yellow-white spored mutant phenotype that did not undergo the normal progression o f  

pigment development. These colonies were subsequently found to carry primarily white

pigments with a low level o f reversion to yellow pigmentation. Although biosynthesis o f  a 

colourless pigment ( that gives rise to the appearance o f  ‘white’ mycelium) and a yellow  

pigment, occurs normally during development o f  wild-type M.flavoviride, they are observed 

as transient phases, progressively converting into a dark olive - green pigment that is 

believed to be 1,8 - DHN ( 1,8-Dihydroxynapthalene ) ( Bell & Wheeler, 1986 ). In contrast, 

the pale-yellow-spored mutants consistently manifested this phenotype over 10 weeks o f  

development on primary transformation plates.

The mutant phenotype was initially thought to be induced by the presence o f the 

N.crassa transgene integrated at an ectopic site(s) in the melanin biosynthetic pathway. 

However, detection o f three isolates demonstrating the mutant phenotype from control

protoplast pools not treated with DNA, suggested that the mutation occurred independently 

o f transformation. This raised the alternative possibility that the aberrant phenotype was 

caused by a point-mutation occurring at high frequency in a gene involved in melanin

biosynthesis, induced by the processes undertaken during transformation. However, 89% o f

the isolates that demonstrated the mutant phenotype subsequently reverted to wild - type 

patterns o f pigmentation. Based on the fact that DNA-mismatch repair mechanisms are 

relatively inefficient in fungi in comparison to bacteria (Kramer et.al.y1989), it is postulated 

that this mutant phenotype, with a high frequency o f  reversion, is not due to a point- 

mutation in one or more o f the genes o f the melanin biosynthetic gene cluster. As most 

mutations with high reversion frequencies in filamentous fungi, this mutation is likely to be 

due to a transpositional event into the melanin biosynthetic gene cluster. The high frequency 

o f reversion also negated the possibility that the mutant phenotype was induced by chromosomal 

deletions o f  undefined cause involving genes that encode for melanin biosynthesis.

It is o f interest to note here that another mutant phenotype demonstrated by several 

germling protoplast transformants, but at a frequency distinctly lower than the pale yellow- 

spored mutant phenotype, was characterized by distinctly brown pigmentation. Similarly 

pigmented protoplast regenerants have also been observed on 1/4 SDA plates containing 1.4M
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KC1 as osmotic buffer (Chapter 4.3, Table 9), suggesting that mobilization o f the postulated 

element is under osmotic regulation. As such, the presence o f Benomyl in combination with the 

osmotic buffering used to regenerate transformed and untransformed germling protoplast pools 

may be considered to have induced predominant transpositional mutation o f genes that enable 

progressive conversion o f the colourless/white and yellow pigments into the subsequent 

pigments o f the melanin biosynthetic pathway. The latter phenotype was exhibited by 28% o f  

the total number o f Benomyl resistant regenerants from protoplast pools treated with DNA, 

while 12.5% o f the total exhibited the brown-spored phenotype. It should be noted at this point 

that as spore colour pigmentation mutants were not obtained from blastospore transformations, 

physiological stress associated with the process o f protoplasting and / or regeneration on high 

osmolarity media, may be the primary criteria inducing transposition.

Stability o f the mutant phenotype was tested by subculturing all 9 isolates onto 1/4 SDA 

containing 10 pg/ml Benomyl. After 7 days culture at 27°C with and without illumination,8 o f  

the 9 isolates tested demonstrated prolific growth and conidiation, and complete reversion to 

wild-type pigmentation patterns i.e. there was complete conversion o f pale yellow - white 

pigmentation to wild-type olive - green pigmentation. However, upon subculture, one o f the 

isolates, VY7y, demonstrated a distinctly white to beige-coloured phenotype that was clonally 

propagated when cultured at 27°C with and without illumination. The base o f VY7y mycelium 

carried low levels o f  a reddish brown pigment. VY7y demonstrated prolific growth, and 

maintained the mutant phenotype even after a month o f subculture at 27°C, with illumination. 

This isolate was subjected to further testing with the objective of determining conditions that 

induced reversion to wild-type pigmentation patterns, if  this were possible, and the 

micromorphology and characteristics o f the mutation. Microscopic examination o f the VY7y 

phenotype is described in Plates 21a - g, and Plates 22 h - m .

The stability o f the VY7y mutant phenotype was tested over a range o f incubation 

temperatures i.e. (20 - 37)°C on two types o f media Le. 1/4 SDA (Appendix A) and VGP 

(Appendix D). Plates were supplimented with 10 jig/ml Benomyl, and incubated in complete 

darkness. As a control, wild-type M.flavoviride was subjected to the same conditions o f 

subculture on plates unammended with Benomyl. Plates 23 a - e and Plates 24 a - e indicate that 

the mutant phenotype was retained by VY7y over the entire temperature range tested, and on 

both types o f media. Subsequently, the stability o f the VY7y mutant phenotype was tested on 

VGP containing 10pg/ml Benomyl with and without illumination, with temperature fluctuations 

between (27 - 42)°C, with at least 3 days o f  continuous growth at 42°C prior to recording 

results. VY7g, a green-spored sector from the original VY7y colony from the primary
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Plates 21 a - g: Micromorphology of germling protoplast transformant and pigmentation mutant, VY7y. 

Hyphal morphology was sometimes regular, ‘r ’ ( Fig. 21 a ), and at other times irregular, ‘ir ’ ( Figs.21 b, c 

and d ). Ballooning of mycelium, ‘b’ was frequently observed ( Figs. 21 e, f & g ). Both ballooning and 

development of irregular mycelium are believed to be caused by a deficiency in wall-strengthening 

melanotic pigments. Bars represent 9.2 pm.
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Plates 22 h - m: Micromorphology of germling protoplast transformant and pigmentation mutant, VY7y. 

Spore and spore - bearing structures were visible. Spores, were sometimes small, ‘ss’ i.e. in the range of (2.4 

- 3.2) pm x (2.6 - 4.1) pm ( Plate 22h ), and at other times larger, ‘Is’ in the range of (3.7 - 5.5) pm x (4.1 - 

7.8) pm ( Plates 22 i - m ). Spores appeared either as spherical bulbs, ‘sp’ at the ends of hyphal stems 

(Plate 22 j,l ), or as ovoid structures, ‘ov’ (Plates 22h, i, k & m). Phialides were not clearly observed, ‘b’ 

indicates sections of mycelium undergoing ballooning. The variable size of spores may be due to the 

phenomena of ballooning. Bars represent 9.2 pm.
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Plates 23 a, b, c, d and e indicate gross morphology of VY7y ( bottom plate ) and wild-type 

M.flavoviride ( top p la te ) when cultured on VGP in complete darkness, at 20°C, 25°C, 27°C, 30°C and 

37°C. The olive -green conidia of wild-type M.flavoviride are likely to carry the pigment 1,8-DHN. 

VY7y did not conidiate with growth at any temperature, and is likely to predominantly carry the 

colourless pigment, Scytalone, in mycelium. VY7y mutant phenotype was retained over the entire 

temperature range tested. If present, the reddish brown pigment, flaviolin, could not be differentiated 

from coloured pigments contained in the media. Growth levels of both wild-type M.flavoviride and 

VY7y were prolific at 20°C, but significantly reduced at 37°C, as compared to 30°C. VY7y media was 

supplimented with Benomyl at 10 pg/ml, while wild-type media did not contain the fungicide.1

1 Each plate represents the culture morphology observed on 2 other replicate plates.
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Plates 24 a, b, c, d and e indicate gross morphology of VY7y ( bottom plate ) and wild-type 

M.flavoviride ( top plate ) when cultured on 1/4 SDA in complete darkness, at 20°C, 25°C, 27°C, 30°C 

and 37°C. The olive-green coloured conidia of wild-type M.flavoviride are likely to carry the pigment 

1,8-DHN. VY7y did not conidiate over the entire temperature range tested, and is likely to 

predominantly carry the colourless pigment, Scytalone, in mycelium. The reddish orange-brown pigment 

at the base of VY7y mycelium is likely to be flaviolin, a derivative of 1,3,6,8 THN. VY7y mutant 

phenotype was retained over the entire temperature range tested. Growth levels of both wild-type 

M.flavoviride and VY7y were prolific at 20°C, but significantly reduced at 37°C, as compared to 30°C. 

VY7y media was supplimented with Benomyl at 10 pg/ml, while wild-type media did not contain the 

fungicide. 1

1 Each plate represents the culture morphology observed on 2 other replicate plates.
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transformation plate was subjected to the same conditions o f subculture. Wild-type M.flavoviride 

was subjected to the same conditions o f  growth on plates unamended with Benomyl. Plate 25 

and Plate 26 describes colony morphology after 10 days o f culture.

Plate 25 indicates the effects o f  temperature fluctuations between (27 - 42)°C, with at 

least 3 days o f continuous growth at 42°C, on culture o f wild-type M.flavoviride, and germling 

protoplast transformants, VY7g and VY7y, in complete darkness, with and without Benomyl 

supplimentation. Wild-type M.flavoviride grew pfolifically on media unamended with Benomyl, 

but was completely inhibited in growth on media supplimented with Benomyl at 10 jig/ml. 

VY7y expressed the mutant phenotype on media amended and unamended with Benomyl at 10 

jig/ml. VY7g expressed the mutant phenotype transiently on media amended with Benomyl, but 

gradually reverted to wild-type patterns o f pigmentation. Reversion to wild-type pigmentation 

patterns occurred more rapidly in VY7g on media unamended with Benomyl, suggesting that 

Benomyl has a stabilizing effect on the transposon when culture is undertaken in complete 

darkness.

Fig. 26 indicates the effects o f temperature fluctuations between (27 - 42)°C, with at 

least 3 days o f continuous growth at 42°C, on culture of wild-type M.flavoviride and germling 

protoplast transformants, VY7g and VY7y, under continuous illumination., with and without 

Benomyl supplimentation.Wild-type M.flavoviride grew prolifically and with abundant conidiation 

on media unamended with Benomyl, but was completely inhibited in growth on media 

supplimented with Benomyl at 10 pg/ml.

On media unamended with Benomyl, VY7y morphology indicated regions o f white and 

grey pigmentation. Microscopic examination revealed generally regular mycelium, with less 

ballooning as compared to VY7y culture in complete darkness. Sporulation had occurred. Spores 

were grey in colour, and were distinctly more spherical (Plate 27a) than wild-type conidia (Plate 

27b). It is postulated that spore structure may have been affected by the ballooning phenomena 

observed in mycelia. On media containing Benomyl, microscopic examination o f VY7y revealed 

generally regular mycelium, with some ballooning. Spore colour and structure were similar to 

observations on media unamended with Benomyl i.e. greyish khaki-green. As regions o f white, 

mutant mycelia were apparent on media unamended with Benomyl, the transposon is suggested 

to be more stable at its site o f integration in the melanin biosynthetic gene cluster on 

unamended media, than otherwise, when subjected to continuous illumination during culture. 

Mobilization o f the transposon out o f its site o f integration in the melanin biosynthetic gene
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Plate 25: Growth of wild-type M.flavoviride, VY7g and VY7y on VGP, with and without Benomyl 

supplimentation at 10 pg/ml, when cultured in complete darkness. Incubation was subject to 

temperature fluctuations between (27 - 42) °C, with at least 3 days of continuous growth at 42°C prior 

to recording results. The mutant phenotype was retained by VY7y with and without Benomyl 

supplim entation.1

v/¥7s + i  + e

Plate 26: Growth of wild-type M.flavoviride, VY7g and VY7y on VGP, with and without Benomyl 

supplimentation at 10 pg/ml, when cultured with continuous illumination. Incubation was subject to 

temperature fluctuations between (27 - 42) °C, with at least 3 days of continuous growth at 42°C prior 

to recording results. The development of pigmentation in VY7y with and without Benomyl 

supplimentation suggests mobilization of the transposon out of the melanin biosynthetic gene cluster. 1

1 Each plate represents the culture morphology observed on 2 other replicate plates.
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Plate 27b

Plate 27 a & b: Morphology of grey spores produced by VY7y and olive green conidia produced by wild- 

type M.flavoviride with continuous illumination, in the absence of Benomyl (P late 26). Wild-type conidia 

(b) were distinctly ovoid in shape, ‘ov\ VY7y spores (a) were pleomorphic, some resembling wild-type 

conidia, ‘ov’, while others, ‘sp’ were larger and more spherical in shape rather than ovoid. Although 

reversion was characterized by development of (grey) pigmentation, the structural abnormalities observed 

suggest either that complete reversion to wild-type patterns of sporulation are not possible under the 

conditions of culture utilized to induce mobilization of the transposon out of the melanin biosynthetic 

gene cluster, or that complete reversion would require longer length of culture, or one or more 

subcultures. Bar represents 23 pm.
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cluster is suggested to occur at a higher relative frequency on media amended with Benomyl.

The latter trend was also observed o f VY7g.

Observations on the speed o f transposon mobilization when culture is undertaken with 

continuous illumination and in complete darkness, with and without Benomyl supplimentation 

indicate that transposon mobilization and remobilization is dependent on different degrees o f 

physiological stress. The primary initiation o f  transposition into the melanin biosynthetic gene 

cluster may have been instigated by one or a combination o f processes undertaken during 

transformation i.e. protoplasting, treatments to induce competence, the adsorbtion and 

incorporation o f DNA, and cell-wall regeneration in the presence o f  osmotic buffering and 

Benomyl. Culture o f  VY7y and VY7g in complete darkness (incubation temperature in the 

range o f 20 - 37°C) in the presence o f Benomyl, is postulated to carry approximately the same 

level o f  physiological stress that induced the initial transposition into the melanin biosynthetic 

gene cluster. The latter postulate is supported by the fact that the conditions specified were 

observed to anchor the transposon at its primary site o f  transposition. However, as culture o f 

both isolates under conditions o f  continuous illumination, in the presence o f Benomyl, with 

temperature fluctuations between 27 - 42°C, induced reversion to wild-type pigmentation patterns, 

the combination o f Benomyl, continuous illumination and temperatures approaching 42°C is 

postulated to have induced a step-wise increment in the level o f  physiological stress that the

cultures were subjected to. The higher level o f  stress is postulated to have induced secondary

mobilization o f  the transposon out o f  the melanin biosynthetic gene cluster.

A  factor that detracts from the postulate o f  Benomyl induced physiological stress is the 

fact that both VY7y and VY7g were PCR identified as transformants. As such, they would be 

synthesizing Benomyl resistant (3-tubulin molecules capable o f  polymerization into normal 

microtubules and should not be experiencing Benomyl induced physiological stress. However, 

Benomyl has been known to have physiological effects other than that affecting microtubule 

synthesis eg. the fungicide has been reported to inhibit Cytochrome P450 involved in ergosterol 

biosynthesis ( Murray & Ryan, 1983 ), suggesting that the fungicide would induce physiological 

stress even in an isolate carrying the Benomyl resistant P-tubulin gene. The latter factor 

implicates Benomyl as a possible stressor that may induce mobilization o f the transposon.

Many Deuteromycetous fungi are known to produce melanin via a 1,8-DHN (1,8- 

Dihydroxynaphthalene) intermediate (Bell & Wheeler, 1986). The predominant bright olive-green  

pigment observed o f VY7g culture on media unamended with Benomyl under continuous 

illumination ( Fig. 26) is postulated to be 1,8-DHN, the precursor o f  the grey 2,2’ DHN dimer

182



present only in small regions o f  the plate. The predominant production o f the grey 2 ,2’ DHN 

dimer on media amended with Benomyl suggests that mobilization o f the transposon out o f  the 

melanin biosynthetic gene cluster occurred more rapidly on media amended with Benomyl, than 

otherwise. The white or colourless pigment characteristic o f  VY7y, predominantly produced by 

the isolate when cultured in complete darkness (Figs. 23 ,24  and 25) and also to a limited extent 

under continuous illumination on media unamended with Benomyl (Fig. 26), has not been

observed after the occurrence o f  1,8-DHN. This pigment is likely to be one o f the colourless

precursors o f  1,8-DHN, Scytalone, and the red-brown pigment present at low levels at the base 

o f VY7y mycelium accumulating this colourless pigment, is likely to be Flaviolin, an oxidation 

product o f a Scytalone precursor, 1,3,6,8-THN. Confirmation o f  Scytalone accumulation in VY7y 

would indicate transpositional mutation at the site o f the dehydratase that catalyses conversion 

o f Scytalone into 1,3,8-THN (Chapter 3, Fig. 8).

It is interesting to speculate on the reasons for the greater stability o f the transposon in

VY7y in comparison to VY7g. One possible reason could be that in VY7g and in the majority 

o f isolates exhibiting the pale yellow-spored phenotype, the transposon has a higher tendency to 

integrate into a position within the dehydratase encoding gene that is significantly less stable 

than the position occupied by the transposon in VY7y. One possible reason for the varying 

levels o f  anchorage at the different integration sites o f the transposon may be the presence o f  

stabilizing proteins. Another factor that may be stabilizing the mutant phenotype is the presence 

o f multiple copies o f  the transposon at the site o f integration. This may have occurred in the 

event o f replicative transposition (i.e. initiation o f transposition during the process o f  DNA  

replication, resulting in duplicate copies o f the transposon i.e. one copy at its native site, and 

another at the site o f  primary transposition), that was followed by a secondary transpositional 

event. If this was true o f VY7y, culture in continuous darkness at 42°C may have induced one 

o f its postulated duplicate copies o f  a transposable element to transpose, while the other may 

have remained, thereby stabilizing the mutant phenotype. In VY7g, it is likely that only one 

copy o f  the transposon is integrated in the melanin biosynthetic gene cluster. Therefore, the 

same conditions o f culture that induced mobilization o f one o f the postulated 2 transposable 

elements out o f the gene cluster in VY7y, yet enabling it to maintain its mutant phenotype, is 

likely to have induced mobilization o f  the single element in VY7g, thereby inducing reversion 

to wild-type patterns o f  pigmentation. Alternatively, the presence o f large elements that have 

long terminal inverted repeats, and are also internally repetitious, may have induced sequence 

additions or deletions in a single mobilized copy o f an element upon folding or interaction 

with other elements in close proximity. The latter effect may have conferred a greater level o f  

stability to the transposon by mutation o f  transposase activity.
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89% o f the transpositional mutants demonstrating the pale-yellow spored phenotype 

were unstable and reverted to wild-type pigmentation patterns suggesting that insertion o f the 

transposon at the site(s) that confers the unstable mutant phenotype (eg. at the site o f  

transpositional integration in VY7g) occurs at a significantly higher frequency than insertion at 

the site demonstrated by VY7y, which only occurs at a frequency o f 11%. This observation 

may be due to a higher level o f sequence homology between transposon sequences and the 

site o f  integration o f the transposon in VY7g in comparison to the site o f  integration in VY7y.

An additional point o f  interest here is that M.flavoviride transformants that may be 

carrying the entire N.crassa p-tubulin gene or a segment o f  it sufficient to confer resistance to 

Benomyl are significantly less stable at (37 - 42)°C than wild-type M flavoviride. This difference 

is less distinct when culture is undertaken in complete darkness, as opposed to culture with 

illumination. This observation suggests that either the N.crassa P-tubulin molecule or 

recombinant P-tubulin molecules (that carry sequences from both M flavoviride and N.crassa) are 

less stable than the wild-type molecule with exposure to temperatures as high as 42°C. This 

also suggests that although the N.crassa Benomyl resistant P-tubulin gene may be used as a 

transformation marker for genetic analysis o f  M flavoviride, it would not be suitable for creation 

o f a recombinant strain for field application as such a strain would necessitate heat tolerance. A  

viable alternative for the creation o f  recombinant field strains would be to clone a

Mflavoviride Benomyl resistant p-tubulin gene for use as a selectable marker in transformation.

Applications for transposon tagging: Although many important fungal genes have been 

cloned and sequenced, and may be used for isolation o f  their homologues in other fungal 

species, not all existing genes and gene functions have been elucidated. An important application 

for a characterized transposon is for the detection o f  novel genes and functions by 

transpositional mutation. Typically, an innate transposon is mobilized by the introduction o f  

stressors or a combination o f stressors. The resultant transpositional mutants are then subjected 

to functional analysis. Mutants with the desired null functions are then subjected to genetic 

analysis. This would entail digestion o f  genomic DNA from the wild-type isolate and mutants, 

followed by Southern blotting and hybridization with either the whole gene or a fragment o f  

the gene encoding for the transposable element. The hybridization band would indicate the

region o f transposon integration, with the flanking regions consisting o f the mutated gene. The

region o f hybridization may then be gel purified and cloned, or alternatively, the gel purified

DNA may be used directly for sequencing with transposon - specific primers without prior 

cloning. As these primers would be designed at the flanking ends o f the transposon, they would
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enable step-wise sequencing o f the entire gene or at least several hundred basepairs in regions 

flanking the site o f the transpositional integration.

Under the specific conditions o f transformation which include the processes o f  

protoplasting, cell-wall regeneration on osmotically buffered media, amended and unamended 

with Benomyl, with and without exposure to illumination, the transposable element described in 

this Chapter demonstrates a distinct predilection for genes o f  the melanin biosynthetic gene 

cluster. Therefore, if  the available heterologous cloned fungal genes for melanin biosynthesis are 

not sufficiently similar to native M.flavoviride genes o f  the melanin biosynthetic cluster for 

direct use in gene replacement, mobilization o f the transposon may be undertaken to generate 

transpositional pigmentation mutants that may be used for identification o f pigmentation genes.

A drawback o f this transposon is its site-specificity for regions in the melanin 

biosynthetic gene cluster, making it a less versatile transposon. An important criteria for the 

usefulness o f  transposon tagging for detection o f  novel genes is random integration. However, 

the preferences demonstrated by the transposon here may be specific to the conditions o f  

transformation and selection utilized suggesting the possibility o f mobilization into other 

chromosomal regions, by varying these parameters. Alternatively, we cannot exclude the 

possibility that the conditions o f germling protoplast transformation induce mobilization into 

chromosomal regions other than that o f the melanin biosynthetic gene cluster, but the effects o f  

such transpositional mutations are not apparent in gross colony morphology.

An interesting strategy to increase the possible integration sites o f  a transposon is the 

introduction o f  oligonucleotides 4 - 5 bp in length, that are homologous to regions in the 

transposon, into the fungal genome. Random integration o f  the oligonucleotide as opposed to 

homology-based integration would be facilitated by the inclusion o f  one or several restriction 

enzymes during the transformation process. A method o f  selecting transformants would not be 

necessary. The same batch o f cells or protoplasts may then be subjected to various stressors 

that induce transposition. The integration o f the oligonucleotide into a gene may not disrupt the 

gene or its open-reading frame because o f its small size. However, the presence o f  the 

oligonucleotides may target integration o f the transposon into a gene o f  functional interest. 

Modifications o f culture conditions and stressors that induce transposition may then enable 

selection o f  novel mutants, and identification o f the mutated gene(s) by transposon tagging.

Strategies in cloning the transposon : Two strategies may be used to clone the 

transposable element. Detection o f  the element may be undertaken by Southern Hybridization
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Analysis with heterologous cloned fungal transposons eg. the TAD element (Kinsey & Helber, 

1989) and Pogo (Schechtman,1990) o f N.crassa, the MGR repetitive element o f M.grisea (Hamer 

et.al., 1989; Valent & Chumley,1991) and the F.oxysporum transposable elements Fotl, Fot2, 

Impala, hop, Foretl, and palm, assuming that one or more o f these elements are sufficiently 

homologous to the element o f  interest in isolate IMI330189 for clear hybridization. Clear 

hybridization bands between any o f these elements and M.flavoviride wild-type genomic DNA 

would indicate the presence o f similar transposons in Mflavoviride, and the possibility o f  

cloning each o f  them. Detection o f the specific element mobilized in VY7y may be undertaken 

by comparing hybridization bands obtained from digests o f wild-type Mflavoviride DNA with 

digests o f  VY7y genomic DNA probed with the various heterologous elements. Digestion o f  

genomic DNA from both the wild-type and transformed isolates with several restriction 

enzymes should elucidate a restriction enzyme that enables size differentiation o f hybridization 

bands that carry the element o f  interest in both isolates.

In the event that none o f the cloned transposable elements available detect the element 

o f interest in Mflavoviride, Southern Hybridization Analysis may be undertaken with

heterologous cloned genes o f the melanin biosynthetic pathway that cross-hybridize to the 

native M flavoviride gene disrupted in the VY7y transposition. Examples o f  such a genes are 

the Altemaria altemata  BRM2 or ALM genes ( Kawamura et. al.,1997). I f either o f these genes 

encode for the dehydratase that catalyses conversion o f  Scytalone into 1,3,8-THN and is

sufficiently homologous to cross-hybridize to the corresponding M flavoviride gene in the wild- 

type isolate and in VY7y, it may be used to tag the transposon o f  interest in VY7y. PCR 

primers designed based on predicted regions o f  conservation between dehydratase encoding 

genes may be used to sequence the flanking ends o f  the native disrupted Mflavoviride

dehydratase gene leading to elucidation o f transposon sequences. The latter sequences would

enable design o f transposon - specific PCR primers for amplification o f the element from wild- 

type M flavoviride genomic DNA. The resultant PCR amplified fragments may be gel purified 

and used as probes to detect the transposon in wild-type M flavoviride genomic DNA by 

Southern Hybridization and Analysis. The region o f the hybridizing band may then be gel 

purified and cloned for sequencing.

Relevance o f  the VY7v mutation : The intermediary pigments o f the melanin 

biosynthetic pathway in M flavoviride have yet to be characterized or analyzed in terms o f  

differential virulence, and /or environmental hardiness. The possibility that the different pigments 

may have distinctly different properties is suggested in Chapter 4.3 ( Protoplast Regeneration) by 

way o f  the fact that mycelial protoplasts that originated from brown conidia regenerated with a
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70% higher level o f  efficiency than mycelial protoplasts that originated from green conidia. 

Characterization o f the different pigments would necessitate mutation o f  several genes in the 

melanin biosynthetic pathway and / or manipulation o f conditions o f culture, to enable 

accumulation o f specific pigments. This task may be facilitated by genetic characterization o f  

the transposon described. The VY7y mutation suggests that a genetic lesion resulting in 

Scytalone accumulation, also confers developmental abnormalities in vegetative mycelium and 

conidia, and would not, therefore, be suitable for mass production. The focus o f analysis should 

therefore be turned to the brown pigments 1,3,8-THN and Vermelone, the olive pigment 1,8- 

DHN, the grey 2,2’ dimer o f DHN and its olive to olive-black intermediates to melanin, the 1,1* 

dimer o f  DHN and its red to red-brown intermediates to melanin, and shunt products off the 

DHN pathway like the yellow-orange pigment 2-Hydroxyjuglone, and the brown pigment, 

Juglone. Obviously, the colourless pigments are also worthwhile investigating.

Growth o f isolate IMI330189 under suboptimal conditions eg. under continuous 

illumination or with over-crowding has frequently been observed to induce fluffy, white mycelial 

out-growth from a densely conidiated background. These tufts o f  sterile mycelium have been 

observed to switch to reproductive mode and conidiate only after an extended period o f  

culture. As sterile mycelium is morphologically similar to VY7y gross morphology, the 

possibility exists that sterile mycelium is induced by the same transpositional event, but only 

occurs in a small population o f  conidia. In support o f  this postulate is the fact that sterile 

mycelium is induced under conditions o f  stress, as are transpositional events, and may also 

revert to reproductive mode i.e. it is reversible, as are transpositional events.

An important consideration for a field isolate is the ability to conidiate and synthesize 

pigments that confer resistance to ultra-violet radiation, enzymatic degradation and other factors 

that together contribute towards environmental hardiness. Therefore, the presence o f  instability 

factors, including transposons such as the one described, would significantly reduce the field 

potential o f  a fungal isolate and should be eliminated in view to the production o f a stable, 

efficacious biopesticide.
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6

General discussion

Perhaps, one o f  the most interesting facets o f M.flavoviride isolate IM3330189, is its 

distinct dimorphism in vivo and in vitro. Particularly noteworthy is the in vitro sensitivity o f  

the dimorphic response to varying levels o f  illumination and temperature in the range o f ( 

20 - 30 )°C. Whether or not the isolate retains its sensitivity to the same stimuli in vivo is 

yet to be seen. As polarised growth is distinctly favoured under conditions o f continuous 

illumination, germination o f conidia is likely to be significantly enhanced under illumination. 

Therefore, spraying should be undertaken in the early morning in the field, or with artificial 

illumination in the case o f indoor farming. Enhanced germination is likely to increase the 

speed o f  infection.

It should be noted that fungi rarely undergo reproductive growth when in 

submerged culture, the environmental signal for conidiogenesis usually initiated by exposure 

to an air interface ( Timberlake,1980 ). The ease at which M flavoviride undergoes conidiation 

in liquid culture is hence a notable exception, and in view o f the recalcitrance o f  spore 

walls to enzymatic degradation, it is an important factor to be considered when attempting 

protoplasting. It is interesting to note that the M.anisopliae isolate, ME1 is not prone to 

extensive blastosporulation or conidiation in liquid culture, which may account for the 

relative ease in enzymatic cell - wall degradation and protoplasting o f this isolate with 

Novozym 234 in comparison to isolate IMI330189.

The pleomorphic spore forms o f isolate EMI330189 under different conditions o f  

culture are worthy o f investigation. Although mycelium carrying high concentrations o f the 

olive-green melanin precursor pigment, 1,8 - DHN is recalcitrant to enzymatic digestion, it is 

interesting to note that blastospores generated in liquid culture under conditions that delay 

development o f this pigment, still demonstrate strong levels o f  recalcitrance to enzymatic 

digestion. This observation suggests that blastospores carry a significantly different cell-wall 

in comparison to mycelia. Blastospores were white to off - white, or sometimes very pale 

yellow in colour, similar to pigments produced in mycelia during early development o f  1 ,8- 

DHN melanin, suggesting that they may be 1,8 - DHN precursors. However, as certain 

cultures were observed to carry significant populations o f both the whitish blastospores and 

dark green pigmented conidia simultaneously, there is a possibility that blastospores generate 

alternative pigments ( eg. shunt products o f melanin biosynthesis ) that may or may not have 

similar, or higher heat, dessication and Ultra Violet tolerance found in
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structures carrying 1,8-DHN and its derivatives. The possibility that the different spore 

forms and associated pigments possess differential levels o f virulence cannot be discluded. 

In the same vein, the success o f soil applications with mycelial particles o f M.anisopliae 

(Krueger et.al.,1992) suggest the possibility that mycelia cultured differently, may have 

significantly different levels o f virulence.

It is interesting to note the effects o f the different wavelengths o f white light on 

cell-wall regeneration efficiency. Clearly, red and blue light are involved in initiation o f  

transcription during biosynthesis o f cell-wall regenerating enzymes, or important second and 

third messengers involved in cell-wall biosynthetic metabolic cascades. Yellow light clearly 

induces protoplast toxicity. The most likely mechanism by which this occurs is by the 

excitation o f photosensitive pigments in mitochondria and in cytoplasm, with the 

consequent production o f singlet O2 and other reactive oxygen species. On a different note, 

considering the profound effects o f white light on growth form and growth rate, it would 

be interesting to investigate whether the different wavelengths o f white light have an 

influence on several phenomena recently observed in fungi, the mechanisms o f which have 

yet to be elucidated. Examples include MIP ( Methylation Induced Premeiotically ) and RIP 

( Repeat Induced Point Mutation ), in sexual fungi, and a form o f inactivation o f duplicated 

genes via methylation in asexual fungi like M.flavoviride, termed ‘quelling’. It would also 

be o f interest to determine whether the different components o f white light influence the 

nature o f integration by differential activation / inactivation o f recombinational mechanisms 

such as functional homologues o f p m sl, RADI, RADIO and mei3 in M.flavoviride, leading 

to either predominant gene conversion between homeologous DNA or high frequencies o f  

ectopic integration. It is interesting to note here that while germling protoplasts and 

blastospores o f M.flavoviride are significantly different physiologically, transformation o f  

both growth forms with the N.crassa Benomyl resistant P-tubulin gene yielded high 

frequency transformation by gene conversion at the site o f the native P-tubulin gene. The 

latter observations suggest that physiological differences between the growth forms do not 

differentially affect the nature o f transgene integration.

Studies on epigenetic effects induced by illuminated culture, and the use o f specific 

stages o f conidial (and / or pigment) development are important not merely because these 

factors profoundly affect protoplast regeneration but because they may similarly influence 

conidial viability and virulence. Of particular interest is the postulate that the transmissible 

fungal growth factor(s) is a polyamine(s), and / or one or other o f the enzymes o f the 

polyamine biosynthetic cascade eg. ornithine decarboxylase and / or arginine decarboxylase. 

Fungal culture from the conidial to the mycelial stage and onto protoplast regeneration had 

always been undertaken in rich, complete media (i.e .1/4SDA ,CDC & VGP), that is very
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likely to have been conducive to polyamine biosynthesis. As such, polyamine deprivation could 

not have occurred. The fact that supplementing protoplasts originating from particular batches o f  

conidia with very high concentrations o f polyomithine still induced significantly higher levels o f  

regeneration is an indication that the compound is very potent, and is beneficial to growth even 

at high concentrations. In a different vein, the lack o f  effect o f  polyomithine and putrescene on 

the regenerative capacity o f certain other batches o f protoplasts suggests that biosynthesis o f the 

regeneration enhancing factor(s) if  they are polyamines, is inducible by manipulation o f 

conditions o f culture during generation o f conidia for producing mycelium for protoplasting. In 

vitro studies indicate that polyamines are DNA binding proteins that protect DNA from heat 

denaturation (Tabor & Tabor, 1984) and as such, they are likely to confer a certain level o f heat 

tolerance to the spore. As they stabilize DNA molecules by charge - charge interactions, it is 

possible that these amines also confer protection against ultra-violet radiation.

Section 4.3.2.2.2 discusses the evidence suggesting that the transmissible regeneration 

enhancing factor(s) exerts light-protective properties during protoplast regeneration. This factor(s) 

may be neutralizing deleterious effects o f  yellow light on protoplast regeneration. It should be 

noted that cell-wall regeneration is essentially an injury-repair response. As such, factors that give 

rise to fungal cultures that regenerate well upon protoplasting are also very likely to be at a 

relatively higher level o f viability. In terms o f commercial production, it is likely to be beneficial 

to include this factors) in media and/or formulation, or manipulate conditions o f culture to induce 

high level biosynthesis o f  the factors).

Section 4.3.2.2.2 highlighted the fact that illuminating as opposed to not illuminating 

conidia during culture conferred differential physiological characteristics as well as pigmentation 

to conidia. These properties were transmissible and their effects were clearly detected during the 

process o f  protoplast regeneration.These observations suggest the possibility that altering levels o f  

illumination as well as quality o f  illumination may confer distinctly different pigmentation, with 

perhaps higher levels o f  Ultra-Violet, heat and dessication tolerance. Conidia may also have 

heightened levels o f  virulence.

Germination o f conidia, generation o f mycelium and the subsequent stressors associated 

with enzymatic digestion o f the mycelial cell-wall can be viewed as analogous to the process o f  

infection, whereby the fungal spore germinates, penetrates the host cuticle and encounters 

stressors associated with the hosts immune response. In Entomopthora and Metarhizium , 

penetration o f the host cuticle is accompanied by sloughing o f its cell-wall. The fungus is
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then thought to proliferate as protoplasts and in the case of Metarhizium, it secretes toxic 

metabolites that debilitate the hosts immune system. During the intermediate stages of 

infection, perhaps in response to signals that indicate distinct weakening of the hosts immune 

system, regeneration of the fungal cell-wall is initiated. It is not known whether the 

regenerated cell-wall is identical to the mycelial cell-w all formed during in vitro culture. 

There is a possibility that the de novo cell wall does not contain the antigenic molecules that 

indicate non - self to the insect host (the mechanism of self /  non - self recognition is known 

to be mediated by specific components, lectins, of the fungal cell w a ll). As the available 

evidence suggests that polyamines play a crucial role in arranging the structure of the fungal 

cell-wall, it would be of interest to determine if supplimentation of polyamine starved 

protoplast pools with different types and concentrations of polyamines, combined with 

manipulation of culture conditions could produce regenerants with functional cell -walls that 

were devoid of some, if not all the molecules that induce an antigenic response in particular 

insect hosts. It would also be of interest to determine if continual culture of protoplasts on 

insect extracts, with and without supplimentation with polyamines, and other regulatory 

compounds of cell-wall biosynthesis, or immunoregulatory compounds, could alter host range 

and specificity, by modulating the antigenic response, and breeding tolerance towards non - host 

insects. Both the strategies described have the objective of facilitating pathogenicity to a 

particular insect host(s), that may (or may not) be natural hosts of the fungus. However, a 

similar strategy, with the addition of specific immunochemicals, may be used to prime the 

immune response in beneficial insects, to effectively fight and eventually limit the progression 

of fungal infection.

It should be noted that in the transformation system established in this study, efficient 

levels of gene conversion have been obtained with the use of a homeologous marker gene 

divergent by at least 13% from its target site on the native gene. In the effort to elucidate 

pathogenicity genes and genes involved in developmental pathways that affect rate of growth, 

conidiation and pigment biosynthesis in M.flavoviride, the problems and tedium involved in the 

creation of a gene library for identification of pathogenicity genes and gene replacement 

studies, may be averted by the use of cloned, heterologous genes from other fungi for isolation 

and cloning of its homologues in M.flavoviride, and /  or for direct use in gene replacement 

studies for the creation of null mutants for analysis of function. These genes can be expected 

to be homeologous to its homologues in M.flavoviride by up to 20% in the case of genes 

involved in the melanin biosynthetic pathway of M.flavoviride, but certain genes may be 

sufficiently divergent from its homologues in M.flavoviride to be considered heterologous. 

Therefore, isolates that have a high frequency of gene conversion with the use of homeologous
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genes, like isolate IMI330189, will be useful for genetic analysis as hosts for targeted gene 

replacement with homeologous or heterologous genes from other organisms.

Efficient innate mechanisms of recombination and inefficiency or lack of DNA 

mismatch repair mechanisms are likely to have contributed to the high frequencies of gene 

conversion demonstrated by isolate IMI330189. The significance of DNA mismatch repair 

mechanisms in restricting recombination between heterologous and homeologous DNA in 

certain organisms is illustrated in tests of inter-species recombination between Hfr E.coli and 

F  Salmonella typhimurium effective and defective in DNA mismatch repair. These two species 

carry sequence divergence of approximately 20%. When effective in mismatch-repair, these 

strains yielded recombination frequencies 105- fold lower than for crosses between E.coli 

strains. In contrast, for recipients defective in DNA mismatch repair, recombination during 

interspecies mating was found to be only 100-fold lower relative to intraspecies mating 

(Rayssiguier et. al., 1989).

In Saccharomyces cerevisiae, although sequence divergence has been found to be a 

barrier to gene conversion, it is less of a constraint than in bacteria.The frequency of gene 

conversion between homeologous DNA i.e. with between (73 - 85)% homology between donor 

and recipient nucleotide sequences, was only (10 - 20)% lower than between homologous 

DNA’s under a variety of circumstances, including meiotic recombination (Nielsen, 1991) and 

intraplasmid recombination between repeats (Larionov et.al., 1994). In yeast cells undergoing 

mitosis, there are comparable levels of reciprocal recombination associated with gene 

conversion for both homologous and homeologous DNA’s (Harris et.al., 1993). In S.cerevisiae, 

the PMS1 gene is homologous to the mutL and hexB mismatch repair genes of bacteria 

(Kramer et.al., 1989). In contrast to the potency of the DNA mismatch repair system in 

bacteria, in a pm sl mutant background in S.cerevisiae, heteroallelic recombination was only 

increased 3 to 5 fold in comparison to the wild-type. These studies suggest that DNA  

mismatch repair systems are relatively inefficient in fungi in comparison to bacteria. This 

factor may explain the high level of reciprocal recombination observed in isolate IMI330189 

in this study with the use of a homeologous gene estimated to diverge between (13 - 20)% 

from its chromosomal homologue.

Other than DNA mismatch-repair systems that restrict recombination between 

homeologous DNA, mechanisms that detect non-homologous hybridizing DNA, and undertake 

homologous pairing and strand exchange between homologous hybridizing DNA are also likely 

to strongly influence recombination frequencies. In E.coli, RecA undertakes all three functions. 

The RecA protein forms helical RecA : DNA complexes with single-stranded or partially
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double-stranded DNA molecules. These complexes can selectively recognise and bind 

homologous DNA molecules on chromosomes. It is believed that within the enclosure of the 

RecA filament the two aligned molecules can exchange their strands (Howard-Flanders 

et.al., 1984).

In N.crassa, Cheng et.al.(\993) have identified a recombination and repair gene, mei-3 

that encodes a RecA-like protein, suggesting that similar mechanisms of recombination exist in 

filamentous fungi. Mutation of mei3 in N.crassa leads to meiotic arrest at pachytene and to 

extreme sensitivity to X-rays and the X-ray mimetic drug methyl-methanesulfonate, clearly 

demonstrating deficiency in double-strand break repair. In wild-type, recombination is induced 

100-1000 fold during meiosis and is believed to be important for the correct segregation of 

chromosomes (Petes et.al.,1992). The high frequency of reciprocal recombination observed of 

isolate IMI330189 suggests that the isolate carries an efficiently expressed mei3 homologue. 

Over-expression of mei3 or innate mei3 homologues in isolate IMI330189 may induce a 

higher frequency of transformation between homologous and homeologous DNA.

Proteins involved in recombination and recombinational repair in S.cerevisiae are 

RAD51, RAD52, RAD55, RAD57, DMC1, RADI and RADIO. Mutations in RAD51, RAD52, 

RAD55 and RAD57 have similar effects to mei3 mutations in N.crassa ( Morrison,D.P. & 

Hastings,P.J.,1979 ; Friedberg,1988 ; Aboussekhra et.al., 1992 ). Of particular interest are RADI 

and RADIO proteins that form a complex in vitro (Bailly et.al., 1992; Bardwell et.al., 1992) that 

has single-strand DNA endonucleolytic activity (Tomkinson et.al., 1993), which is required to 

remove non-homologous single-stranded DNA from the 3’ ends of recombining DNA (Fishman- 

Lobell and Haber, 1992; Prado & Aguilera, 1995).The complex has also been reported to have 

annealing-promoting activity between homologous single-stranded DNA (Sung et.al.,1992). It is 

interesting to speculate on whether RADI and RADIO play a compensatory role to the 

relatively inefficient DNA mismatch repair system in yeasts (and other fungi) for preventing 

recombination between non-homologous DNA.

Mutations in DMC1 result in meiotic arrest in prophase ( Bishop et.al., 1992 ), and 

there are indications of strong depression of physical cross-over. It is not clear whether the 

latter effect is due to meiotic arrest or due to a loss of enzymatic function involved in cross

over formation. However, as isolate IMI330189 demonstrates a high frequency of 

transformation by gene conversion, an event necessitating double cross-over of the integrating 

strand, it is clear that functional mechanisms similar to that undertaken by DMC1 are likely 

to exist in the isolate. Therefore, this protein, or its homologue in isolate IMI330189 is a
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strong candidate for over-expression studies in the fungus in view to improving frequencies of 

reciprocal recombination and facilitating genetic and functional analysis in the organism.

Alternative to the mechanisms of homologous recombination described above, a non- 

homologous mechanism of gene conversion in S.cerevisiae i.e. double-strand gap 

recombinational repair was described by Priebe et.al. (1994). This mechanism of homeologous 

or heteroallelic recombination involves the formation of weak hybrids, gapping of chromosomal 

DNA in the region of hybrid formation, and incorporation of alien DNA into the chromosome. 

This phenomena may also be occurring in isolate IMI330189, leading to bi-directional two- 

strand conversion regardless of homology.

The phenomena of multiple integration events at multiple sites frequently observed in 

M.anisopliae with the use of homeologous genes like the A.nidulans p - tubulin gene and also 

in the use of heterologous genes like the E.coli Hygromycin B phosphotransferase gene in 

other fungal transformations (Mooibroek et.al., 1990), is less easily explained in comparison to 

the clear association of high nucleotide sequence homology between a transgene and its 

targeted genomic site, and specific host-intrinsic factors, with gene conversion. Razanamparany 

& Begueret (1988) report that ectopic integration in Podospora anserina sometimes (but not 

always) occurs in chromosomal regions carrying a low level of chance homology to the 

transforming vector. In one of three transformants analysed, there was a match of 6 bp on one 

side of an integration site and 2 bps on the other. The work of Razanamparany & Begueret 

(1988) is supported by the early work by Hinnen et.al. (1978) that suggests ectopic integration 

of a heterologous gene to be due to homology between a sequence in transforming DNA that 

is also present in dispersed repeated copies in chromosomes. As an example, Hinnen suggests 

repeat sequences of transposable elements that may be present in up to 100 dispersed copies 

in the fungal genome, and tRNA genes that may be represented by several copies in a 

genome.

It is interesting to note here, that while an engineered or naturally selected field 

isolate like IMI330189, with a high frequency of recombination will be very useful for genetic 

analysis, such a strain cannot be used for biocontrol as it is likely to recombine both 

intragenically and between species at high frequency if released into the environment. Although 

deletion of genes encoding recombination and repair proteins would confer a high degree of 

genetic stability to a potential field strain , it is also likely to reduce its viability, as DNA 

strand break normally occurs during mitosis (and in the case of sexual fungi, particularly 

during meiosis) and these proteins eg. RAD51, are essential for DNA strand-break repair. As 

an illustration, in yeasts, the deletion of RAD51 function has been demonstrated to be lethal
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with the induction o f a single double-strand break in DNA (Friedberg,1988; Petes 

et.a l.,\992). Therefore, a viable alternative to ensure genetic stability in a field isolate would 

be to introduce several copies o f genes involved in mismatch repair, or the elimination o f 

non-homologous hybridizing DNA into the genome. Such an isolate is likely to demonstrate 

very low levels o f  intragenic, interspecies and interstrain recombination.

Gene products that prevent stable heteroduplex formation between non-homologous 

DNA, may be playing a significant role in inducing plasmid integration rather than strand 

exchange associated with gene conversion. A  plasmid molecule, upon encountering a short 

stretch o f homeologous DNA may begin hybrid formation. However, annealing may be prevented 

in a genome carrying mechanisms that prevent stable hybrid DNA formation between non- 

homologous DNA. As a result, a single double-strand break (as opposed to the induction o f two 

double strand breaks as a result o f strong hybrid formation) may be induced in the chromosomal 

region carrying the short stretch o f homology with the transforming plasmid. The presence o f 

recombinational repair proteins would then enable plasmid integration. Mechanisms that prevent 

stable heteroduplex formation between non-homologous transforming DNA and associated 

chromosomal regions, not only limit ectopic integration, but also ensure that gene replacement 

occurs at its targeted site on the chromosome. As such, the elimination o f such mechanisms in an 

isolate is likely to increase the frequency o f undesirable recombination at multiple heterologous 

sites on the chromosome, while the insertion o f multiple copies o f genes that encode for these 

mechanisms into a fungal genome, is likely to prevent ectopic integration o f  transgenes, and 

reduce the efficiency o f heteroduplex formation and associated recombination between 

homeologous genes. The latter would give rise to low frequencie o f disruption in gene replacement 

studies, which would be detrimental in a laboratory strain designed to facilitate genetic analysis, 

but alternatively, would confer the genetic stability required in a recombinant strain targeted for 

field application.

An important consideration for a field isolate is the ability to conidiate and 

synthesise pigments that confer resistance to Ultra - Violet radiation, enzymatic degradation 

and other factors that together contribute towards environmental hardiness.Therefore, the 

presence o f  instability factors, including the postulated transposon described in Chapter 5 

inhibiting formation o f true conidia and melanin development in isolate EVG330189, significantly 

reduces the field potential o f  the isolate. If the same element is carried by other isolates o f  

M.flavoviride and undertakes similar transpositional events, it should be eliminated in view to the 

production o f  a stable, efficacious biopesticide. Alternatively, i f  the mutant morphology described 

in Chapter 5 is caused by a Benomyl-induced point-mutation in a gene(s) involved in melanin 

biosynthesis, the Benomyl resistance marker system should not be used for the creation o f a

195



recombinant field isolate as a proportion of fungal propagules are likely to be unstable in the 

presence of the fungicide.

It should be noted here that one of the key advantages of using a Benomyl resistance 

p-tubulin marker system for the creation of a recombinant isolate is the fact that the isolate 

may be used in combination with the fungicide for effective protection against both insect 

pests, as well as plant pathogenic fungi. However, two factors limit the overall benefits of the 

N.crassa Benomyl resistant p-tubulin gene for the creation of a recombinant field strain. 

Firstly, the significantly reduced viability of VY7y (a transformant to Benomyl resistance 

demonstrating a non-pigmented phenotype with abnormal conidiation) and VY7g (revertant of 

VY7y demonstrating wild-type patterns of pigmentation and true conidiation) when subjected to 

incubation at 42°C with continuous illumination ( Chapter 5 ) suggests that Benomyl resistant 

P-tubulin molecules have reduced stability under these conditions, and as such, transformants 

carrying this gene are less likely to be stable in the field in comparison to the wild-type 

isolate. Secondly, as the spread of resistance to azole antifungals would be detrimental to the 

use of these compounds to treat fungal diseases in man, and both conidia and hyphae of 

Metarhizium are known to anastomose frequently during in vitro culture, a recombinant field 

strain of Metarhizium carrying a Benomyl resistance marker gene must be engineered for 

maximum genetic stability to ensure genetic containment of the transgene.
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APPENDIX A

Adameks Medium (Adameks,1963)

Composition %

Com Steep Liquor..........................3

Yeast Extract................................... 4

Glucose............................................. 4

Tween-80.......................................... 0.4

pH is adjusted to 6.8 with 20% aqueous NaOH 

Agar ( if used) is used at 15 g/1 

Media is sterilized at 121°C for 15min.

1/4 Strength Sabourauds Dextrose Medium

Composition g/1

Dextrose.......................................10

Mycological peptone................. 2.5

Yeast extract.............................. 5.0

pH is adjusted to 6

Agar ( if used ) is used at 15 g/1

Media is sterilized at 121 °C for 15min.
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APPENDIX B

Czapek Pox Complete Formulation

Composition g/1

Czapek Dox Broth.....................33.4

Malt Extract.................................. 2.0

Mycological Peptone.................  2.0

Yeast Extract................................ 2.0

Casein Acid Hydrolysate............ 2.0

pH is adjusted to 6

Agar ( if used ) is used at 15 g/1

Media is sterilized at 121°C for 15min.

Czapek Dox Basal Salts Formulation without nitrate1

Composition g/1

Sodium nitrate 2.0

Potassium chloride 0.5

Magnesium glycerophosphate 0.5 

Ferrous sulphate 0.01

Potassium sulphate 0.35

Sucrose 30.00

1 For isolation of nitrate reductase mutants from basal salts media supplimented with Sodium 
Chlorate
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APPENDIX C

Modified2 Leathams Medium (Leatham,1983)

Composition: g/1

D-Glucose....................................... 25
KH2P04..............................................2
MgS04.7H20 .................................... 2

Mineral solution...........................10ml/l
Trace element solution................... lml/1
Vitamin solution...............................lml/1

Mineral solution: g/1

CaCl2.2H20 ................................. 3.67
MnS04.5H20 ............................... 4.39
ZnS04.7H20 ................................ 2.20

Trace elements solution: g/1

FeS04.7H20 .................................. 14.1
CuS04.5H20 ..................................0.784
CoC12.6H20 ...................................0.081
NaMo04.2H20 .............................. 0.051
NiCl2.6H20 ....................................0.081
SnCl2.2H20 ................................... 0.038
Concentrated HC1........................ 2.0ml

Vitamin solution: mg/ml

i-inositol.......................................... 1000
Thiamine HC1................................1000
Pyridoxine HC1................................100
Nicotinic acid...................................100
Ca Pantothenate...............................100
P-aminobenzoic acid....................... 100
Riboflavin......................................... 100
Biotin.................................................. 30
Folic acid........................................... 10
Cyanocobalamin (B12)..................... 10

2 D-Glucoronic acid used at 4 g/1 in Leatham's Medium has been excluded in the modified 
formulation
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APPENDIX P

VSG ( Germination B roth)

Composition

V8-juice 300ml/l

Sucrose 15g/l

MES(O.IM) 21.3g/l

pH is adjusted to 6.0 with 10M NaOH before sterilization at 121°C for 15mins. 

L-Glutamate, Sodium salt

(1M solution buffered with 0.1 M HEPES; pH adjusted to 6.0) 160 p i/2 0  ml

VGP Protoplast Regeneration Agar

Composition g/1

D-Glucose 10.0

Mycological Peptone 2.5

V8-juice 300ml/l

MES (0.1M) 21.3

Sorbitol (0.75M) 136.6 (for regeneration o f germling protoplasts)

Sorbitol (0.6M) supplimented

with 20% Sucrose 200.0 (for regeneration of protoplasts generated in 2.0M KC1)

pH adjusted to 6.0 with 10M NaOH

Tissue Culture Agar 15.0

Media was sterilized for 15min. at 121°C

1/4 Strength Sabourauds Dextrose Regeneration Agar 

Composition g/1

Formulation as described in Appendix A - with the addition o f 0.6M KC1 as osmoticum for 
regeneration of protoplasts generated in 0.6M KCl,and 0.6M sorbitol supplimented with 20% 
sucrose as osmoticum for regeneration o f protoplasts generated in 2.0M KC1. Media was pH 
adjusted to 6.0 prior to addition of solidification agent (1.5% Tissue Culture Agar), and 
sterilization at 121°C for 15min.
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A P P E N D I X  E

Codon frequencies of M.flavoviride based on the 499 bp. cloned wild-type P-tubulin allele, mfwl2r. 
Distinct codon bias was observed in all 22 amino-acids represented. Frequencies were calculated 
using CODONFREQUENCY, a gcg program on G-nome.

AmAcid Codon Number /1000 Fraction

Gly GGG 0.00 0.00 0.00
Gly GGA 0.00 0.00 0.00
Gly GGT 11.00 66.27 0.73
Gly GGC 4.00 24.10 0.27

Glu GAG 7.00 42.17 0.70
Glu GAA 3.00 18.07 0.30
Asp GAT 3.00 18.07 0. 30
Asp GAC 7.00 42.17 0.70

Val GTG 0.00 0.00 0.00
Val GTA 0.00 0.00 0.00
Val GTT 5.00 30.12 0.31
Val GTC 11.00 66.27 0.69

Ala GCG 0.00 0.00 0.00
Ala GCA 0.00 0.00 0.00
Ala GCT 5.00 30.12 0. 50
Ala GCC 5.00 30.12 0.50

Arg AGG 0.00 0.00 0.00
Arg AGA 0.00 0.00 0.00
Ser AGT 0.00 0.00 0.00
Ser AGC 0.00 0.00 0.00

Lys AAG 4.00 24.10 0.80
Lys AAA 1.00 6.02 0.20
Asn AAT 1.00 6.02 0. 10
Asn AAC 9.00 54.22 0.90

Met ATG 6.00 36.14 1.00
H e ATA 0.00 0.00 0.00
lie ATT 0.00 0.00 0.00
lie ATC 5.00 30.12 1. 00

Thr ACG 0.00 0.00 0.00
Thr ACA 1.00 6.02 0.09
Thr ACT 6.00 36. 14 0.55
Thr ACC 4.00 24.10 0.36

Trp TGG 1.00 6.02 1.00
End TGA 0.00 0.00 0.00
Cys TGT 1.00 6.02 0.20
Cys TGC 4.00 24.10 0.80

End TAG 0.00 0.00 0.00
End TAA 0.00 0.00 0.00
Tyr TAT 1.00 6.02 0.20
Tyr TAC 4.00 24.10 0.80

Leu TTG 2.00 12.05 0.12
Leu TTA 0.00 0.00 0.00
Phe TTT 1.00 6.02 0.17
Phe TTC 5.00 30.12 0.83

Ser TCG 0.00 0.00 0.00
Ser TCA 1.00 6.02 0.08
Ser TCT 6.00 36.14 0.50
Ser TCC 5.00 30.12 0.42

Arg CGG 0.00 0.00 0.00
Arg CGA 1.00 6.02 0.14
Arg CGT 4.00 24.10 0.57
Arg CGC 2.00 12.05 0.29

Gin CAG 4.00 24.10 1.00
Gin CAA 0.00 0.00 0.00
His CAT 2.00 12.05 0.67
His CAC 1.00 6.02 0.33

Leu CTG 7.00 42.17 0.41
Leu CTA 0.00 0.00 0.00
Leu CTT 3.00 18.07 0.18
Leu CTC 5.00 30.12 0.29

Pro CCG 0.00 0.00 0.00
Pro CCA 0.00 0.00 0.00
Pro CCT 1.00 6.02 0.12
Pro CCC 7.00 42.17 0.88
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APPENDIX F

Foreward strand sequence of 
mfwl2, the most frequently 
occuring P-tubulin genomic 
clone from wild-type M.flav- 
oviride DNA. The sequence 
of this cloned fragment is 
representative of 3/5 clones 
analysed.
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r ACQ A T A T C T Q C A T Q C Q C A C T C T C A  A G C T G  T C C A  A C C  C T T C  AT  A C G G  TQ A OCT Q A ACT A T C T  C G  T C T C  T Q  C C G  T C A T Q  T C T G Q C G  T C A  C A C A  T Q  C T T Q  CG T T C  C O G  G T C A G C T Q A  ACT C T Q  A T C T Q C G  T AA A C T Q  G CT G 7 CAACA T QQ T C C C C  T T C  
270 280 :!C0 100 310 320 330 340 350 380 370 380 390 400 410

J C C A A T C G A A T T C  C Q C  G C G C C A  TQQ C G Q C Q G Q  A G C A T Q C G  A CQT C. GGG C C  AA T T C G C C C  r A T A Q T Q  AA
420 430 440 450 480 470 480
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mfw 12f Page 1 of 1Model 377 
Version 2.1.1 Thu, Jan 8, 1998 12:02 pm 

Wed, Jul 9, 1997 8:48 pm 
Spacing: 10.94 ABI100

mfw 12f 
Lane 15PRISM

Q G T Q A C Q C C A G  A C A T Q A  C Q  G C A G  A G  A C G A G A T  A G T T C A G  Q T C A C C Q  T A T G A AG G G r i Q  Q  A C  A Q  C T  T Q  A G A G T G C G C A T G C A G  A T A T C Q T  A C A Q A Q C C T C Q T  t q T C Q A T Q C A Q A A A Q T C T C Q  T C  
10 20 30 40 50 60 70 80 90 100 110 120

A Q A Q T T C T C A A C Q A Q C T Q A T Q Q A C Q Q A Q A Q A Q T Q Q C Q T T Q T A Q Q Q C T C Q A C A A C Q Q T Q T C Q Q A A A C C T T Q Q Q A Q  A Q Q Q  a  A C Q  a  C Q Q A Q  a  A AG T A GO C A T C  A T T  C Q  Q T C G  G G A A A C T  C T T C A C G  G A T C T T G G  AG  A T C A A C A G A Q
130 140 150 160 170 180 190 200 210 220 230 240 250 260
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T A C C C A  T A C C G G  C A C C Q Q  T A C C  A C C  A C  C A  A Q  A Q  A A TQQ Q T Q A T C  T Q Q A A G C  C C  T Q Q  A A Q C A Q T  C A C A G C C T T  C G G  C C T  C Q C Q  A C G G  A CA A C  A T C A A Q G A C A  I I G T C Q A C A A G C T C A G C A  O C T T C  A Q T Q T  A G T Q  A C  C ’  T Q Q  C C C A G T T G  T T Q C C A  CAC<  
270 280 290 300 310 320 330 340 350 380 370 380 390 400 410 420

> A T C A C T A Q T G A A T T C G C  G O C G C C T G C A G G T  C G A C  A T A T G G G A G A G C T C O C  A C G C G T T Q G A T  C A T A  C T T G A G '  A 
430 440 450 480 470 480 490
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a b iA
PRISM

Model 377 
Version 2.1.1

VY1sf

vy1 sf 
Lane 10

Signal G:262 A: 1239 T:386 C:641 
DT4%Ac{A Set-AnyPrimer)
377 matrix 1155
Points 1620 to 4135 Base 1: 1620

Tue, Nov 4, 1997 12:33 pm 
Wed, Jul 30, 1997 9:46 pm 
Spacing: 10.12 ABM 00

Page 1 of 1

C Q t  Q AG GAGT T C' C G G A C C G G A G  A ■ Q QC T A C C T  A C T  C C Q T C Q  TQ C C U C C C  C CA A G Q T C T C C  G A t  A CCQ  ' G  C G A G C C C T  A C A A  CG C C ACC C T C  T C C G T C C A T C A Q C T C G  r TQ A G A  A C T C C  G A CQ AG ACCT TC T 
10 p  30 30 40 (  00 80 70 80 00 100 110 130 MO

Ga CAT  TG ACA A C Q  A G G C G C T  T T A C G  A C A T  T TG C A T  Q A G O  A C C C T C  A A Q C  T C T C  C A A C  CC C T C  T TA CGG CG A TC 1 A A C C A C C T C O T C T C C Q C C Q  T C A T G T C C Q Q T Q T C A C C G T C T C C C T C C Q T T T C  C A

Q
£



a b iA
PRISM

Model 377 
Version 2.1.1

VY1sr

ryi
Lane 19

Signal G:517 A: 1866 T.571 C:657 
DT4%Ac{A Set-AnyPrimer}
377 matrix 1155
Points 1380 to 4200 Base 1: 1380

Tue, Nov 4, 1997 12:21 pm 
Thu, Mar 6. 1997 6:45 pm 
Spacing: 10.08 ABI100

234

Q Q '  r A A G  A C Q C C 6 1 A A G  A G G G Q  G G A G  A G C T  T  G A G G  G T C C T C  A T G C A A A T Q T C G  I A A A Q C G C C T C G T  G T C A A T  G C A G  A A G Q T C T C G T C G Q A G T T C T C  A A C G  A G C T Q  A T G G A C Q Q  A G A G G G G G C G  ’ G 
10 20 30 40 50 60 70 80 90 100 110 120 130

A G G G C T C G A C A  A C G G T  A T C G G  A Q  A C  7 Q G G G Q  A G G G C A C G  A C G  G  A G  t  A G G !  A G C C A T C  A T Q C G G T  C Q G G Q  A A C T C  C T C A C G  A A T C T  T G G A G  A T A A G  G A G G  G T  A C C C  A T A C C Q G C A C C G G  A C C A C C A C C G  AGC  
140 150 160 170 180 190 200 210 220 230 240 250 260

G A G T Q G G  ' Q A T C  T G G A A G  
270 280
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Model 377 
A R I / L  Version 2.1.1

PRISM

BS123srll

bs123 
Lane 24

Signal G:109 A:359 T:106 C:111 
DT4%Ac{A Set-AnyPrimer}
377 matrix 1155
Points 1390 to 4500 Base 1: 1390

Tue, Nov 4, 1997 12:08 pm 
Mon, Mar 10, 1997 4:33 pm 
Spacing: 10.79 ABI100 235

GG A AG A t C Q C C G  ! A AG AAGGG i Q Q AQ AQC T T Q A Q Q Q T C C T C  A T G C A A A  G T C Q t A A A Q C Q  C C T C Q  Q T C A A r Q C A Q A  A Q Q T C T C Q  I C Q Q  A Q t t C T C A A C Q A Q C V Q  A t Q Q A C Q Q  AQ AQQQ l G GCG 1 Q 1 A 
JO  20 30 40 50 60 70 80 90 100 110 120 130

I Q Q C T C Q  ACA A CG G A T C Q Q  AQ ACCT t Q Q Q Q Q  AQQ QC ACQ A C Q Q A Q  A Q Q ’ AQC C A t  C A t Q C Q Q t C Q Q Q Q A A C  C C T C A C Q A A T C  Q Q A Q A ^ A A Q Q A Q Q Q ;  A COG A t  A C C Q Q C A C C G  Q A CCA QQ A C QQ AQQQ AQ T Q
140 180 160 170 180 190 200 210 220 230 240 m  260 270
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A  Model 377 BS123sr Signal G:144 A:581 T: 193 C:267
A R I  Version 2.1.1 DT4%Ac{A Set-AnyPrimer} Tue, Nov 4, 1997 11:54 am
n m o i v  jt BS123SF 377 matrix 1155 Mon, Jul 28, 1997 6:11 pm ?36n K I O l V l ______________________________________ Lane 3___________________________ Points 1450 to 4090 Base 1: 1450____________ Spacing: 10.45 ABI100

A G A T T C G  Q A Q Q AGt ' CC C CG AC CG CA G A ' G G C T  AOCT A CT C C G  T C G  i G C C T C C C C C A A Q G t C T C C G A  T A C C G T  T Q t C G A  QC C G T A C A A CQ C C ACC C t C t C C G  T C C A T C A  Q C T C Q 1 TG A G A  A C T C C G  A CG AG ACC 
10 80 30 40 50 60 70 80 90 100 110 120 130

T C T G C A T T G A C A A C O A G G C f l C T T  T A C G A C A T 1  r G C A T G A G Q  A C C C T C A A Q C T C T C C A A C C C C T C T t A  CQ Q CG A T C T  T A A C C A C C T C G  T C T C C G C C Q T C A  t Q  T GCG G t G  TCACC G TC T C C C T C  CO T TT©CC 
140 180 160 170 1M 190 200 210 280 230 240 m  m

Q G r G A T C T G  GA AG 
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