
INTRODUCTION

There have been considerable advances in the field of
insect pathology over the last few decades, but the role of
pathogens (entomopathogens) as natural enemies of non-
pest insects is seldom considered. Indeed, most studies on
insect life history refer only to predators and parasitoids
when considering natural enemy guilds, even though
naturally occurring entomopathogens are undoubtedly
more diverse and widespread (Lacey et al., 2001); 50% of
living organisms are microbial (Watson et al., 1995) and
insect pathogens are ubiquitous in both above and below-
ground ecosystems (Hajek, 2004).

Coccinellids are attacked by a suite of natural enemies
(Majerus, 1994; Hodek & Hon k, 1996; Roy et al.,
2006a, b) including: predators [such as: the predatory bug
Deraeocoris ruber L. (Hemiptera: Miridae)], a hymenop-
teran parasitoid [Dinocampus coccinellae (Schrank)
(Hymenoptera: Braconidae)], dipteran parasites [such as
Phalacrotophora fasciata Fallén (Diptera: Phoridae)], a
mite [Coccipolipus hippodamiae (McDaniel & Morril)
(Acari: Podapolipidae)], various male-killing bacteria
(Wolbachia, Spiroplasma, Rickettsia) and insect patho-
genic fungi [such as Hesperomyces virescens Thaxter
(Ascomycota: Laboulbeniales) and Beauveria bassiana

(Balsamo) Vuillemin (Ascomycota: Hypocreales)]. The
role of natural enemies in regulating coccinellid popula-
tions generally requires more research, however, this is

particularly the case for fungal pathogens, which are
widely regarded as important natural enemies of coccinel-
lids (Majerus, 1994; Hodek & Hon k, 1996) but the rela-
tionship is very poorly understood. We suggest that
fungal pathogens are all too often forgotten natural ene-
mies and future research should address the profound
absence of knowledge.

Much of the literature in this field is in relation to the
impacts of fungal-based biorational pesticides on non-
target insects such as coccinellids (James et al., 1995;
Pingel & Lewis, 1996; Todorova et al., 1996; Roy & Pell,
2000; Smith & Krischik, 2000; Pell & Vandenberg,
2002). Considerably less information exists on coccinel-
lids and their interactions with naturally-occurring fungal
pathogens, even though fungi, such as B. bassiana, are
documented as major mortality factors of overwintering
coccinellids (Iperti, 1966; Ceryngier & Hodek, 1996;
Barron & Wilson, 1998; Ormond et al., 2006).

In this paper we aim to review our current under-
standing of the interactions between coccinellids and
fungal pathogens and to suggest future research directions
and priorities. This review was initiated after discussions
at the Aphidophaga 10 meeting (Athens, 2007) in
response to two papers on the interactions between fungal
pathogens and coccinellids (Cottrell & Shapiro-Ilan,
2008; Roy et al., 2008a, b).
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Abstract. The role of predators and parasitoids in the regulation of insect populations is widely reported in the context of both pest
and non-pest insects. However, this is not the case for pathogens (entomopathogens). Indeed, most studies on insect life history refer
only to predators and parasitoids when considering natural enemy guilds, even though naturally occurring entomopathogens are
undoubtedly more diverse and widespread. This is certainly the case with the Coccinellidae; the natural enemies of coccinellids have
been the subject of a number of review articles but pathogens receive only brief mention. In this review we attempt to address the
balance and consider the interactions of natural populations of Coccinellidae with entomopathogenic fungi. Most research on ento-
mopathogens and Coccinellidae focuses on the non-target impact of biorational insecticides against coccinellids and the impact of
fungal infections upon aggregations of overwintering coccinellids; with the former overwhelmingly dominating the literature. Given
the prominence of coccinellids in classical and conservation biological control, it is surprising that studies have not measured the
natural impact of pathogenic fungi upon introduced species or natural populations of Coccinellidae, as has been done with numerous
insect pest species. Here we review the literature on the intriguing interactions between coccinellids and fungal pathogens. We
examine the literature on direct infection (sub-lethal and lethal) of coccinellids by pathogenic (Beauveria bassiana, Metarhizium ani-

sopliae, Paecilomyces fumosoroseus) or parasitic (Hesperomyces virescens). We also consider the role of intra-guild predation (on
the aphid-specific fungus Pandora neoaphidis and Beauveria bassiana) and finally indirect interactions such as coccinellids dis-
persing P. neoaphidis. We suggest that fungal pathogens are all too often forgotten natural enemies and future research should
address the profound absence of knowledge in this field.
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TAXONOMY

Entomopathogenic fungi are common natural enemies
of arthropods Worldwide. Fungal systematics, particu-
larly at the higher levels of classification, is continually
being reviewed and restructured (Hibbett et al., 2007).
Hibbett et al. (2007) propose a system of classification for
all groups of fungi based on recent molecular phyloge-
netic studies. There are over 700 species of insect patho-
genic fungi and these can be found within two main
groups: phylum Ascomycota (subkingdom Dikarya) and
the order Entomophthorales from the subphylum Ento-
mophthoromycotina.

The Entomophthorales, obligate pathogens of arthro-
pods, are an extremely important group of insect patho-
gens historically placed within the Zygomycota.
However, the Zygomycota is not an accepted phylum
within the revised classification (Hibbett et al., 2007).
Therefore, the Entomophthorales have not been assigned
a phylum in the current classification but will be pending
resolution of clades from the Zygomycota (Hibbett et al.,
2007).

The taxonomy of the Ascomycota is more clearly
defined and contains two major orders: Hypocreales
(class: Sordariomycetes; subclass: Hypocreomycetidae)
and Laboulbeniales (class: Laboulbeniomycetes). It is
worth noting that the ascomycete fungi were previously
divided into two groups: Ascomycota and the Deuteromy-
cota. The Deuteromycota were known as the Fungi
Imperfecti (Deuteromycota: Hyphomycetes) and were
species for which no sexual stage was known. However,
morphological and molecular studies have demonstrated
that some of these “imperfect fungi” are anamorphs
(asexual forms) of the Ascomycota (order: Hypocreales;
family: Clavicipitaceae). Throughout this paper we will
refer to the classification proposed by Hibbett et al.
(2007).

Although the taxonomy of these fungi is in a dynamic
state the basic biology has been well studied. The general
life cycles of these fungi are remarkably similar despite
their taxonomic diversity (Roy et al., 2006a). Entomo-
pathogenic fungi produce infective spores (conidia) that
attach to, germinate, and penetrate the cuticle of their
host. Therefore, unlike viral and bacterial pathogens there
is no requirement for ingestion of fungal spores. Once
within the host they proliferate as single- or multicelled
structures (protoplasts, blastospores, hyphal bodies) util-
ising the nutritional resources of their hosts, ultimately
killing them and producing more infective conidia for
transmission or resting structures for persistence (such as
sexual or asexual resting spores, chlamydospores or
mummified hosts).

The abiotic and biotic environment strongly influences
fungal activity; high humidity (in excess of 95%) is
required for conidium germination, infection, and sporu-
lation, and the speed of kill is influenced by temperature.
The specific ecology, physiology, and life cycles of these
fungi vary and reflect adaptations to overcome environ-
mental limitations and the host’s defenses. Species in the
order Entomophthorales exhibit a continuum of adapta-
tions including dispersive, actively discharged conidia
produced externally after host death through to sporula-

tion prior to host death in species which require continued
host activity to ensure conidia dispersal (Roy et al.,
2006a). Species in the Entomophthorales do not produce
toxins as part of the infection cycle and are obligate
pathogens. They are characteristically biotrophic and
have a narrow host range among foliar arthropods. They
are not known to be pathogens of coccinellids.

In contrast two Hypocrealean (Ascomycota: Clavicipti-
aceae) fungi have been found infecting ladybirds: Metar-
hizium anisopliae (Matschnikoff) (Ginsberg et al., 2002)
and B. bassiana (James et al., 1995; Cottrell & Shapiro-
Ilan, 2003; Roy et al., in press). Hypocrealean fungi are
hemibiotrophic, switching from a parasitic, biotrophic
phase in the haemocoel to a saprophytic phase colonizing
the body after death. The most aggressive strains of
Hypocreales achieve host death usually by the production
of secondary metabolites. Conidia are not actively dis-
charged. Species belonging to the order Hypocreales have
characteristically broad host ranges when associated with
soil-inhabiting arthropods in temperate regions. Similar to
the Entomophthorales, the Hypocreales produce resting
structures for survival in the absence of new hosts or
under adverse environmental conditions.

Another important group of fungi in relation to cocci-
nellids is the Laboulbeniales (Ascomycota: Laboulbeni-
aceae). There are estimated to be between 10,000 and
50,000 species of Laboulbeniales on Coleoptera world-
wide (Weir & Hammond, 1997). Smaller numbers are
thought to be associated with other insect orders (Blatto-
dea, Dermaptera, Diptera, Hemiptera, Hymenoptera, Isop-
tera, Orthoptera and Thysanoptera) and also from non-
insect hosts (Acari and Diplopoda). These intriguing
fungi are obligate ectoparasites that infect many coccinel-
lids (Thaxter, 1931; Nalepa & Weir, 2007) occurring
from the tropics to the sub-Antarctic on both terrestrial
and aquatic hosts (Santamaria, 2001; Harwood et al.,
2006).

Most laboulbenialean fungi have few detrimental
effects on their hosts (Weir & Beakes, 1996) but a few
negative fitness effects have been documented including
those that are considered responsible for declines in Chi-
locorus bipustulatus L. (Coleoptera: Coccinellidae) in
Israel (Kamburov et al., 1967). Laboulbeniales generally
do not penetrate the insect cuticle. However the most
commonly reported laboulbenialean on coccinellids, H.
virescens does exhibit rhizoidal penetration into the host
body by production of a circular appressorium, which
attaches and penetrates the host cuticle (Weir & Beakes,
1996). Even though this fungus invades the cuticle there
are no known deleterious impacts on the host (Nalepa &
Weir, 2007). It is hypothesised that heavy infections
could impede flight, foraging and mating but this requires
further investigation.

DIRECT INFECTION

Physiological v. Ecological Susceptibility

The physiological host range of an entomopathogen
typically includes those insect species susceptible to the
pathogen when assayed under laboratory conditions.
Likewise, the ecological host range of an entomo-
pathogen includes those insect species susceptible to the
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pathogen under field conditions. Comparing the physio-
logical and ecological host range of a pathogen is
difficult. Many factors affecting pathogenicity under both
laboratory and field conditions must be taken into account
to make sense of how physiological susceptibility relates,
if at all, to ecological susceptibility. Studies examining
pathogen host range generally show that physiological
susceptibility greatly exaggerates ecological susceptibility
(Hajek et al., 1995, 1996; Solter & Maddox, 1998).

Factors resulting in the broad physiological host range
versus a much narrower ecological host range can include
pathogen dosage, environmental conditions, and the like-
lihood of encounter between pathogen and potential host.
Laboratory bioassays use high doses of inoculum against
test specimens under conditions generally favourable to
the pathogen. In the field, lower doses of the pathogen
would generally be encountered under variable environ-
mental conditions, not always conducive to the pathogen
(James et al., 1998). Undeen & Maddox (1973) comment
that laboratory infection of the corn earworm, Heli-

coverpa zea Boddie (Lepidoptera: Noctuidae), with a
microsporidian known from mosquitoes (Diptera: Culici-
dae) was not likely to occur under field conditions due to
the high susceptibility of that water-adapted pathogen to
desiccation. Interestingly, our knowledge of the physio-
logical and ecological susceptibility of coccinellids to the
laboulbenialean fungus H. virescens is just the opposite.
Less is known about the physiological host range of H.

virescens attacking coccinellids compared with its known
ecological host range (Harwood et al., 2006).

The similarities and differences in the physiological
versus ecological host range of entomopathogenic fungi
attacking coccinellids are not known. As previously
noted, little is reported in the literature regarding the
prevalence of fungal infection in natural populations of
coccinellids other than their impact upon overwintering
populations. Differential susceptibility of coccinellid spe-
cies to fungi is known from laboratory studies but cor-
roborating field studies are lacking (Cottrell & Shapiro-
Ilan, 2003; Roy et al., 2008b).

Cagá  & Uhlík (1999) demonstrated pathogenicity of
B. bassiana strains originally isolated from Ostrinia nubi-

lalis Hubner (Lepidoptera: Pyralidae) to Coccinella sep-

tempunctata L. (Coleoptera: Coccinellidae) and to Propy-

lea quatuordecimpunctata (L.) (Coleoptera: Cocci-
nellidae), but suggested field susceptibility of the
coccinellids would be different due to differences in pest
and coccinellid behaviour that would likely result in less
contact between the pathogen and coccinellids. Although
laboratory studies will tend to overestimate the ecological
host range of pathogens, it is possible to demonstrate the
lack of susceptibility to a pathogen under laboratory con-
ditions. Even though B. bassiana can infect many dif-
ferent insect species across many insect orders, a specific
B. bassiana isolate collected from an infected insect may
have a very narrow host range (Tanada & Kaya, 1993,
Federici & Maddox, 1996). For example, the exotic Har-

monia axyridis (Pallas) (Coleoptera: Coccinellidae) was
never susceptible to either B. bassiana [isolated from Olla

v-nigrum (Mulsant) (Coleoptera: Coccinellidae)] or the
entomopathogenic nematode Heterorhabditis bacterio-

phora Poinar (Rhabditia: Rhabditidae) in laboratory trials
(Cottrell & Shapiro-Ilan, 2003, 2008; Shapiro-Ilan & Cot-
trell, 2005). Using a different fungal pathogen, James &
Lighthart (1994) reported that Nomuraea rileyi (Farlow)
Samson (Ascomycota: Moniliales) was not pathogenic to
Hippodamia convergens Guerin-Meneville (Coleoptera:
Coccinellidae) under laboratory conditions. Thus, the lack
of physiological susceptibility should be a reliable indi-
cator that a specific strain or isolate of a pathogen will be
highly unlikely to infect under field conditions.

Studies on natural populations

Ceryngier & Hodek (1996) reported that data on the
prevalence of entomopathogens in natural populations of
Coccinellidae are scarce. More than a decade later this
remains true. The vast majority of data concerning the
impact of entomopathogens upon coccinellids is from the
laboratory. Most field data concerns the impact of
commercially-available, biological insecticides upon non-
target coccinellid species. Data concerning the impact of
pathogens upon natural populations of coccinellids is
mostly from studies that have examined the effect of
fungal diseases during winter. Aggregations of overwin-
tering coccinellids allow for easy access to large samples
of coccinellids within a discrete time interval.

Kuznetsov (1997) reviewed research on pathogens
attacking coccinellids in the Primorsky Territory of
Russia where the decimation of the herbivorous cocci-
nellid Henosepilachna vigintioctomaculata F. (Coleo-
ptera: Coccinellidae) was recorded by scientists during
the 1960’s. This coccinellid is a serious pest of potato and
in the Shkotovsky region of the Primorsky Territory, H.

vigintioctomaculata was infected by B. bassiana and B.

tenelle at a frequency of 5.6% during 1971 and in the
Khasan region at a rate of 6.8% during 1989. Other cocci-
nellids infected by these fungal pathogens included C.

septempunctata, H. axyridis, Calvia quatuordecimguttata

(L.) and Hippodamia tredecimpunctata (L.) (Coleoptera:
Coccinellidae). Kuznetsov (1997) summarized that popu-
lation dynamics of coccinellids in that territory are sig-
nificantly influenced by parasitoids but not by carnivo-
rous insects, mites, insectivorous birds or entomopatho-
gens.

Yinon (1969) commented on finding adult Chilocorus

bipustulatus (L.) (Coleoptera: Coccinellidae) infected by
the laboulbenialean fungus H. virescens. Larvae of C.

bipustulatus were also found infected by ‘white myce-
lium’ on trunks in citrus groves. However, no supporting
data was provided to indicate the prevalence of these dis-
eases in field populations of C. bipustulatus. Cottrell &
Shapiro-Ilan (2003) took field-collected, foraging adults
of O. v-nigrum and H. axyridis to the laboratory during
September and October and found that 33 and 81%,
respectively, of O. v-nigrum dying within 14 days of col-
lection were visibly infected by B. bassiana; no H. axy-

ridis that died during that time were visibly infected. In
this situation, the likelihood of infection could have been
increased by laboratory conditions suitable to the
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pathogen (e.g. constant temperature, decreased UV expo-
sure and high relative humidity) but this does not exclude
the fact that the inoculum was present on the insect when
collected in the field and the two species were collected
from the same areas.

In a study of the laboulbenialean fungus H. virescens

on coccinellids in Kentucky, USA, Harwood et al. (2006)
found that 82.3% of H. axyridis were infected compared
with only 4.7, 4.2 and 2.5% of Psyllobora vigintimacu-

lata Say (Coleoptera: Coccinellidae), Brachiacantha

quadripunctata (F.) (Coleoptera: Coccinellidae) and
Cycloneda munda (Say) (Coleoptera: Coccinellidae),
respectively. Those authors did not recover this ectopara-
sitic fungus from C. maculata or Hyperaspis signata

(Oliv.) (Coleoptera: Coccinellidae). In Georgia, USA,
natural infection of O. v-nigrum by H. virescens is simi-
larly high as for H. axyridis (T. Cottrell, unpubl. data).

Hesperomyces virescens has been reported infecting
these coccinellids: Chilocorus stigma Thaxter, C. bipustu-

latus) (Applebaum et al., 1971; Kamburov et al., 1967),
Adalia bipunctata (L.) (Welch et al., 2001), H. axyridis

(Garcés & Williams, 2004), H. convergens (Thaxter,
1931), Cycloneda sanguinea (L.) (Tavares, 1979), Psyllo-

bora spp. (Tavares, 1985), Eriopis connexa Germar
(Thaxter, 1931), O. v-nigrum (Weir & Beakes, 1996),
Coccinula crotchi (Lewis) and Coccinula sinensis Weise
(M. Majerus & R. Ware, pers. obs.).

This fungus is often reported on the ventroposterior of
males and the dorsoposterior of females; a sexual dimor-
phism that reflects the major transmission mechanism
which is thought to be direct contact during mating (Weir
& Beakes, 1996; Welch et al., 2001; Riddick & Schaefer,
2005). However, recent studies demonstrated that the dis-
tribution of H. virescens thalli on aggregating beetles are
not explained by sexual transmission (Riddick &
Schaefer, 2005; Riddick, 2006; Nalepa & Weir, 2007).
Nalepa & Weir (2007) observed that overwintering H.

axyridis did not exhibit the characteristic elytral distribu-
tion of H. virescens as hypothesised by the sexual trans-
mission theory. In contrast, fungal thalli were distributed
on the anterior part of the body which would accord with
direct contact through aggregation and orientation behav-
iour. A similar pattern was reported for A. bipunctata

which, when collected from overwintering aggregations,
had fungal thalli distributed at the margins and front
angles of the elytra (Weir & Beakes, 1996). Nalepa &
Weir (2007) conclude that direct transmission through
contact with conspecifics is the most important mecha-
nism for transmission of H. virescens: sexual contact is of
primary importance in the mating season but aggregation
in winter also plays a significant role.

Welch et al. (2001) noted spatial variation in the preva-
lence of H. virescens in populations of A. bipunctata

within London; the prevalence of infection was higher in
central London than at the periphery and, indeed, infec-
tion was rare or absent in the surrounding area. This
short-range (less than 25 km) variation in prevalence is
unusual but indicates an association between urbanisation
and disease dynamics. It is hypothesised that the reported

variation is linked to phenology and more specifically
elevated urban temperatures increasing the overlap of
generations (new generation adults eclosed one month
earlier in central London compared to peripheral London)
and consequent interbreeding between cohorts.

In summary, the majority of research on the direct
interactions between fungi and ladybirds has concentrated
on B. bassiana because of the potential non-target impact
of this fungus when used as a mycoinsecticide against
various pest insects. The physiological susceptibility of
many species of coccinellids to B. bassiana has been
demonstrated and includes: H. convergens (James et al.,
1995), A. bipunctata (Roy et al., 2008b), C. septempunc-

tata (Roy et al., 2008b), Coleomegilla maculata Timber-
lake (Todorova et al., 1994, 2000), Serangium parcese-

tosum Sicard (Poprawski et al., 1998), O. v-nigrum (Cot-
trell & Shapiro-Ilan, 2003) and Cryptolaemus mon-

trouzieri Mulsant (Smith & Krischik, 2000). However,
there is still considerable need for data on direct interac-
tions between naturally-occurring fungal pathogens and
coccinellid populations.

Sublethal effects

Sublethal effects of entomopathogens on host insects
are varied and knowledge of those effects will depend
upon measurements taken. Bauer & Nordin (1988) docu-
mented both a reduced consumptive and nitrogen con-
sumptive index, reduced relative growth rate and reduced
gross and net production efficiencies when the Eastern
spruce budworm, Choristoneura fumiferana Clemens
(Lepidoptera: Tortricidae), was infected with a medium
lethal dose of Nosema fumiferanae (Microsporidia).
Reduced fecundity as a sublethal effect of infection has
been documented for many species (Roy et al., 2006a).
However, the sublethal effects of entomopathogenic fungi
on coccinellids are rarely known as this phenomenon is
rarely studied. Given that insects possess various means
to resist pathogens (Tanada & Kaya 1993), it is likely that
sublethal effects of fungi on coccinellids have been over-
looked in studies assessing coccinellid mortality.

From the limited data, Poprawski et al. (1998) deter-
mined that B. bassiana did affect predation of the cocci-
nellid S. parcesetosum through reduced voracity of
moribund larvae but they did not detect sublethal effects
of either B. bassiana (strain GHA) or Paecilomyces fumo-

soroseus (strain 612) Apopka (Ascomycota: Hypocreales)
on development of this predator. Roy et al. (2008b) meas-
ured mortality of C. septempunctata, H. axyridis (popula-
tions from Japan and Britain) and A. bipunctata and
fecundity of the two latter species when exposed to B.

bassiana (GHA strain). Mortality of both C. septempunc-

tata and A. bipunctata were high relative to H. axyridis

(populations from Japan and Britain). In fact, the LD50 of
H. axyridis from Japan and Britain were determined to be
108.3 and 109.6 conidia ml–1, respectively. However, the
impact of B. bassiana upon H. axyridis (Britain) was
detected via reduced fecundity at all B. bassiana doses
tested (i.e., 105, 107 and 109 conidia ml–1). Roy et al. (in
press) suggest that reduced fecundity is indicative of
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fungal infection although mortality is only seen at high
doses.

Intra-guild predation

Intra-guild predation occurs when competing predators
engage in a trophic interaction (predation or parasitism)
with one another and is prevalent within many communi-
ties (Polis & Holt, 1992; Pell et al., 2008). A number of
studies have demonstrated the occurrence of asymmetric
and symmetric intra-guild predation between entomo-
pathogens and insects (Roy & Pell, 2000). This research
has largely focussed on the pathogen as the antagonist
but, of course, the pathogen can also be preyed upon.

Laboratory experiments have shown that C. septem-

punctata, Coccinella septempunctata brucki Mulsant
(Coleoptera: Coccinellidae) and H. axyridis consume
aphids at a late stage of Pandora neoaphidis (Remaudière
and Hennebert) Humber (Zygomycota: Entomophtho-
rales) (an aphid-specific obligate pathogen) infection
(Pell et al., 1997; Roy et al., 1998, 2003, 2008a). These
predatory coccinellids could, therefore, have the potential
to negatively impact on P. neoaphidis. However, in all
cases a preference was shown for uninfected aphids
although this preference was only marginal for H. axy-

ridis (Roy et al., 2008a). Furthermore, only H. axyridis

consumed entire cadavers; the other species left partially
consumed cadavers (Roy et al., 1998, 2008a). Partially-
consumed cadavers produced significantly fewer conidia
but this did not reduce transmission rates (Roy et al.,
1998), indeed the presence of a foraging coccinellid
greatly increased transmission compensating for the
reduction in inoculum caused by feeding damage (Roy et
al., 1998).

In contrast, Pell & Vandenberg (2002) demonstrated
that the convergent ladybird, H. convergens, avoided
feeding on Russian wheat aphids, Diuraphis noxia (Mor-
davilko) (Hemiptera: Aphididae), infected with P. fumo-

soroseus. Characteristically, this hypocrealean fungal spe-
cies is a generalist pathogen and could infect coccinellids,
therefore, it could be advantageous for foraging coccinel-
lids to avoid infected aphids. It would be interesting to
explore whether coccinellids avoid consumption of other
hypocrealean-infected cadavers. This would be particu-
larly relevant to extremely polyphagous species such as
H. axyridis which certainly pose a threat to aphid-specific
pathogens through intra-guild predation (Roy et al.,
2008a) but could also be preying on other fungal-infected
insect cadavers.

INDIRECT INTERACTIONS

Epizootic development (sudden increase in disease inci-
dence within a population) is dependent on properties of
the host population, pathogen population and effective
transmission between the two (Fuxa & Tanada, 1987).
The density of the pathogen population is considered to
be one of the most important factors in determining
whether a disease becomes epizootic (Fuxa & Tanada,
1987). Epizootics are also host-density dependent but an
epizootic can develop at low host densities if the
pathogen is widely distributed within the host habitat.

Host and non-host dispersal can be essential for pathogen
transmission.

Roy et al. (1998) demonstrated the impact of cocci-
nellid foraging on P. neoaphidis transmission within a
plant. C. septempunctata increased the movement of the
host thus increasing the probability of contact with the
pathogen. It is possible that different coccinellid species
(and life stages) will evoke distinct defence responses by
aphids (Roy et al., 2002). Furthermore aphid species will
vary in their defence responses and defence responses
will be altered by infection (Roy et al., 1999, 2002,
2006a). Interactions involving multiple species are com-
plex and experiments should be designed to reflect this
complexity. The intriguing insights that this research will
reveal will undoubtedly be worthwhile.

Roy et al. (2001) have also demonstrated that C. sep-

tempunctata can vector P. neoaphidis. In the field C. sep-

tempunctata (inoculated with P. neoaphidis conidia)
resulted in 5 % of aphids becoming infected in the colo-
nies in which these coccinellids subsequently foraged. It
has also been demonstrated that C. septempunctata com-
monly forage in colonies of aphids infected with P.

neoaphidis (Roy, 1997). Further studies are required to
assess the efficacy of this transmission mechanism under
natural field conditions and for different coccinellid spe-
cies. For example, H. axyridis is an intra-guild predator of
P. neoaphidis but does this species also increase transmis-
sion over a large spatial scale through foraging widely in
aphid habitats?

ARE FUNGAL PATHOGENS IMPORTANT IN THE

REGULATION OF COCCINELLID POPULATIONS?

Most organisms are host to microbial natural enemies
but it is important to ascertain whether these diseases
have a role in population regulation of species. Disease
transmission and, therefore, impact on a population
depends on the distribution of the pathogen and its persis-
tence (Ostfeld et al., 2005). Some facultative pathogens
are ubiquitous, widely distributed and persistent in stable
environments such as the soil. Therefore organisms that
spend periods of their life-cycle in those environments
can be at risk. For example, hypocrealean fungi can per-
sist in the soil and on vegetation and are infective to many
insect species (Roy & Pell, 2000; Raymond et al., 2005;
Meyling & Pell, 2006).

In a recent study Ormond et al. (2006) demonstrated
that about 15% of overwintering C. septempunctata suc-
cumbed to B. bassiana infection. However, B. bassiana is
rarely reported from other coccinellid hosts in the field
(Majerus, 1994). This could be attributed to a number of
reasons: high resistance of some coccinellid species to B.

bassiana (Cottrell & Shapiro-Ilan, 2003; Roy et al.,
2008b) or lack of contact with the pathogen (in temperate
regions C. septempunctata spends the winter months in
diapause under leaf litter where they are exposed to this
fungal pathogen (Majerus, 1994; Ormond et al., 2006)
other coccinellids favour alternative overwintering sites
such as buildings where the prevalence of pathogens such
as B. bassiana is likely to be low). However, it could also
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be the consequence of a lack of studies focusing on
fungal-coccinellid interactions. Therefore, it is likely that
B. bassiana will be an important mortality factor of some
species of coccinellid such as C. septempunctata but have
less significance to other species that have limited contact
with soil or other pathogen rich habitats. Furthermore the
relationship will vary both spatially and temporally, for
example it is known that insects experiencing suboptimal
conditions (stress) are more susceptible to B. bassiana

(Fuxa & Tanada, 1987). The dynamics of pathogens
through changing seasons is complex and generally
microbial ecology is poorly understood. However, the
importance of increasing understanding in this field is
becoming even more critical as we face the inevitability
of anthropogenically-induced changing environments.

Anthropogenically-induced global environmental
change, including climate change and habitat fragmenta-
tion, is becoming increasingly implicated as a major
threat to biodiversity and the balance of ecological proc-
esses in the decline of populations (Balmford, 2005). It is
anticipated that infectious diseases in general will
increase in prevalence in temperate zones where the cli-
mate is predicted to become warmer and wetter (Intergov-
ernmental Panel on Climate Change, 1996). Even modest
changes to the environment are expected to have a rapid
impact on the distribution and abundance of insects and
their associated pathogens because they are physiologi-
cally sensitive to temperature and have short life cycles,
high mobility and high reproductive potential (Ayres &
Lombardero, 2000). Many insects are already responding
rapidly to climate change (Parmesan & Yohe, 2003) and
expanding northwards (Asher et al., 2001; Hickling et al.,
2006). This work does not include the effects of climate
change on coccinellid distribution and this should be a
priority for future research. In addition studies on the
broad-scale changes in the dynamics of insect pathogen
populations should be a priority for the future.

CONCLUSIONS AND FUTURE DIRECTIONS

Coccinellidae are a commonly-encountered and easily-
recognized family of insect natural enemies. Although
ample research has shown the diversity of natural enemies
attacking Coccinellidae, surprisingly little of this informa-
tion concerns entomopathogenic fungi. Information that
can be found mostly relates to the physiological suscepti-
bility of non-target coccinellids to fungal pathogens when
these pathogens are formulated as insecticides against
insect pests and the rates of fungal infection in overwin-
tering aggregations. Nonetheless, information is begin-
ning to emerge which shows differential susceptibility
within native species and between native and introduced
species of Coccinellidae to fungi. Fortunately, our under-
standing of fungal pathogen-coccinellid interactions can
be fostered within the context of the already voluminous
research done on pest insects and their fungal pathogens.
It is likely that the dearth of information regarding the
interaction of coccinellids with fungal pathogens has
influenced our understanding of coccinellid population

dynamics and their resulting predation upon pest popula-
tions.

The history of classical biological control using cocci-
nellids is as rich as are the explanations provided for the
success or failed attempts to establish natural enemies
(van den Bosch et al., 1959, van den Bosch, 1968, Gor-
don, 1985). However, the role of entomopathogens,
including fungi, upon introduced and native species of
predators (and parasites) has been largely ignored,
whereas, the natural enemy release hypothesis is com-
monly invoked to explain the successful establishment of
pest species (Clay, 2003). Harmonia axyridis is consid-
ered an invasive alien species in USA and Europe (Roy et
al., 2006b; Brown et al., 2008; Koch & Galvan, 2008)
and has been designated pest status in North America
(Koch, 2003). Recent research would indicate that H.

axyridis is resistant to B. bassiana (Cottrell & Shapiro-
Ilan, 2003, 2008; Roy et al., 2008b). However, the brief
mention by Kuznetsov (1997) that H. axyridis was found
infected by B. bassiana in eastern Russia indicates the
need for assaying B. bassiana isolates from the native
range of H. axyridis against populations of the coccinellid
from within its native range and from its expanded range
in North America and Europe. This approach would indi-
cate if an introduced predator such as H. axyridis has
benefited from natural enemy release. A similar approach
may aid in understanding why another species introduced
to North America, C. septempunctata, has been so suc-
cessful across much of North America. Likewise, we do
not understand the impact that the ectoparasitic fungus H.

virescens may have upon H. axyridis in North America,
and possibly in Europe, through its negative effect on for-
aging, flight and mating success. Future research should
address the profound absence of knowledge as revealed in
this review, specifically the impact of entomopathogenic
fungi on natural populations of Coccinellidae, sublethal
effects and indirect interactions.
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