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Summary 1 

ummary 

This thesis describes studies with the two fungi ~~~~ygite~ parvispora and 
Entomophthora thripidum that are both pathogenic to Thrips fabaci (onion or 
potato thrips; Thysanoptera). N. parvispora has been isolated previously for the 
first time in this laboratory and the accomplishment of the in vitro cultivation of 
E. fhripidum is one of the results of this work. 

To investigate the evolutionary relationship of Neozygitaceae within the 
Entomophthorales the small subunit ribosomal DNA (ssu rDNA) sequences of 
several species were determined and analyzed phylogenetically. For this 
analysis the sequences of microsporidia were included because these important 
intracellular parasites of insects and other animals have been related to 
Entomophthorales recently. This study confirmed at the molecular level the 
monophyletic origin of Neozygitaceae and their belonging to the 
Entomophthorales as well as the fungal origin of microsporidia. Most 
interestingly it was revealed that microsporidia originated from within the 
Entomophthorales and formed a sister group to Neomygitaceae, It was therefore 
concluded that microsporidia have their origin within the phylum of the 
Zygomycota, belong to the Entomophthorales and are most closely related to 
Neozygitaceae This represented the first localization of the origin of 
microsporidia within the fungal kingdom. 

The main body of this PhD thesis consisted of the isolation of a growth factor 
from hemolymph that is essential for growth of N. parvispora under laboratory 
conditions” For this reason the MTT assay was first developed for the rapid 
calorimetric determination of fungal cell densities in small culture volumes. 
Fractionation of hemolymph revealed the presence of a tiMW (high molecular 
weight) and a LMW (low molecular weight) fraction that both had growth 
promoting activity. Since the HMW acitivity could be replaced by adding FBS 
(fetal bovine serum) we focused on the purification of the LMW activity, which 
was specific for hemolymph and could not be replaced. The LMW growth 
promoting activity resisted heating to lOOY2 and digestion with peptidases, had 
a molecular weight between ‘100 and 500 Da and was inactivated by acid 
treatment. Further purification was performed on Sephadex and Dowex resins, 
but did not result in sufficient material for the structural identification of possible 
growth factors. This study was concluded with the assertiorl that much more 
hemolymph would be required .for the successful ‘purification of growth 
prornoting substances. 

The second fungal species studied during this PhC) was E, thripidum, We 
isolated this fungus for the first time from infected but still living thrips in a 
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complex liquid medium. E. fhripidum is noteworthy for its vegetative growth in 
the form of protoplasts that could be continuously cultured in Grace’s insect cell 
culture medium or in GLEN medium that were both supplemented with FBS. 
The protoplasts aggregated in vitro thus forming dense pellets. If these 
protoplast pellets were kept in the same culture medium for 10 to 20 days they 
underwent a differentiation process that led to cell wall forrnation, hyphal growth 
and mycelium. This switch from protoplasts to mycelium was a prerequisite for 
the production of infectious spores, which took place after the transfer onto 
water agar. These spores were infectious to the original host and the fungus 
could be reisolated frorn such infected thrips. A more detailed investigation of 
the differentiation process revealed that E. thripidurn produced and secreted a 
factor that autoinduced the formation of mycelium. The differentiation to 
mycelium was inhibited by nitrogen. Furthermore it was found that instead of 
mycelium some isolates formed huge spherical cells that led to structures 
similar to resting spores. In analogy to the induction o.f mycelium resting spores 
were autoinduced. 
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usammenfassun 

Wahrend dieser Doktorarbeit habe ich die zwei Pilze Neozygites parvispora 
und Entomophthora thripidurn studiert, welche beide naturliche Pathogene von 
Thrips tabaci (Kartoffel- oder Zwiebelthrips; Fransenflugler; Thysanoptera) sind. 
Beide Pilze wurden in unserem Labor zum ersten Mal isoliert und kultiviert. Das 
Erreichen der in vitro Kultivierung von E. thripidum ist eines der Resultate dieser 
Arbeit. 

Urn die phylogenetische Beziehung von ~e~~~ygjt~s zu den tibrigen 
Entomophthorales zu untersuchen wurden SSU r NA (DNS der kleinen 
Ribosomen-Untereinheit) Sequenzen von mehreren Arten bestimmt und 
phylogenetisch analysiert. In diese Analyse wurden such Sequenzen von 
Mikrosporidien eingeschlossen, da diese bedeutenden intrazellular lebenden 
Parasiten von lnsekten und anderen Tieren vor kurzem mit Entomophthorales 
in Verbindung gebracht wurden. Dabei wurden der monophyletische Ursprung 
der Neozygitaceae und deren Zugehorigkeit zu den Entomophthorales wie such 
die Zugehorigkeit der Mikrosporidien zum Reich der Pilze auf molekularer 
Ebene bestatigt. lnteressanterweise hatten die ikrosporidien ihren Ursprung 
innerhalb der Entomophthorales und bildeten eine ‘Tochtergruppe zu den 
Neozygitaceae. Daraus wurde geschlossen, dass der Ursprung der 
Mikrosporidien innerhalb des Phylums Zygomycota liegt, dass Mikrosporidien 
zu den Entomophthorales gehoren und innerhalb dieser am nachsten verwandt 
zu den Neozygitaceae sind. Dies stellte die erste Lokalisierung des Ursprungs 
von Mikrosporidien innerhalb des Reiches der Pilze dar. 

Die Hauptarbeit dieser Doktorarbeit bestand in der Isolation von 
Wachstumsfaktoren aus Hamolymphe, welche fiir die Kultivierung von 
N. parvispora unerlasslich ist. Hierfiir wurde zuerst der MTT-Test entwickelt, der 
die schnelle kolorimetrische Bestimmung der Zelldichte in kleinen 
Kulturvolumina errnoglicht. Die Irisektenh~r~olymp~~e wurde in eine 
hochmolekulare und eine niedermolekulare wachstu~~sf~rderride Fraktion 
aufgetrennt. Da die hochmolekulare Aktivitat mit FBS (fotales Rinderserum) 
ersetzt werden konnte, haben wir uns auf die Reinigung der niedermolekularen 
Wachstumsaktivitat konzentriert. Diese Fraktion war spezifisch fur 
Insektenhamolymphe und konnte nicht ersetzt werden. Es wurde gefunden, 
dass die niedermolekulare Aktivitat resistent gegenuber Erhitzen auf 100°C und 
Abbau durch Peptidasen war, dass das Malekl~largewi~ht zwischen IO0 und 
500 Da lag, und dass diese Aktivitat nach Saurebehandlung nicht rnehr 
vorhanden war. Bei der weiteren Auftrennung auf Sephadex und Dowex 
Saulenmaterialien konnte nicht genugend Material zuruckgewonnen werden, 
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urn m6gliche Wachstumsfaktoren strukturell zu identifizieren. Diese Studie 
schliesst mit der Aussage, dass wesentlich grilssere Mengen 
Insektenh~molymphe n6tig sind, urn die wachstumsfiirdernden Substanzen 
erfolgreich isolieren zu k6nnen. 

Der zweite Pilz, welcher wshrend diesern Doktorat studiert wurde, ist 
E. thripidurn. Wir haben diesen Pilz van infizierten, aber noch lebenden 
Thripsen in einem komplexen FlUssigmedium isoliert. Ez thrjpidu~ ist wegen 
des vegetativen Wachstums in der Form van langgestreckten Protoplasten 
bemerkenswert. Diese Protoplasten konnten in Grace’s Insekten- 
zellkulturmedium oder in GLEN Medium nach der ugabe van FBS 
kontinuierlich geztichtet werden. In vitro aggregierten die einzelnen 
Protoplastenzellen und bildeten dichte Zellhaufen. Wenn diese 
Haufen wtihrend IO bis 20 Tagen im selben Medium belassen wurden durchlief 
der Pilz einen Differentiationsprozess, der zu ellwandbildung, Hyphen- 
wachstum und Myzelbildung fOhrte. Dieser Wechsel vom Protoplasten- in das 
Myzel-Stadium war Voraussetzung ftir die Ausbildung van infektiijsen Sporen, 
welche nach dem Transfer des Myzels auf Wasseragar gebildet wurden. Die in 
vitro produzierten Sporen konnten benutzt werden, urn das ursprijngliche 
Wirtsinsekt zu infizieren, Daraufhin konnte der Pilz wieder aus diesen ki.instlich 
infizierten Thripsen isoliert werden, Detaillierte Studien zum 
Differenzierungsprozess zeigten, dass E. thripid~~r~~ einen Faktor produzierte 
und sekretierte, der die Myzelbildung induzierte. Diese Differenzierung wurde 
durch die Anwesenheit van Stickstoffquellen verhindert, Es wurde des weiteren 
gefunden, dass man&e Isolate vori E. thripidum anstelle von Myzel grosse 
runde Zellen bildeten. Diese Kugeln entwickelten sich schliesslich ZLI 

Strukturen, die den Dauersporen der Entomophthorales sehr 2hnlich sahen. 
Analog zur Myzelbildung war such diese Dauersporenbildurlg selbstinduziert. 







InZroduction 

Whenever plants are cultivated or animals are bred new environments for 
other organisms that feed on these cultivated plants and animals are created. 
Furthermore, commerce between continents and the deliberate introduction of 
new crops, ornamentals and animals from foreign continents brought along the 
introduction of pests which then often thrived in their new habitats (Sailer, 1983; 
for a comprehensive account see also Crosby, 1996). Therefore, agriculture 
and animal husbandry usually make the control of such pest organisms 
necessary. For this, the idea to control undesired animals, plants or 
microorganisms biologically by using other antagonistic organisms is opposed 
to the method of killing pest organisms with chemical pesticides. The latter 
approach has been commonly used to solve the pest problems that appeared 
due to intensified agriculture and newly introduced plagues. However, it is now 
realized that the ,,pesticide boom‘” not only reduced many pest problems (at 
least temporarily), but also caused the destruction of beneficial organisms or 
pesticide poisonings in humans (Debach & Rosen, 199-l). 

The use of natural enemies to control pest populations and the first 
observations and descriptions of microbial diseases of insects date back rnore 
than 2000 years. At this time Chinese already used predatory ants to control 
pest insects in their citrus gardens (Coulson et t-2/., 1982; cited in Debach & 
Rosen, 1991). Insects that were parasitized and thus mummified by ,fungal 
pathogens symbolized “perennial youth and irntnortality” and were also used as 
a drug in China (Hoffmann, ‘1947; Kobayasi, 1977). The disease o.f ,the 
silkworm, also known as muscardine disease, was supposedly observed first in 
the Orient as sericulture became one of the major industries (Steinhaus, 1956). 
However, it was not until 1834 when Agostino Bassi showed for the first time 
that a microorganism, the fungus Beauveri;i bassiana, is the cause of the 
disease (Ainsworth, 1956). Bassi thus not only disproved the concept of 
spontaneous creation, but also introduced the concept of pathogenicity or the 
germ theory of diseases. Bassi’s work is also considered as the fountain for the 
idea of microbial biocontrol (Steinhaus, ‘1956). However, concrete and specific 
suggestions for the use of insect pathogenic fungi and other microorganisms as 
pest control agents, were made only three decades later almost simultaneously 
in the United States by John LVawrence LeConte and in central and eastern 
Europe by Louis Pasteur and Elie Metchnikoff and others (Steinhaus, 1956). 
Metchnikoff, who discovered the fungus now called ~~t~~}?j~;ur~ anisopliae 
succeeded in mass producing entornopathogenic microorganisms in vitro and 
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proposed to use them to infect pest organisms in the field (Steinhaus, 1956). 
Historically entomopathogenic fungi were thus important for the development of 
concepts like pathogenicity or disease, and also their practical value for the 
control of insect pests was envisioned already long ago. 

The order of the Entomophthorales, which consists almost exclusively of 
obligate “entomotrophic” or “acaritrophic” fungi, is known for more than 100 
years. The first acknowledged description of an entomophthoralean fungus has 
been made by Cohn (1855a, b), who described Enfomophfhora muscae. This 
fungus attracted the interest of early naturalists, because it causes the 
impressive disease that makes houseflies stick to windowpanes or walls 
surrounded by a characteristic halo of ejected spores. This striking sickness of 
Musca domestica had already been observed earlier and it inspired Goethe to 
the description of a “destroying dusting” of the housefly (1820). Ever since 
Entomophthorales attracted the interest of mycologists and entomologists alike 
and the meticulous and thorough descriptions of early naturalists like Brefeld 
(1877), Thaxter (1888) or Schweizer (1948) are probably still the most 
fascinating and enjoyable introductions for anybody interested in this group of 
insect pathogenic fungi. 

1. 
LASSIFICATIO 

Already with the first description of an entomophthoralean fungus, the 
pathogen now called Eufomophfhora muscae, the foundation for later 
confusions and disputes was laid. This species was originally described under 
the name of Empusa muscat? (Cohn, 1855a, b). Fresenius (1856) criticized 
correctly, that Empusa was already used for a genus in orchids, and suggested 
the name ~/~fomophthora instead. Some authors followed his suggestion and 
adopted the name Enfomophfhora, while others kept using Empusa or used an 
even different designation. Again others used both names interchangeably or 
separated two genera of Entomophthoraceae (reviewed in: Hall & Bell, 1962; 
Remaudi&e & Hennebert, 1980; Remaudi&re & Keller, 1980). Meanwhile the 
Entomophthorales have been separated into at least three families containing 
arthropod pathogenic fungi and, depending on the author, I2 to 14 genera are 
distinguished (Tab. I). 

In the first description entomophthoralean fungi were placed to the 
Acmosporiacei (=Aspergillaceae) (Cohn, ‘1855). Other authors associated them 
with Oomycota, as a stage in the life cycle of Saprolegnia, or with 
Saccharomyces (summarized in Thaxter, 1888). Brefeld arranged them in the 
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Basidiomycota (1877), while Thaxter also used the term “basidium” to designate 
the sporophore but correctly classified Entomophthorales in the Zygomycota 
(1888). This phylum is mainly characterized by the formation of nonmotile 
sporangiospores (Cavalier-Smith, 1987)) but the presence of sexual zygospores 
and of chitin and chitosan in their cell walls have been considered as important 
characteristics as well (Bartnicki-Garcia, ‘1968; Hesseltine & Ellis, 1973). 
According to Cavalier-Smith (‘1987) zygospores are also present in 
Chytridiomycota, even though these structures might be called differently in this 
class. The same author does not consider ~hytridiornycota and Zygomycota 
sufficiently distinct to merit twa separate phyla (Cavalier-Smith, 1987; Cavalier- 
Smith, ‘1998). Entomophthorales differ from the general characters of 
Zygomycota by the presence of glucan and the absence of chitosan in the cell 
wall (Hoddinott & Olsen, 1972). The sporangium of Entomophthorales is 
reduced to a single spored sporangium, and this spore is actively discharged 
(Thaxter, 1888; Hesseltine & Ellis, 1973). As a consequence, spores of 
entomophthoralean fungi have two cell wall layers, one originating from the 
sporangiospore and the other from the sporangium. 

1.1.1 NUCLEAF? CHA~ACTE~lST/CS ARE I~P~~TA~~~ FOR THE 
DISTINCT/UN AT 7-HE FAMILY LEVEL 

Originally Entomophthorales consisted only of the familiy 
Entomophthoraceae, but now they have been divided into as much as six 
different families (Humber, 1989). Of these, only the members of three families 
commonly appear as insect or mite pathogens: the Ancylistaceae, the 
Entomophthoraceae and the Neozygitaceae. These three families are mainly 
distinguished based on the rnorphology of their nuclei when stained with various 
dyes. An important criterion with respect to nuclear morphology is the presence 
or absence of condensed chrornatin that strongly stains with aceto-carmine, 
aceto-orcein, bismarck brown Y or lactophenol cotton blue (defined in Ben-. 
Ze’ev et al., 1987). The nuclear features of the three families are summarized 
according to descriptions of Ben-Ze’ev and Kenneth (1982), en-Ze’ev et al. 
(1987) and t-lumber (1981; 1989): 

Ancylisfaceae: Nuclei small (3-5 1~~1 in diameter during interphase) and 
difficult to observe during mitosis, 1-2 prominent central nucleoli that are 
persistent and stain stronger during mitosis, without condensed chromatin, 
nuclear envelope remains intact throughout mitosis, metaphase spindle 
centrally located and occupying only a small volume of the nucleus 
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* Entomophthoraceae: Nuclei typically 5-12 p.rn in diameter (but sometimes 
smaller) and visible during mitosis, 1-2 inconspicuous central nucleoli that 
remain intact during mitosis, striking condensed chromatin, nuclear envelope 
remains intact during mitosis, metaphase spindle eccentrically located and 
occupying a small part of nuclear volume. 

Neozygitaceae: Nuclei small (3-5 btrn during interphase), nuclei staining 
moderately with aceto-carmine or aceto-orcein and poorly or not at all with 
bismarck brown Y (= “semi-condensed” chromatin; Ben-Ze’ev ef al., 1987), 
1 ovoid nucleolus, nuclear envelope remains intact during mitosis, 
synchronous mitoses of all nuclei of a cell, mitotic spindle centrally located 
and occupying most of the nuclear volume. 

The Basidiobolaceae comprise a fourth family that is said to belong to the 
Entomophthorales. This group is distinguished by large nuclei (rl0 Ilrn), a 
nucleolus that disperses during mitosis, the absence of condensed chromatin 
and a nuclear envelope that breaks down during mitosis. Furthermore, 
Basidiobolaceae exhibit a special “rocket-like” spore discharge mechanism 
(Ingold, 1934). However, the members of this .family are not commonly 
pathogenic to insects and rather occur as saprobes and unspecific colonizers 
and pathogens of animals including man (C-lumber, 1989; Gugnani, 1999). 
Based on phylogenetic analysis of ribosomal DNA sequences the belonging of 

asidiobolaceae to the Entomophthorales has been questioned and a close 
association with Chytridiomycetes was found (Nagaharna ef al., “1995; Jensen 
et al., 1998). The family of the Basidiobolaceae will not be considered during 
the remainder of this discussion. 

The Neozygitaceae were the last to be defined as a separate family 
(Ben-Ze’ev et ai., 1987), which prompted Humber (?989) to reevaluate family 
and generic characteristics that are of taxonomic value. This led to the creation 
of several new families and genera and to a rearrangement of existing taxa 
(Humber, 1989). This revised taxonomy serves as guideline for the following 
discussion. 

The Ancylistaceae and the Neozygitaceae each contain only one genus, but 
within the Entomophthoraceae a dozen or more separate genera are 
recognized. However, this classification is still being discussed and there is no 
agreement upon which characters are acceptable as taxonomic criteria at the 
different taxonornic levels. In the following an attempt is made to give an 
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overview of the morphological characteristics of Entomophthorales used for 
their classification. The discussion will closely follow the view of 
entomophthoralean genera as defended by Humber (1981; 1989), Ben-Ze’ev 
and Kenneth (1982), Ben-Ze’ev et al. (1987), Balazy (1993) and Remaudihre 
and Keller (1980). The most important characters that are considered for the 
classification of entomophthoralean genera are: 

* Characteristics of the primary sporophores 
Shape, nuclear number and wall structure of primary spores 

* Mechanism of primary spore discharge 
0 Types and characteristics of secondary spores 

Characteristics of resting spores 
Presence and morphology of rhizoids and pseudocystidia 

The different genera that are distinguished with these characters are listed in 
Table 1 U More detailed descriptions of different entomophthoralean genera and 
discussions of taxonomic issues concerning this group of fungi are found in the 
above mentioned articles as well as in these reports: Gustafsson, 1965; 
Macbeod ef al., 1976; Remaudigre & Hennebert, ‘1980; Wilding & Brady, 
1984a-d; Keller, 1987; Humber & Feng, 1991; Keller, 199-i ; Balazy, 1993; 
Keller, 1993; Keller & Eilenberg, 1993; Keller, 1997; Steinkraus et al., 1998; 
Keller ef al., 1999. 

1.1.2. ‘I Primary sporophores 

Sporophores of entomophthoralean fungi are described as either simple or 
branched. A simple sporophore can also be branched, but is not divided by 
septa and therefore remains as a unicellular coenocytic structure Branched 
sporophores are septated so that there is usually one nucleus in each spore- 
forrning cell. The branched type of sporophores is associated with uninucleate, 
bitunicate primary spores, while simple sporophores form multinucleate and 
unitunicate primary spores. 

1. ‘1.22 Primary spores 

The shape of primary conidia ranges from spherical to elongate, ovoid or 
cylindrical and has been used as a help for species identification by Hutchinson 
(1963), Gustafsson (1965) and MacLeod et al. (l976). Most recently 
Rernaudikre and Keller (1980) used spore rnorphology as a criterion of their 
classification. However, fhe shape of primary spores has been rejected as a 
character to distinguish entomophthoralean genera but is still useful for the 
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description of different genera (Humber, 1981; Ben-Ze’ev & Kenneth, 1982; 
t-lumber, 1989). 

Based on the number of nuclei in primary spores genera with uni- or 
multinucleate spores can be distinguished. The group with more than one 
nucleus per primary spore can be further divided into genera with usually four or 
eight nuclei, up to 20 nuclei or with more than 20 nuclei in each primary spore. 

Primary spores are also distinguished by the appearance of their cell wall 
after discharge, which can either be unitunicate or bitunicate. In bitunicate 
spores two distinct and separate layers are visible after the spore has been 
discharged. In unitunicate spores only one such cell wall layer is recognizable. 
This criterion only relates to whether or not two separate layers are visible in 
discharged spores. It is not meant that Entomophthorales have spores with 
either one or two cell wall layers. As mentioned before Entornophthorales form 
single spored sporangia and therefore display one wall layer originating from 
the sporangiospore and another one from the sporangium. However, the 
sporangial nature of these spores is not accepted by all authorities and neither 
is the distinction into which species are bitunicate and which are unitunicate 
(see for example Eilenberg et al., 1986; Eilenberg el” a/., 1995). 

1.7.2.3 MecharWn of spore discharge 

A characteristic feature of Entomophthorales is the active spore discharge 
mechanism in many species. Spore discharge in a variety of ,fungi has been 
studied extensively by Ingold and also the different mechanisms of ejection are 
summarized in the work of this author (Ingold, ‘1934; Ingold, 1966). The different 
types of forcible spore discharge are the following: 

0 ounding off mechanism: High turgor pressure in ,the sporophore and/or the 
spore cause the sudden rounding off of the cell walls between the 
sporophore and the spore. In most genera both the sporophore and the 
spore round off, while in Conidiobokis orlly the spore cell wall bulges out 
(Martin, 1925). 

Sporophore explosion: In the genus E/lt~~~phfh~~~~ the turgid sporophore 
explodes thus ejecting the spore together with a drop of cytoplasm of the 
conidiophore, This rnechanisrn is similar to that of ~i/~~)~/~~s (Ingold, ‘1934; 
Ingold, 1953). 

Passive spore l;b~ra~i~l~: In the families of the Ancylistaceae, 
Entomophthoraceae and Neozygitaceae passive spore release only occurs in 
species forming capillispores and in Massospora that probably lost its active 
spore discharge secondarily (Evans, 1989). 
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1.1.2.4 Secondary spores 

The capability to produce secondary spores, sometimes even of different 
types, is another remarkable feature of Entomophthorales. There are three 
clearly distinct forms of secondary spores: 

0 Single forcibly ejected secondary spores are formed directly from the primary 
spore that germinates and serves as a one-celled sporophore (Ben-Ze’ev & 
Kenneth, 1982). 

o Microspores are produced in multiple from a single primary spore. They are 
forcibly discharged and are similar to the primary spore except for their 
smaller size. 

a Capiliispores are remarkable structures that form at the top of a long slender 
capillary tube. The spore is not ejected but “waits” to be detached by insects 
or mites. The capillispore bears a gluey droplet at the tip, which makes it stick 
to the cuticle. In entomophthoralean species with capillispores the primary 
spore serves as the dispersive unit, while the capillispore comprises the 
infectious particle. 

The types of secondary spores formed are again not consistent in groups of 
otherwise homogenous genera and for this reason they are not valued as 
taxonomic criteria on the generic level (Humber, 1981; Ben-Ze’ev & Kenneth, 
1982). 

1.1.2.5 Resting spores 

Resting spores are thick walled structures that serve as resting stage when 
the host is not available or for overwintering. They are separated into sexually 
formed zygospores and asexually emerging azygospores. However, resting 
spores have not been observed in all species and knowledge about the nuclear 
events during resting spore formation is very limited. For these reasons 
taxonomical value of resting spores is disregarded (Remaudiitre & Keller, 1980; 
Humber, 1981). 

f.1.2.6 Rhizoids and pseudocystidi:~ 

Rhizoids are fungal structures that attach the insect host to the surface. 
Three types of rhizoids are distinguished (summarized in Humber, 1981; 
Ren-Ze’ev & Kenneth, ‘1982): numerous individual, little differentiated rhizoids; 
numerous rhizoids that aggregate into one or more columnar rhizomorphs; and 
few thick rhizoids with strongly differentiated terminal holdfasts. The fact that 
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some species seem not to form rhizoids consistently prompted dispute 
concerning the taxonomic value of these structures (Remaudiere & Keller, 
1980). Humber (1981) and others (Brobyn & Wilding, 1977; Ben-Ze’ev & 
Kenneth, 1982) consider the general absence or the frequent presence of 
rhizoids in different species as taxonomically important, at least cm subgeneric 
level. Differences in the rnorphology of the rhizoids prompted Humber (1989) to 
divide the genus Erynia sensu lato (as defined by Remaudikre & Hennebert, 
l980; Remaudikre & Keller, 1980; and Keller ‘1991) into the genera Erynia, 
Furia and Pandora. Rhizoids are absent in ~t?to~opt~aga, t’vlassospora, 
Neoz,ygiles and Strongwellsea. 

Pseudocystidia are also named cystidia or paraphyses but they differ from 
basidiomycete cystidia and therefore the name pseudocystidia is preferred 
(Waterhouse, ‘1973). Similarly to sporophores, these structures break through 
the insect cuticle but pseudocystidia do not produce spores. They are 
considered to breach the insect cuticle and thus facilitate emergence of the 
sporophores (Brobyn & Wilding, 1977). Pseudocystidia occur only in Erynia, 
Furja, Orfhotnyces, Pandora and Zoophthora and occasionally in Gonidiobolus. 
They are not used to distinguish genera. 

esides these structural features, characteristics of the parasitism or 
pathogenicity and life cycle of Entomophthorales have also been considered. 

his was for example the basis of the original distinction of the saprobically 
growing Conidiobolm species from the insect parasitic ~~fot~~~phfhora. The 
genus Massospora is characterized by the passive discharge of the prirnary 
spores that are released as the abdominal segments of the infected but still 
living cicada break off (White & Lloyd, 1983). Sfror?gwei/sea is well known for 
the hole that it forms on the ventral side of the abdomen of attacked diptera and 
through which spores are ejected while the insect is still flying (Strong et al., 
1960). Localized sporulation from the living host is also known in 
Erntornophthora ft?ripid~~r~? (Samson et al., 1979) and E. erupfa (Dunstan, 1924). 
Nevertheless, these features of the pathobiology and life cycle do not serve as 
taxon-defining characteristics. 

f all the morphological characters described, the structure of the 
sporophore, the mechanism of spore discharge and the morphological features 
of the primary spores seetn to be accepted as taxonomic criteria on the generic 
level. 
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1.1.3 QUANTITATIVE MORPHOLOGICAL CHARACTERISTICS ARE 
USED TO DISTINGUISH DIFFERENT SPECIES 

The taxonomic characters described so far are mostly being used to define 
the different genera of entomophthoralean fungi. Those characteristics that are 
not considered as valid on the generic level serve to separate groups within a 
specific genus. The features that can be meaningful at this level are formation 
and structure of rhizoids and pseudocystidia, marphology of primary spares, the 
types of secondary spores that are produced, resting spores and the distinction 
between parasitic and saprobic species (summarized in Ben-Ze’ev & Kenneth, 
.1982). 

For the distinction to the species level quantitative morphological features, 
biochemical characteristics and the host-pathogen association are important 
(Remaudiere et al., ‘1976; Remaudiere et al,, .1979; Ben-Ze’ev & Kenneth, 1982; 
Keller, 1993; Keller et al., 1999): 

0 Precise shape and dimensions (length, width, ratio of both) of all types of 
spores. 
Structure and sizes of vegetative cells, sporophores, rhizoids or 
pseudocystidia. 

* Qualitative and quantitative biochemical molecular characters (employed 
very rarely). 
Host range, characteristics of the host-pathogen interaction, behaviour of 
infected host and appearance of cadaver. 

The characteristic features of the different genera belonging to the families 
Ancylistaceae, Entomophthoraceae and Neozygitaceae are summarized in 
Table 1. The classification is based on the taxonomy described by Humber 
(1989) that distinguishes the three genera 15yyni& Furia and Pandora. ‘The 
distinguishing structures for this separation are the rhizoids. ~&%YCLUV is only 
known from the resting spore stage and is therefore put in a provisional group 
and not defined with respect to the characteristic features used for the other 
groups (MacLeod & Mtiller-Kogler, 1970). The table was created by compilating 
informations mostly found in the following references: Humber, 1976; Keller, 
1987; Humber, 1989; Keller, ‘1991; Balazy, ‘1993; Keller, 1997; Keller et al., 
1999. 
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Table 1: Summary of the characteristic features of entomophthoralean genera. NNPS = 
Number of nuclei in primary spores; SDM = Spore discharge mechanism; SP = Sporophore; 
SW = Spore wail (of primary spore); PS = primary spore. *: Humber (1989) describes the 
sporophores of Erynia as simple which is not in agreement with other authors (for example 
Keller, 1991; Balazy, 1993). 
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1.2 FROM OBLIGATE BIOTROPHIC PATH 
INSECTICIDES? THE IN VW0 AND IN 
ENTOMOPHTHORAL 

The original incentive behind this project and behind research on 
Entomophthorales in general was the practical application of these fungi as 
biological pesticides. The initially defined goal of this work was to determine the 
potential of Entomophthorales for biocontrol and to evaluate the feasibility of an 
employment as biological insecticides. For these studies two 
entomophthoralean pathogens of thrips (Thysanoptera), Neozy_yites parvispora 
and Entornophthora thripidum, were investigated. These two species, like the 
ma.jority of entomophthoralean fungi, are obligately biotrophic and very difficult 
to isolate, cultivate and manipulate under laboratory conditions. The distinct 
stages of the in vivo life cycle of many Entomophthorales are well described but 
it is difficult to control and induce different stages in the laboratory. Therefore, 
the reproduction of their life cycle under laboratory conditions is most 
challenging and crucial and provides the first hurdle for the utilization of 
Entomophthorales as mycoinsecticides. 

‘1.2. I THE IN VIVO LIFE CYCLE OF f~T~~~~~lTH~~ALfS 

Most Entomophthorales are obligate biotrophic pathogens of insects or mites. 
The only substrate where these fungi usually grow is within the body of living 
insects (or mites). Initially, the pathogens colonize the hemocoel and later the 
fat body and central nervous system are invaded (Brobyn & Wilding, 1977). The 
gut, tracheae and cuticular structures are norrnally not attacked (Brobyn & 
Wilding, 1977). Entomophthoralean fungi multiply in the form of protoplasts, 
hyphal bodies or coenocytic rnycelium (Fig. I: CD). Growth as protoplasts is a 
peculiarity of Entomophthorales and has been found in a variety of species 
(Tyrell & MacLeod, 1972; Butt ei al,, 198’1; Nolan, 1985). It enables these fungi 
to evade the host’s immune resporlse (Beauvais et al., 1989). Hyphal bodies, 
fragments of hyphae formed by budding or division, occur during vegetative 
growth of most insect pathogenic fungi (Prasertphon & Tanada, -1968). During 
invasion of the host Entomophthorales switch between segmented hyphal 
bodies or protoplasts and filarnentous growth. The phase of vegetative growth 
usually ends when the host’s body is packed with fungal cells. Only in the genus 
~onidiobo/us toxins kill the host before extensive fungal development (Yendol CL 
al., 1968; Prasertphon & ‘Tanada, 1969; Claydon, 1978; review in Roberts & 
Humber, 1981). In fnfo/~ophag~ rnairnaiga and E, ar.~/icae (== E. egressa) 
proteinaceous cell-lytic and toxic substances have been characterized (Dunphy 
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Fig. I : Schematic life cycle of entomophthoraiean fungi. Vegetative cells (CO) grow and multiply 
only within the insect (turquois oval shape). Hyphae (GC) break through lhe insect cuticle (0). 
The only structures occurring exclusively outside the insect are the primary (0) and secondary 
spores (0 and 0) that invade new hosts (Cl). Entomophthoralean fungi also form asexual ((9) 
or sexual (0) resting stages. 

Nolan, 1982~ ilne et al., 1994). In general there seems to be an evolutiona 
trend towards slower and more localized invasion exemplified by the genera 
~tr~~g~~/i~~~ or to~~ophth~r~, as opposed to v~gorol~s rowth and fast killin 

ue to the production of toxins ( umber, 1984). 
he period of vegetative growth is followed by the switch to coordinated 

outward rowth and breaking through the host cuticle ( 1: 0). This 
differentiation leads to the formation of distinct structures 
ps~udocystidia or rhizoids and usually occurs after the host h 
entomo~hthoralean fungus h broken through the insect’s cuticle s 
formed and actively ejected g. 1: 01 and 0). The only exce 
the genus assospotz, where the active discharge mechanism was lost 
secondarily, but sporulatio~ still occurs from living (and fly~~~g) cica. 
1989). Similarly, insects colonized by S~~o~g~~//s~a ~~s~ra~?~ (Strong et al,, 

96% ~to~op~th~r~ t~r;~i~~~ (~~rnsor~ et al., 19~~~) or 
1924) are still alive when the f gus breaks through the cuticle and forms 
actively ejected primary spores. hese primal spores (Fig. ‘1: CO) can form 
secondly or even higher order spores (Fig. 1: 0 and @). If the i 
lands on a host insect it will germinate and penetrate the ~~~t~cl~ 

utt ef al., 1981) or by lysis of the insect’s chitin shell with the help of 
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secreted proteases, lipases and chitinases (Fig. 1: 0) (Gabriel, 1968a, b; Latge 
et al., ‘1984; Samuels et al., l990; Urbanczyk et al., 1992). Following 
penetration the fungus releases protoplasts or hyphal bodies and invades the 
insect body again, thus closing the vegetative cycle. Alternatively to this 
infectious cycle, entomophthoralean fungi can enter a dormant stage through 
the formation of azygo- or zygospores (Fig. ‘1: @ and @), that withstand periods 
during which the host is not available. These structures are thick walled and 
darkish colored and form either asexually (azygospores; Fig. 1: 0) or sexually 
(zygospores; Fig. 1: @I ). Differentiation and induction of resting spores seems to 
be regulated by defined environmental stimuli (Brefeld, 1877; MacLeod et al., 
1973; Hajek & Shimazu, 1996; Hajek & Humber, -1997). The fungus remains in 
the dead insect, hidden in the soil or in vegetation, until the next host generation 
appears. After this quiescent period resting spores germinate and form 
infectious spores. In Entomophthor~~ muscae resting spores germinated after 
partial degradation of their cell wall by chitinases produced by soil inhabiting 
bacteria (Schweizer, 1948). 

1.2.2 IN VITRO lSOLATIONJ ~ULTlVA”rlON AND SP~~Ul-ATION OF 
ENTO~OFHTHO~ALEAN PATH(~~~NS 

Under laboratory conditions the life cycle of Entomophthorales follows the 
same stages as i/7 viva. After isolation from a host the vegetative form of the 
fungus multiplies in artificial culture media. If suitable conditions and the right 
stimuli are provided the vegetatively growing cells will produce spores. These 
spores can be employed in a bioassay to infect the original host insect, which 
closes the vegetative life cycle of these pathogens. Therefore the ability to 
reproduce the life cycle under controlled conditions is a prerequisite for 
experimental studies as well as a practical application o,f these fungi. However, 
due to the obligate biotrophic habit of Entomophthorales the cultivation and 
induction of these different stages is exceptionally difficult. 

1.2.2. I lsola tim 

The isolation of an entomophthoralean pathogen from its insect host can be 
achieved by two different techniques: from freshly ejected primary spores that 
are collected in liquid or on solid medium (Sawyer, 1931; Schweizer, ‘1948) or 
by surface sterilization of infected host insects and the consecutive opening of 
these insects in artificial medium (MacLeod, 1956). The improvement especially 
of the latter method (better surface sterilization, isolation in srnall starting 
volumes and more complex media) made possible the successful isolation of 
several entornophthoralean pathogens (Leite el al., 1996; Grundschober et al., 



20 Life cycle of Entomophthorales 

1998; Freimoser ef al., 2000; Leite et al., 2000). For highly specialized 
pathogens direct isolation of vegetatively growing cells is in general the method 
of choice because spores germinate very inefficiently in or on artificial media 
(Humber, ‘1994). 

1.2.2.2 Cultivation 

The first time that insect pathogenic Entomophthorales were cultivated was 
just 100 years ago when Brefeld managed to grow the vegetative state of 
Enfomophthova rnuscae and soon afterwards Speare succeeded in reproducing 
the complete life cycle of an entomophthoralean pathogen under laboratory 
conditions (cited in Sawyer, 1929). In these early experiments such 
extraordinary substrates as swordfish, salmon or “meat water” and blood were 
employed (Sawyer, 1929; Schweizer, 1948). These rather special media were 
simplified by Miiller-Kdgler (1959) and the substrates that won recognition are 
egg-yolk and milk. 

Nowadays Sabouraud-dextrose agar enriched with egg yolk or milk are the 
most frequently used culture media (Keller, 1987; Papierok & Hajek, 1997). On 
these substrates many Entomophthorales grow and members of the genus 
Conidioboius are even less choosy and develop readily without the addition of 
egg yolk or milk (Keller, 1987). But on the other hand there are many species 
that require even richer media. Among this group are the genera 
Entornophthora, Enfornophaga or Neozygites. Members of these genera are 
usually grown in complex liquid culture media that are either based on Grace’s 
insect cell culture medium (Grace, 1962) or on the sirnpler GLEN rnedium 
(Beauvais & Latgk, 1988). Grace’s insect cell culture medium is a chemically 
defined medium containing all common amino acids, several carbohydrates, 
salts and vitamins (see p. 68)) while GLEN constitutes a complex rnixture of 
lactalbumin hydrolysate, yeastolate, glucose and salt. These media are usually 
supplemented with FBS. Most difficult to please among all ~tltomophthorales 
that can be cultivated so far is Neozygifes parvispora, which only grows in the 
presence of insect hemolymph and FBS (Grundschober et al., 1998; see also 
chapter 4). The aphid pathogenic fungus Neo~y~~~e~ l”res&i still can not be 
grown in vitro despite the numerous attempts and the rich media supplied. 

Once the problem of the first isolation and the establishment of a 
continuously growing culture was overcome the optimal growth conditions of 
Entomophthorales were studied. The most thorough and detailed attempts to 
define the cultivation of Entor~lopht~l~rales in artificial culture are again 
presented in the papers by Sawyer (‘1929) and Gustafsson (1965). 
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The following generalized statements can be made: 

0 Entomophthorales can not assimilate nitrate and many species require 
complex organic nitrogen sources. 
Entomophthorales do not produce invertase activity and can therefore not 
utilize sucrose as a carbon source. 

e Most species grow best at temperatures between 18 and 24°C with the 
optimum around 20°C. 
Entomophthorales grow best at a slightly acidic pH between 6.5 and 7. 

1.2.2.3 Sporula tion 

The distinction of entomophthoralean species that are easily cultivated from 
those with demanding requirements for in vitro cultivation is also expressed in 
the easiness to obtain spores in vitro. Generally Entomophthorales that grow 
easily sporulate spontaneously, while species that are difficult to grow require 
special conditions to induce sporulation. 

Conidiobolus obscurus forms resting spores in liquid media:-- Among all 
Entomophthorales the nutrient requirements of C~nidi~b~/f~s seem to be met 
the easiest and C. obscurus was studied extensively as a potential 
mycoinsecticide. This species grows in complex liquid media as well as in 
defined mixtures containing glucose, amino acids and vitamins and readily 
forms resting spores in liquid culture (Latgk, 19.75; Latgk & Remaudi&re, 1975; 
Latge, 1977; Latge et al., 1978; Perry R Latgi3, 1980; Latge & Sanglier, 1985). 
These durable spores were envisioned as the form most suitable for biocontrol, 
and methods for large-scale production of resting spores have been developed 
(Remaudiere, 1971; Latg& 1977). This is in contrast to other “easily growing” 
Entomophthorales where the production and forrnulation of spores is much 
more difficult. In such cases, like Pandora ~~~~pt~idi~ or Zoophthora radicans, 
myceliurn is applied directly and infectious spores should be formed and ejected 
in the field (Li ef al., 1993; Shah ef al., ‘1999). 

“Difficult” ~nt~~~op~~thora~~s have to switch to hyphal growth prior to 
sporuhtion:-- More difficult to “tame” are the species belonging to the genera 
Entornophaga, ~t7t(~~7ophth~r~i or Neozygiles (Latgk, 198’1). One of the best 
studied species in this category of “difficult” fungi is Entornophaga aulicae which 
develops through different protoplast stages prior to the formation of walled 
structures (Nolan, 1985; Nolan, 1987). In E. aulicae the differentiation process 
from protoplasts to cells surrounded by a wall has been studied in various ways 
by changing environmental or cultivation conditions, the composition of the 
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medium or by including charged surfaces in the growth flask (Nolan, 1985; 
Beauvais & Latge, 1988; Nolan, 1991). A similar differentiation from protoplasts 
to walled hyphae occurs in Entornophthora thripidun (Freimoser et al., 2000). 
For E. fhripidurn as well as for N. parvispora hyphal growth is a prerequisite for 
sporulation (Freimoser et al., 2000; Grundschober, 2000; see also chapter 6). 
After cell wall formation and the induction of hyphal growth these species will 
sporulate spontaneously if brought onto a solid surface; just as the “easier 
growing” species do sporulate spontaneously. 

With the formation of spores the life cycle of the fungus is almost complete. It 
has been shown repeatedly that artificially produced spores are infectious to the 
original host insects (Sawyer, 1929; Eilenberg ef al., ‘1990; Grundschober, 
2000; see also chapter 6). With the consecutive reisolation of the fungus the life 
cycle is completed and the pathogenic nature of the fungus in question is 
proven as Bassi had already achieved for Beauveria bassiana more than IO0 
years ago. 

1.2.2.4 Field experiences with ~?nto~~ophtho~aleali pathogens 

All this work investigating the isolation, cultivation and control of the li,fe cycle 
of Entomophthorales irk vitro was mainly motivated by the prospect of an 
application as mycoinsecticides. Unfortunately, field trials and attempts for a 
commercial utilization have not been successful so far. However, the 
entomophthoralean pathogen Zoophthora radicans was established and 
successfully controlled aphids in a classical biocontrol program in Australia 
(Milner et al., 1982). Zoophfhora radicans was released in southern Australia 
and caused high mortality within short time despite the lack of rainfall and the 
dry climate (Milner et al., 1982). Another well-documented example for the 
effectiveness of entomophthoralean fungi is the case of Entotnophaga 
maimaiga. This pathogen attacks Lytnantria dispar (gypsy moth) that was 
accidentally introduced in the USA about 130 years ago (l-fajek, 1999). Much 
later, in 1989, E. rnaimaiga was first found to cause high mortality in 1.. dispar 
and the fungus then rapidly spread and followed its host (reviewed in Hajek, 
1999). 

These encouraging examples as well as the plentiful reports of natural 
epizootics caused by Entomophthorales clearly show the effectiveness and 
potential of these fungi, But it is also apparent that it is not really known why, 
how and when they “work”. Therefore a more detailed knowledge of the life 
cycle of Entomophthorales envisioned as putative micoinsecticides is required. 
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Phylogenetic analysis of SSU rDN sequences suggests 
a common origin of Neozygitaceae ( 

ntomophthorales), fungal pathog 
and of microsporidia, obligate intrace 

Microsporidia are amitochondrial obligate intracellular parasites of 
invertebrates and vertebrates. They can occur as opportunistic 
pathogens in immunocompromised humans ( athis, 2000). The 
phylogenetic ancestry of microsporidia is unde 
considered as ancient eukaryotes (Vassbrinc 
Vossbrinck et al., 1987; Kamaishi et al., 1996) and classified in the 
archezoan subkingdom (Cavalier-Smith, 1 ut malecular data 
also suggest an evoluti within the fungal kingdom 
(Cavalier-Smith, 1998; 
Neozygitaceae belongs to t 
(~ygomycota), which is 
pathogens of arthropods” Neozygitac~ae are nawn for their 
demanding requirements for continuous ultivation in 
(Grundschober el al., 1998; Leite et al., haracteristically the 
form highly specialised pores (capilliconidia) that serve as 
infectious units to col new host (Keller, 
1997). A phylogenetic analysis of this fami 
based on SSU rDNA (s 
revealed that Neozygitac 
within the ntomophthorales and localise for the first time the 
microsporidian origin withi 
assignment was supporte 
infectious structures o 
analysis suggested tha 
evolved clade within the 

u k~ryote~. 

The Entomophthorales represent an order within the fungal phylum of the 
ygamycota and are comprised of many obligate biotrophic pathogens of 

insects and mites. In contrast to other ygomycota, these fungi are 
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characterised by the presence of chitin and glucans in their cell walls (Hoddinott 
& Olsen, 1972). Nonmotile, actively ejected spores that represent single spored 
sporangia are used to infect new hosts (Thaxter, 1888; Hesseltine & Ellis, 1973; 
Cavalier-Smith, 1987). The two families Ancylistaceae and Entomophthoraceae 
contain the majority of the insect pathogenic species and form a monophyletic 
group (Nagahama et al., 1995; Jensen et al., 1998). The family of the 
Neozygitaceae also belongs to the Entomophthorales, but the phylogenetic 
relationship is not known. This family comprises important pathogens of mites, 
thrips or aphids (Carl, 1975; Steinkraus ef al., 1991; Delalibera et a/., 1992). 
Nuclear morphology and nuclear behaviour during mitosis are characteristics 
that are used to distinguish this family from other Entomophthorales (Ben-Ze’ev, 
1987; Butt & Humber, 1989). In contrast to other Entomophthorales, species of 
the genus Neozygites are widely distributed in tropical regions and are also 
exceptional for the extremely demanding requirements for growth in vitro 
(Grundschober et al., l998; Leite et al., 2000). The possibility to obtain pure in 
vitro cultures of Neozygitaceae enabled us to perform a phylogenetic analysis of 
this family at the molecular level based on SSU rDNA sequences. 

For this analysis we included sequences of microsporidia because a weakly 
supported relationship of microsporidia with Enfomophaga aukae (Van de Peer 
ef al., 2000) and Conidiobolus coronafm (Entomophthorales) or Ascomycetes 
was recently reported (Keeling, 2000). 

Microsporidia are obligate intracellular parasites of vertebrates and 
invertebrates (Mathis, 2000) and occur as opportunistic pathogens in 
immunocompromised humans. Furthermore, their potential use as biocontrol 
agents caused interest in their biological nature (Salter & Maddox, 1998). 
However, the taxonomic belonging of microsporidia is still a matter of debate. 
Originally, microsporidia were classified as protists based on molecular 
(Vossbrinck 13( Woese, 1986; Vossbrinck et al., 1987; Kamaishi et al., 1996) and 
structural characteristics such as the lack of mitochondria, peroxisomes, Golgi 
stacks, microbodies and flagella (Muller, 1997; Keeling, 1998). However, the 
discovery of a mitochondrian heat shock protein encoded in a microsporidian 
genome (Germot et al., 1997; Hirt et al., -1997; Peyretaillade et c?/., 1998) as well 
as phylogenetic analysis based on the amino acid sequences of a- and p- 
tubulin (Edlind e2 al., -1996; Keeling & Doolittle, 1996; Keeling, 2000), the TATA 
box binding protein (Fast et al., 1999), the largest subunit of RNA polymerase II 
(Hirt ef al., 1999) and the sequence of the large subunit ribosomal DNA (Van de 
Peer ef al., 2000) disprove an ancient origin and suggest a fungal ancestry of 
microsporidia instead. 
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In our analysis of the SSU rDNA of Neozygitaceae, other Entomophthorales 
and microsporidia a close relationship of the Neozygitaceae- and microsporidia- 
sequences was discovered. In addition, the life cycle of both Neozygitaceae and 
microsporidia present striking similarities. It was therefore concluded that 
microsporidia have their origin within the phylum of the Zygomycota and belong 
to the Entomophthorales. 

MATERIAL AND METHO 

The SSU rDNA of the following entomophthoralean species was partially 
sequenced: Conidiobolus coro/~Ws (kindly provided by A. A. Callaghan, 
Staffordshire Univ., UK ), 2 isolates of C. obswrus (ARSEF 133 and isolate 560 
of our collection, kindly provided by S. Keller, FAL Reckenholz, CH), 
C. lamprauges (ARSEF 2338) Neozygites parvispora (ARSEF 6276), 
N. floridana (isolate 315 of our collection), Neozygites sp. (ARSEF 662) and 
Entomophthora thripidurn (ARSEF 6518). DNA was extracted from freeze-dried 
mycelium or cells according to Zolan and Pukkila (1986). SSU rDNA was 
amplified by PCR using the primers nu-SSU-0021-Y (CTGGTTGATTCT-. 
GCCAGT) or nu-SSU-0402-5’ (CCGGAGAGGGAG~~TGAGAAAC) (for 
N. parvispora) and nu-SSU-1780-3’ (AATGATCCTTCCGCAGGT) as described 
elsewhere (Jensen et al., 1998). PCR products were sequenced on both 
strands using specific primers, ABI chemicals and the ABI PRISM 310 Genetic 
Analyzer. 
All sequences determined for this study and previously published SSU rDNA 
sequences from other organisms (Tab. 1) were aligned using Clustal X 
(Thompson ef al., 1997). The alignment was manually corrected. All gaps and 
ambiguously aligned positions were excluded. As an outgroup Acanthocoepis 
unguiculata and Wiaphanoeca grandis were used because they had proven 
suitable for this purpose (Jensen et n/.! 1998). 

Phylogenetic analysis was performed with PAUP version 4.0b4a (Swofford, 
1999). Skewness of the tree-length distribution of 100’000 randomly generated 
trees was used to assess the strength of phylogenetic signal (Hillis & 
Huelsenbeck, 1992). Most parsimonious trees were determined by heuristic 
search with 500 replicates of random sequence additions and TBR branch 
swapping. 1000 bootstrap searches were performed with IO randotn sequence 
additions each. Decay analysis was performed with unresolved monophyly 
constraint trees (heuristic search, random sequence addition, 500 replicates) 
(Bruns et al., 1992; Groth & Barrowclough, 1999). Likelihood values were 
determined for all unconstrained and constrained most parsimonious trees. The 
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Table 1. Names and accession numbers of SSU rDNA sequences of species used in this 
study. 

SPECIES ACCESSION 
NUMBER .~ 

Zygomycota 
Entomonhthorales 

Mucorales 

GlOl~l~lt?S 

Harpellales 
Chytridiomycota 

Choanoflagellida 
(outgroup) 

-_.. 

most likely trees from parsimony analysis with and without constraints were 
compared using the Templeton (Wilcoxon signed rank) test, Maximum 
likelihood trees were calculated by heuristic search of 100 random sequence 
additions. Phylogenetic trees based on DNA distances were calculated by 
employing different substitution models using default settings and optionally 
with 100 bootstrap resarnplings. 

RESULTS 

The SSlJ ULNA of Neozygitaceae was shorter than in other 
~~tomopht~?0ra/t3s:-- The SSU rDNA of three isolates of Neo<yyites species and 

AF 052401 
AF 113417 
Al= 296.753 
AF ~113419 
Al- 1 I3420 
AF 296754 
AF 296756 
AF 296757 

u 35394 
AF 05240% 
AF 206755 < \ 
AF 052403 
/IF: 296758 
Al= 296760 
AF 296759 
AF 052405 
AF 052406 

n 61381 
AF I 13430 

x 894?7 
AJ 133706 
AF 007540 

AF 11341,1 
AF 113413 

M 59758 
x 80341 
M 597!i9 

AF 177920 
Af%6Ol4 

i.39 112 
AFO? 1 ‘if38 \ LL 
AF027685 
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five other species of Entomophthorales was amplified and sequenced by PCR. 
It was observed that the amplified PCR product of Neozygifes isolates was 
about 400 bp shorter when compared to all other Entomophthorales. However, 
these deletions were not included in the phylogenetic analysis because all gaps 
and ambiguously aligned characters were removed from the alignments. This 
exclusion resulted in a final alignment that consisted of 649 characters and did 
not change tree topology (not shown). The analysis of the lengths of randomly 
generated trees for all alignments used in this study was skewed to the left and 
contained significant phylogenetic information (-1 .OO <gl<-1.23, p<O.Ol) (Hillis 
& Huelsenbeck, ‘1992). 

C. obscurus, Neozygitaceae and microsporidia formed a monophylefic branch:-- 
To characterise the phylogenetic relations within the order of the 
Entomophthorales the SSU rDNA sequences of several novel species were 
determined and analysed phylogenetically. Within the Entomophthorales two 
distinct clades were separated: one contained the genera Enfomophthora, 
Enfomophaga and Eryniopsis, and a second clade was comprised of Pandora, 
Strongwekea and Zoophfhora (Jensen et al., l998) (Fig. IA). The genus 
Conidiobolus formed a paraphyletic assetnblage (Fig. IA). In our analysis we 
included novel sequences of Conidiobolus species and could thereby 
distinguish three groups: 1) C. Iamprauges and C. fhromboides were weakly 
resolved within the Entornophthorales, 2) C. coronafus and C. incongruus 
formed a distinct group strongly supported by bootstrap and decay analysis, 3) 
the two isolates of C. obscurus also formed a separate well resolved branch 
(Fig. ‘IA). Also in agreernent with previous work was the relatedness of 
Basidiobolus with the phylutn of the Chytridiomycota and the status o,f 
Entomophthorales and Mucorales as sister groups within the Zygomycota 
(Nagahama et al., 1995; Jensen et al., 1998) (Fig. IA). 

Most interestingly, a well resolved clade containing C. obscurus, 
Neozygitaceae and rnicrosporidia was revealed (Fig. IA). The association of 
these three groups was found identically in trees inferred by parsimony7 
distance or maximum likelihood methods (not shown). The clustering of 
C. obscures, Neozygitaceae and microsporidia was supported by high bootstrap 
values in parsimony (85%, Fig. IA) and distance analysis (82%, not shown). 
The three groups themselves formed branches with high bootstrap and decay 
values (100% bootstrap, decay index-20-27, Fig, 1 A). Most parsimonious trees, 
where any of these three groups was constrained not to be rnonophyletic, were 
significantly longer as determined by rank sum tests (p~O.005, indicated by * in 
Fig. IA). Based on both the statistical support and the high bootstrap and decay 
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values it was concluded that Neozygitaceae and microsporidia comprised sister 
groups. The consistency of the C. obscurus-Neozygitaceae-microsporidia 
branch under different tree building methods and the strong bootstrap support 
also confirmed the validity of this association and suggested that Neozygitaceae 
and microsporidia diverged from C. obscurus. 

A 

100 

-- lOchanges 

Fig. ‘I. Consensus trees of 1000 bootstrnp replicates annlysed by the parsimony method. 
Analysis with the full data set (A) or with data sets where rnicrosporidiarl sequences (B) or 
Neozygites sequences (C) were onWed. Groups with frequencies ~50% were retained, 
Bootstrap and decay values are indicated below and above branches respectively. Stars 
indicate that a tree forced not to contain the indicated branch was significantly longer. 
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The C. obscurus-Neozygitaceae-microsporidia clade diverged basally from 
f?ntomophthora/es:-- Parsimony, distance and likelihood analysis all detected 
Neozygitaceae and microsporidia reliably as sister groups within the 
Entomophthorales. To evaluate alternative tree topologies most parsimonious 
trees were searched under the constraints that either Entomophthorales and 
rnicrosporidia or C. obscurus, Neozygitaceae and microsporidia were not 
monophyletic. The branch including Entomophthorales and microsporidia was 
found in 64% of all bootstrap replicates, but the most parsimonious tree without 
monophyly for this branch was only one step longer and not significantly longer 
than the unconstrained most parsimonious solution (p>O.05, Fig. 1A). If the tree 
search was restricted to topologies not containing C. obscurus, Neozygitaceae 
and microsporidia as a monophyletic group, the most parsimonious 
classification was four steps longer and not significantly longer than the 
unconstrained tree (p>O.O5, Fig. IA). 

In the most parsimonious solutions under both constraints mentioned above 
C. obscurus, Neozygitaceae and microsporidia still clustered together, but 
formed a branch that included Mucorales, the sister group of Entomophthorales 
(not shown). This reinforced the designation of C. obscurus, Neozygitaceae and 
microsporidia as a separate clade additionally. The results from the constrained 
parsimony analysis also suggested that C. obscurus, Neozygitaceae and 
microsporidia diverged basally from Entomophthorales, close to the separation 
from Mucorales. 

The branching pattern was identical when either Neozygitaceae or 
microsporidia were excluded:-- To further confirm the association of 
Neozygitaceae and microsporidia either one of these two groups was excluded 
from the analysis. If one of the two groups was present individually it branched 
identically from C. obscurus and thus confirmed the tree topology from the 
complete data set (Fig. IA, 8, C), The clades C. obscurtns-Neozygitaceae (Fig. 
1 B) and C. obscunls-rnicrosporidia (Fig. IC) were both supported by high 
bootstrap values (75% and 86% bootstrap respectively, Fig. ‘1 B, C). In addition, 
when C. obscurus was excluded Neozygitaceae and microsporidia clustered 
together, identical to the tree topology obtained with the complete data set 
(1 OO”/o bootstrap, decay index-20, not shown). 

Based on both the statistical support and the high bootstrap and decay 
values it was concluded that Neozygitaceae and microsporidia comprised sister 
groups. The consistency of the G. obscunls-Neozygitaceae-microsporidia 
branch under different tree building rnethods and the strong bootstrap support 
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also confirmed the validity of this association and suggested that Neozygitaceae 
and microsporidia diverged from C. obscures. 

DISCUSSION 

Our phylogenetic analysis verified at the molecular level the monophyletic origin 
of Neozygitaceae and their belonging to the Entomophthorales as well as the 
fungal origin of microsporidia. In addition, it localised for the first time the 
phylogenetic origin of microsporidia within the fungal kingdom: microsporidia 
and Entomophthorales ,formed a monophyletic group within the Zygomycota. 
Within the Entomophthorales microsporidia constituted a sister group to the 
Neozygitaceae. In our analysis the newly determined sequences of 
Neozygitaceae and C. obscurus broke up the extremely long microsporidian 
branches that connected this clade to the fungal kingdom in previous analysis 
using ribosomal DNA sequences (Van de Peer et al., 2000), This is known to 
improve accuracy of phylogenetic analysis (Graybeal, 1998), and the result that 
the branches of Neozygitaceae and microsporidia were placed identically 
irrespective whether they were included individually or as a group, provided the 
strongest support that their relationship was not an artifact (Siddall & Whiting, 
1999). Therefore, the inclusion of the sequences of Neozygites species and 
C. obscurus rendered the phylogenetic analysis of the SSU rDNA more 
accurate and reliable, enabled the localisation of the tnicrosporidian origin within 
the Entomophthorales, and defined the microsporidia as a sister group of the 
Neozygitaceae. 

The classification of the microsporidia within the Entomophthorales is further 
supported by the observation that the microsporidian spore contains chitin 
(Keeling & McFaddan, 1998). The presence of chitin and glucan, as well as the 
absence of chitosan as a cell wall cotnponent is a specific characteristic of the 
Entomophthorales, absent in other orders of the Zygomycota (Bartnicki-Gracia, 
1987). In addition, Neozygitaceae are characterised by nuclei with “semi- 
condensed” heterochromatin (Ben-Ze’ev, 1987). Sirnilarly, rnicrosporidian nuclei 
are described as containing finely dispersed chromatin (V&m R Sprague, 
1976) I 

Rue to the fact that Neozygites species have been cultivated in vitro only 
recently (Grundschober et al., 1998; Leite et al., 2000), little is known about 
these fungi at a cellular or molecular level, However, there are striking 
similarities in the life cycles of Neozygitaceae and microsporidia. Most 
importantly both groups are obligate biotroptls and utilise spores as dispersing 
units. In microsporidia single cells divide intracellularly and develop into spores 
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A 

Fig. 2. A comparative model for spore germination in microsporidia (A) and secondary spore 
formation in Neozygitaceae (B). In microsporidia the spore, surrounded by the spore wall (SW) 
germinates by forming the polar tube (PT) within the spore wall. The polar tube is expelled 
from the spore, might penetrate a host cell and the sporoplasm (SP) is formed. In 
Neozygitaceae the primary spore is surrounded by an outer wall (OW), germinates and a 
capillary tube (CT) breaks through the outer wall. At the top of the capillary tube the secondary 
spore, the capilliconidiurn (CC), is formed. 

containing a characteristic polar tube within this spore (Fig. 2A). When the 
spore germinates this capillary polar tube is released, penetrates the membrane 
of host cells and the sporopiasm is injected, starting a new infection (VGvra & 
Sprague, 1976) (Fig. 2A). Neozygitaceae multiply as single cells in the 
hemocoel of the host. Upon the switch to hyphal growth sporophores break 
through the cuticle of the host and single primary spores are fortned within 
sporangia (Hesseltine & Ellis, 1973). Primary spores of Neozygitaceae therefore 
contain an outer cell wall originating frorn the sporangium and an inner spore 
wall (Fig. 2B). The primary spores are actively ejected, germinate and give rise 
to long slender capillary tubes at the top of which a capilliconidium is formed 
(Keller, 1997) (Fig. 25). This capilliconidium sticks to the body of passing 
arthropods and the fungus penetrates the host cuticle thus starting a new 
infection cycle. We propose that spore germination in microsporidia represents 
a variation of secondary spore formation as described for Neozygitaceae. 
According to this hypothesis the wall of the tnicrosporidian spore is similar to the 
outer cell wall of an ento~nop~ith~)ralean primary spore. As in Neozygitaceae a 
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long, thin capillary tube, the polar tube, emerges except that in microsporidia it 
remains enclosed within the sporangium resulting in the typical coiled polar tube 
visible inside matured spores (Didier et al., 1998) (Fig. 2A). The cytoplasm that 
moves through the capillary (as in Neozygitaceae) is released as a sporoplast, 
analogous to the secondary spore of Neozygitaceae (Fig. 2B). This model of 
spore germination in microsporidia solely builds on mechanisms of spore 
formation observed in their phylagenetic sister group and unifies different 
theories about microsporidian spore germination (Dissanaike & Canning, 1957; 
Lom & Vrivra, 1963; Canning, 1993) by allowing variation of ,the moment at 
which the polar tube is expelled from the primary spore. If the capillary is 
released at an early stage elongation of this structure and formation of the 
sporoplasm take place outside the primary spore. In contrast, the whole 
“capillisporoplasm” could be completed within the sporangium and be liberated 
as a complete unit. Our hypothesis implies predictions that can be addressed 
experimentally. As an example it remains to be seen whether the ultrastructure 
of the capillary tube in Neozygitaceae and the polar tube of microsporidia is the 
same. 

Our results also suggest a much broader distribution and more successful 
strategy of entomophthoralean fungi than previously anticipated. The 
Entomophthorales have been taken as a unique example for the direction of an 
evolutionary path leading from saprobic to obligate pathogenic and extracellular 
parasitic organisms (t-lumber, 1984). Our analysis now suggests a further level 
in entomophthoralean evolution: intracellular parasitism as represented by the 
microsporidian clade. It can be speculated that the microsporidian fungi lost 
mitochondria in the course of their evolution to highly specialised intracellular 
parasites. 
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TT [3-(4,5dimethylthiazol- 
tetrazolium bromide] assay is a fast and reliable method 

for calorimetric determination of fungal cell densities 

The ites parvispo 
(Entomophthorales: ygomycetes) grows in v as irregularly rod 
shaped hyphal bodies in a complex medium. In order to simplify the 
medium composition and determine growth-promotin compounds 
for the cultivation of this fungus we were looking for a rapid and 
quantitative method to estimate the number cells in small 
volumes of liquid culture. A calorimetric method for the 
determination of cell densities using MT -(4,5-dimethylthiazol-2yl 

,5-diphenyltetrazolium bromide) proved to be more accurate an 
than conventional hemocytometer count 

The entomopathogenic fungus Neozygites parvispora (Entomophthorales: 
Zygomycetes) was recently cultivated for the first time in a medium containing 
insect hemolymph, fetal bovine serum (FBS) and Grace’s insect cell culture 
medium (Grundschober ef al., 1998). This fungus grows in liquid culture as 
irregularly shaped, discrete hyphal bodies. Since hemolymph is difficult to 
obtain and only available in limited amounts, cultivation is limited to small 
volumes. The identification of growth factors and the simplification of this 
complex medium required the de,termination of cell densi,ties in many samples. 
We were therefore looking for an accurate and rapid method for the 
determination of cell densities in small culture volumes. Methods commonly 
used for this purpose are hemocytometer counting, determinations of protein 
content, wet or dry weight measurements and determination of the optical 
density. While hemocytometer counting and protein determinations have the 
disadvantage of being time consuming and tedious, the measurement of wet or 
even dry weights is not practicable for very small culture volumes. The 
measurement of the optical density works well if cell shapes are regular, as for 
example in yeast, but in our case it is problematic because of the irregular cell 
shapes and dimensions of N. parvispora. 

An alternative method that was originally developed as a rapid assay for 
growth and survival of mammalian lymphoma cells is based on the 
transformation and calorimetric quantification of ~-(4,~-dimethylthia~ol-2-y1)-2,~- 
diphenyltetrazoliutn bromide (MTT) (Mosmann, ‘1983). The respiratory chain 
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(Slater et a/., 1963) and other electron transport systems (Liu et al., 1997) 
reduce MTT and other tetrazolium salts and thereby form water insoluble violet 
formazan crystals within the cell (Altman, 1976). The amount of these crystals 
can be quantified spectrophotometrically and serves as an estimate for the 
number of mitochondria and hence the number of living cells in the sample 
(Denizot & Lang, 1986). These features can be taken advantage of in 
cytotoxicity or cell proliferation assays, which are widely used in immunology, 
toxicology or cellular biology (Sieuwerts et al., 1995). 

The MIT-assay was performed as first described by Mosmann (1983) under 
consideration of the modifications suggested by Denizot and Lang (1986). 
Additionally some adjustments for the use with fungi had to be made. MTT 
stock solution (5 mg MTT/ml in distilled water) was filter sterilized and kept for 
no more than two weeks at 4°C. To start the coloring reaction, stock solution 
was added to growing cultures (final concentration 0.5 mg/ml). The mixture was 
incubated for 16 hours on a shaker (160 rpm at 20°C). Cells were pelleted in 
Eppendorf tubes (15000 g, 5 min), the medium was removed, 500 ill propanol 
were added to the cells and the tubes were vortexed. Lysed cells and debris 
were pelleted (15000 g, 5 min) and 100 111 of the supernatant were transferred 
into a 96-well ELISA plate. The optical density was measured using a 
spectrophotometer (SPECTRAmax PLUS, Molecular Devices) at 560 nm, with 
690 nm as a reference read-out. A blank with propanol alone was measured 
and subtracted from all values. Measurement of a dilution series showed that 
the linear range extended up to OD=2. 

For all experiments an isolate of Neozygites parvispora was grown on a 
shaker (160 rpm at 20°C) in 48-well microtiter plates with 500 ,ul medium per 
well. The inoculum consisted of 2.5*10” cells per well. The standard liquid 
medium consisted of Grace’s insect cell culture medium, hemolymph and FBS 
as described by Grundschober ei’ al. (-1998). In a first experiment the fungus 
was grown for one week to a cell density of ‘7”lO” cells/ml culture volume (cells 
in stationary phase) and was then incubated with MT’T‘ for different time periods 
The results showed that the formazan production was saturated after 16 hours 
and therefore this was chosen as the incubation period for all further 
experiments 

The method was validated and compared with conventional hemocytometer 
counts. A culture of N. ~arv~s~~r~ was grown and diluted with fresh medium to 
get cell densities between 8.45*10” and 8.25’10” cells/ml culture. The cell 
densities in the different dilutions were deterrnined as the mean value of four 
hemocytometer counts (about 300 cells counted except for lowest cell 
densities). From each dilution five samples were tneasured with the MTT 
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Fig. 1: Comparison of the results from the MT7 method with hemocytorneter counts. A 
dense culture of N. parvispo~~ was diluted to cell densities between 8.45*10” and 8.25*10” 
cells/ml culture volume. The samples were then incubated with MTT and absorbance was 
measured after 16 hours. The results of both methods show a linear relationship (R’=0.996; 
n&3; P<U.U001). Each data point represents the mean and standard error calculated from five 
independent MTT measurements and four hernocytorneter counts. 

method. The comparison of the result obtained from the two methods showed a 
linear relationship between the optical density measurements using MTT and 
the hemocytometer counts (Fig. I)- Additionally, the variability of the values 
determined with the MTT method was smaller. 

For further evaluation of the MTT method N. parvispora was grown for seven 
days in media with variable hemolymph concentrations and different 
concentrations of bovine serum albumin (BSA) as a substitute for FBS. Hereby 
different cell densities were obtained and the MTT method could be tested 
under growth limiting conditions. The cell densities of four independent 
replicates were determined with a hemocytometer (four counts per replicate, 
500-1000 cells counted except for lowest cell densities) and compared with the 
MTT measurement in these four replicates. The two methods again showed a 
linear relationship and in comparison with hemocytometer counts the MIT 
method was less variable (Fig. 2). 

Finally, the same method was tested with another entomopathogenic fungus, 
Er&mophthora thr,jnidorn (Zygomycetes: Ento~~lophthorales). This fungus does 
not require hemolymph for cultivation and grows as protoplasts that form small 
aggregates in liquid culture (Freimoser et a/,, 2000). To determine the cell 
numbers, cultures were first pipetted gently to disrupt the pellets and then the 
protoplasts were counted as before in a hemocyto~leter (four counts per 
sample, 200 cells counted except for lower cell densities). After a serial dilution 
with fresh medium the cell densities for ~~lto~?~pt7~~~~,~ thripidurn varied 
between 4.75”10” and 2.5*10’ cells/ml culture volume, For each cell density six 
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Fig. 2: Comparison between MTT assay and hemocytometer counts for N. parvispara grown 
under various media compositions in order to get different cell densities. 
Grace’s insect cell culture medium and FBS with increasing hemolyrnph concentrations (0; 
0%: a; 5%: c; 10%: g). Grace’s insect cell culture medium and 10% of hemolymph with 
different concentrations of BSA (bovine serum albumin) as a replacement for FBS ( 
Omgiml: b; 0.625mgiml: d; 1 .25mg/rnl: e; 2.5rng/ml: f;,,375mg/ml: i; Eimgirnl: h; 1 Umgiml: j). 
The two methods still exhibit a linear relationship (R”=0.968: n-10; P43.0001). Each data 
point represents the mean and standard error of four independent replicates. 

samples were measured with the MT-T method and the results were compared 
with the hemocytometer counts. As for N. parvispora the two measurements 
correlated linearly and the values from the MTT method were less variable. 

The results of this study demonstrated that the transformation of the 
tetrazolium salt to formazan and its quantification could serve as a measure for 
cell densities of the two fungi Neozygites parvispom and Entotnophthora 
thripidum. In comparison with the procedure published by Mosrnann (1983) the 
incubatian period with the MTT had to be prolonged. This was expected 
because these fungi grow at relatively low temperatures (20°C) compared to 
37°C with vertebrate cells. Furthermore, the cell wall rnight act as an additional 
barrier for the uptake of MTT. In rnost other reports on the MTT method the OD 
measurement reached a maximum after four to eight hours and remained 
constant thereafter (Friedrich, 1991). However, incubation periods up to 24 
hours did not have a negative influence and have been used (Kirkpatrick et al., 
1990). Another change to the original protocol was the removal of the medium 
prior to the measurement. This resulted in improvement of the accuracy and 
reliability (Denizot & Lang, l986). Because all measurements were made in 
propanol, different complex media did not directly affect the optical densities. 
This was an advantage over a similar method using the tetrazolium salt XT-T 
(sodiurn 3’-(l-((phenylamino)-carbonyl)-3,4-tetrazoliur~)-bis(4-methoxy -6-nitro) 
benzene-sulfonic acid hydrate) which forms a water-soluble formazan (Roehrn 
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et al., 1991). The centrifugation and exclusion of the lysed cells from the 
solution before the determination of the OD was an additional step that further 
improved the accuracy and reliability of the results. 

The advantages of the MTT procedure are the accuracy and reliability and 
the saving of time (Mosmann, 1983; Denizot & Lang, 1986). In our case the new 
method reduced the time needed for the assays by at least 80%. We also 
observed that the variability of the results frorn the optical density measurement 
was smaller than from the hernocytometer counts. This was not surprising since 
the MTT method considers all cells in a sample rather than only a small 
subsample. Therefore, the MTT assay resulted in more accurate and reliable 
estimates of cell densities than hemocytometer counts. 

In conclusion the results of this study confirmed the MTT assay to be a fast, 
simple, cheap and accurate method (Mosmann, 1983) for the determination of 
cell densities of the entomopathogenic fungi tested. In particular the MTT 
method proved to be useful to estimate cell densities in small culture volumes 
and was more accurate and reliable than hemocytometer counts. The 
cultivation in small culture volumes and the sensitive evaluation with the MTT 
assay allow the screening and testing of many different substances, fractions 
and nutrients indispensable to the development of defined media for the 
cultivation of such biotrophic fungi. 
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Characterization of growth factors from hemolymph 
for the cultivation of the entomopatho enic fungus 

Neozygites ntomophthorales) is an 
obligate biotro hit fungus that attacks different species of thrips 
(Thysanoptera, Thripidae). Recently this fungus has been isolated 
and cultivated in vitro for the first time. However, for the successful 
isolation and cultivation of ill. parvispora it is necessary to add insect 
hemolymph to the growth medium. The goal of this study was to 
identify the growth factors resent in hemolymph that are required 
by this fungus. A low and a high molecular t (LMW and HMW 
respectively) fraction acted synergistically as rowth factors for 
AL parvispora* Whereas the HMW activity coul e replaced by fetal 
bovine serum (FBS), the LMW was specific for hemolymph. 
Characterization of this LMW activity showe as heat stable 

labile under acid conditions an 
solvents and that the size was between 10 
findings are the basis for the further purification and identification o 
this growth factor. 

Entomophthorales are common pathogens of many insect species and they 
regularly cause epizootics. Therefore, it has often been tried to take advantage 
of these fungi to control insect pests. The demanding nutrient requirements of 
Entomophthorales are a major restriction to their successful deployment as 
biological control agents. Species belonging to the genus Neozygites are rnost 
difficult and choosy concerning the requirements for ir) vi&o cultivation and thus, 
many species have not been isolated yet. ~~~~~yg~~~?~ fkvidma grows in vitro in 
an insect cell culture medium supplemented with FE3S (Leite et a/., 2000). The 
species N. parvispora, that is infectious to thrips, has also been successfully 
cultivated (Grundschober et al., 1998). “This species is unique for its 
dependence on insect hernolymph for growth in vitro. A specific starvation for 
hemolymph on the other hand induces the rod shaped cells of N. parvispora to 
differentiate into hyphae that will eventually lead to the formation of infectious 
spores (Grundschober, 2000). 
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Such an absolute and apparently specific requirement for insect hemolymph 
has not been observed for any other entomopathogenic fungus. But insect 
blood has been commonly used as a supplement for the cultivation of insect 
cells in vitro and substances that stimulate proliferation of insect cells have 
been characterized (Vaughn & Louloudes, 1978; Ferkovich & Oberlander, 
1991). In the rearing of parasitoid wasps, which are being used for biological 
control of insect pests, hemolymph was used as an additive to artificial diets or 
as an ovipositional kairomone (Kainoh et’ al., 1982; Heath el” al., 1990; Guerra & 
Robacker, 1991; Hu et al., 1998). Often the identification of active substances is 
hampered by difficult, time consuming and inefficient assays and by the 
complexity of insect hemolymph as such. Consequently, the knowledge about 
biologically active compounds from insect blood is sparse, whereas reports on 
general properties and composition are abundant. Insect hemolymph is 
especially noteworthy for its exceptionally high content of magnesium, proteins, 
free amino acids, organic acids, phosphates and certain sugars (Wyatt, 1961; 
Wyatt, 1967; Jeuniaux, 1971; Mullins, 1985). In contrast to the rearing of 
endoparasitic insects, hemolymph was soon abandoned in insect cell culture 
and replaced by FBS (Schlaeger, 1996). 

In this report it is shown that for N. parvispora it was not possible to replace 
hemolymph with FBS. Instead, hemolymph contained a high and a low 
molecular weight (HMW and LMW respectively) component that acted 
synergistically in enabling growth of N. parvispora. It was possible to replace the 
HMW fraction with FBS, whereas the LMW activity was specific for hemolymph 
and could not be replaced. These results and the characterization 0.f the growth 
promoting activities represent the first steps for the purification and finally the 
identification of the growth factors that are necessary for the in vitro cultivation 
of N. parvispora. 

MATERIAL AND METHODS 

Culfiva tion and growth assay:-- All experiments were performed with the isolate 
301 of N, parvispora (ARSEF 5620). TIE fungus was initially cultivated in a 
medium based on Grace’s insect cell culture medium 2x supplemented with 
lactalbumin hydrolysate and yeastolate (Gibco No. 11667, for exact composition 
see appendix A). It was diluted to lx by adding 20% heat inactivated FBS 
(Gibco), IO% hemolymph frown Ma~duca sexta and 20% water. This medium 
was simplified by using unsupplemented Grace’s medium lx (Gibco No. 21590) 
that was diluted to 0.5x. In addition FBS was replaced with 5mg x ml-’ (final 
concentration) bovine serum albumin (BSA, Sigma, fraction V; filter sterilized). 
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To this medium 10% hemolymph or fractionated hemolymph samples of the 
corresponding concentration were added. The fractions were filter sterilized 
before adding to the medium (Sartorius Minisart RC 15 filters, 0.2pm). The 
fungus was continuously grown in 24-well microtiter plates with 1 ml of culture 
medium per well. The cells were subcultured twice per week when grown in the 
complex medium and only once per week if the fungus was cultivated in the 
simplified medium. Growth assays were performed in 48-well microtiter plates in 
500 ELI of culture medium. All cultures were kept in the dark at 20°C and shaken 
at 160 rpm. For assays two replicates of all media were inoculated with 10” 
hyphal bodies x ml-‘. All experiments were performed twice. 

Collection of hemo/y~nph -- Hemolymph was taken from 5”’ instar caterpillars of 
Manduca sexfa by cutting one pseudoleg. The hemolymph was collected in a 
sterile tube on ice in order to avoid melanization. The content of each tube was 
heated to 65”C, centrifuged at 3000 x g for 20 min and the supernatants pooled, 
aliquoted and stored at -20°C until use. Caterpillars were reared by Novartis 
Crop Protection AG (Basel, Switzerland) and the eggs were obtained from 
Hoechst Schering AgrEvo GmbH (Dusseldorf, Germany) or Carolina Biological 
Supply Co. (Burlington, North Carolina, USA), 

Evaluation of cell density: -‘- The cell density was assessed after one week by 
the MTT assay as described by Freimoser et al. (‘1999) (see chapter 3). 

Characterization and fractionation of growth promoting activities in 
hemo/ymph:-- The high and low molecular weight components of hernolymph 
were separated on a Sephadex G-25 desalting column (Pharmacia PD-IO 
desalting column, exclusion limit 5 kDa), which was loaded with 1 ml of 
hernolymph and eluted with 9 ml of distilled water. The first 5 ml of eluent 
formed the HMW pool and the rest the LMW fraction. 

The heat stability of the growth factors was assessed by heating 1 ml of 
hemolymph to 80°C and to 100X for IO min and by autoclaving at 121 “C and 1 
bar for 20 min. The samples were centrifuged for IO min at 10’000 x g and the 
supernatant tested for the presence of growth activity. 

The solubility of the LMW growth factor in the following organic solvents was 
tested: Methanol (99?&), Ethanol (98%), Chloroform, Acetonitril, Ethyl acetate 
(EtOAc), DMSO (dimethylsulfoxide), Trifluoracetic acid (0.1%) and ortho- 
phosphoric acid (1 O/O). The experiment was performed by freeze-drying 500 111 of 
heated hemolymph (I OO’C) and by adding the equal solvent volume. ‘The 
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insoluble part was pelleted and the soluble fraction in the supernatant was 
removed. The separated soluble and the insoluble fractions were then freeze- 
dried again. After resuspension in water and filter sterilization the individual 
soluble or insoluble fractions as well as a mixture of both were tested. 
Hemolymph was also brought to acidic pH with either HCI or acetic acid or to 
basic pH by using NaOH. The solubility in organic solvents was tested for acidic 
and basic hemolymph as well. For the assay these fractions were neutralized 
again. 

0 Pretreated hemolymph (1.5 ml, extracted with CHCI,, heated to IOOC, 
filtered through 5 kDa cut off membrane) was incubated with ChelexT’ 100 
(0.2 g, Bio-Rad Laboratories) that was washed three times with water before. 
The mixture was kept at room temperature for 2 hours. The resin was then 
pelleted and the supernatant tested for presence or absence of growth 
promoting activity. 

0 Size fractionation: The size of the LMW activity was determined by filtering 
through membranes with pore sizes of 5, IO, and 30 kDa. In addition, 500 PI of 
hemolymph were dialyzed in membranes of 0.1 kDa, 0.5 kDa, 1 kDa, 2 kDa, 
3.5 kDa and 5 kDa cut off (Spectra/PO? DispoDialyzer?, Spectrum@) against 
water for ‘16 hours. 

0 Solid phase extraction: The affinity towards various resins was studied by 
passing 4 ml of hemolymph (IO-fold diluted) through the following solid phase 
extraction (SPE) cartridges: reversed phase (RP) resin C18, RP C8, RP C2, 
RP CH, strong anion (SAX) and cation (SCX) exchange material (Extract- 
Clean’” SPE ‘Tubes, 500 mg, Alltech). RP cartridges were washed with 5 ml 
Methanol and rinsed with 5 ml water. After application of the hemolymph 
sample tubes were washed with water and eluted with chloroform (CHCl:j). SAX 
and SCX cartridges were washed with IO ml water before the application of the 
hemolymph sample. The tubes were then washed with 3 ml water and eluted 
with 5 ml ammonium bicarbonate (NH,HCQ,, between 10 mM and 400 rnM). All 
eluents were freeze dried, redissolved in 1 ml of distilled water and added to the 
culture media. 

0 Protease treatment: Pretreated hemolymph (200 !II, heated to ‘lOO”C, 
extracted with CHCI,, filtered through 5 kDa cut off membrane) was incubated at 
37°C for 4 h (protease K, protease frorn S. griseus) or 16 h (carboxypeptidases 
A and Y) with the following enzyme concentrations: protease K (0.3 U, 0.6 U, 
1.2 U), protease from S. grisws (6.4 U), carboxypeptidase Y (I U, 5 U, 50 U), 
carboxypeptidase A (1 .I U, 5.5 U, 55.5 U). For controls, hemolymph samples 
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were incubated with water and with proteases that had been heated to 100 “C 
previously. After digestion enzymes were removed by passing the samples 
through 3 kDa cut off filters. 

* Separation on Sephadex column: Hemolymph was fractionated on a 
Sephadex G-25 (fine, Pharmacia) column (@ 7 cm, length 78 cm). This column 
was loaded with 85 ml hemolymph (pretreated by heating to 100°C and 
extraction with CHCI:,). It was eluted with distilled, degassed water. The flow 
rate was approx. 2.5 ml x min.’ and the fraction collector was set to IO min x 
fraction-‘. A chromatogram was recorded by detection of the absorbance at 
206 nm using a Pharmacia LKB 1Jvicord SII detector. The whole run took 
28 hours and yielded 168 fractions. These fractions were combined to 8 pools 
according to the chromatogram (Fig. 3, Tab. I). The pooled fractions were 
frozen and freeze-dried. The tara of the flasks was determined and the dry 
weight in each pool was recorded. The dry material in the eight pools was 
resuspended in water and tested for growth promoting activity. 

0 Separation on a Dowex 50W cation exchange column: The active pool frorn 
the fractionation on the Sephadex column was further fractionated on a 
DowexB 50W X8 20-50 mesh (swollen) column (@ 1.6 cm, 60 cm, ,*I IO ml) in 
the NH,,+-form. The column was loaded with 2-3 ml of hemolymph sample 
(pool 5 from Sephadex column). It was eluted with distilled, degassed water at a 
flow rate of approx. 0.625 ml x minmi. The fraction collector was set to 
4 min x fraction’, The whole run took 5 hours and resulted in 76 fractions. Of 
each fraction 100 ,111 were transferred to a quartz 96-well microtiter plate and 
absorption was measured in a spectrophotometer (SPECTRAmax Plus, 
Molecular Devices) at 200 nm) 230 nm and 270 nm. Based on the 
chromatogram the fractions were again put together to eight pools (Fig. 4, 
Tab. 2). The pooled fractions were frozen, freeze dried and the dry weigh,t 
determined as before. The dry material in the 8 pools of the first run was again 
resuspended in distilled water and tested for growth promoting activity. 

Altogether 7 runs were performed on this column to separate all of the active 
pool from the Sephadex column. The fractions of all runs that corresponded to 
those frorn the first run containing growth promoting activity were pooled, freeze 
dried and given to Dr. H. Ruegger (Inorganic Chetnistry, ETH Zurich) for NMR 
analysis” 
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RESULTS 

The course of action pursued for the identification of the growth promoting 
substances from hemolymph required by N. parvispora was a step-wise 
procedure. First, chemical characteristics were determined by extractions and 
crude size fractionations. Based on these results methods for column 
fractionation were chosen. Compounds in the fractions containing growth 
promoting activity were then identified by NMR analysis. Besides this strategical 
proceeding several compounds are known to occur in insect hemolymph or that 
play an important role in insect physiology were tested (listed in Appendix B). 

Separation of high and low molecular weight components: -- Hemolymph was 
separated into a HMW and a LMW fraction using a Sephadex G-25 desalting 
column. Neither the HMW nor the LMW fraction supported growth comparable 
to a culture with 10% hemolymph (standard, Fig. 1). By combining both the 
HMW and the LMW in equal concentrations the fungus reached almost the 
same cell density as in the positive control (Fig. 1). 

Heating hemolymph to IOO’C destroyed the growth promoting activity and a 
medium containing FBS alone as a substitute did not allow N. parvispora to 
grow either (Fig. ‘1). Mixing the LMW fraction and hemolymph previously heated 
to 100°C led to poor growth and the effect seemed additive (Fig. 1). 
Combination of the HMW fraction with hemolymph heated to 100°C or heated 

Fig. 1 : Growth of N. parvis,~ot’r~ in media containing different hcmolyrnph fracticns as measured 
by optical density at 560 ntn with the MTT assay (Freimoser et 4. 1999). As control the fungus 
was grown with 10% hemolymph (black, defined as relative OD-=~l) and without hernolyrnph 
(black, defined as relative 0D=O). In either the HMW or the LMW pool little growth was 
observed. N. parvisporr-? grew if both fractions were combined. Neither in hemolymph heated to 
100°C nor in FBS alone did N. parvispora grow. Combination of the heated 7emolymph with 
either the HMW fraction or with FBS allowed the iung~~s to grow. A mixtu*e ot the boiled 
hemolymph with the LMW fraction supported only poor growth. 
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hemolymph with FBS in contrast enabled A/. parvispora to grow comparable to 
the positive control containing 10% hemolymph (Fig. 1). In contrast to heating to 
100°C, autoclaving destroyed all growth enhancing effect of hemolymph (not 
shown). 

Solubility of LMW growth promoting activity: -- It was tried to extract the growth 
promoting activity from freeze-dried hemolymph with a number of organic 
solvents. Except for methanol, where little activity could be dissolved, the 
growth promoting activity was insoluble in all solvents tested (Fig. 2). It was 
further tried to extract the growth factor(s) at either acidic or basic PH. In both 
cases the growth promoting activity was abolished (not shovvn). After treatment 
with phosphoric acid (0.1 %) no growth enhancing effect of hemolymph could 
be detected either (Fig. 2). 

0% HL 100°C 

‘10% HL 100°C 

EtQAc 

Acetonitrile 

Phos.acid 

DMSQ 

Ethanol 

Methanol 

0 0.2 0.4 0.6 0.8 J 

CID at 560 nm 
Fig. 2: Effect of treatment with diluted acid arid extraction with organic solvents on the growth 
prornotirq activity from freeze-dried hemolymph. Growth was measured with the MTT assay and 
is expressed as optical density at 560 nrn. As controls served cultures grown with 10% heated 
hernolymph or without hemolymph (black). Grey bars: Growth with the insoluble material. White 
bars: Growth with the material soluble in the corresponding solvent. EtOAc stands for ethyl 
acetate. DMSO stands for dimethylsulfoxide. Bars represent standard errors. 

Further characterizatim of LA&V growth factor(s): -- Dialysis with membranes of 
different pore sizes was performed. The majarity of the growth enhancing 
activity passed through a 500 Da membrane, but was retained by a pore size of 
100 Da. Neither treatment with chelex or with proteases affected the growth 
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promoting activity present in hemolymph. The growth factor(s) did not bind to 
any reverse phase material or to anion exchange resin. A strong cation 
exchanger in the H+-form bound the growth promoting activity. It was possible to 
elute an active fraction with 200 mM NH,HCO,. In the NH,‘-form the cation 
exchanger did not bind the growth promoting activity anymore. 

Separation on Sephadex colurm: -- Fractionation of 85 ml of pretreated 
hemolymph on a Sephadex G-25 column and detection at 206 nrn resulted in a 
chromatogram that exhibited 8 peaks (Fig. 3). The fractions contributing to 
these 8 peaks were pooled, freeze dried and resuspended in differing volumes 
of water, depending on the solubility (Tab. 1). Only pools 3, 5 and 6 allowed 
measurable growth and relative growth activity was highest in pool 5. Therefore, 
pool 5 was taken for further separation on a Dowex cation exchange resin. 
Separation with cation exchange column: -- Batch experiments and results from 

Pool 

1 
2 
3 
4 

Fractions 

1-33 
34-51 
52-60 
61-77 

Dry weight Growiti xtivity Tab. I: The 8 pools from the 
...--mLsiL---- [OlXng] _ fractionation of 85 ml of 

0.01 hemolyrnph the Sephadex G- on 
0.07 25 column with the pooled 
0.04 0.0: fractions, the dry weight and the 
1.76 

ii 78-93 1.87 0.04 
6 94-115 0.58 0.02 
7 1 16.,l 40 0.06 
8 141-168 0.00 ___- ~ .._ _- .-...--- 

cjrowth activity, 

480 720 960 

“_” 
...I 
_ 
_. 

-_ 

- - 

Fig. 3: Chrornatograui of the ~epar~~ti~~~~~~~ ?#‘&?‘df pretreated hemolymph or a Sephadex G- 
25 column measured at 206 ntn. The vertical lines indicate the pools that were created from 
the fractions. Growti-1 of N. parvispo~~ ifi these pools is shown by the grey bars. It is expressed 
as the ratio of optical density at 560 run against the dry werght in the corresponding pool, 

solid phase extraction cartridges had shown that the growth promoting activity 
from hemolymph bound to the Dowex cation exchange resin in the H+-form (not 
shown). In the H+-form the resin cannot be eluted with NH:HCC), (due to the 
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formation of CO,, disrupting the column bed). The resin was therefore brought 
to the NH,‘-form which did not bind the growth promoting activity anymore (not 
shown). For this reason the cation exchange column was only eluted with water 
and the separation observed was rather due to size fractionation than to an ion 
exchange mechanism (The Dow Chemical Company, 1964). Nevertheless, 
except for the first peak, which eluted with the void volume of the column, 
rnaterial was retained by the resin. Based on the chromatogram of the 
separation on Dowex strong cation exchange resin detected at 200 nm the 
fractions were separated into 8 pools (Fig. 4, Tab. 2). Qnly the pools 3, 4 and 5 
enabled N. parvispora to grow (Fig. 4). The relative growth activity was highest 
in pool 3. 

_.. -._. ..__---..--. ._. x .._-. “. ...-_ - _.._.- -- 
POOI Fraotiotis 

Dry weight 
--.-~~.. ._. ..- . . . b”ijL ._ 

1 l-12 4.7 
2 13-.x 31 .a 
3 2 l-24 7 
4 25-29 58 
5 30-34 35.2 
6 35-42 76.8 
/ 43-56 G2.!i 
8 !57-76 15.1 

Growth activiiy 
[OD/tng] 

-14.23 
12.76 
6.53 

0.05 

Tab. 2: Dry weight and 
fractions that were put together 
for the 8 pools after 
fractionation on the Dowex 
cation exchange column. 

‘4 
- 

Fig. 4: Chromatograni of the separatiorl of 2 nil of pretreatec-i hemolymph on a Dowex strong 
cation exchange column measured at 200 nm. The vertical lines indicate the pools that were 
created from the fractions. Growth ot N. ~~rvispor~ in these pools is shown by the grey bars. It 
is expressed as the ratio of optical density at 560 nm against the dry weight in the 
corresponding pool. 

NMR analysis: -I* ‘H and “C NMR of active fractions from preliminary 
separations on Dowex cation exchange resin identified the following 
substances: trehalose (major component), glutamine, threonine, serine, alanine, 
valine and asparagine. None of these substances exhibited growth promoting 
activity for N. parvispora individually and combinations were not active either. 
After the fractionation by the two columns much less material was detected in 
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the active pool and NMR analysis detected the same substances that were 
previously found. 

DISCUSSION 

The rich medium originally used for the isolation and cultivation of AL parvispora 
contained not only insect hemolymph, but also FBS, yeastolate and lactalbumin 
hydrolysate (Grundschober et al., 1998). It was therefore necessary to first 
simplify this medium so that hemolymph was the only undefined constituent. 
This was achieved by omitting yeastolate and lactalburnin hydrolysate and by 
replacing FBS with 5 tng x ml ! BSA. In this medium Neozyyifes parvispora grew 
slower but it could be continuously cultivated if hemolymph was added. 
The employment of this simplified medium made possible the discovery that 
hemolymph contained a HMW and a LMW fraction, which were both required 
for growth of N. parvispora. The HMW activity was destroyed by boiling and was 
not specific for hemolymph because it could be replaced wi-th FBS, This finding 
was similar to insect cell culture where hemolymph could also be replaced by 
FBS (Schlaeger, 1996). The growth activity in the LMW fraction in contrast 
resisted to boiling, could not be replaced (see Appendix t3 for a list of 
substances tested as substitutes for the LMW fraction of hemolymph) and 
seemed specific for hemolymph. Therefore, characterization and purification of 
the LMW growth factor(s) was started. It was thus found that this activity was 
only soluble in water, was inactivated by acidic pH, had a molecular weight 
between ‘100 and 500 Da and was resistant to treattnent with proteases. The 
fractionation of 85 ml of hemolymph on a Sephadex G-25 and a Dowex 5OW X8 
column resulted in 10.3 tng of purified active material, In this active fraction 
trehalose and several free amino acids were identified by NMR. However, 
neither trehalose nor the amino acids, which had already been present in 
Grace’s medium (see Appendix A), served as growth factors for A/. parvispora if 
tested separately or in combination. This lead to the conclusion that the growth 
promoting activity was present in concentrations too low for detecton. 
There were various properties of the presumed growth factor that complicated 
purification. For chromatographic separations it is favorable if samples can be 
applied in organic solvents and eluted either with solvents or buffers. 
Unfortunately, the LMW growth factor from hemolymph was insolLible in organic 
solvents. The use of buffers was also restricted due to the small size of the 
active components that made removal of salt from elution buffers impossible. 
Therefore, only volatile buffers could be considered for elution. For fractionation 
on a cation exchange resin this required the use of NH,HCO, as eluent and the 
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column had to be used in the ammonium form. This had the effect that the 
growth promoting activity did not bind to the resin anymore. Another 
complicating issue was that hemolymph contains exceptional large amounts of 
molecules of similar size as the growth promoting activity. 
Nevertheless, there are several possibilities that could be pursued. Probably the 
most obvious approach would be to screen known substances for their ability to 
enable N. parvispora to grow. During this research substances known for their 
occurrence in insect hemolymph have already been tested (see Appendix B), In 
addition, conditioned media from insect cell lines of Manduea sexfa, extracts of 
plants and other complex mixtures have been tried as substitutes for 
hemolymph (Appendix B). In none of these cases did N. parvispora grow 
comparably to cultures in media containing hemolymph (not shown). Solely with 
the addition of a water extract of a commercial vitamin pill (equate, Vita Health 
Company, Winnipeg, Canada) some growth could be observed (not shown). 
However, with this vitamin solution N. parvispora grew only slowly, reached 
lower cell densities than with hemolymph and the effect of the vitamins was not 
concentration dependent. During all this time it was also never observed that 
N. parvispora adapted to cultivation and became less dependent on 
hemolymph, even if the isolate was continuously cultured for several months. 
Nevertheless, a possible approach could also be to look for isolates that do not 
need hemolymph or even to create mutants lacking this requirement. In my 
opinion the most promising continuation of this project would be to start with 
bigger amounts of starting material for the purification of the growth factor(s). 
For the isolation and purification of other growth factors or hormones much 
more starting material was used. The insect hormone ecdysone for example 
was purified frorn 500 kg of pupae of Bombyx tori, which resulted in 25 mg 
crystallized hormone (Butenandt & Karlson, 1954). In this case the whole insect 
was squeezed. This could also be tried for the isolation of the growth factor for 
N. parvispora and could replace the tedious extraction of hemolymph, However, 
the processing of such huge amounts of pupae or in our case caterpillars also 
requires special facilities and equipment enabling handling of hundreds of liters 
of raw extract, 
The results presented here have shown that insect hernolymph contained two 
growth promoting fractions, both of which were mandatory for growth of 
N. parvispora. The partial characterization of the hemolymph specific, LMW 
growth promoting activity provides the basis for possible future attempts to 
purify and identify the growth factor(s) necessary for the cultivation of 
N. parvispora. During this study trehalose and several amino acids were 
identified in an active fraction but none of these served as growth factors for 
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N. parvispora. It was concluded that the inability to identify the growth promoting 
substance(s) was due to the limited amount of hemolymph that was used. 
However, I am convinced that the approach described is principally correct and 
suitable for the purification and identification of growth factors for N. parvispora. 
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APPENDIX A: Composition of Grace’s insect cell culture medium. 

Substance 
lnarganic salts 

CaCl2*2H,O 

KCI 
MgCl2*6H,O 

MgSO4*7H,O 
NaHC0,3 

NaH,P0,,*2H,O 
Other components 

Fructose 
Fumaric acid 

D-glucose 
a-Ketoglutaric Acid 

Malic acid 
Succinic acid 

Sucrose 
Amino acids 

L”-Alanine 
b-Alanine 

L-Arginine”HCI 
L-Asparagine 

L-Aspartic acid 
L-Cystine 

L-Glutamic acid 
L-Glutarnine 

Glycine 
L-t-listidine HCl+H,O 

L.-lsoleucine 
L--Leucine 

I--Lysin*HCI 
L-Methionine 

L-Phenylalanine 
L-Proline 

DL-Serine 
L-T’hreonine 

L-Thryptophan 
L-Tyrosine 

L-Valine 

0.993 

4.1 
2.28 
2.78 
0.35 

1.15 

0.4 2.22 
0.055 0.4’7 

02 3.89 
0.37 2.53 
0.67 5.00 
0.06 0.5’1 

26.68 77.94 

0.225 
0.2 
0.7 

0.35 
0.35 \.. 

0.022 
0.6 
0.6 

0.65 
3.335 
0.05 

0,075 
0.625 L 
0.05 
0.15 
0 35 , 
1.1 

O.-l75 
0. 1 

0.05 
0, I 

mM 

6.75 

54.99 
.l 1.21 
1 i .28 
4. -I 7 

7.37 

2.53 
2.24 
3.32 
2.65 
2.63 
0.09 
4.08 
41 1 
8.66 
.1 5.9.1 
0.38 
0.5’7 , 
3.42 
0.34 
0.91 
3.04 
IO.117 
1.47 
0.49 
0.28 
0 (8 5 L 

Substance .- 
Vitamins 

Para-aminobenzoic acid 

D-Biotin ‘1 xl o-5 
D-Calcium Pantothenate 2 x 1 o-” 

Choline Chloride 2 xl 0.” 

Folic acid 2 xl 0.” 
I-lnositol 2 X’l 0” 

Niacin 2 xl 0.’ 
Nicotinic acid 2 xl 0.” 

Pyridoxine. HCI (B6) 2 X’l 0.’ 
Riboflavin 2 x10-” 

Thiamine, HCI 2 xl u5 

g/l I.IM 

2 xl 0.” 0.146 

0.041 
0.042 
-14.638 

0.045 
0.11’1 

0.162 
0.097 
0.053 
0.059 
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APPENDIX B: Substances or extracts tested for their capability to replace the 
LMW growth promoting activity of hemolymph. None of these substances could 
replace the growth promoting acitvity of hemolymph in the indicated 
concentrations. 

Substance Concentrations 

HM W compotients/subsfitutes: 
insulin 

Transferrin 
FBS 

Concanavalin A 
Defined Lipid concentrate 

Complex Lipid concentrate 
Oleic acid (bound to BSA) 

BSA 
cc-Cyciodextrin 
II- Cyclodextrin 

LMW sc~bstances/subsfifufes: 
Ami/,o acids: 

L-Tyrosine 
DL-Phosphoserine 0.0.1 M 

Allantoirl 0.01 M 
Ethanolamine 0.0.1 M 

Arginine 
Histidine 

Lysine 
Trehalose 
Putrescine 
Spermine 

Spermidine 
L-Dopa 

ii, 25, 50 119 X tTll-’ 
05-l 00 1.1g/ml 
0.01 ._” 40 ‘% 

5, 20, 50 pg x ml? 
0.1x, ‘IX, 10x 
0:1x, Ix, 10x 

q.14 nrnol x ml-’ 
0.5 - 20 mg x ml-’ 

‘1, 2.5, 5, 10 rng x ml-’ 
-1 , 2, 3, 5, -1 0 rng x nil-’ 

0.4-120 1-14 x ml-’ 
IO, 100, 300 111 x ml-’ 
.l 0, 100, 300 ~(1 x nilV 
10, .lOO, 300 111 x ml-’ 

0.5: -1 mg x inlU 
0.5) .I mg x 1~11.’ 

0.5, 1 rng x iYf 

0.05 - 15 mg x ml-’ 
0.05 -10 pg x mu’ 

0.1, '1, 10 LLg x ml-’ 
0.1, -1 : 10 !Lg x ml-’ 

l-200 pg x ml-’ 
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Substance Concentrations _-_._ -. ..-.. ---...l_._ll.. ~_~ ...--.~..-_ ..-- 
Salts: 

Ammonium ferric citrate, green 

CrCI, 0 6H.O 
cu,o 

Fe(lll) Citrate (0.1 M) .t 
EDTA (0.5 M) 

FeCI, 
FeSO,, 

JK 
MnCI, 

MoNa.0: * 2H,O 
NaSi;O. * 5H.0 

NaVO, * H ,O 
NiSO, * 7H.0 
SnCl,. * 2H,O 

ZnO 
Complex mixtures: 

IPL 
Schneider’s Drosophila medium 

Excel1 

Tri’folim praferisis 
Impnfiens sp. 

sfactlys vlltgalfs 

k,kr~Yuca conditioned media 
(Univ. of Washington/Arizona) 

Redbull 
Vitamin pill 

(water soluble part in 50 ml) 
Vifanuhs, t7ormoms, resf: 

Vitamin E 
b-Carotene 

Ascorbic acid (Vit, C) 
Vitamin A (acetate) 

vitamr1 Lx3 

N-Acetyldopamin 
EDTA (-t hemolymph) 

Dibutyryl-CAMP 
Trehalose 6-Phosphate 

Juvenile hormone 
Zeatin 

Zeatirl Ribosirie 

12, 60, 300 rng x ml-’ 
0.05. O.Fls 5 pg x ml-’ 

0.004, 0.04, 0.4 mg x ml? 
0.5 - 100 pl x ml-’ 

0.06, 0.15. 1.5 rng x ml ’ 
12, 60, 300 mg x ml-’ 
0.3, 3, 30 pg x ml-’ 

8, 40, 200 mg x ml-’ 
0.05, 0.5, 5 pg x ml-j 
0.02, 0,2> 2 pg x ml-’ 
0.02, 0.2, 2 pg x ml-’ 
0.0’1, 0.l) 1 119 x ml-' 

0.02, 0.2, 2 pg x r# 
0.03, 0.3, 3 mg x ml-’ 

Different cell culture media used as 
basic media. 

Plant extracts, employed in various 
concentrations. 

Different concentrations, also in 
combination with HMW or LMW 

fractions frorn hemolymph. 

2-l 00 !(I 

0.2 iii, 2.15, 2 1 .5 nlg x 11‘1.' 
0.269, 2.69. 26.9 mg x ml-' 

0.008-0.8 rng x ml-: 

0.164, 1 .64, -16.4 mg x nil-’ 
0.192, 1.92, 19.2 mg x tnl~’ 

0.1~ 7, 3,'7G rlrlol 

0.5, 2.5. 5, 10 mM 
O.Ol! 0.1) 1 mM 

IO !~giml .. 3rng x tni’ 
1 ) 10, -1 00 pprn 

O,O.l- 10 !lg x I-’ 
0.0’140 yg x I-’ 
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In vifro cultivation of the entomo athogenic fungus 
n~~~~~~~~~~~ thripidum: isolation, growth 

requirements and sporulation 

Ento~~phth~~a thripidum Samson, amakers & swald 
(Zygomycota, Entomophthorales) was isolated from Thrips tabaci 
Lindeman (Thysanoptera, Thripidae; onion or potato thrips). 
Vegetative fungal cells were released into cultur medium by 
opening surface sterilized insects and multiplied in race’s insect 
tissue culture medium supplemented wit yeastolate, lactalbumin 
hydrolysate and 10% fetal bovine serum ( S). These cells grew as 
protoplasts (no staining for cell wall) and aggregated to form pellets 
that were only observed in vitro. After exhaustion of the medium, 
walled mycelium formed which produced forcibly ejected spores 
when transferred onto water agar. 

The genus Entornophthora (Zygomycota, Entomophthorales) encomposes a 
group of entomopathogenic fungi characterized by their campanulate primary 
spores. These spores have an apical point, contain two up tc, 40 nuclei and are 
surrounded by a halo when ejected (Remaudiere & Keller, ‘1980; Keller, 1987). 
This halo, or protoplasm, consists of mucilaginous material present in 
Entomophthora species between an inner and outer wall layer of the spore 
(Eilenberg et al., 1986). Primary spores produce secondary spores that do not 
have a clearly visible protoplasm (Keller, 1987). It has been suggested that the 
secondary spore might be the main infective structure in the genus 
Entotnophthora (Bellini et a/., 1992; Eilenberg ef a/.? 1995). The type species is 
Entornophfhora rnuscae (Cohn) Fresenius which was described as early as 
1855 as a pathogen of house flies (Musca domestica L.) (Cohn, 1855). Other 
frequent species are E. planchoniana Cornu in Europe (Wilding, 1975; 
Remaudi&e ef al., 1981) and E. chrornaphidis Burger & Swain in the USA and 
Australia (Humber & Feng, 1991), both naturally occurring pathogens o,f aphids 
(Homoptera, Aphididae). Enfornophthora t~?ripidl~t~ Samson, Ramakers R 
Oswald grows in the abdomen of Thrips tabaci Lindeman (Thysanoptera, 
Thripidae; onion or potato thrips) until it breaks through the cuticle and 
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discharges its primary spores while the insect is still alive. It has only been 
described once in the Netherlands (Samson et al., 1979). 

Fungi in general and Entomophthorales in particular are promising as 
biocontrol agents because of their active invasion and attack of insects and their 
potential to cause epizootics (Leathers et al., l993). A special feature of 
Entomophthorales are the forcibly discharged spores which facilitate the spread 
of the disease. The demanding nutritional requirements for in v-itro cultivation 
are a major drawback to the commercial development of this highly specialized 
group of insect pathogens (Samson et al., 1988). 

Thrips tabaci is an important cosmopolitan and polyphagous pest that causes 
feeding damage and transmits plant viruses (Lewis, 1997). Thrips in general are 
difficult to manage and no specific insecticides exist for their control (Lewis, 
1997). This is one reason why these pest insects are excellent targets for 
biological control. 

In this publication we describe for the first time the nutritional requirements 
for the in vitro cultivation of the thrips pathogen E. thripidum, fhe cell 
morphology in vitro as well as the sporulation characteristics of this fungus on 
artificial media. 

MATERIALS AND METHODS 

Collection:-- Infected T: tabaci were collected in 1998 by Axel Weber (Institute 
for Plant Protection in Horticulture, Federal Biological Research Centre for 
Agriculture and Forestry, Braunschweig, Germany) from a laboratory colony. An 
infection rate approaching 95% was observed in the thrips colonies under 
conditions of high humidity (A. Weber pers comm). Fungal identification to 
species was done by Dr. H. Sierotzki in our laboratory using the original 
descriptian of Samson et al (1979). The isolate we used in this s,tudy was 
deposited in the ARSEF culture collection (USDA-ARS, Ithaca, NY) as ARSEF 
5868. 

Isolation in liquid medium:-- We followed the same isolation protocol previously 
described for the isolation of Neozygites parvispora (Grundschober et al., 
1998). Briefly, infected but still living thrips (adults and larvae) were surface 
sterilized by dipping in ethanol (70% v/v) for 1 min, NaOCl (3% w/w) for 3 min 
and twice in sterile water (at least 3 min each). The surface sterilized insects 
were crushed in 50 pL cultivation medium (in 24-well culture plates) to release 
the fungal cells, These preparations were incubated at 20 C, in the dark and 
checked regularly on an inverse microscope for evidence of cell multiplication. 
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When cell division was observed, fresh medium was added to the multiwell 
plates, gradually increasing the culture volume in two to four steps to reach a 
maximum volume of 500 I-IL. At this point cultures were transferred to a shaking 
incubator (20 C, in the dark, 160 rpm) and subcultured once per week. 

Cultivation in liquid medium:-- Entomophfhora thripidum cells were routinely 
grown in 24-well culture plates containing 1 mL rnedium per well. Plates were 
held at 20 C in the dark and agitated at 160 rpm. Cultures were homogenized 
by gentle pipetting and 25 to 50 pL of the old culture were sbbcultured into 1 mL 
of fresh medium every week. 

The standard cultivation rnedium was based on Grace’s insect tissue culture 
medium 2X supplemented with lactalbumine hydrolysate an(cf yeastolate (Gibco 
No. 11667). It was diluted to IX by adding IO% heat inactivated fetal bovine 
serum (FBS; Gibco) and 40% water. This medium had a pH of 6.5 and an 
osmolarity of 380 mOsm. 

For comparison of different media and the determination of a growth curve, 
the fungus was grown in 48-well culture plates containing 500 pL medium per 
well. Each well was inoculated with IO” cells/ml_ derived from 5- to ‘-/-d-old 
cultures, previously washed once with 350 mM sucrose. ‘The plates were kept at 
20 C in the dark and shaken at 160 rpm. Growth was determined in the 
presence and absence of FBS (pH 6.5 and 5.8 respectively, osmolarity 380 
mOsm). Cell densities were measured daily in independent samples (4 
replicates per sampling date) over a period of 15 days except for days 1, 1-l 1 13, 
14, when no samples were taken. The experiment was performed twice. 

In the growth experiments we compared Grace’s rnedium with and without 
supplements (Gibco No. 11667 and 21590) in combination with FBS and 
hemolymph. Hemolymph was obtained from 5”’ instar Manduca sexta (L.) as 
described in Grundschober et al (1998). The liquid GLEN medium containing 
0.4O/o glucose, 0.5% yeast extract, 0.65% lactalburnin hydrolysate and 0.77% 
NaCl (Beauvais & Latgk, 1988) with 10% FBS was also tested. These tests 
were evaluated after 7d. 

Growth on solid medium, spore formation and char~cteriznlion:-- Growth trials 
on solid medium were performed on Sabouraud-dextrose agar with egg yolk 
(SDAEY: 3940 Sabouraud dextrose, 1.79’0 agar and 8% egg yolk; (Keller, 1987). 
Plates were held in a dark box containing wet tissue paper at 20 C. To induce 
sporulation, fungal material was plated on water agar or SDAEY and incubated 
in humid boxes at 20 C. To determine spore size, spores were showered onto 
glass slides and measured using light microscopy. 
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Determination of cell and spore sizes:-- Cells and in vitro produced spores were 
observed under a Zeiss Axiophot light microscope at x400. Pictures were 
projected onto a screen via a digital camera (Hamamatsu color chilled 3CCD 
camera and camera controller C.5810). Cells were measured on the screen 
using a calibrated scale. Cells were considered as long, when they were at least 
twice as long as wide. 

Determination of cell densities:-- The cell density of the inoculum used in the 
various tests was determined with conventional hemocytometer counts. Growth 
of cells in the liquid media was quantified using a calorimetric assay based on 
MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) as described 
by Freimoser et al (1999). 

Staining:-- Nuclei were stained with DAPI (4,6-Diamidino-2-phenylindole). Cells 
were first suspended in 10 uL DAPI solution (0.05 mg/mL). Ethanol (2 uL, 1:5 
v/v) was added, and cells were observed after incubation of at least IO minutes 
at room temperature. Cell walls were stained using Blancophor (Bayer Cat. No. 
705 0129 127 01). Blancophor solution (1 mg/mL) was added to cells in culture 
medium (2 uL Blancophor per 20 pL cell suspension). All preparations were 
observed by fluorescence microscopy on a Zeiss Axiophot with a 365 nm 
excitation filter, 395 nm beam splitter and 420 nm barrier filter. 

Storage of cells:-- Cells were concentrated by centrifugation (3Og, 15 min, 20 C) 
and resuspended in cryotubes (Nunc) with fresh FBS containing loo/o DMSO 
(Sly & Grubb, 1979). The cryotubes placed in a polystyrene box containing 
paper pading were held at -80 C overnight to allow slow cooling and then stored 
above liquid nitrogen or at -80 C (Zwerner et a/., 1979). 

Statistical analysis:-- For comparison of growth and sporulation characteristics 
in different media, data were subjected to an analysis of variance (ANOVA) 
using Tukey’s Honest Significant Difference (HSD) procedure (SAS Institute, 
1990). Statistical differences in the figure and text were expressed at the 5% 
significance level. 
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RESULTS 

Isolation:-- Fungal cells from surface sterilized thrips started to grow shortly 
after release into supplemented Grace’s insect cell culture medium with FBS 
and hemolymph. Addition of hemolymph in the medium was not necessary for 
continued cultivation of this fungus and later experience showed that 
hemolymph is not necessary for the isolation of this fungus either (results not 
shown). 

Morphology and growth in liquid culture:-- In liquid culture E. fhripidum formed 
long club-shaped cells as well as shorter rod shaped and round cells that were 
produced by budding (Fig. 1A). Spindle-shaped cells were also observed. They 
remained connected with the mother cell by a thin thread, thus forming chains 
of spindle-shaped cells (Fig. 18). All of these cell forms did not stain with 
Blancophor and burst when suspended in distilled water, suggesting that they 
were protoplasts lacking a cell wall. 

Protoplasts remained connected and aggregated in spherical pellets (Fig. I B, 
C, D). These pellets increased in diameter by growth at the periphery, where 

Fig. 1. Protoplast morphology and stages in pellet formation of E. f/~r’i~kkm. A. Single long 
and round shaped protoplasts of E, f~~$Mum. B. Protoplasts connected; with each other by a 
thin thread. C. Early stage in protoplasts aggregation. D. Late stage of aggregate showing 
dense pellets. Bars: A= 50 pm; 8. C, D= I00 IJrn. 
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Fig. 2. Distinction of protoplasts and walled cells from liquid cultures by c:ell wall staining. 
Protoplast pellets (lower left corner; see fig. 1 D) and mycelial pellets (upper right corner) from 
separate cultures of E. fhripidum of different age were mixed and stained with Blancophor. A. 
Preparation under the light microscope shows protoplasts and mycelium. B. Fluorescent light 
reveals that only mycelium stains with Blancophor. Protoplasts do not stain. Bars: 100 pm. 

the rod- and club-shaped cells were located. The center of the pellets consisted 
of round cells. When E. thripidum was maintained without replenishing the 
growth medium for at least 2 wk it eventually formed fluffy mycelium. This was 
accompanied by a change in cell morphology. Instead of short club-shaped 
cells, long and septated hyphae developed. They contained numerous empty 
compartments and stained strongly with Blancophor indicating the presence of 
a cell wall (Fig. 2). 

Entomophfhora thripidum protoplasts were isolated in the same medium as 
Al. parvispora, i. e. supplemented Grace’s insect cell culture medium, FBS and 
hemolymph (Grundschober et al., 1998), in which they readily started to grow. 
We tested the effect of these amendments on cell density (Fig. 3). The addition 
of 10 or 20% FBS, loo/o hetnolymph or 10% of both FBS and hemolymph 
resulted in higher cell densities. A reduction of the FBS content to a 
concentration of ‘10% did not significantly reduce growth, whereas growth in a 
medium containing 5% FBS was significantly lower and growth levels were 
indistinguishable from that in a medium containing no additives. Inclusion of 
hemolymph in the medium had a similar influence on cell growth as FBS and it 
was possible to substitute one with the other without affecting cell growth or 
density. The supplementation of the media with lactalbumin-hydrolysate and 
yeastolate on the other hand significantly increased growth of E. thripidum. For 
bo,th supplernented and non-supplemented media, addition of either FBS or 
hemolymph stimulated cell growth, and a slight decrease in cell density was 
observed when they were added in combination. Additionally the fungus also 
grew in GLEN rnedium supplemented with IO*% FBS (data not shown). In all 
media, irrespective of the presence of FBS, cells did not stain with Blancophor 
suggesting that they did not have a cell wall (except the mycelia described 
above). 
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supplemented 

suppl. 5% Ft3S 

suppl. 10% FBS 

suppl.20% FBS 

suppl.1o%tiL 

suppl. 10% FBS 10% HL 

Fig. 3. Comparison of growth in different 
media after cultivation for seven days. Solid 
bars represent media based on Grace’s 
medium supplemented with lactalbumin 
hydrolysate and yeastolate, and containing 5, 
10 or 20% FBS and/or 10% hemolymph (HL). 
White bars represent growth in media based 
on unsupplemented Grace’s medium to 
which 10%) FBS and/or 10% hemolymph has 
been added. Different letters indicate 
statistically significant differences between 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 media (ANOVA with Tukey’s HSD test, 
MTlmeasurement(OD 560.690nm) P< 0.05). 

not suppl. 10% FBS 10% HL :Ii..... ‘--T)i ab 

The maximal cell density reached under our culture conditions in 
supplemented Grace’s insect cell culture medium with 10% FIBS was 1.2*10” 
cells per mL. After a short lag-phase the fungus grew exponentially. Thereafter 
growth slowed down, and the maximum cell density was reached after 7 d 
(Fig. 4). The maximum specific growth rate was 1.3 de’ equa.ling a doubling time 
of 0.5 d. After about 7 d in an optimal medium, cells started to degenerate and 
the cell density decreased (Fig. 4). This was accompanied by an increasing 
proportion of round cells. During the exponential phase a higher proportion of 
the cells had an elongated shape (Table I). In the same medium lacking FBS 
growth was slower, not exponential, and resulted in comparably low cell 
densities (Fig. 4). Omitting FBS also led to a delayed increase in the ratio of 
long to round cells and to an earlier decline in this ratio (data not shown). 

Growth on solid medium and sporulatkm-- Mycelium or protoplast pellets 
that were put on SDAEY plates grew extremely slowly and did not cover the 
plate within 5 wk. On solid media E. thripidurn grew vertically rather than 
horizontally, forming vaults and crevasses (Fig. 5). Radial growth was marginal 
and slow. 

Fig. 4. Growth curve of E. ti~ri@dun~ protoplasts in two different media: supplemented Grace’s 
with FBS l-o-), suoglemented Grace’s without FBS (- - - -). Error bars -II se. 
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Table I. Characterization of cell morphology and density at different growth phases after 0, 4 
and 12 days of culture in Grace’s insect cell culture medium supplemented with lactalbumin 
hydrolysate, yeastolate and 10% FBS (mean I: SE). 

Lag phase (0 d) Log phase (4 d) Stationary phase (.l2 d) 

Cell density (cells/mL) (1.7+0.5)* 1 o4 (3.81t0.2)’ IO” (9.7:t0.5)* 10” 

Length of long cells (Tim) 3.1+2 49f3 6214 

Length of round cells (Llrn) 22rt2 25i2 25-t-2 

Proportion of long cells 0.4&O. 1 0.65t0.06 0.34+0.04 

Proportion of round cells 0.6iO.2 0.35+0.03 0.66+0.04 

Cells produced in vitro were able to sporulate after transfer onto water agar. 
Protoplasts (not staining with Blancophor) that were put on water agar produced 
only very few spores. If mycelia were plated on water agar, primary spores were 
produced overnight. However, spores were only formed on dry areas of the 
mycelial biomass; on surface areas coated with a film of water, sporulation was 
not observed. Primary spores were forcibly ejected and surrounded by 
protoplasm (Fig. 6A). They contained 3 to 6 nuclei, had an average length of 
15.5 rt- 0.2 pm and a width of 10.9 i: 0.1 pm (105 spores from 3 different isolates 
of E. thripidum counted). The shape of the primary spores was campanulate, 
typical for the genus Entomophthova (Keller, ‘1987). The primary spores formed 
secondary spores that were also ejected but which were not surrounded by 
protoplasm (Fig. 6B). The secondary spores also contained 3 to 6 nuclei and 
were slightly smaller. Their average size was 10.6 I!. 0.2 kern long, 9.5 -i- 0.1 pm 
wide (58 spores from 3 different isolates of E. thripidm counted). Protoplasts, 
in comparison, contained up to 16 nuclei. Entomophthora fhripidum lost its 
capacity to sporulate after prolonged subculturing. After 2 rm of weekly 
subcultures, sporulation was unpredictable, occurring irregularly after plating on 
egg yolk medium (SDAEY) and after ‘l-4 wk of incubation. 

Fig. 5. Formation of a fungal colony upon 
transfer of myceliurn from liquid cultures 
onto a SDAEY agar plate (6 wk old). 
Growth was very slow. Bar: 1 cm 
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Fig. 6. Primary and secondary spores of E. fhripidwn produced in vitro. A. Primary spore 
surrounded by a protoplasm. B. Formation of a secondary spore from a prirnary spore. 
Bar: IO I.rm. 

Maintenance:-- After storage (3 mo) in the vapor phase above liquid nitrogen 
(approx -160 C), or at -80 C new cultures of ES fhripidutn could be started from 
the frozen material. 

DISCUSSION 

We report the isolation of E. fhripidutn, from a collapsed thrips culture in 
Germany. Samson et al (1979) found this fungal species regularly on 7: fabaci 
over a 3 yr period in glasshouses in the Netherlands. We are aware of only one 
additional observation from glasshouses in Denmark (J. Eilenberg pers comm). 
The lack of literature on E. thripidutn suggests that it may be a rare pathogen of 
thrips, but this could also be a result of its unobtrusiveness and lack of a 
consistent, targeted monitoring program. 

In vifro cultures of E. fhripidurn were started with vegetative cells from 
infected but still living insects, an approach that yielded cultures of another 
challenging pathogen, N. parvispora (Grundschober ef al., 1998). The authors 
who first described E. thripidutn stressed that it was not possible to isolate this 
species from sporulating cadavers (Samson ei al., 1979). Our findings seem to 
confirm other observations that many obligatory parasitic, fungi can only be 
isolated when starting from vegetative material and not frorn spores (t-lumber, 
1994). 

The nutritional requirements of E. fhripidutn were not as demanding as those 
of N. parvispora since hemolymph was not necessary for growth. Nevertheless, 
the addition of FBS was necessary to promote fast and dense development. 
The function of FBS could be replaced by hemolymph. This is similar to findings 
for insect cell cultures where hemolymph, once used as a supplement in culture 
media, was replaced by 10% FBS (Ferkovich & Oberlander, 1991; Schlaeger, 
1996). One function of FBS in cell cultures, mainly through serum albumin, is 
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that of a carrier for fatty acids (Nilausen, 1978; Spector, 1986). FBS may also 
stabilize the membranes of the protoplasts as suggested for Enfomophaga 
aulicae (Beauvais & Latge, 1988). Supplementation with lactalbumin 
hydrolysate and yeastolate increased growth as in insect cell culture 
(Schlaeger, 1996), but did not induce a significantly higher growth response to 
warrant a replacement of FBS. 

We showed that in liquid culture, E. fhripidum formed protoplasts which occur 
in the life cycle of several entomopathogenic fungi (Butt ef al., 1981; Nolan, 
1985), enabling these pathogens to evade immune recognition by the host 
(Beauvais ef al., 1989). The protoplasts of E. aulicae (=Enfomophfhora 
egressa) were observed to develop in defined stages (Nolan, 1985). But similar 
growth development was not seen in Entomophfhora muscat? (Latge et al., 
1988) or E. fhripidum, and the only different stages observed were the round- 
and long-shaped protoplasts. Protoplasts in infected thrips mostly had an 
elongated shape and during the exponential growth phase in culture, a higher 
proportion of cells displayed this long shape. We think that the long and round 
protoplasts do not reflect two equal growth morphologies, but rather that the 
cells round up when growth conditions are not optimal anymore. Under growth 
conditions where nutrients are limited, hyphal bodies of AL parvispora also 
became rounded (Grundschober et al., 1998). 

The aggregates formed by the protoplasts of E. fhripidum seem to be an 
artifact of in vitro cultivation as they were never observed in vivo. These pellets 
were often bigger than whole thrips. Cell lysis in the center of the aggregates, 
which can be caused by nutrient and oxygen limitations (Prosser & Tough, 
1991), is a drawback of aggregates. The consequence is a lower final cell 
density, a disadvantage with respect to the possible production of E. fhripidum 
for use as a biological insecticide. On the other hand, the pellet form could 
protect the fragile protoplasts against shear forces. Pellet growth is often 
preferred for process scale-up, because it facilitates processing and handling 
(Prosser & Tough, 1991). Another consequence of growth as pellets is the 
alteration of growth kinetics in comparison to the exponential growth of 
individual cells. It is assumed that pellets grow exponentially lrntil their radii 
reach a size where diffusion of oxygen or nutrients is lirnited to the periphery; 
growth will then follow cube-root kinetics (Pirt, 1966). Our results also indicate 
that after an early exponential growth period growth of E. thripidum followed 
cube-root kinetics, but more data and experirnents are required to prove this. 

After aging protoplast cultures of E. thri~iduly~ and without adding fresh 
medium, the cells started to form a cell wall, and mycelia developed. The same 
observation is reported for E. ~nu~cae (Latgci? et al., 1988). In contrast, 
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.E. aulicae forms walled hyphal bodies in a medium lacking FBS, and 
protoplasts are only formed if FBS is added (Beauvais & Latgit, 1988). This 
dependency upon FBS could not be observed for E, muscae or for E. thripidum, 
suggesting that the genus Entomophthora responds to other mechanisms for 
the control of cell wall synthesis. Mycelia that formed after starvation could be 
transferred onto water agar where they produced spores after overnight 
incubation, that were identical to those produced i17 viva. They had the same 
size and number of nuclei as spores described by Samson et al (1979) in the 
original report. As has already been observed for N. parvispora, sporulation of 
E. thripidurn occurred only in an aerial environment. Liquid cultures never 
yielded spores, and the presence of a water film on the mycelium, when plated 
on agar, also suppressed sporulation. Since mycelia produced by E. thripidum 
could survive and sporulate when removed from the cultivation medium, it was 
not necessary to entrap it in an alginate matrix as for hyphal bodies of 
N. parvispora (Grundschober et al., 1998). 

After repeated subculture, cells lost their capacity to sporulate overnight. 
Such phenotypical alteration during serial subculturing is a common 
phenomenon in fungi. Virulence, sporulation or pathogenicity are often affected 
(Hajek et al,, 1990; Humber, 1997). These losses may be recovered by 
passaging through an insect host (Hayden et al., 1992; Goettel & Inglis, 1997). 
In our case isolates were stored at ultra-low temperatures in the hope of 
conserving their original properties. 

Future work will define the nutritional and physiological requirements for 
sporulation of E, thripidum and it will be necessary to develop a bioassay with 
TV fabaci. In conclusion our work with two pathogens of ‘7: tabaci has shown that 
Entomophthorales that were thought to be obligate biotrophs can now be 
cultured in complex liquid media. However, to pramote further development of 
these pathogens as biopesticides, means of inducing sporulation in artificial 
culture remains a primary objective, 
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Mycelium formation in E. thripidum a9 

Regulation of hyphal growth and sporulation 
of the insect pathogenic fungus 
En t~rno~h thora thr~~i~urn in v~tr(~ 

Ento~o~~thor~ thripidum is an obligate biotrophic insect pathogenic 
fungus that occurs in two forms within the hemocoel of Thrips 
tabaci: protoplasts are observed in the first phase of vegetative 
growth, whereas hyphal growth is observed prior to penetration 
through the insect cuticle and spore formation at the insect surface. 
ln vitro, the differentiation to hyphal growth was deZected in liquid 
culture IO to 20 d after inoculation. Hyphal growth was a prerequisite 
for the subsequent formation of infectious spores. thripidu 
secreted a factor that autoinduced the differentiation to hyphal 
growth in cultures that did not differentiate to this form otherwise. 
The production of this “mycelium factor” was induced upon nitrogen 

the growth medium. Its molecular weight was 
and it was sensitive to digestion with trypsin. The 

of the activity inducing hyphal growth made possible the 
reliable production of spores, the infection of T. t~~~ci and the 
consecutive reisalation of the fungus from the infected insects. 

INTRODUCTION 

The life cycle of obligate biotrophic insect pathogenic fungi can be separated 
into three distinct steps; the infection of the host, vegetative growth within the 
host insect and the breaking through the insect cuticle in order to sporulate and 
to reinfect. The infection process! starting with the attachment of a spore to the 
cuticle of a host insect, the germination of this spore and the consecutive 
penetration through the cuticle, has been studied thoroughly and many steps 
have been characterised at the molecular level (reviewed in Charnley, 1989; St. 
Leger, 1993). Once the fungus has overcome the barrier of the inseMs cuticle it 
multiplies within the body of the host (reviewed in Samson e,t A., 1988; Hajek & 
St. Leger, 1994). This invasion of the insect body is considered the last step in 
fungal pathogenesis and usually results in the death of the infected host 
(Samson ef al., ‘1988). The following step in the life cycte, the penetration 
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through the insect cuticle by outward growth and subsequent spore formation, 
has received less attention. 

The induction of the sporulating stage brings about fundameni:al changes in 
the morphology of the fungus. Insect pathogenic fungi belonging to the order of 
the Entomophthorales often grow in the form of discrete cells with some species 
multiplying as protoplasts (Samson et al., 1988). For sporulation fungal cells 
grow coordinatedly outward, break through the insect’s cuticle and spores are 
formed at the tip of hyphae that are surrounded by a cell wall (Brobyn & Wilding, 
1977). Sporulation is timed to assure that all cells form spores s)imultaneously 
before the insect cadaver is overgrown by saprophytic and opportunistic 
bacteria or fungi. Regulated sporulation has to occur in those species of 
Entomophthorales that sporulate from insects that are still alive or that only 
break through the cuticle at defined places (summarised in t-lumber, 1984; 
Evans, 1989). 

Entomophthora thripidum (Zygomycetes: Entomophthorales) is a pathogen of 
Thrips tabaci (Thysanoptera: Thripidae; onion or potato thrips) (Samson et al., 
1979), a common pest insect in vegetables and ornamentals (Lewis, 1997). 
This fungus is especially noteworthy for its localised sporulation from the 
abdomen of still living thrips (Samson et a/., 1979). In vitro ES. thripidum grows 
and multiplies in the form of irregularly shaped protoplasts that aggregate to 
form pellets (Freimoser et al., 2000). After prolonged cultivation in the same 
growth medium the protoplasts of E. thripidum will differentiate to hyphae that 
are surrounded by a cell wall. The pellets consisting of these hyphae are 
referred to as mycelium (Freimoser et al., 2000). Upon transfer onto water agar 
the mycelium formed by these hyphae will produce infectious spores. In viva, 
within the thrips, the protoplasts of E. thripidum also undergo the switch frorn 
protoplast to hyphal growth and sporulation can occur while the insect is still 
alive (Samson et al., 1979; Freimoser ef al., 2000). 

In vitro the switch from protoplast to hyphal growth was a prerequisite for 
sporulation. It was further observed that E. thripidum autoinduced hyphal growth 
and mycelium formation by a secreted factor. This finding enabled the reliable 
production of infectious spores and the completion of the life cycle of 
E. thripidum under laboratory conditions. 

MATERIAL AND METHODS 

Isolates and cultivation:-- For all experiments E, thr~pidll~~7 (isolates ARSEF 
5868, 6517, 6518, 6519, 6520, 6525 and 6521 and 6522, two reisolates of 
ARSEF 6518; all deposited in the ARSEF Collection of Entomopathogenic 
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Fungai Cultures, USDA-ARS Plant Protection Research Unit, US Plant, Soil, 
and Nutrition Laboratory, Tower Road, Ithaca, New York, 14853-2901) USA) 
was grown in 48-well or 24-well microtiter plates in 500 yl or 1 ml of culture 
medium, respectively. The standard growth medium was Grace’s insect cell 
culture medium supplemented with lactalbumine hydrolysate and yeastolate 
(GIBCO) and IO’?% foetal bovine serum (FBS, GIBCO). Alternatively, 
supplemented GLEN medium, containing 0.4% glucose, 0.5% yeast extract, 
0.65% lactalbumin hydrolysate, 0.77% NaCl (all w/v) and loo/o FBS (v/v) 
(Beauvais & Latg& 1988) was used. This medium made it possible to omit the 
carbon (glucose) and/or the nitrogen sources (yeast extract and lactalbumin 
hydrolysate) in order to deterrnine their influence on the formation of mycelium. 
The cultures were inoculated with approx. IO‘! cells x mt?, kept in the dark at 
20°C and shaken at 160 rpm. Reisotation was performed as described by 
Grundschober et al. (1998) from Thrips tabaci that had been infected by the 
method developed for Neozygites parvispora (Grundschober., 2000). 

Morphological observations and sporulation:-- Different isolates of E. thripidurn 
were examined daily under an inverse microscope for 20 d to follow the process 
of mycetium formation. The presence or absence of a cell wall was determined 
by addition of I 111 of calcofluor (0.1 mg/mt final cont.) to 10 [II of fungal culture 
followed by detection with fluorescence microscopy using a Zeiss Axiophot with 
a 365 nm excitation filter, 395 beam splitter and 420 nm barrier filter. All cultures 
were grown in duplicate. 

To induce spore formation fungat cultures were transferred onto 1.5% water 
agar and incubated in a humid, translucent box overnight at 20°C in light. The 
ability to form spores was assessed qualitatively. 

Ana!ytica/ measurements:-- The density of living cells was determined by the 
MTT assay as described elsewhere (Freimoser ef al., ‘1!399). The glucose 
concentration in the supernatant growth medium was measured enzymatically 
(SIGMA DIAGNOSTIC KIT, No, 16-20), while the concentration of total a-amino 
acids was determined calorimetrically by the QPA-method using leucine as a 
standard (Frister et al., 1986). The pH was determined by using a pH electrode 
(METTLER TOLEDO, InLab“ 423, Electrolyte 9811) and a pH meter (KNICK 
pH-meter 761, Calimatic) prior to freezing supernatants for further analysis. 

All measurements were performed in 4 independent replicates and 
experiments were performed twice with different fungal isolates. 
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Mycelium formation in different media:-- To test the influence of medium 
compositions on the formation of mycelium the standard cultivation medium was 
removed after 7 d and replaced by the medium to be tested. Protoplast pellets 
of E. thripidum were aspired with a cut pipette tip and transferred to an 
eppendorf tube, where they sedimented. The supernatant was then removed, 
the new medium added and the cultures were again placed in a 48-well 
microtiter plate. 

To determine the influence of carbon and nitrogen sources on mycelium 
formation GLEN medium where glucose and/or lactalbumin hydrolysate and 
yeastolate had been omitted was tested. To assess the activity of conditioned 
medium, it was filter sterilised and used to replace half of the culture medium of 
7 d old E. thripidum cultures. Medium from cultures that had forrned mycelium 
(CMM) was tested at different concentrations (lOO%, 50%, 25%, 12.5%) by 
removing only part of the old culture medium and replacing it with CMM. In one 
experiment the old medium was not changed, instead different volumes were 
removed in order to decrease the culture volume (and thus increasing the cell 
density) after 7 d by 20%, 40°/0, 600/o or 80%. 

In addition, the medium of a 7 d old test culture was replaced by a mixture of 
equal amounts of CMM and GLEN medium (either complete or without the C- 
and/or N-source). As a control only half of the medium of a 7 d old culture of 
E. thripidum was replaced with either CMM or one of the variations of the GLEN 
medium. 

For all experiments 2 or 4 replicates were used and each experiment was 
performed twice with different isolates. In all cases a control was used where 
the culture medium was not changed. 

Characterisation of factors from conditioned medium:-- To characterise the 
factor(s) that induced the switch to hyphal growth and mycelium formation 
conditioned medium was subjected to different treatments. CMM was either 
heated to 100°C for IO min, extracted with equal volumes of chloroform, 
fractionated by centrifugation through membranes with 30 kDa, IO kDa and 
3 kDa cut off (CENTRl~~)N concentrators, Amicon), concentrated 20-fold with 
the 30 kDa cut off filter or digested with 8000 U of trypsin (SIGMA; 37”C, 1.5 h). 
Trypsin was inactivated by the addition of trypsin inhibitor (4 rng, -20 kDa, 
FLUKA). 
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RESULTS 

Hyphal growth was a prerequisite for vegetative spore formation in vitro:-- /r7 
vitro, E. thripidum grew and multiplied as protoplasts. Hyphal growth and 
mycelium formation, concomitant with cell wall formation, was observed after 
prolonged cultivation without subculturing and usually occurred between ‘10 to 
20 d after inoculation (Freimoser et al., 2000). However, not all isolates were 
able to perform this differentiation process. The switch from protoplasts to 
hyphal growth was an irreversible process and affected all cells in the 
respective well (Fig, I a-d). 

Following transfer onto water agar myceliurn of E. thripidum readily formed 
actively ejected spores after overnight incubation. In contrast, protoplasts 
treated the same way did not form spores (data not shown). It was possible to 
infect T. tabaci with spores formed on water agar and to reisolate the fungus 
from the artificially infected thrips (data not shown). Thereby the asexual life 
cycle of E. thripidum under laboratory conditions was completed. 

Fig. 1. Light microscopy pictures of E. thripidurn before (a) and after (c) formation of mycelium. 
To assess for the presence or absence of a cell wall, cultures were stained with calcofluor and 
observed under fluorescent light (b and d). A 7 d old culture of E. thripidum consisted mainly of 
protoplasts with only few cells having a cell wall (b). Formation of a cell wall and mycelium 
occurred within two days (d). Bars a. b, d 50 ym, c 100 11171. 
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Mycelium formation occurred in stationary phase:-- To understand the signals 
that led to formation of mycelium cell density, pH, glucose and a-amino acid 
concentration of the culture medium were followed over a periocl of 20 d. The 
E. thripidum isolates tested grew exponentially and IO d after inoculation the 
cultures had formed mycelium (indicated by arrow in Fig. 2a). At this timepoint 
the cultures had reached the stationary phase because the density of living cells 
was decreasing (Fig. 2a). This decline in the measure for the density of living 
cells was ascribed to lysis of cells within the pellets (Freimoser et al., 2000). 
The glucose concentration in the culture medium dropped to zero on the 4’” day, 
but increased again between days 6 to 16 (Fig. 2b). It was not clear why 
glucose concentration was increasing after the 4”’ day after inoculation (Fig. 2b). 
It is possible that the lysis of cells within the protoplast pellets led to a release of 
glucose (Freimoser et al., 2000). Alternatively, substances that interfered with 
the enzymatic assay used for the determination of glucose were produced by 
the cultures. However, we did not assess these hypotheses experimentally. The 
concentration of a-amino acids started to decrease after the 6”’ day (Fig. 2b), 4 
d before the formation of mycelium (at day ‘IO). However, a-amino acids 
present in the broth were only partially utilised by the fungus (Fig 2b). The pH 
of the culture medium behaved similarly to the time course of cell density (Fig, 
2~). Starting at 6.5 the pH rose by almost one unit to pH 7.4, before dropping to 
between 6.8 and 6.9 (Fig. 2~). A rise in pH may be ascribed to the utilisation of 
amino acids as carbon sources, thereby releasing ammonium, A possible 
relation of the pH change with the utilisation of amino acids as C-sources was 
also supported by the coincidence of glucose depletion and pH rise at day 4 
(Fig. 2b, c). The reason for the subsequent drop of the pH was not understood, 
but the production of organic acids after prolonged cultivation could have been 
responsible for this effect, In contrast to considering the change in pi-l as a 
secondary effect it is also possible that the fungus actively changes the pH and 
that this is used as a signal during pathogenesis, which has been shown for the 
entotnopathogenic fungus Metarhizium anisopliae (St. Leger et alVj 1999). 

Our experiments showed that mycelium formation occurred between days 8 
and IO at the time when the fungus was in stationary phase and suggested that 
a C- and/or N- limitation was the primary signal leading to induction of 
mycelium, 
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Fig. 2. ‘Time course of an E. fhripjdm~ culture that formed mycelium spontaneously after 
10 days. (a) Change of cell density as measured by the MTT assay over time. (b) Glucose ( 
and total tx-amino acid (0) measurements in the growth medium. Amino acid concentrations 
were determined with reference to leucine as a standard. (c) Change of the pH in the medium 
during growth of E. f/~ri~~idum. 

CMNl induced d~ffer~n~ia~i~l~~ In hyphal growth and f~rr~~~~i(~r~ of myceliurn:-- We 
next tested conditioned medium from different sampling days for the capability 
to induce mycelium formation. Conditioned medium was taken daily from 
growing cultures of E. thripidurn and used to replace the medium frotn a 7 d old 
culture. If conditioned medium from a 10 d old culture (CMM:: Fig. 3, x-axis) was 
given to a culture of E. t~~r;pidurn mycelium formation was induced within 2 d 
(Fig. 3, y-axis). Medium from younger cultures prevented mycelium formation 
(O-4 d old cultures) or induced differentiation slower (6 and 8 d old cultures, 
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Fig. 3. Conditioned medium from cultures of different age was used to replace half of the culture 
volume of a 7 days old culture of E. thripidum. The age of the culture from which the conditioned 
medium originated is indicated on the x-axis. In medium from a culture IO or more days old 
mycelium had been formed (CMM). The time required to form mycelium after the change of the 
medium was recorded (y-axis). 

Fig. 3). Medium from cultures older than IO d (CMM) always induced the switch 
to mycelium within 2 d (Fig. 3). In addition, CMM induced mycelium in a 
concentration dependent manner and increasing the cell density after 7 d by 
removing culture medium led to a faster mycelium formation (data not shown). 
These observations strongly suggested that a change had to occur in the 
growth medium before mycelium could be formed. 

Induction of myceliutn by CMM required a respomive sfage of I?. thripidum:-- 
Next, we wanted to test when E. thripidm could be induced to form mycelium 
by the addition of CMM, Therefore an experiment to assess the effect of CMM 
addition on E. fhripidutn cultures of different ages was performed. CMM was 
added at different timepoints to a culture and the formation of mycelium was 
monitored. A culture that was inoculated into mediurn containing CMM (addition 
at culture age 0 d) formed mycelium after 8 d (Fig. 4). The time required for the 
formation of mycelium after the addition of CMM decreased with culture age to 
only 3 d when a 7 d old culture was induced by CMM addition (Fig. 4). 
E. fhripidum cultures older than 7 d consistently formed myceliurn within 2-3 d 
upon CMM addition (Fig. 4). After 15 d the cultures had formed mycelium 
without the addition of conditioned medium and the experiment was terminated 
(Fig. 4). These results suggested that the fungus had to grow for 5-7 d (the time 
point when the curve in Fig. 4 bends) and to reach a certain cell density in order 
to become responsive to CMM. This experiment also showed that the CMM- 
induced transformation of protoplasts to the rnycelium stage required at least 2- 
3 d (height of the horizontal part of the curve in Fig. 4). We concluded that 
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Fig. 4. Competence of mycelium formation at different ages of an E. thripio’rrm culture. A 
culture was grown for 15 d. Every day half of the culture medium was replaced with CMM (x.- 
axis) and the time from the change of the medium to the formation of mycelium was recorded 
(y-axis). 

E. thripidum had to be in a competent state in order to become responsive to 
CMM. This stage was dependent on the growth phase, again suggesting a 
control by C- and/or N-limitation in the medium, 

Mycelium formation was inhibited by complex nitrogen SQLIKXYK-- To address 
the regulatory role of C- and N-limitation in the formation of myceliurn, the 
growth medium of 7 d old E. thripidum cultures was replaced with different 
variations of the GLEN medium. The use of GLEN medium made it possible to 
omit the C-source (glucose) and/or the N-source (lactalbumin hydrolysate and 
yeastolate) in the broth. A culture grown in complete GLEN medium formed 
mycelium after 14 d (7 d after the medium was changed in other cultures, Fig. 
5a). However, replacement of the medium after 7 d by complete medium or by 
mediurn lacking the C-source suppressed mycelium formation (Fig. 5b, c). 
Replacement of the growth medium by a medium lacking the N-source, 
irrespective of the presence or absence of the C-source, induced mycelium 
-formation within 5 d after the addition (Fig. 5 d, e), This was considerably faster 
than the 7-IO d observed without an exchange of medium (Fig. 5d, e, a 
respectively). These results showed that rnycelium formation was inhibited by 
adding lactalbumin hydrolysate and yeastolate and suggested that N-limitation 
was the prirnary signal for mycelium forrnation. The effect of CMM in the 
presence or absence of C- and N- sources was also studied (Fig. 5 f-i). 
Interestingly, CMM was able to induce mycelium formation in the presence of a 
C,- as well as an N-source. In all cases where CMM was used rnycelium was 
formed after 2-3 days, even if complete GLEN medium was added together with 
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Fig. 5. Mycelium formation in different media. 7 d after inoculation the medium of a culture of 
E. thripid~~ was left unchanged (a), exchanged with complete fresh medium (b) or with 
medium lacking the nitrogen and/or the carbon sources (c, d and e as indicated). In addition, 
complete or depleted fresh mediurn was used in combination with CMM (f, g, h and i). The x- 
axis indicates the time elapsed from the moment of medium change to mycelium formation. 

the conditioned medium (Fig. 5f, g, h, i). This was substantially faster than the 
5 d required for the formation of mycelium in media lacking the nitrogen source 
(Fig. 5d, e), This indicated that N-litnitation was essential to initiate mycelium 
formation, however, CMM activity was able to bypass this requirement. These 
results are compatible with the hypothesis that an additional factor, produced 
and secreted by the fungus under nitrogen lirni~atiorl, was present in the 
conditioned medium and induced mycelium formation. 

Characterisation of myceliutn inducing factor:-- In order to confirm the presence 
of a mycelium inducing factor and to characterise this activity in CMM, 
differential extractions, fractionations and protein digestions of CMM were 
performed. CMM activity was destroyed by boiling, was inactivated by extraction 
with chloroform and did not pass through filters with 30 kDa cut off size. 
Thereby it was possible to concentrate CMM activity. Finally, the mycelium 
inducing activity was abolished by digestion with trypsin. From these results we 
concluded that the induction of mycelium was caused by a specific activity 
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present in CMM and our results suggested that a protein larger than 30 kDa 
was involved in this activity. 

DISCUSSION 

This report represents the first observation of self-induction of hyphal growth, 
mycelium formation and subsequent sporulation in entomophthoralean fungi. 
Based on our results we propose a model for the induction of the rnycelium 
stage in E: thripidu~? where complex nitrogen sources repress the production of 
a “mycelium-factor” that stimulates the differentiation processes by 
autoinduction (Fig. 6). Thus, localized N-limitation inside the host insect might 
result in coordinated rnycelium formation of all fungal cells present in the insect. 
This could provide the mechanism that enables insect p&athogenic fungi as 
E. thripidurn to sporulate coordinatedly and localised from only a selected spot 
of the host insect and at a moment when the host is still alive. The time window 
that allows sporulation from the living and moving insect is very narrow and 
autoinduction of mycelium formation and subsequent sporulation could provide 
a mechanism to optimise this process. The selective advantage of sporulation 
from living and moving hosts might be the spreading of the infectious spores 
over a larger area, thereby increasing the probability that an infectious spore 
reaches a new host. Within the framework of this hypothesis it is predicted that 
entomophthoralean fungi sporulating from cadavers do not require such an 
autoinduction mechanism, because there is no need for highly organized 
sporulation. In Entomophthorales that sporulate from dead hosts N-lirnitation as 
the primary signal might be sufficient for the direct induction of the sporulation 
process. In contrast, the regulation of rnycelium formation and sporulation via 
the induction of a “mycelium factor” could represent a general mechanism for 
fungi sporulating while the host is still alive. Besides for the E. thripidun - 
T: tabaci interaction (Samson et al., 1979) sporulation from living hosts is also 
known for fK erupta (Hall, 1959) and for species of the genera Strorgwellsea 
and Massospora (Strong et al., 1960; White & Lloyd, 1983). It will be interesting 
to learn if these species also rely on a self-produced factor for the initiation of 
hyphal growth and subsequent sporulation. 

The ~it~ding that E. thripidum secreted a factor that regulated its own 
development showed parallels with the quorum sensinGI phenomenon of 
bacteria. Autoinduction in bacteria serves as a density-sensing systern that 
controls luminescence, virulence or sporulation (Fuqua ef a/., .1994; Ji et al., 
1995; Denny, 1999; Lazazzera, 2000). This is achieved throL]gh an autoinducer 
synthesised during growth, that accumulates in the surrou~lding and triggers 
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Fig. 6. In vitro life cycle and model for the induction of mycelium in E. thripi&~ns Protoplasts grow 
vegetatively if subcultured regularly (:;, blue). These protoplasts produce a “mycelium factor” 
which induces mycelium formation (-z;, red). The production of the “mycelium factor” is inhibited 
by nitrogen. Mycelium is a prerequisite for the formation of actively ejected spores ((3, green). 
These spores are infectious to Thrips fabaei. E. Ihri,,idum can be reisolated from artificially 
infected thrips thus closing the life cycle under laboratory conditions (c?:, yellow). 

different responses at a threshold concentration (t-iastings & ~reenberg~ 1999). 
It will be fascinating to elucidate the described mechanism in . ~hri~~~~~ at the 
molecular and biochemical level to detect possible analogies to the quorum 
sensing phenomenon of bacteria. 

In conclusion the discovery of this regulation mechanism in 
made possible the reliable and controlled production of mycelium and infectious 
spores, which embodies a first and essential step for a possible utilisation of 
this fungus as mycoinsecticide, Reliable sporulation also enabled us to infect 
healthy onion thrips and to complete the asexual life cycle of E. thri~i~~~? under 
laboratory conditions (Fig, 6). 

We thank J. Helenius for helpful comment and corrections on the manuscript. ‘This work is 
supported by the Kommission fi.ir Technologie und Innovation (KTI grant 320.2.1), and the ETH 
ZDrich. 

REFERENCES 



Mvcelium formation in E. thripidum 101 

Beauvais, A. & Latg6, J. P. (1988). A simple medium for growing entotnophthoralean 
protoplasts. J lnverfebr Patho/ 51 1 175-I 78. 

Brobyn, P. J. & Wilding, N. (1977). Invasive and developmental processes of 
Entornophfhora species infecting aphids. Trans Brit Mycot Sot 69, 349-366. 

Charnley, A. K. (1989). Mechanisms of fungal pathogenesis in insects. In The 
Biofechnology of Fungi for Irnprovir~ Plant Growfh, pp. 85-125. Edited by Whipps, J. M. R 
Lumsden, R. D. London: Cambridge Univ. Press. 

Denny, 7. P. (1999). Autoregulator-dependent control of extracellular polysaccharide 
production in phytopathogenic bacteria. European Jourml of Plant Palhology 105, 41.7-430. 

Evans, H. C. (1989). Mycophathogens of insects of epigeal and aerial habitats. In Insect- 
Fungus Interactions, pp, 205-238. Edited by Wilding, N., Collins, N. M., Hammond, P. M., & 
Webber, J. F. London: Academic Press. 

Freimoser, F. M., Grundschober, A., Aebi, M. & Tuor, U. (2000). In vitro cultivation of the 
entomopathogenic fungus Entomophthora fhripidum: isolation, growth requirements, and 
sporulation, Mycologic 92, 208-215. 

Freimoser, F. M., Jacob, C., Tuor, U. & Aebi, M. (1999). The MTT [3-(4,5dimethylthiazol- 
2-yl)-2,5diphenyltetraroiium bromide] assay is a fast and reliable method for the calorimetric 
determination of fungal cell densities. Ape/ Environ Microbiot 65, 3727-3729. 

Frister, H., Meisel, H. & Schlimme, E. (1986). Modifizierte OPA-Methode zur 
Charakterisierung von Proteolyse-Produkten. Milchwksenschaff 41, 483-487. 

Fuqua, W. C., Winans, S. C. & Greenberg, E. P. (1994). Quorurn sensing in bacteria: the 
LuxR-Luxl family of cell density-responsive transcriptional regulators. J Bacterial 176, 269-275, 

Grundschober, A. (2000). In vitro life cycle of Neozygifes parvispora and Entornophthora 
fhripidum, two fungal pathogens of Thrips tabaci. In Irlstitute of Microbioiogy, pp. 127. Zurich: 
ETH Zurich. 

Grundschober, A., Tuor, U. & Aebi, M. (1998). /r) vitro cultivation and sporulation of 
Neozy@es parvispora (Zygomycetes: Entomophthorales). Sysf Appl Microbial 21, 46-l-469, 

Hajek, A. E. & St. Leger, R. J. (1994). Interactions between fungai pathogens and insect 
hasts. Arm Rev Entomo139, 293-322. 

Hall, I. M. (1959). The fungus Entomophthora erupta (Dustan) attacking the Black Grass 
Bug, Irbisia sohni (Heidernann) (Hemiptera. Miridae), in California. J Insect Pathoi 1, 48-51. 

Hastings, J. W. & Greenberg, E. P. (t999). Quorum sensing: the explanation of a curious 
phenomenon reveals a common characteristic of bacteria. J Bacterial 18’1, 2667-2668. 

number, R. A. (1984). Foundations for an evolutionary classification of the 
Entomophthorales (Zygomycetes). In F-‘i~~-rgiis-lnseci Reiationships: Perspecfives In Ecology 
arid Evolulior), pp. 166-183. Edited by Wheeler, W. & Blackwell, M. New York, N.Y., USA: 
Columbia University Press. 

Ji, G., eavis, R. C. & Novick, R. P. (1995). Cell density control of siaphylococcal virulence 
mediated by an octapeptide pheromone. Proc Nat/ Acad Sci USA 92, 12055-l2059. 

Lazazzera, 8. A. (2000). Quorum sensing and starvation: signals for entry into stationary 
phase. Cur Opirl Microbial 3, 177- 18%. 

Lewis, T. (1997). Pest thrips in perspective. In 7’/,r@s as crop pesi”s, pp. i-13. Edited by 
Lewis, T. Wallingford, UK. CAB International. 



102 Mvcelium formation in E thriWum 

Samson, R. A., Evans, H. C. & Latgb, J. P. (1988). Atlas of fntomop,athogenic fungi: 
Springer Verlag. 

Samson, R. A., Ramakers, P. M. J. & Oswald, T. (1979). fZ~tomophthor~ fhripidum, a new 
fungal pathogen of T/X$X tabaci. Carl J f3ofany 57, 1317-I 323. 

St. Leger, R. (1993). Biology and mechanisms of insect-cuticle invasion by Deuteromycete 
fungal pathogens. In Parasites a& Pathogens of Insects, pp, 2 1 l-229: Academic Press, Inc. 

St. Leger, FL J., Nelson, J. 0. & Screen, S. E. (1999). The entomopa.thogenic fungus 
Metarhiziu/rl arCsop/iae alters ambient pH, allowing extracellular protease production and 
activity. Microbiology 145, 2691-2699. 

Strong, F. E., Wells, K. & Apple, J. W. (1960). An unidentified fungus parasitic on the seed- 
corn maggot. J Econ L?Uomo/ 53, 478-479. 

White, J. & Lloyd, M. (1983). A pathogenic fungus, Akssc~spora cicadina 
(Entomophthorales), in emerging nymphs of periodical cicadas (Homoptera: Cicadidae). 
Environ Entamol12. 1245-I 252. 



ADDendix 103 

APPENDIX: Induction of resting spores in thripidum 

Entomophthorales form thick walled, often darkish coloured spores that serve 
as a resting stage during unfavourable conditions (Hajek & Humber, 1997; 
Latgk, 1986). The interest in the formation of resting spores resides in their 
promise as stable and easily applicable forms of the fungus for the employment 
as mycoinsecticide (Remaudikre, 1971). For many entomophthoralean fungi the 
formation of resting spores has been observed and environmental conditions 
fostering their formation have been identified (Glare, et al., 1989; Hajek & 
Shimazu, 1996; Latgci! & Sanglier, 1985; Shimazu, 1979). Resting spores are 
more likely to form after increased host passages or in later stages of the host 
insect (Brefeld, 1877; Steinkraus & Kramer, 1989; White & L.loyd, 1983; Wilding 
& Lauckner, 1974). Other important factors determining the production of 
resting spores are the duration of in vitro culture (Hajek, et al., 1990) or the 
isolate used (Glare & Milner, 1986; Glare, et al., 1989). But the possibility that 
the induction of the resting state might be influenced by the ilost insect or occur 
without reference to environmental stimuli has also been discussed (MacLeod, 
eta/., 1973). In E. fhripidum resting spores have not been observed. 

In the preceding report the autoinduced differentiation of protoplasts to 
mycelium was shown to be a prerequisite for sporulation. Among the different 
isolates of E. fhripidum ARSEF 5868, 6518, 652.1 and 6522 consistently 
followed this development. Isolate ARSEF 6525 did not differentiate at all and 
remained as protoplast. The E. thripidum isolates ARSEF 6517 and 6519 and 
sometimes ARSEF 6520 in contrast formed big, vacuolated, spherical cells 
(Fig. la). These cells were also surrounded by a cell wall as shown by 
calcofluor staining (Fig 1 b). In addition to these vacuolaf:ed spherical cells, 
opaque, granular cells were observed in these cultures (Fig. ic). Consecutively 
slightly smaller, thick walled, darkish cells appeared in liquid cultures or after 
transfer onto water agar (Fig. Id). These cells looked very similar to structures 
described as resting spores in other Entornophthorales (pictures in GrQner, 
1975; Hajek & t-lumber, 1997; Perry, et al., 1982; Steinkraus & Kramer, -1989). 

in analogy we considered the thick walled dark cells as resting spores, while 
the huge vacuolated cells comprised an intermediate stage in their formation. 
For E. fhripidurn this is the first observation of such cells. Unfortunately, the 
resting spores did not germinate or differentiate further making it impossible to 
prove the biological relevancy of these structures. The formation of spherical 
cells and resting spores was isolate specific and only observed in isolates 
ARSEF 6517, 6519 and rarely in 6520. Different sarnples of the same isolate 
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Fig. I. Different stages of spherical cells and resting spores. (a) Spherical cells with huge 
vacuoles. (b) Sphericals cells under fluorescent light and stained with calcofluor. The strong 
coloration indicates the presence of a cell wall. (c) Within the spherical cells granular material 
formed and filled the cells. (d) Resting spores formed after transfer of spherical cells onto water 
agar. Bars: a, c, d 20 Ltm, b 50 klrn. 

did not all differentiate to spherical cells and resting spores when taken from the 
freezer; some formed mycelium instead. However, a specific isolate did not 
switch from mycelium to resting spore formation or vice versa if kept in culture 
for several months. 

Next we tested whether resting spores were induced similarly as mycelium 
and performed the same experitnents as discussed before. As for the switch to 
mycelium, the formation of resting spores took place after IO to 210 days in the 
same culture medium and coincided with a rounding up o,f all cells and 
disintegration of the protoplast pellets. The time course for cell density and pH, 
glucose and amino acid concentrations in the supernatant rnedium of a 
spherical cell forming isolate were similar to those of the isolate forming 
mycelium (data not shown). Conditioned mediutn of cultures that had formed 
spherical cells (CMS) also induced spherical cells within 2 to 3 days in a 
concentration dependent manner. The activity responsible for the formation of 
spherical cells could be removed frorn the water phase of CMS by extraction 
with chloroform. The fraction of CMS most actively and reliably inducing 
spherical cells also bigger than 30 kDa, but samples containing components 
smaller than 30 kDa also induced spherical cells sometimes. Neither digestion 
with trypsin nor heating to 100°C abolished the spherical cell forming activity. 
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Surprisingly, CMS induced spherical cells in isolates that exclusively formed 
mycelium and otherwise never formed structures even distantly resembling 
resting spores or the big vacuolated spherical cells. The reverse, the induction 
of mycelium with CMM in an isolate that formed spherical cells was not 
possible. From these results we concluded, that besides .the factor inducing 
mycelium, and thus enabling the formation of infectious spores, there must have 
been an additional activity that induced the spherical cells and thus lead to 
resting spores. The spherical cell inducing activity was “dominant” over the 
mycelium inducing activity as replacing the growth medium of a 7 days old 
culture with a mixture of CMM and CMS (in ratios ‘1:2, I:1 and 2:l) always 
induced the spherical form of the fungus. Furthermore, in mixed cultures of 
mycelium and spherical cell forming isolates only the spherical form of 
E. thripidum was observed. In contrast to the differentiation to mycelium the 
formation of spherical cells and resting spores was not repressed by the 
addition of complex nitrogen sources. 

The observation that the formation of resting spores was isolate dependent is 
in agreement with reports that show similar phenomena in other 
entomophthoralean fungi (Glare & Milner, 1986; Glare, et al., 1989; Hajek & 
Shimazu, 1996). However, in Enfomophaga maimaiga no resting spore inducing 
activity was secreted into the culture medium (Kogan & Hajek, 2000). Contrary 
to these findings the addition of CMS was sufficient for the reliable induction of 
spherical cells in E. fhripidurn, without changes of temperature, humidity or light 
regime. In addition, CMS induced spherical cells in ;R vitro cultures of 
Entomophfhora m[jscae, a fungal pathogen of houseflies (not shown). This 
suggested that self-induction of the resting spore stage through a secreted 
factor could be a general mechanism in the genus Enfornophthora. However, 
the biological function of these resting spores could not be proven and a toxic 
substance produced by certain isolates of the fungus could have caused the 
observed development. In this case the formation of resting structures could 
represent a protective reaction towards harmful metabolites produced by the 
fungus. It is therefore at present not possible to decide whether the formation of 
spherical vacuolated cells that led to resting spores represents a regulated 
development of the fungus. However, the prospect of an autoinduced formation 
of resting spores represents a fascinating hypothesis for the regulation of the 
life cycle in entomophthoralean fungi and will require further research. 
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Conclusions, opinions and outlook 

During this PhD work I had the opportunity to work on several aspects of 
entomophthoralean fungi. By sequencing and phylogenetically analyzing the 
SSU rDNA (small subunit ribosomal DNA) insight into relationships within the 
Entomophthoraies and with other fungi and even protists was gained. The work 
on growth requirements of Neozygites parvispora and Entotnophthora thripidlnrn 
required most of the time, but the results remained inconclusive. Nevertheless, 
these projects still gave important and interesting indications of the physiology, 
adaptation to the host, and potential as mycoinsecticides of these 
entomophthoralean fungi. Finally, the study of differentiation and induction of 
spore formation in E. thripidurn pointed to fascinating aspects of regulation in 
the life cycle of these fungi. 

PHYLQGENETIC RELATIONSHIP AND EVOLUTION OF 
ENTOMOPHTHORALES 

Our phylogenetic analysis of SSU rDNA sequences led to the conclusion that 
microsporidia, obligate intracellular parasites of invertebrates and vertebrates, 
were Entomophthorales and formed a sister group of Neozygitaceae. These 
findings prompted us to propose a model where secondary spore formation in 
Neozygitaceae and spore germination in microsporidia are related processes 
This hypothesis could be tested by further analyzing the structure and formation 
of the capillary tube in Neozygitaceae as well as the process of polar tube 
formation and emergence in microsporidia. In addition, microsporidia are 
noteworthy for the structure of the ribosotnal RNA and the size of the ribosomes 
as well as the presence of chitin in spore walls. It would therefore be interesting 
to assess if the structure of the ribosomal RNA and the sedimentation 
coefficient of ribosornes of Neozygitaceae support a relationship with 
microsporidia. Likewise, exact determination of the chemical composition of the 
micrasporidian spore would provide a test for the hypothesis of an 
entomophthoralean origin of microsporidia, The discovery that microsporidia 
originated within _ ~ntomop~~thorales also added an additional level of 
specialization to life strategies exhibited by Entomophthorales. The evolutionary 
trend within the Entomophthorales leading from saprophytic growth to obligate 
pathogens and to parasitic organisms is extended to obligate intracellular 
parasites represented by the microsporidia. 



112 Conclusions, opinions, outlook 

The saprophytic life form and ancestral group within this evolutionary trend in 
the Entomophthorales is represented by the genus Conidiobolus. However, 
questions about the evolution of the host-pathogen interaction of 
Entomophthorales with their hosts have not been addressed in the past. It 
would thus be extremely interesting to use molecular sequence data to estimate 
when Entomophthorales became pathogenic to arthropods. Thereby the first 
ancient host of these fungi and the geographic origin of this association could 
be identified. This would certainly help to explain the geographic distribution and 
host associations and to better understand the biology of these fungi. 

If Entomophthorales had coevolved with their hosts it would be expected that 
different taxa of host insects are attacked by different taxonornic groups of 
entomophthoralean pathogens. However, different entomophthoralean families 
or genera are not strictly associated with defined host groups, suggesting that 
the Entomophthorales and their host insects did not coevolve. Quite in contrary 
entomophthoralean fungi are much more prevalent in certain insect taxa and 
almost completely absent in others. Many host species are attacked by several 
species of entomophthoralean pathogens even from different genera. Therefore 
it does not seem that the host species embodied a strong factor for speciation in 
Entomophthorales. Whatever the reason is for the drive of speciation in 
entomophthoralean fungi it is clear that different genera use strategies different 
enough to allow them to share the same hosts. And it is also c1ea.r that a better 
understanding of such phenomena would have important practical value. 
Interestingly, it was found that two distinct populations of Metarhizium 
anisopliae were not associated with different hosts, but instead with habitat 
type; one population occurred in an agricultural area whereas the other in forest 
ecosystems (M. Bidochka and A. Kamp, unpublished results). This example led 
to the conclusion that not the host species, but the habitat type determines 
population structure and therefore drive speciation. 

GROWTH REQUIREMENTS OF NEOZYGITES PARVISPORA AND 
~NT~~~PHTHURA THRIPID~J~ 

The identification of growth factors for N. parvispora and the development of 
a defined medium for E. Ihripidum was the work into which most of the time was 
invested and where the least results were obtained. Superficially this leads to 
the known conclusion that ~ntomophthoral~s are extremely fastidious fungi that 
cannot grow in defined medium without complex supplements. This difficulty to 
cultivate entomophthoralean pathogens is usually put forward as the main 
obstacle for their successful employment as biological insecticides. It is of 
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course true that a fungus requiring FBS or hemolymph is not amenable to large- 
scale production. But there are several entomophthoralean fungi that grow 
easily enough to allow production for small-scale glasshouse and field 
experiments. The reason for the limited success so far with these fungi was not 
that the pathogens in question were difficult to cultivate. What is much more a 
problem is the defined production of the desired form of the fungus. And this is 
rather a biological than a technical problem that requires detailed knowledge 
about the regulation and induction of different forms of the fungus, as well as an 
understanding of the interaction with its host. 

From the limited experience that I gained with Entomophthorales I conclude 
that these fungi are so closely adapted to their hosts that they will always 
require an environment that mimics the incredibly rich enclosure within the 
insect host. It can not be excluded that Entomophthorales lost the ability to 
synthesize essential substances like amino acids. Once the fungus overcame 
the host cuticle and reached the hemocoel it experiences virtually no 
competition for nutrients. In addition, it is said that one spore of an 
entomophthoralean fungus is enough to infect an insect. This would mean that 
within the infected host there is only one individual fungal pathogen. Because 
there is no competition between different individuals of the same species 
mutations could accumulate. Since the insect body a.nd especially the 
hemolymph provide a nutritionally extremely rich environment the loss of the 
capability to synthesize for exarnple amino acids would not present a major 
disadvantage. This hypothesis could be tested experimentally by checking for 
the presence or absence of metabolic functions at the molecular level. Such 
knowledge could then even be used to engineer strains that can be grown and 
produced in simpler media. 

INDUCTION AND REGULATION OF SPORULATION 

The discovery that E. fhripidm autoinduced sporulation and also resting 
spore formation was the most fascinating accomplishment of this work. 
However, this finding just represents a first step and opens the door for many 
different projects. The most urgent question would of course be the 
identification of the autoinducing substances. But not only the differentiation, but 
also the growth as protoplasts is interesting, since it is an exceptional capability 
among fungi. It would therefore be interesting to know how E. thripidurn 
accomplishes to shut off cell wall formation and still to grow. This could then 
lead to questions addressing cell wall formation that occurs with the switch from 
vegetative growth to the sporulating stage. This seems especially intriguing to 
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me because the formation of this cell wall must happen within very short time. I 
have observed that during growth granules accumulate within protoplasts of 
E. thripidum. These small droplets or vesicles give the ceils a darkish 
appearance and even stain diffusely with calcofluor. I would therefore 
hypothesize that E. thripidum accumulates precursors for cell wall formation in 
vesicles, which then allow the sudden synthesis of this wall structure. By 
investigating this process the regulation of growth and sporulation could be 
elucidated further and E. thripidum might even serve as a model for fungal cell 
wall synthesis in general. 

All three projects that I have described here comprise studies on fundamental 
aspects of the evolution, biology and pathogenesis of these entomophthoralean 
fungi. But what do the results and the experience gained during this time tell 
about the potential of biological insecticides based on Entomophthorales? I am 
persuaded that the major problem for a practical application of this group of 
fungi is the limited and superficial knowledge about their biology and about “how 
they work.” And I am also convinced that Entomophthorales will become 
valuable for pest control once they are better understood. Hopefully this study is 
a contribution to this better understanding and a proof that there is much to be 
discovered about these fascinating pathogens. 
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