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1. INTRODUCTION

1.1 Drivers of insect population dynamics

Many insects are characterized by strong fluctuations in the density of their
populations which may span over several orders of magnitude (Price et al., 2011;
Speight et al., 2008). While density-independent factors (primarily, weather-related
phenomena) have often a strong impact on the demography of insect populations,
completely stochastic and high order (chaotic) dynamics is uncommon in natural
populations of insects. This suggests that insect populations are still governed by
basic feedback architectures (Berryman, 2003). Today, both bottom-up and top-
down forces are acknowledged to have an impact on population dynamics,
distribution and evolution of herbivorous insects; however, we still do not under-
stand how does the relative weight of these forces vary across biomes, habitats
and ecological guilds of insects (Vidal and Murphy, 2018).

Bottom-up effects are frequently detected in studies on herbivorous insects.
Food plants can affect the insects’ population dynamics via the quality or (more
rarely) the quantity of the food or through indirect effects, like chemical or
mechanical defense, or just by their distribution and abundance (Price et al., 2011;
Vidal and Murphy, 2018; Wilkinson and Sherratt, 2016); the bottom-up effects
appear to be stronger in food specialists compared to food generalists (Vidal and
Murphy, 2018). Bottom-up processes are also among the most widely acknowl-
edged explanations for why herbivores do not destroy all vegetation (Wilkinson
and Sherratt, 2016). It is generally accepted that plant-related factors primarily
influence herbivore survival in early developmental stages whereas natural enemies
have greater impact in the later stages (Cornell and Hawkins, 1995; Speight et al.,
2008). At a more quantitative level, however, recent studies (Roslin et al., 2017;
Vidal and Murphy, 2018) have concluded that bottom-up forces are still typically
substantially weaker than top-down forces, which emphasizes the importance of
natural enemies as the primary determinants of the abundance of insects.

High fecundity, an individual-level trait shared by the majority of insect
species, inevitably results in high mortality rates at the level of the population
(Price et al., 2011). The most common cause of death for immature herbivores is
indeed the action of their natural enemies, i.e. the organisms using insects as their
food source (Cornell and Hawkins, 1995). Natural enemies are thought to play a
regulatory role in the dynamics of the food web which is supported, among other,
by the diverse adaptations against natural enemies, population models, and
numerous cases of successful biological control of insect herbivores (Price et al.,
2011; Speight et al., 2008).



1.2 Predators of insects

Insects are subjected to predation from a wide variety of vertebrates, including
birds, fish and mammals (Price et al., 2011; Speight et al., 2008). It is difficult to
assess the predation pressure imposed by a single species on a population of
insects because the predators frequently are generalists that feed on a multitude
of prey species. However, diverse studies have shown that late instar larval and
pupal mortality of Lepidoptera is largely due to avian predators (Nixon and
Roland, 2012; Remmel et al., 2009). Daily mortality imposed by birds alone on
lepidopteran larvae has been estimated at 5% (ranging from 0-30%) in the
temperate zone (Remmel et al., 2009), which would integrate into the gross
mortality rate of 40-50% (Nixon and Roland, 2012; Remmel et al., 2009) and
15-30% (Ruiz-Guerra et al., 2012) over the entire immature development in the
temperate and the tropical zones respectively. Small mammals are considered an
important cause of death for late instar larvae and especially pupae in low-density
populations in temperate habitats (Liebhold et al., 2000; Nixon and Roland,
2012). For example, predation by small mammals has been shown to cause an
average of 20% mortality of hymenopteran pupae in Japan, being more intense in
autumn (Pinkantayong et al., 2015).

Furthermore, egg and early instar larvae succumb almost exclusively to
arthropod predators (Alalouni et al., 2013; Nixon and Roland, 2012), mainly
because arthropod predation is more sensitive to prey size (Hajek and Eilenberg,
2018). The mean arthropod predation has been found to be 13.5% (median 8.8%)
per day; it differs strongly between the study systems and has significant spatial
variation within study areas (Remmel et al., 2011; Sang and Teder, 2011). Most
arthropod predators, including ants, bugs, beetles, wasps and spiders, rely on both
sight and smell to locate their prey. They are less mobile or less adept at cont-
rolling their mobility than vertebrates, which causes them to concentrate more on
the habitat prey are usually found, such as the host plant, rather than searching
for the individuals per se (Hajek and Eilenberg, 2018; Remmel et al., 2011).

In addition to predation, arthropods kill insects through parasitism. Oxford
English Dictionary (2023) defines a parasite as “an organism that lives on, in, or
with an organism of different species and obtains food, shelter, or other benefits
at the expense of the host organism — which it may directly or indirectly harm”.
An important group of parasites, in the context of insect population dynamics,
is formed by parasitoids — insects (mainly representing various groups of
Hymenoptera and Diptera) which live freely as adults but have larvae developing
parasitically inside the bodies of their hosts (Hawkins, 1994; Hochberg and Ives,
2000; Speight et al., 2008). Differently from parasites in the strict sense, para-
sitoids are destined to eventually kill their hosts.

All immature stages of herbivorous insects are vulnerable to parasitoid attack,
though it may be cautiously generalized that younger instar larvae suffer the most
(Hajek and Eilenberg, 2018; Hochberg and Ives, 2000; Mills, 2010). Quanti-
tatively, the effect of parasitoids on the populations of their hosts is highly



variable, being strongly dependent on host feeding niche and parasitoid species
richness (Hawkins, 1994). Parasitoids are abundant and diverse, with the effect
of parasitoids on insect populations being thus comparable to that of predators
(Hajek and FEilenberg, 2018; Price et al., 2011). As a result, parasitoid-related
mortality is typically around 15% over the immature development (Stireman and
Singer, 2003), though cases of very high mortality are not exceptional (Mills,
2010; Teder et al., 2013). Because predators do not distinguish between para-
sitized and non-parasitized larvae, the impacts of predation and parasitism are not
necessarily additive (Nixon and Roland, 2012; Peterson et al., 2009). There is
much evidence that parasitoids can regulate host populations (although Berry-
man, 2003; Liebhold et al., 2000 provide an opposing viewpoint), though the
density-dependence primarily forms a second-order feedback or manifests itself
in a delayed manner.

As natural enemies are typically responsible for most of the mortality in insect
populations (Cornell and Hawkins, 1995; Price et al., 2011), they have the po-
tential to impose selective pressures on various traits of insects. Selective pres-
sures arise as soon as the mortality is not random but varies, for example, among
seasons, habitats or host plants, or depends on the traits of potential prey (Hawkins
etal., 1997; Remmel et al., 2011, 2009). For instance, in the temperate zone, avian
predation peaks during nesting period in early summer and is positively corre-
lated with larval body size, which likely explains why late season larvae of
bivoltine moths reach larger body sizes despite lower food quality (Remmel et al.,
2011; Teder et al., 2010). Similar to this, in the temperate zone, larval mortality
has been shown to be 2.2 times higher in deciduous forests compared to coni-
ferous ones, mostly due to differences in bird communities (Remmel et al., 2009).
Given that there are no major latitudinal differences in the rates of avian and
mammalian predation (Roslin et al., 2017), we expect that the potential of verteb-
rate predators to create selective pressures should be comparable across climate
zones. The potential of parasitoids to impose selective pressures on their hosts
should be of the same magnitude, as exemplified by the impact of parasitoids on
the evolution of host plant use (Stireman and Singer, 2003), or creating selective
pressure against large body size (Teder et al., 1999).

1.3 Pathogens of insects

Many animals succumb to various diseases, and insects are not an exception either.
Nevertheless, pathogens of insects have rarely received the same magnitude of
attention as parasitoids and predators. Indeed, pathogens of insects are un-
doubtedly the most diverse group of insect mortality agents, belonging to groups
as different as viruses, bacteria, protists, fungi and nematodes (Roy and Cottrell,
2013; Speight et al., 2008; Vega and Kaya, 2012). However, due to scarcity of
focused research efforts and the fact that pathogens are not so easy to spot as
parasitoids and predators (Vega and Kaya, 2012), the mortality caused by



pathogens is generally underestimated in studies on the demography of insect
populations (Hawkins et al., 1997; Meyling and Hajek, 2010; Mora-Aguilera
etal., 2017). In fact, much of the mortality recorded as being caused by un-
identified factors should be attributed to pathogens (Alalouni et al., 2013). Even
if entomopathogens are known to cause dramatic epizootics that lead to rapid
decline in insect populations (Bonsall, 2004; Pell et al., 2010; Vega and Kaya,
2012), respective ecological interactions are poorly known in general, especially
in natural populations (Hawkins et al., 1997; Meyling and Hajek, 2010; Mora-
Aguilera et al., 2017). Somewhat more is known about agroecosystems, in which
pathogens have been studied in the context of biocontrol of agricultural pests
(Bonsall, 2004; Hajek and Eilenberg, 2018; Roy and Cottrell, 2013).

In terms of ecological research on pathogens, viruses seem to have received
most attention (Hajek and Eilenberg, 2018; Vega and Kaya, 2012). Viruses tend
to lead to high mortality in a density-dependent fashion, at least under high popu-
lation densities (II’inykh, 2007), as shown for gypsy moth populations infected
by nuclear polyhedrosis virus in North America (Liebhold et al., 2000). In this
system, there are dramatic epidemics that cause a sharp decline in population
densities of the insect (Bonsall, 2004; Pell et al., 2010; Vega and Kaya, 2012).
The impact of viruses on insect population dynamics may become complicated
by extreme resistance which has been shown to emerge after some generations
(Lacey et al., 2015). Susceptibility of insects to viral agents is also dependent on
abiotic factors (relative humidity, UV light etc.; Harrison and Hoover, 2012)
which means that it is common for viral pathogens to remain dormant in insect
populations during harsh weather conditions (Podgwaite and Mazzone, 1986).

Bacteria are always present in dead insects because they constitute a normal
component of the gut microbiota (Kleespies et al., 2008). For this reason, it is not
always easy to attribute the death of an insect to bacteria. Data on Bacillius
thuringiensis, a bacterium with proven entomopathogenic lifestyle, suggest an
approximate of 7-8% as the rate of bacteria-induced mortality in insect popu-
lations (Kleespies et al., 2008; Zimmermann et al., 2016). However, in laboratory
bioassays, up to 80% mortality has been shown (Secil et al., 2012). Similarly to
viruses, bacterial virulence is strongly linked to the host environment and the
specific strain (Jurat-Fuentes and Jackson, 2012). However, as in the case of
viruses, insects are able to acquire resistance against certain strains of bacterial
entomopathogens, who mostly persist in populations in the latent stage, rarely
inducing epizootics (Jurat-Fuentes and Jackson, 2012; Lacey et al., 2015).

Among other pathogens, nematodes act more as vectors for bacteria, and only
for insects dwelling in the soil, water or litter (Deka et al., 2021; Koppenhofer,
2007). Nematodes have been shown to be able to lead to up to 100% mortality in
laboratory conditions and up to 50% in semi-natural conditions (Abbas, 2022),
although data on the mortality in natural populations are scarce (Lewis and
Clarke, 2012).
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1.4 Entomopathogenic fungi as insect mortality agents

A sizeable group of insect pathogens belongs to the fungal kingdom (Lacey et al.,
2015; Vega and Kaya, 2012). There are at least 1,000 species of fungi from more
than a hundred genera known to act as pathogens of insects (Hajek and Eilenberg,
2018; Vega et al., 2012). The evolutionary success of the entomopathogenic
lifestyle may be related to the fact that, in contrast to other pathogens, certain
fungi have the ability to penetrate insect’s cuticle which serves as the insect’s
main defense against microbial antagonists (Samson et al., 2013; Vega and Kaya,
2012). Therefore, fungi are able to infect a broader range of insects, including
phloem suckers, which cannot be infected by other microbes (Samson et al.,
2013).

Host penetration

Spores adhere !
to host

. p——
. Blastospore - '**;\\.71
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W propagule I [ J
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D " * | c

Figure 1. Schematic presentation of the life cycle of entomopathogenic fungi. Three types
of propagules are present: hydrophobic air dispersed spores (conidia; orange), durable
hydrophilic blastospores (green), or melanized hyphal aggregates called sclerotia. A — spore
germination; B — fungal growth inside the insect; C — fungal structures producing spores;
D — spore dispersal.

Life cycle of entomopathogenic fungi (EPF) can broadly be divided into four
phases: spore germination, fungal growth within the host, spore formation and
spore dispersal (Figure 1; Samson et al., 2013; Vega et al., 2005; Vega and Kaya,
2012). In the following, I will discuss the differences in the life cycles of the two
most studied orders in this respect — Entomophthorales (Entomophthoromycota)
and Hypocreales (Ascomycota). Spore germination starts with its attachment to
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the insect cuticle. Species from the order Entomophthorales rely on producing
mucilaginous coat around the spore, which aids in adhesion to the cuticle (Eilen-
berg et al., 1986). Furthermore, species from the order Hypocreales, also tend to
use electrostatic mechanisms and proteins which successfully bind to hydro-
phobic surfaces (Boucias et al., 1988; Holder and Keyhani, 2005; Wang and St
Leger, 2007), such as the insects cuticle. From there onward, the spore germi-
nates, forming a germ tube and in some cases also an appressorium, mucilage
and/or enzymes to aid in cuticular penetration (Samson et al., 2013; Vega et al.,
2012). When the cuticle is breached, the fungus — in the form of hyphal bodies or
yeast-like blastospores — starts utilizing available nutrients in the insect’s hemo-
coel, for its growth and reproduction. Further development of the fungus may lead
to the death of the host insect according to two different scenarios. First, in the
case of the growth strategy, the insect dies of malnutrition and extensive fungal
growth within its tissues. The alternative is the toxin strategy, where fungus pro-
duces secondary metabolites to overwhelm the insect’s immune system and in
process kills the insect (Hajek, 1997; Vega et al., 2012). Roughly, the first scenario
is characteristic of the Entomophthorales and the second of the Hypocreales.
Temperature, host size and stage, and fungal dose all affect how long it takes for
the host to die after conidial inoculation (Hajek, 1997). After the death of the host,
the fungus emerges from the less melanized intersegmental folds (Bidochka and
Small, 2005) and envelops the insect in mycelium, producing air-dispersed (Hypo-
creales) or actively discharged (Entomophthorales) conidia externally on the
cadavers (Jackson et al., 2010). When environmental conditions are unsuitable,
fungi produce blastospores (Hypocreales), (micro)sclerotia (Hypocreales) or
resting spores (Entomophthorales) to survive longer periods in the cadaver or soil
(Boomsma et al., 2014; Hajek, 1997; Jackson et al., 2010). Reproductive struc-
tures of the EPF (Figure 2) are often easy to observe on the dead host individuals,
which greatly contributes to the feasibility of studying fungal diseases of insects,
as compared to the typically much more cryptic pathogens from other groups.
Parasitism on insects has arisen repeatedly in various lineages in the course of
the evolution of fungi (Humber, 2008; Shang et al., 2016; St. Leger and Wang,
2020). Phylogenetic and genetic data have demonstrated that switching to con-
suming insects most likely happened as a host transition in fungi associated with
plants which ‘looked for’ a more nutrient-rich (e.g. in nitrogen) food source
(Barelli et al., 2016). The fact that numerous EPF frequently also colonize plant
tissues as endophytes lends support to this (Amatuzzi et al., 2017; Barelli et al.,
2016; Vega, 2018). As fungi are vulnerable to external environmental factors like
UV light and low relative humidity (Hajek and Eilenberg, 2018), spending part
of their lifecycle as endophytes or saprotrophs may be a useful adaptation. As
EPF are not restricted to feeding on living insects, it is common for generalist
EPF to continue feeding on the killed host as saprotrophs (Roy and Cottrell, 2013;
Samson et al., 2013). As a result, it is not always possible to draw a sharp line
between entomopathogens and opportunistic pathogens, who spend their lives as
saprotrophs, being, however, able to infect a weakened insect (Vey 1971; Sharma
and Marques, 2018). Applying Koch's postulates, a set of four criteria intended
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to prove a link between a microbe and a disease is an indirect way to determine a
fungal feeding strategy. This may nevertheless fail to reveal the real infection
patterns in natural conditions.

Figure 2 Images of insect (lepidopteran) larvae and pupae infested by fungi.
A — Beauveria pseudobassiana on a last instar Cabera pusaria larva; B — Aspergillus
flavus on a third instar Hypercompe indecisa larva; C — Samsoniella cf hepiali on a pupa
of Hypomecis atomaria; D — Akanthomyces muscarius on a pupa of Acronicta rumicis.

Even though the entomopathogenic strategy has evolved in many major fungal
lineages, there is higher concentration of respective species in two phyla:
Ascomycota and Entomophthoromycota (Boomsma et al., 2014; Samson et al.,
2013). Entomophthoromycota are mostly obligate pathogens of adult insects.
They have restricted host ranges, while still being found infecting insects from
10 orders. These fungi are biotrophic, meaning they can only grow while their
host is still alive and feeding them (Aratjo and Hughes, 2016; Samson et al.,
2013). As opposed to this, EPF from Ascomycota are mostly hemibiotrophic
generalists, transitioning from a parasitic, biotrophic phase in the hemocoel to a
saprotrophic phase after the host has died (Aratijo and Hughes, 2016; St. Leger
and Wang, 2020).

The prevalence of fungi in the host population, as well as their abundance,
virulence and persistence in the surrounding environment, will determine their
ability to control insect populations. The first task of an insect ecologist focusing
on EPF is thus to estimate the prevalence of fungi in hosts and their abundance
in the environment (Hesketh et al., 2010). Even though we have accumulated
knowledge throughout a century of studies on EPF (Samson et al., 2013; Vega
and Kaya, 2012), mostly carried out with the focus on application of EPF in
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biocontrol, we are still lacking systematic knowledge about the role of ento-
mopathogens in the dynamics of natural insect populations (Boomsma et al.,
2014; Hesketh et al., 2010; Meyling and Hajek, 2010). This becomes apparent in
major studies including life-table analyses (Hawkins et al., 1997; Peterson et al.,
2009) and case studies on insect mortality with a global scope (Roslin et al., 2017)
in which fungi are grouped together with other pathogens, or not mentioned at
all.

A fundamental question of ecology is to identify the diversity of interactions
the study subject has with others players in the ecosystem (Speight et al., 2008;
Vega and Kaya, 2012). For EPF the number of host species determines its
abundance and distribution in nature (Vega et al., 2012). Research on EPF has
nevertheless primarily focused on their physiological host range (Hesketh et al.,
2010; Santos et al., 2020), defined as pathogen’s virulence to insects in laboratory
experiments under favourable conditions (Hajek and Goettel, 2007). Such experi-
ments typically overestimate the ecological host range of the EPF, i.e. the host
range realized in natural communities (Hajek and Goettel, 2007; Sharma and
Marques, 2018). The effects of various environmental factors, ranging from
abiotic ones (temperature, humidity, UV) to various ecological interactions (host
availability, host conditions, food plant, etc.) can constrain the ecological host
range (Samson et al., 2013). Additionally, since EPF are a crucial component of
the communities of insect natural enemies, studies of the dynamics of hosts’
natural populations should shed light on their broader ecological significance.
Moreover, we still know very little about the selective pressures that EPF exert
on the life histories of their hosts and how the host and the pathogen interact
ecologically in natural settings.

1.5 Aims of the thesis

The main objective of the current thesis was to evaluate the diversity of EPF
associated with natural populations of herbivorous insects, and to describe the
patterns of mortality attributable to these antagonists, to be discussed in the
context of both population dynamics and evolutionary ecology of the host insects.

The specific aims of this thesis were:

1. To shed light on the levels of mortality caused by fungi in natural insect
populations (I-V). To facilitate the understanding of the role of fungi in insect
population dynamics, it is crucial to measure the probability to die due to a
fungal disease for different developmental stages of the insect. Differences
may exist depending on the taxonomic affiliation of the fungi, similar to how
various vertebrate groups (small mammals vs. birds) act differently as pre-
dators of insects. Therefore, describing the taxonomic diversity of the assemb-
lage of EPF is a task inseparable from evaluating the overall infestation rates
of the insects.

14



. To investigate whether an insect’s physical condition affects its ability to resist
fungal infection (II, IV). Physical condition of a herbivorous insect is mainly
influenced by the quality of its food, which implies that condition-dependence
in resistance could amplify bottom-up effects in the regulation of insect popu-
lations.

. To determine whether there are latitudinal differences in mortality caused by
entomopathogenic fungi (II, III & IV). As fungi are quite constrained by
environmental factors, climatic conditions should play a significant role in
insect-fungus relationships, which should be detectable in comparisons across
latitudes.

. To identify how entomopathogenic fungi interact with herbivorous insect’s
living space (II, IV & V). If fungal prevalence is not homogeneous in the space-
time continuum, locating the differences would provide insight into the spatial
aspects of population dynamics of the insect, and would help us to identify
associated selective pressures.

. To determine whether the fungal-induced mortality is dependent on the insect’s
food plant (II, III & V). The “bodyguard” hypothesis (Elliot et al., 2000;
Vega, 2018; Vega and Kaya, 2012) states that plants may provide the enemies
of their enemies, in this case fungi infecting herbivorous insects, with suitable
living space, increasing thereby the likelihood that generalist herbivores
choosing such plants for consumption will become infected.

15



2. MATERIAL AND METHODS

2.1 Studied insects

Lepidoptera served as a model for my field studies because their ecology is well
known compared to many other insects, and because our lab at the University of
Tartu has ample experience with working with these animals. Ecologically
speaking, Lepidoptera serve as the main food source for many diurnal and
nocturnal vertebrate insectivores, host countless specialized parasitoids, and play
significant roles as pests and pollinators, acting as both agents and targets of
natural selection (Goldstein, 2017). Butterflies and moths make up a sizeable
proportion of the terrestrial biodiversity, and therefore provide an essential
platform for exploring ecological and evolutionary issues related to population
dynamics and evolutionary ecology (Goldstein, 2017; Speight et al., 2008).
Furthermore, there are around 100 EPF species known to infect Lepidoptera
(Aratjo and Hughes, 2016). My studies were conducted with twelve species from
the families Erebidae, Geometridae and Noctuidae (Table 1), the three largest
families in terms of the number of species (Goldstein, 2017).
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2.2 Study design

2.2.1 Using existing data

I first studied EPF which had been found parasitizing insects used in ecological
experiments conducted between the years 2014 and 2017 at the University of
Tartu (Paper I). In those experiments (Meister et al., 2017a, 2017b, 2018), larvae
of several moth species had been reared in plastic vials in the laboratory. Dead
pupae which developed visible signs of fungal infections had been stored for
further analyses.

The larvae had been fed with plants collected from the surroundings of Tartu,
Estonia, so that despite the laboratory setting, the recorded fungi can be assumed
to represent local natural assemblages. Larvae pupated in moist Sphagnum moss,
and were kept overwinter in thermoregulated chambers at 0°C. Adult moths were
allowed to eclose in spring under room temperature. The samples were studied in
order to record the diversity and prevalence of fungi in laboratory conditions, and
to compare these findings with observations done outdoors.

To determine how general are the patterns recorded in our empirical studies,
and to evaluate the level of the knowledge about the ecology of EPF in general,
we performed an analysis of published empirical case studies reporting the
prevalence of EPF in natural insect populations (Paper V). We used case studies
in which insect sampling had been carried out in the field and the incidence of
fungal infection had been recorded at the level of individual insects. Respective
papers were collected through systematic screening of major literature databases
(Goolge Scholar, Web of Science). To obtain a metric of fungal prevalence at the
spatio-temporal scale, the meta-analytically corrected statistics of the prevalence
of EPF were compared between insect orders, fungal orders, geographic regions
and growth forms of the hosts’ food plants.

2.2.2 Insect rearing in semi-natural conditions

The effects of biotic factors on the probability to get infested by EPF in natural
populations were investigated using two different types of rearing experiments.
Additionally, the experimental settings facilitated recording the diversity of the
EPF associated with the lepidopteran hosts. First, newly hatched larvae of a
geometrid moth were reared to pupation in mesh bags on tree branches in forests
of central Estonia (58°N, 26°E), the experiment was repeated in two consecutive
years (Paper I). The advantage of the mesh-bag rearing is in the possibility to
observe and keep track of the insects on food plant under the same conditions as
experienced by their conspecifics in nature. The disadvantage of this method is
however in creating the green-house effect in the bag and/or problems during
heavy rain, which makes the bag wet and sticky, increasing the probability that
the larvae become stuck onto the bag surface and die of starvation.

Second, in order to determine whether the mortality imposed by EPF and their
assemblages are linked to host species, spatial location, food plant of the host or
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the host’s physical condition, newly hatched larvae of three moth species were
individually reared until adulthood in plastic vials in outdoor conditions (a ‘semi-
field’ experiment) in the Southern Estonian village of Roka (58° S, 27° E, paper
II). The area is characterized by hemiboreal mixed forest stands with Picea abies
and Pinus sylvestris as the dominant tree species. Each individual was fed
throughout its immature development with single food plant individual/species
collected from a designated location in the study area. In the last instar, half of
the larvae were subjected to starvation treatment, precluding their access to food
every other day. Dead larvae and pupae with visual signs of fungal infection were
collected and preserved for further studies. The experiment was replicated also in
central Argentina (31°S, 64°W, paper III), where, due to adverse weather con-
ditions, newly hatched larvae of three moth species were reared indoors on variety
of food plants. Cordoba, the region in which the experiment was performed lies
on the northern boundary of the pampas, characterized as borderline of temperate
and humid sub-tropical climate. Due to time constraints, we were unable to rear
individuals until adulthood and instead focused only on larval mortality caused
by the fungi. Even though the setting of this sort of experiments is not fully
natural, it allowed us to keep track of individual insects (and to manipulate certain
parameters) while feeding the insects on local plants still provided the oppor-
tunity to record the local assemblage of fungal antagonists characteristic of the
study area.

2.2.3 Survey of natural Lepidoptera populations

The experiments with the ‘semi-field’ design were complemented by a field survey
of infestation rates in a natural system exceptionally well suited for this purpose.
In particular, larvae and pupae of three noctuid moths endophytically feeding on
common cattail (Typha latifolia) were collected from various locations across
southeastern Estonia over the course of two years (Paper IV). The main
advantage of this system is the ease of obtaining unbiased samples of immature
insects: by carefully dissecting the stems of the host plants, both live larvae and
pupae as well as carcasses of dead insects can be collected (Teder et al., 1999;
Teder and Tammaru, 2002; Teder et al., 2013). Furthermore, T. latifolia fre-
quently grows in dense stands in distinct patches, making it possible to define
local populations of the associated insects. The aim of the study was to obtain
data on fungal prevalence in natural populations of moths and see if the infesta-
tion rate and species diversity differ between locations, and depends on the time
of collection and characteristics of the plot (plant height, plant density, age of the
plot, herbivore density etc.).
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2.3 Identification of the fungi

Dead insects were inspected for visible fungal structures. When present, the fungi
were inoculated to 2% malt extract agar (Oxoid, Cambridge, UK) in 9 cm dia-
meter Petri dishes. For identifying the fungi, the colonies and morphological
structures developed in culture were examined while sparing some material for
DNA barcoding. DNA extraction, PCR, and sequencing procedures were carried
out following the protocols outlined by P6ldmaa et al. (2019). The ITS region of
the ribosomal RNA gene was sequenced using the Standard-Seq service at
Macrogen Europe BV (Amsterdam). Along with the comparison of morphological
features, assigning the obtained DNA barcodes to the UNITE species hypotheses
(SH, see Koljalg et al., 2020) served as the main identification strategy. The
advantage of the SH system is that regardless of the change or lack of a Latin
binomial, unique persistent identifiers, assigned to all SHs in the form of DOIs,
allow for unambiguous communication about the identity of studied organisms.
Dried specimens and isolates were deposited, respectively, in fungal collections
TUF and TFC at the Natural History Museum, University of Tartu. Information
on collecting sites and dates for all specimens as well as associated isolates,
sequences, images and metadata, were uploaded to UNITE and published using
the PlutoF workbench.

2.4 Data analysis

In addition to describing species richness of the EPF and recording mortality
ascribed to them, we searched for factors explaining the prevalence of EPF. For
this purpose, generalized linear models (GLM) were used to determine whether
fungal infection is influenced by the following factors: moth species (II, I1I),
hatching date (II), population density (IV), pupal weight (II, IV), starvation treat-
ment (II), parasite prevalence (IV), food plant species (11, I1I), plant vigor (IV),
plant density (IV), age of the plant community (IV), study site (IL, IV), and study
year (IV). These analyses were done using total sets of data specific to particular
studies and also separately by insect life stages (II) and for the most abundant
fungal family (II), genera (IV) and species (1L, IV).

Multinomial regression was used to compare the species composition of EPF
between insect life stages (II). For this purpose, several species were combined
into ecologically sound groups for the analyses.

Furthermore, to identify the differences in infection rates between 1) insect
orders, 2) fungal orders, and 3) geographical locations we fitted a binomial
GLMM with a likelihood ratio test to the aggregated data with data source and
observation-level random effects (V). We tested whether different fungal orders
are equally represented among the regions, and growth forms of the host plant of
the insect hosts (grass, shrub, tree, or rhizosphere) (V).
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3. RESULTS AND DISCUSSION

3.1 Diversity and host specialization of
entomopathogenic fungi infecting herbivorous
Lepidoptera

The assemblage of fungi infecting herbivorous Lepidoptera was found to be
diverse, encompassing species from ten phyla according to recent taxonomic
treatments (Samson et al., 2013; Aratijo and Hughes, 2016; Tedersoo et al., 2018).
In the course of the empirical work conducted in the framework of this thesis
project, we encountered species from two of these phyla, Ascomycota and
Mucoromycota. Moreover, Mortierellomycota, recently elevated to phylum level
(Tedersoo et al., 2018) was also represented among our collections. All in all, 45
species of EPF were identified on the basis DNA barcodes — 26, 23, 8 and 10
species in papers I-1V, respectively (Table 2).

Additionally, published data on 122 fungal species infecting insects, from four
fungal phyla, were retrieved in the framework of the meta-analytic study (V).

I conclude that the diversity of EPF associated with natural populations of
moths is high. However, revealing this diversity is only possible through studies
focusing on the entire assemblage of fungi which appear to be surprisingly scarce
(see Amatuzzi et al., 2017; Poitevin et al., 2018; Sharma and Marques, 2018 for
some examples). The majority of the fungi discovered in our experimental studies
performed in Estonia and Argentina belonged to the phylum Ascomycota,
followed by some representatives from Mortierellomycota and Mucoromycota.
Most of the encountered fungal species are usually considered to be opportunistic
pathogens or saprotrophs, with discussions of their entomopathogenicity arising
only recently (Santos et al., 2020; Sharma and Marques, 2018; Zhu et al., 2022).
Discerning pathogens from saprotrophs proves to be extremely difficult, espe-
cially for fungi with hemibiotrophic strategies.
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Our studies revealed that EPF from Ascomycota are not strictly species-specific,
but rather can be described as restricted to a particular insect life stage. This is
suggested by the pattern that fungal assemblages differed substantially between
developmental stages of the insects (I, V) but not between insect species (I-V).
Furthermore, we did not find (I-IV) evidence of EPF solely infecting one host
species, in any of these cases in which sample sizes allowed us to evaluate the
level of host specialization. Indeed, as fungi lack the ability to actively search for
hosts, they might not benefit from strong host specialization (Meyling and Hajek,
2010). In paper 11, we found insect larval infections being dominated by oppor-
tunistic EPF species, whereas infections of pupae were dominated by obligate
EPF, frequently reported in the scientific literature on EPF. Insect larvae constitute
easier prey for the trophically less specialized opportunistic pathogens — like
Fusarium, Penicillium and Aspergillus spp. — because of their aggregation in the
time-space continuum and weaker exoskeleton. Furthermore, as herbivorous
larvae of Lepidoptera consume large quantities of plant material, the infection
through oral ingestion of the pathogen is most probable during this life stage
(Aratjo and Hughes, 2016). Oral ingestion may prove to be an easy way in since
the insect’s cuticle has been suggested to be the strongest barrier for opportunistic
pathogens to overcome (St. Leger and Wang, 2020).

In contrast, our empirical samples did not include some groups which could
have been expected, notably the well-known entomopathogenic order Ento-
mophthorales. This could stem from either 1) our target host group — larvae of
folivorous Lepidoptera — not being preferred by them; 2) our study areas lacking
these fungi; or 3) our methodology (fungal isolation) being inappropriate for
them. It is true that species from order Entomophthorales are known to be mainly
specialists of adult Diptera (Aratjo and Hughes, 2016). However, the possibility
that our target insect group is not among the hosts of these fungi, is refuted by the
fact that entomophthoralean fungi have frequently been isolated from juvenile
Lepidoptera. For example, Entomophaga aulicae has been recorded from Panolis
flammea (Noctuidae) in United Kingdom (Hicks and Watt, 2000), from Favonius
quercus (Lycaenidae) in Bulgaria (Georgieva et al., 2014), Furia gastropache
from Malacosoma disstria (Lasiocampidae) in the northeastern USA (Filotas
et al., 2003); there are discussions of the potential of Entomophaga maimaiga to
regulate Lymantria dispar (Erebidae) populations in Europe (Ztbrik et al., 2016).
Similarly, literature data show that Lepidoptera harbour by no means lower
fungal diversity than other insect orders (Figure 1 in paper V).

The second possibility — our study areas simply lack fungi from other phyla —
is the least likely, because all main phylogenetic and functional groups of fungi
are present in the soils of all ecosystems studied so far (Tedersoo et al., 2014).
Furthermore, species from the order Entomophthorales, are considered to
dominate the diversity of EPF in the temperate zone (Hajek, 1997), which is also
supported by paper V. The most likely explanation is that members of Ento-
mophthorales cannot be cultured on regular culture media as they require living
cells for growth (as demonstrated for the genus Neozygites, Grundschober et al.,
1998). Since no indication of these fungi was ever found on dead insects when
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those were examined under a microscope, their absence may still have other
causes. However, I cannot refute the possibility that some Entomophthorales
species initially infected the studied insects, but the eventually observed fungal
species had grown over these.

3.2 Mortality of herbivorous insects attributable
to fungal entomopathogens

Despite the large diversity of fungi able to kill insects, the mortality caused by
fungal pathogens in nature was found to be relatively low in Lepidoptera (I-1V),
and in insects in general (V), ranging between 2—4% for larvae (II & III) and
2—17% in pupae (I-1V, Table 3). These values are also consistent with the meta-
analytically weighed mean of 8.2% (V) for all insects. The latter result is based
on the analysis of data from 79 case studies yielding 1273 observations of
interactions between 104 insect and 122 fungal species (V). However, the
observations were heavily biased towards higher latitudes, mainly originating
from Europe and the USA.

Table 3 Prevalence of entomopathogenic fungi in insect populations (I-V)

Paper Insect  Stage Fungal prevalence ~ No of fungal  Study setting

species
I Lepid- Pupae 2.8% 23 Lab
optera  pypae 17.3% 10 Mesh bag
II Larvae 2.9% 13 Reared in Nature
Pupae 4.7% 17
III Larvae 3.8% 8 Reared indoors
v Pupae 8% 10 Nature survey
v Insecta All 8.2% (0.8-11%) 122 Case studies

Our findings on Lepidoptera are in good agreement with earlier observations
made on this order as well as other insects (V), suggesting that our conclusions
could be widely generalized. EPF seem to be omnipresent, as in no subset of our
empirical data their prevalence was zero (I-1V). Even though the proportion of
insect populations that die from fungal infections is typically low (below 10%),
the overall prevalence appears to be roughly invariable across insect and fungal
taxa, as well as across geographic locations. Furthermore, life-table studies on
insect mortality factors (Hawkins et al., 1997; Peterson et al., 2009; Pinto et al.,
2022) do not suggest the mean mortality caused by pathogens to exceed 10%,
supporting our findings.

A notable proportion of published case studies, done mainly in agricultural
settings (Akmer et al., 2020; Townsend et al., 1995), with some exceptions
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(Z1abrik et al., 2016), report epidemics caused by EPF (V), something we did not
find support for in our empirical work. Most likely, this discrepancy results from
study and publishing bias — cases of epidemic infestations understandably attract
more research attention, especially because studies on EPF are preferentially
conducted in applied contexts (Mora-Aguilera et al., 2017). This is supported by
the fact that 5.4% of observations, but 33% of papers, describe fungal infections
which have caused mortality higher than 70% (V). Even though laboratory testing
has shown great potential of fungal entomopathogens to control insect popu-
lations (Chen et al., 2021; Santos et al., 2020; Zubrik et al., 2016), such studies
are often focused on the physiological susceptibility of the insect as the experi-
ments use high dosages and are performed in conditions favorable for the fungi
(Hesketh et al., 2010; Roy and Cottrell, 2013). High mortality due to EPF appears
still to be rare in nature.

3.3 Do entomopathogenic fungi have a regulatory role
in insect populations?

The results of this thesis do not indicate that entomopathogens might play a signi-
ficant role in regulating the dynamics of insect populations. Even though mortality
rates have occasionally been found to be considerable (Akiner et al., 2020; Chen
et al., 2021), our empirical work did not find levels of mortality that were high
enough to suggest any significant top-down effects. More importantly, the preva-
lence of EPF was only weakly (II & III) if at all (IV) explained by any of the
environmental predictors considered. Even if the question of density-dependent
mortality was directly touched just by one of our studies (IV), the overall weak-
ness of environmental determinants creates the impression that getting a fungal
disease is largely a matter of chance, with the high diversity of the EPF indirectly
supporting the same conclusion.

Another way how EPF could be involved in the regulation of insect popu-
lations is through some interaction with bottom-up effects (Cory and Ericsson,
2010). If inferior quality of host plants could also increase the prevalence of EPF,
this could open another channel for bottom-up effects to operate. We found no
evidence supporting this scenario in either our semi-field experiment (II) or in
the field survey (IV). Even if food does not necessarily serve as an infection
pathway, it still affects the physiological condition and thus immune response of
the insect. However, insect physiological condition, manipulated through food
restriction, had an effect on pupal weights but did not result in statistically signifi-
cant increase or decrease in fungal prevalence (II). Furthermore, plant vigor (IV)
failed to attain statistical significance providing no support for bottom-up effects
via plant individual quality.

Latitudinal differences in EPF prevalence have been suggested for the well-
studied orders Entomophthorales and Hypocreales (Hajek, 1997; Vega and Kaya,
2012). This was also confirmed by our meta-analytical results which showed that
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the infection rate of the Hypocreales increases towards the equator and that of the
Entomophthorales towards the poles (V). However, total mortality caused by EPF
did not differ among latitudes implying that the pathogen species composition
changes but not the overall fungal-induced mortality. Even more generally, both
our empirical (II, III) and meta-analytical (V) work suggests that the nature of
the interactions between EPF and insects does not differ radically among the
biomes allowing us to cautiously conclude that the ecological understanding gained
from the study of temperate ecosystems is more widely applicable.

3.4 Do entomopathogenic fungi create selective
pressures on insect traits?

In case the probability to die as a consequence of fungal disease would depend
on some traits of the host, including those which determine where and when does
some activity of the host occurs, we should see fungal-mediated selective pres-
sures acting on the values of the traits involved. As an example, we assumed the
prevalence EPF to increase with the season progressing as a consequence of both
deteriorating food quality and the likely accumulation of fungal propagules in the
environment. In our semi-field experiment (II), however, we could not show
calendar date to have the expected effect on the prevalence of EPF. We could not
show that the interaction with EPF creates a selective pressure on moth phenology.

Small-scale spatial differences in mortality risk could select for microhabitat
preferences, or overall mobility patterns of insects. No convincing evidence for
such differences was found in the thesis project. Neither food plants collected
from different locations (within one kilometer, IT) nor differences between Typha
stands across southeast Estonia (IV) revealed any statistically significant variation
in fungal prevalence between the areas. It is clear that conspecific plants growing
at different locations may harbor fungal assemblages for reasons unrelated to the
characteristics of the plants, such as a recent outbreak of a particular species. Even
more, as microclimatic conditions are of upmost importance for successful infec-
tion (Hajek, 1997; Vega and Kaya, 2012), sites within just a few kilometers are
supposed to vary in infection prevalence. In future, site specific climatic factors —
such as temperature, relative humidity, vegetation density etc. — should be in-
corporated into studies on the prevalence of EPF.

If, however, the risk of succumbing to a fungal disease will depend on the
food plant the insect is feeding on, the EPF can be a factor involved in the evo-
lution of the host range of the herbivore. Our studies may be the first to document
EPF prevalence being influenced by insect’s food plant (1L, III & V). In paper 11
we found a clear link between insects feeding on birch and infection with
Akanthomyces muscarius. All 14 detected cases were from insects reared on this
host plant (several locations and several insect species), whereas none were from
alternative hosts. This fungus is indeed known to occur as an endophyte, having
been recorded in maple and oak leaves in Italy (Nicoletti and Becchimanzi, 2020),
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in beech branches in Germany and in spruces in Finland and Sweden (data from
UNITE database; Kdljalg et al., 2020). Furthermore, we found a similar pattern
in Argentina where only insects feeding on Pascalia glauca succumbed to
Fusarium species (IIT). In addition, studies from Estonia (Bahram et al., 2021)
and China (Yu et al., 2021) have found many potential EPF like Alternaria,
Aspergillus, Cladosporium, Fusarium, Lecanicillium, Mucor, Mortierella, Peni-
cilliumand Trichoderma — also observed in our studies — living as endophytes in
the leaves of trees, increasing the possibility of EPF infections through host plant
ingestion. This makes the “bodyguard hypothesis” quite likely to be applicable.
According to this hypothesis, plants provide suitable habitat or microclimate for
the persistence of pathogens of their natural enemies (Elliot et al., 2000; Vega
and Kaya, 2012; Vega, 2018). This supported by our conclusion that plant growth
form appeared to have an effect on EPF prevalence (V): the incidence of fungal
infection was more probable with insects feeding on plants classified as trees.

Being ingested with food is the most obvious pathway of infecting insects for
pathogens which do not possess means for actively searching their hosts, like
nematodes for example (Vega and Kaya, 2012). This is true for viruses and
bacteria, but might also hold for EPF in the case of juvenile herbivorous insects,
such as lepidopteran larvae, who consume large quantities of plant material. As
entomopathogens have at least in some lineages arisen from plant pathogens or
endophytes (Humber, 2008; St. Leger and Wang, 2020), it is of no surprise to
find a link between particular fungal and food plant species (11, III, V). Plants
providing services for the enemies of their enemies is well known to involve
volatile compounds (Heil, 2014) and for myrmecochorous plants (Giladi, 2006).
In case of fungi, plants provide them a refuge from adverse environmental factors
(Elliot et al., 2000; Barelli et al., 2016; Vega, 2018).
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4.CONCLUSIONS

The following conclusions can be drawn from my thesis:

There is a wide variety of fungi that infect insects. Around ten percent of known
EPF species infect Lepidoptera. Despite recent advances in the systematics of
EPF, many other aspects, like the specialization of pathogens to different life
stages of the hosts, have been largely neglected. Our studies show that EPF
infecting Lepidoptera are more specialized on certain developmental stages of
the hosts than host species.

The present thesis broadens the array of taxa traditionally considered to include
entomopathogenic fungi proposing several species to act as pathogens of
insects. While ten phyla were known to incorporate species of entomopatho-
gens, Ascomycota and Entomophthoromycota have received most of attention
in taxonomic and ecological studies. Therefore, investigating the other phyla
may provide valuable information for understanding insect-fungus inter-
actions.

Fungal induced mortality is generally low in natural insect populations. Since
fungi typically only cause 10% of the mortality of insects and there was no
evidence of density-dependence, they hardly have a significant effect on insect
population dynamics.

Even though mortality attributable to EPF was found not to differ on the lati-
tudinal scale, the infection rate attributable to Hypocreales increases towards
the equator and that of the Entomophthorales towards the poles.

Little is known about the selective pressures that entomopathogenic fungi
exert on insect populations. We found that EPF may create selective pressures
on the evolution of host plant range of herbivorous insects. The elegant case
of the incidence of Akanthomyces muscariusbeing restricted to larvae feeding
on birch should indicate selection against using this host plant species.

Evolutionary ecology of insect-fungus interactions remains poorly known:
even though my studies outlined some paths which may be worth examining,
much remains to be done in this field.
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SUMMARY IN ESTONIAN

Patogeensete seente liigirikkus ja 6koloogiline roll
putukapopulatsioonides

Okoloogia iiks pdhiiilesandeid on seletada populatsioonide arvukuse erinevusi
ajas ja ruumis ning moista neid erinevusi pohjustavad tegureid. Populatsioonide
arvukust mojutavad biootilised tegurid jaotatakse “alt {iles” mojudeks (bottom-
up), kui mdjutajaks on madalam troofiline tase (uuritava toit) voi “iilevalt alla”
mdjudeks (top-down), kui mdju tuleb kdrgema troofilise taseme poolt (kes
uuritavat toiduks kasutab). Herbivoorsete putukate puhul on alt iiles mojud
kahtlemata olulised, mojutab ju putukate viljakust toidutaim 14dbi oma kvaliteedi,
kvantiteedi voi ka 1dbi erinevate kaitsekohastumuste nagu keemilised {ihendid,
mehaaniline kaitse jms. Viimase aja teadustodd on siiski ndidanud, et toidu mdju
putuka kohasusele pole nii suur kui varasemalt on arvatud. Pigem hoiab putukate
arvukust kontrolli all siiski nende suur suremus, mida pdhjustavad putukate
looduslikud vaenlased: kiskjad, parasitoidid ja patogeenid.

Kiskjate, nii selgroogsete kui selgrootute, kui ka parasitoidide poolt pShjus-
tatud suremuse mdju putukate populatsioonide arvukusele ja selle diinaamikale
on pdhjalikult uuritud. Samas pole patogeenide puhul piisavat selgust isegi mitte
pohinditajate osas: me ei tea, kui palju nad populatsioonis suremust pdhjustavad.
Patogeenide 6koloogilise rolli uurimine on keeruline, kuna nende hulka kuuluvad
viga erinevad organismid alustades viirustest ja bakteritest ning 1opetades {imar-
usside ja seentega, mis eeldab ka mitmekesiste taksonispetsiifiliste uurimis-
meetodite rakendamist.

Kéesolev doktoritod keskendub entomopatogeensete (edaspidi EP) seente
mitmekesisuse ja nende patogeenide poolt pohjustatud suremuse uurimisele
looduslikes populatsioonides, tulemusi tdlgendatakse putukate populatsiooni-
diinaamika ja evolutsioonilise 6koloogia vaatevinklist. T66 algas varem kogutud
valimite (putukadkoloogiliste katsete kdigus tuvastatud seeninfektsiooni juhud
liblikanukkudel, I artikkel) uurimisega, millele lisaks otsisin kokku ja analiiiisisin
olemasolevat kirjandust, mis dokumenteerib EPS poolt pohjustatud letaalseid
infektsioone (edaspidi, seenetamist) looduslikes populatsioonides (V). T60 jérg-
mises etapis viisin 1dbi katseid loodusldhedastes tingimustes Eestis (II) ja Argen-
tiinas (III), kus kasvatasin liblikaid voimalusel munast valmikuni ning dokumen-
teerisin seenetamist ning erinevaid seenetamist potentsiaalselt mdjutavaid para-
meetreid. Korvutamaks loodusldhedastes oludes 14bi viidud katseid andmetega
manipuleerimata loodusest, seirasin hundinuial (Typha latifolia) elavate 66laste
seenetamist Kagu-Eestis kahe aasta jooksul (IV).

EP seeni on praeguseks tuvastatud iile 1000 liigi, millest paljud on globaalse
levikuga. See arv on kindlasti alahinnatud, kuna seeneriik on viga mitmekesine
oma 18 hdimkonnaga ja siiani puudulikult uuritud. Lisaks juba teada olevale
kiimnele hdimkonnale, mis sisaldavad entomopatogeenseid seeni, tdiendab
minu doktoritdd seda nimistut hiljuti eristatud hdimkonnaga kdduhallikseened
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(Mortierellomycota); ka tuvastati t66 raames esmakordselt et mitmete seene-
litkide entomopatogeensus.

Empiirilises to0s liblikatega selgus EP seente suur liigirikkus, erinevates osa-
toodes (I-1V) tuvastati EP seeni vastavalt 25, 23, 8 ja 10 liiki. Tulemus on uudne,
kuna konkreetsete putukapopulatsioonidega seotud EP seente kogu mitmekesisust
dokumenteerivaid tdid on maailmas leida vaid képutdis. Suurt interaktsioonide
hulka néitab ka kirjanduse analiiiis (V), kus 79 asjakohasest uuringust (dokumen-
teerisid EPS-putukas interaktsioone looduslikes populatsioonides) leiti andmeid
kokku 122 seeneliigi kohta, mis nakatasid 104 putukaliiki.

Uhtegi tdendit EP seente spetsialiseerumisest kindlale libilikaliigile meie t66-
dest vélja ei tulnud. Pigem néib EP seente liigiline koosseis sdltuvat peremehe
arengujargust (II). Rodvikute patogeenide kooslustes olid valdavad pigem
oportunistlikeks patogeenideks peetavad seened. Need on seened, kes enamuse
oma elust veedavad lagundajatena ning hakkavad patogeeniks ainult sobivatel
tingimustel (ndrgestatud voi haavatud putukas). Liblikate roovikud soovad palju
taimset massi, suurendades patogeeni sissesdOmise tdendosust, kuna viimased
voivad kasvada ka endofiiiitidena taimedes. Suukaudne nakatamine on oportunisti-
dele tihti ainsaks voimaluseks, sest erinevalt spetsialiseerunud seenpatogeenidest
ei suuda nad tungida 14bi putuka kitiinkesta.

T66s dokumenteeritud patogeenide suur liigirikkus viitab 6koloogiliste inter-
aktsioonide paljususele ja mitmekesisusele putukate ja seente vahel. Seetottu on
oodatav, et EP seentel voiks olla oluline roll putukate populatsioonidiinaamikas.
Kéesoleva t00 raames ei suutnud me siiski néidata EP seentel putukapopulat-
sioone reguleerivat rolli, kuna seenpatogeenide pohjustatud suremus liblikatel oli
pigem tagasihoidlik, jdddes meie katsete pohjal liblikate puhul 2—17% piiridesse
(I-IV). Ka kirjanduse analiiiis andis sarnase tulemuse: iildine EP seentele omis-
tatava suremuse mediaan jddb putukate looduslikes populatsioonides 8% kanti
(V). Selline suremuse protsent ei toeta voimalust, et seentel on oluline “iilevalt alla”
mdju putukate populatsioonidiinaamikale. Samuti ei erinenud EP seentega
nakkuste protsent troopika, subtroopika ja parasvootme vahel, kuigi erinevate
seeneseltside pohjustatud suremus oli laiuskraaditi erinev. Néiteks leidsime
kinnitust varasemale arvamusele, et helekottseenelaadsed (Hypocreales) pShjus-
tavad suuremat suremust troopikas, samas kui putukahallikulaadsetele (Ento-
mophthorales) omistatav suremus kasvab koos laiuskraadidega. Leidsime seega
erinevuse EP seente koosluste taksonoomilises koosseisus, analoogselt sellega,
mida nigime putukate erinevaid arengujirke vorreldes.

Uheski doktoritdd raames tehtud katses ei tiheldatud siiski seeninfektsiooni
taielikku puudumist, mis viitab sellele, et seenpatogeenid on putukapopulat-
sioonides alati olemas. Usutavasti ei ole seenpatogeeniga nakatumine piiratud
seeneeoste olemasoluga putuka keskkonnas ning putuka seenega nakatumist voi
mittenakatumist madravad mingid isendi vdi keskkonna parameetrid. Kuna seene
seisukohast edukas nakatamine l0ppeb putuka surmaga, looks selliste para-
meetrite olemasolu valikusurve putukate tunnustele. Kui néiteks seenega nakatu-
mise tdendosus muutub vastavalt aastaajale, peaks vastav valikusurve mojutama
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putuka fenoloogiat. Doktorit66 raames siiski ei leitud seost EP seenega nakatu-
mise ja kuupdeva vahel (II). Sarnaselt ei leidnud me erinevusi ruumis ei véiksel
(kilomeetri piires; II) ega ka suuremal (Kagu-Eesti; IV) skaalal. Asukoha mdju
vOiks tuleneda nakkustekitaja varasemast levikust piirkonnas v6i néiteks sobivast
mikrokliimast, mida erinevad taimekooslused voivad pakkuda. See tdhendaks
taimede kaudset mdju EP seentega nakatumisele. Katseliselt me siiski “alt iiles”
moju ei ndinud. Kuigi toidutaime manipuleeritud kvaliteet mojutas putuka edu-
kust (I), ei olnud see korreleeritud EP seentega nakatumisega. Sarnaselt ei omanud
ka taime kvaliteedinditajad (IV) moju EP seentega nakatumisele.

Kui EP seentega nakatumise tdendosus soltuks toidutaime liigist, toimiks
valikusurve selle taime toiduks kasutamise vastu. Kéesoleva doktoritoé raames
tehtud uurimus on iiks esimesi maailmas, kus on ndidatud seost kindla seeneliigiga
nakatumise ja toidutaime liigi vahel. Nimelt leidsime, et helekottseenelaadse
seenega Akanthomyces muscarius nakatusid vaid need liblikad, kes toitusid kasel
(IT). Selline seos ei soltunud toidutaimeisendi asukohast ega putuka liigist. On
teada moned EP seened, kes suudavad elada taimedes endofiiiitidena ning vara-
semalt on oletatud, et sellised endofiiiitsed vormid suudavad voimaluse avanedes
iile minna entomopatogeensele toitumisele. Selline asjade kéik toetaks nn turva-
mehe hiipoteesi (bodyguard hypothesis), mille kohaselt loovad taimed oma vaen-
laste vaenlastele soodsaid tingimusi, panustades niimoodi oma kaitsesse. Sama
hiipoteesi toetab kaudselt ka meie leid (V), et EP seentega nakatumise osakaal on
korgem puudel kui rohttaimedel toituvatel putukatel. Kuna entomopatogeensus
seentes on vihemalt korra tekkinud taimepatogeenide kohastumisest paremale
(lammastiku-rikkamale) toidule, ei ole iillatav, et EP seened ja (putukate toidu)-
taimed on omavabhelistes suhetes (IL, 111, V).
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