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Members of the families Chironomidae (chironomids or non-biting midges), Ceratopogoni-
dae (ceratopogonids or biting midges) and Simuliidae (simulids or blackflies) are ubiquitous
dipterans of the infraorder Culicomorpha. They are extremely diversified in ecological stra-
tegies. Their larvae play major roles in aquatic food webs as detritivores or predators,
whereas their adults can be general predators (Chironomidae), hemolymphagous or hema-
tophagous predators (Ceratopogonidae and Simuliidae) or pollinators. Both larval and adult
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Blackflies stages are commonly infected by bacteria, viruses, protists, nematodes, true fungi and oo-
Ecology mycetes. These phylogenetically diverse assemblages of microorganisms can simulta-
Non-biting midges neously infect multiple species of chironomids, ceratopogonids and simulids, and each
Parasitism host may become trophically interrelated with other hosts by sharing their parasites.
Here, we review the information on fungal and oomycete parasites of these dipteran
groups with special reference to the natural regulation of host populations, the impact of

parasitism in food webs, and the potential of these parasites as biocontrol agents.
© 2014 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction (Yeates et al., 2007), including the Chironomidae (commonly

called chironomids or non-biting midges), Ceratopogonidae

The infraorder Culicomorpha (Diptera) is an ecologically
and morphologically rich assemblage of true flies, which ap-
pears as a well-supported clade in molecular phylogenies
and contains eight phylogenetically related families
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(ceratopogonids or biting midges) and Simuliidae (simulids
or blackflies). The chironomids are represented by 339
genera and 4,147 species widely distributed in terrestrial,
freshwater, brackish and marine habitats throughout the

1749-4613/$ — see front matter © 2014 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/.fbr.2014.02.002


mailto:m.a.ansari@swansea.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fbr.2014.02.002&domain=pdf
http://www.elsevier.com/locate/fbr
http://dx.doi.org/10.1016/j.fbr.2014.02.002
http://dx.doi.org/10.1016/j.fbr.2014.02.002
http://dx.doi.org/10.1016/j.fbr.2014.02.002

14

J. 1. de Souza et al.

world, in which they are often dominant in abundance and
richness, playing significant roles in nutrient cycling and
energy flow (Cranston, 1995; Ferrington, 2008). The 103
genera and ca. of 6,000 species of ceratopogonids are found
in a wide range of semi-aquatic (moist) and aquatic habitats
(Wagner et al., 2008). Their larvae are mostly detritivores or
predators, and adults are pollinators or hemolymphagous
predators on other insects, whereas only four genera are
hematophagous predators on vertebrates (Borkent and
Spinelli, 2007; Wagner et al., 2008). The 72 genera of simulids
are represented by 2,142 species with a worldwide distribu-
tion in lotic habitats (Figueiré and Gil-Azevedo, 2010; Adler
and Crosskey, 2013; Hernandez-Triana, 2013), where their
larvae are filter feeders, scrapers and collector-gatherers
(Figueiré and Gil-Azevedo, 2010; McCreadie et al.,, 2011),
transferring soluble organic matter to higher trophic levels
(Hernandez-Triana, 2013). Most female simulids are hema-
tophagous predators on humans and other vertebrates
(Amaral-Calvao and Maia-Herzog, 2003; Figueiré and Gil-
Azevedo, 2010; Hernandez-Triana, 2013).

Large populations of adults of these dipterans can simul-
taneously emerge under certain environmental conditions
and cause nuisances in urbanized regions. For example,
species of Culicoides (Ceratopogonidae) are hematophagous
on humans, causing allergic reactions with high impact on
ecotourism. They can also transmit a great number of pro-
tozoa and filarial nematodes to birds and mammals and
have global importance as vectors of viruses to wild rumi-
nants and livestock (Mellor et al, 2000; Borkent and
Spinelli, 2007; Ansari et al., 2011). Culicoides biting midges
are widely distributed throughout the world and are vectors
of internationally important livestock viruses, including
Bluetongue virus, African horse sickness virus, Akabane vi-
rus and Epizootic haemorrhagic disease virus (Mellor et al.,
2000). Strong evidence also indicates that ceratopogonids
of the genus Forcipomyia are vectors of Leishmania spp.
(Dougall et al., 2011). Simulids cause problems for tourism
and agropecuary industry by transmitting the nematode
Onchocerca volvulus that causes onchocerciasis, river blind-
ness (Amaral-Calvao and Maia-Herzog, 2003; Figueiré and
Gil-Azevedo, 2010). They also are ultimate hosts of Leucocy-
tozoon spp., which parasitize wild and domesticated birds
(Skovmand et al., 2007; Ortego and Cordero, 2009). Some re-
ports suggest changes in the distribution and substantial in-
creases in population sizes of chironomids and
ceratopogonids with climate change (Wittmann and Baylis,
2000; Mika et al., 2008).

Eggs, larvae, pupae and adults of chironomids, ceratopogo-
nids and simulids can be parasitized by bacteria, viruses, pro-
tists, nematodes, true fungi and oomycetes (Wirth, 1977;
Frana et al., 2001; Ansari et al., 2010a, 2011; Zidkova et al.,
2010; Campanini et al., 2012, Table 1). Therefore, we believe
that their populations may be regulated by an assemblage of
parasites that may act together rather than only one kind of
microbial agent acting alone. In this manuscript, we review
the information on fungal and oomycete parasites of the three
dipteran families giving particular emphasis to the natural

regulation of host population sizes and the impact of these
parasites in food webs.

2. Parasites vs pathogens and the concept of
multiple pathosystems

The terms parasite and pathogen are often used inter-
changeably in disease ecology to describe organisms that
live in or on and obtain resources from a host, usually to
the host’s detriment. However, a parasite can be defined
as an organism living on or in, and obtaining its nutrients
from another living organism. A pathogen is a parasite
able to cause disease in a particular host or range of hosts
under normal conditions of host resistance and rarely living
in close association with their host without causing disease
(Onstad et al., 2006; Kirk et al., 2008). For simplification, we
will use the term parasite throughout this review.

As defined by Zadoks (1990), multiple pathosystems
involve two or more pathogenic species coexisting in the
same population of hosts and interacting to alter the popula-
tion size and impact the general health of the hosts. Herein,
we include under this concept a range of parasites infecting
multiple hosts that inhabit similar ecological niches. Interac-
tions among different hosts may take place by multiple infec-
tions with the same parasite species or with different
parasite species from one or from diverse taxonomical
groups. For instance, each host, primary or alternate,
infected by a single or multiple species, can be interpreted
as a subsystem which interacts with other subsystems (i.e.
other infected hosts). Each host may, therefore, be interre-
lated by sharing their parasites via a reciprocal contagion.
This concept provides a framework for understanding the
complexity of host—parasite interactions from a micro to
macro scale of analysis. In the case of chironomids, ceratopo-
gonids and simulids, multiple pathosystems involve multiple
populations of these hosts in all stages of their life cycle,
from eggs, larvae, pupae to adults, which can be potentially
infected by multiple species of virus, bacteria, protists, in-
sects, mermithid nematodes, fungi and oomycetes, and
may transmit them to other hosts (Wirth, 1977; Frana et al.,
2001; Ansari et al., 2010a, 2011; Zidkova et al., 2010;
Campanini et al., 2012).

3. Parasites of chironomids, ceratopogonids
and simulids

As previously stated, here we will only consider information
on fungal and oomycete parasites which belong to the king-
doms Fungi and Straminipila, respectively. Although these
groups are phylogenetically unrelated, they have adapted to
similar habitats and niches and have traditionally been stud-
ied by mycologists. Several species within the Microsporidia,
Blastocladiomycota, Entomophthoromycota and Ascomycota
(Fungi) and some species within the Oomycota (Straminipila)
are parasites of at least one life stage of chironomids, cerato-
pogonids and simulids (Table 1).



Table 1 — Fungal and oomycete parasites of Chironomids, Ceratopogonids and Simulids. The species of parasites are

grouped according to the host family (Chironomidae, Ceratopogonidae and Simuliidae) and listed in alphabetical order
within each phyla. A: adults, E: eggs, I: imagoes, L: larvae, P: pupae.

Parasites Host Stage Reference
Chironomids (Chironomidae)
Blastocladiomycota
Catenaria uncinata W. Martin Chironomus attenuatus E Martin, 1975a, 1978, 1981b, 1991
Ca. spinosa W. Martin Glyptotendipes lobiferus,
Endochironomus nigricans,
Chironomus sp.
Coelomomyces chironomii Rasin Chironomus plumosus L McCauley, 1976, Weiser, 1976,
Whisler, 1985
Chironomus paraplumosus Weiser and Vévra, 1964
Co. beirnei Weiser and McCauley Tanytarsus sp., Cladotanytarsus sp., L Weiser and McCauley, 1971
Psectrocladius sp.
Co. tuzetiae Manier, Rioux, Orthocladius sp., Cricotopus sp. I Manier et al., 1970
F. Coste and Maurand
Oomycota
Aphanomycopsis sexualis Glyptotendipes lobiferus E Martin, 1975b, 1977, 1981a,b,
W. Martin 1991, 2000
Couchia amphora W. Martin Polypedium simulans E
C. circumplexa W. Martin Endochironomus nigricans,
Pentaneura carnea, Tendipes decorus
C. limnophila W. Martin Glyptotendipes lobiferus
Crypticola clavulifera Humber, Chironomus tepperi I Frances, 1991
Frances and A. W. Sweeney
Cr. entomophaga (W. W. Martin) Chironomus attenuatus, E Martin, 1977,
M. W. Dick Endochironomus nigricans,
Glyptotendipes lobiferus
Lagenidium giganteum Couch Chironomus tentans L Nestrud and Anderson, 1994
Leptolegnia chapmanii R.L. Seym. Unidentified 1L Lopez Lastra et al., 2004
Ascomycota
Culicinomyces sp. Chironomus sp. L Sweeney, 1975
Cu. clavisporus Couch, Rommey Chironomus sp. Couch et al., 1974, Cooper, 1984
and B. Rao
Chironomus nubeculosus L Unkles et al., 2004
Entomophthoromycota
Entomophthora culicis (A. Braun) Chironomus decorus A Kramer, 1982
Fresen.
Cricotopus similis A Kramer, 1983
Microsporidia
Amblyospora sp. Eukiefferiella sp. L Garcia and Lange, 1986
Ceratopogonids (Ceratopogonidae)
Oomycota
Lagenidium giganteum Couch Culicoides molestus L Wright and Easton, 1996
Forcipomyia marksae I Frances et al., 1989
Crypticola clavulifera Humber, Forcipomyia marksae L Frances et al., 1989
Frances and A. W. Sweeney
Ascomycota
Beauveria bassiana (Bals.-Criv.) Culicoides nubeculosus A/L Ansari et al., 2010a, 2011
Vuill.
Culicinomyces clavisporus Couch, Bezzia spp., Culicoides nubeculosus, A/L Sweeney, 1975, Knight, 1980,
Romney and B. Rao Dasyhelea spp. Unkles et al., 2004
Isaria fumosorosea Wize Culicoides nubeculosus A/L Ansari et al., 2010a, 2011
Lecanicillium longisporum (Petch) Culicoides nubeculosus A Ansari et al., 2010a, 2011
Zare and Gams.
Metarhizium anisopliae (Metschn.) Culicoides nubeculosus A Ansari et al., 2010a, 2011
Sorokin
Microsporidia
Nosema sp. Culicoides spp. L Levchenko and Issi, 1973, Kline
et al., 1985
Simulids (Simuliidae)
Blastocladiomycota
Coelomycidium sp. Simulium pertinax L Ginarte et al., 2003

(continued on next page)
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Table 1 (continued)

Parasites Host Stage Reference
C. simulii Debaisieux Cnephia sp., Odagmia sp., Simulium L/P/1 Levchenko et al., 1974, Garris
argyreatum, S. japonicum, and Noblet, 1975, Weiser, 1978,
S. nikkoense, S. notiale, S. tuberosum, Yakushkina and Dubitskii,
S. vandalicum, S. venustum, 1980, Lépez Lastra and Garcia,
S. vernum, S. vittatum, S. bonaerense, 1990, Adler et al., 1996, Adler
S. limay, S. rubiginosum, Gigantodax et al., 2005, Kim, 2011
chilense, G. fulvescens, G. rufidulum,
Cnesia dissimilis
Entomophthoromycota
Entomophthora culicis (A. Braun) Simulium venustum, S. vittatum A Shemanchuk and Humber,
Fresen. 1978
E. simulii S. Keller Simulium lineatum A Keller, 2002
Erynia conica (Nowak.) Simulium sp. A Hywel-Jones and Webster, 1986
Remaudiere and Hennebert.
E. curvispora (Nowak.) Remaud. Simulium decorum A Kramer, 1983
and Hennebert
Microsporidia
Amblyospora bracteata Odagmia ornata, Simulium corbis, L Garcia, 1992, Adler et al., 1996,
(Strickland) J.J. Garcia S. equinum, S. latipes, S. venustum, 2000
S. vittatum, S. bonaerense,
S. rubiginosum, S. wolffhuegeli,
S. perflavum, S. huairayacu,
S. stelliferum, S. dureti, S. limay,
Simulium sp., Cnesia dissimilis,
Gigantodax bonorinorum, G. chilense,
G. rufescens, G. fulvescens,
G. rufidulum
Caudospora alaskensis Jamnback Prosimulium alpestre L Jamnback, 1970
C. brevicauda Jamnback Cnephia mutata 1L Ebsary and Bennett, 1975
C. nasiae Jamnback Simulium adersi L Jamnback, 1970
C. palustris Adler, Becnel and Cnephia ornithophilia, Stegopterna L Adler et al., 2000
Moser mutata
C. pennsylvanica Beaundoin and Prosimulium magnum L Beaudoin and Wills, 1965
Wills
C. simulii Weiser Prosimulium fuscum, P. magnum, 1L Ebsary and Bennett, 1975
P. mixtum, P. multidentatum,
Simulum latipes
Janacekia debaisieuxi (Jirovec) J.I.R. Odagmia ornata, Simulium L Boemare and Maurand, 1976,
Larsson argyreatum, S. bezzi, S. conundrum, Weiser and Zizka, 1975, Weiser,
S. hematophilum, S. nikkoense, 1978, Adler et al., 1996, 2005
S. vandalicum
Helmichia simuliae J.J. Garcia Cnesia dissimilis L Garcia, 1990a
Hyalinocysta expilatoria Larsson Odagmia ornata L Larsson, 1983
Nosema stricklandi Jirovec Simulium ornatum L Jirovec, 1943
Octosporea simulii Debaisieux Simulium sp. L Debaisieux, 1926
Pegmatheca simulii E.I. Hazard and Simulium tuberosum L Hazard and Oldacre, 1975
Oldacre
Pleistophora debaisieuxi Jirovec Simulium vittatum A Undeen, 1981
P. multispora Debaisieux and Simulium argyreatum, S. ornatum L Gassouma, 1972, Weiser, 1978
Gastaldi
Polydispyrenia simulii (M.L. Lutz Odagmia ornata, Simulium L Ebsary and Bennett, 1975,
and Splendore) E.U. Canning argyreatum, S. pertinax, Gassouma, 1972, Weiser, 1978,
and E.I. Hazard S. taiwanicum, S. tuberosum, Castello Branco, 1991, 1994,
S. venustum, S. vittatum, 1999, Garcia, 1990b, Adler et al.,
S. bonaerense, S. delponteianum, 1996
S. rubiginosum, S. wolffhuegeli,
S. perflavum, S. pertinax, S. limay,
S. huairayacu, S. romanai
Ringueletium pillosa J.J. Garcia Gigantodax rufidulum, G. chilense, L Garcia, 1990c
G. antarcticum, G. fulvescens,
G. rufescens
Spherospora andinae J.J. Garcia Gigantodax rufidulum, G. chilense L Garcia, 1991
Thelohania fibrata Strickland Simulium argyreatum, S. molestum L Weiser, 1978, Adler et al., 2005
Weiseria laurenti Doby and Saguez Prosimulium inflatum L Doby and Saguez, 1964
W. sommermanae Jamnback Gymnopais sp., Prosimulium inflatum L Jamnback, 1970
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Fungi

Microsporidia (Microsporids)

This phylum contains unicellular eukaryotes that are consid-
ered to have evolved within the fungi (Keeling et al., 2000) and
are obligate intracellular parasites of arthropods, including in-
sects of the families Chironomidae, Ceratopogonidae, Simulii-
dae and Culicidae. They are typically chronic parasites,
causing prolonged sublethal effects, but occasionally they
can rapidly kill their hosts. Their life cycles may include single
to multiple spore types, haplosis, meiosis, sexual cycles and
intermediate hosts (Solter and Becnel, 2007). Microsporids
occur more frequently in larvae of simulids (Table 1), and
less frequently in adults (Undeen, 1981). Generally, their prev-
alence is low (McCreadie et al., 2011) and do not cause a dra-
matic suppression of their host’s population size (Castello
Branco, 1999). Only two species have been reported infecting
chironomid and ceratopogonid larvae (Table 1), which may
cause epizooties under certain conditions (Solter and Becnel,
2007; McCreadie et al., 2011).

Blastocladiomycota

A few members of this group have been reported as parasites
of eggs and larvae of Chironomidae and Simuliidae in fresh-
water (Table 1) but to date no species have been found parasit-
izing Ceratopogonidae. Species in the genera Catenaria and
Coelomomyces play important roles in the natural regulation
of midge populations, showing high levels of infection and
mortality of larvae and eggs (Weiser, 1976; Martin, 1981a). Spe-
cies of Coelomomyces are obligate parasites of the larvae of chi-
ronomids and simulids (Federici, 1981; Scholte et al., 2004)
(Table 1).

Entomophthoromycota

Almost all species within this phylum are parasitic on arthro-
pods and actively discharge conidia that function as infecting
propagules capable of adhering to and penetrating the host
tissues (Eilenberg, 2002; Humber, 2012). Despite the great
number of entomopathogenic species within this phylum,
only a few species infect adults of chironomids, ceratopogo-
nids and simulids in terrestrial habitats (Table 1). In fresh
and brackish waters, Erynia (=Entomophthora) aquatica (Ento-
mophthorales) causes epizooties in larvae and pupae of
mosquitoes such as Aedes spp. and Culiseta moristans
(Anderson and Anagnostakis, 1980; Christie, 1996) but it is
not known if this species is capable of causing epizooties in
immature chironomids and ceratopogonids.

Ascomycota

A large number of entomopathogenic species are assigned to
both anamorphic and teleomorphic phases within this phylum
(Madelin, 1966, 1968; Campbell et al., 2002; Unkles et al., 2004;
Wraight et al., 2007). However, only a few species have been
found infecting larvae and adult stages of chironomids and
ceratopogonids and there are no records of these species infect-
ing simulids (Table 1). Strains of Metarhizium anisopliae and Beau-
veria bassiana have been used to control a wide range of
terrestrial arthropods including pest of agro-forest crops and
vectors of humans and animals (Butt et al., 2001; Scholte et al.,

2004; Jackson et al., 2010; Ansari et al., 2010a,b, 2011; Medlock
et al., 2012). In the case of ceratopogonids, M. anisopliae has
proved to be effective for killing larvae and adults of Culicoides
nubeculosus (Ansari et al., 2010a, 2011) while Culicinomyces clavis-
porus, a fungal pathogen of a wide range of mosquito species,
proved to kill only C. nubeculosus larvae (Unkles et al., 2004).
Nevertheless, biological products (=bioinsecticides) are not yet
commercially available for controlling these dipterans in field
populations. However, M. anisopliae var. anisopliae strain F52
(Met52 bioinsecticide) is commercially available for the control
of midges in agricultural crops.

Straminipila

Oomycota

Eight species in this phylum have been reported infecting eggs
and larvae of chironomids and ceratopogonids but there are
no reports of infection of simulids to date (Table 1). In general,
Couchia spp. and Crypticola entomophaga cause high levels of
host infection while Aphanomycopsis sexualis, on the contrary,
usually causes low levels of host infection (Martin, 1975a, b,
1981b, 1991, 2000). Leptolegnia chapmanii is highly virulent to
larvae of Aedes, Anopheles, Culex and Ochlerotatus but results
in low pathogenicity to chironomids (Lopez Lastra et al.,
1999, 2004). Lagenidium giganteum is a facultative parasite of
mosquito larvae which has been successfully used to control
these insects (Kerwin et al, 1994; Sur et al, 2001,
Vandergheynst et al., 2007; Skovmand et al., 2007) and also in-
fects larvae of Chironomus tentans, Culicoides molestus and Forci-
pomyia marksae (Frances et al., 1989; Nestrud and Anderson,
1994; Wright and Easton, 1996, Table 1).

4. Host population dynamics and roles of
parasitism in food webs

Chironomids, ceratopogonids and simulids play various roles
in a wide array of aquatic and terrestrial ecosystems, either as
a saprotrophs or parasites. As shown in Fig 1 section A, adult
females of most ceratopogonids and some chironomids (spe-
cies in the genera Austrochlus and Archaeochlus) are ectopara-
sites of other insects and vertebrates (Steffan, 1967; Tokeshi,
1995; Borkent and Spinelli, 2007; Azar and Nel, 2012). They
suck hemolymph of both pest insects and their natural en-
emies, naturally controlling their population sizes or making
them more vulnerable to diseases (Borkent and Spinelli,
2007). Species of the ceratopogonid Forcipomyia, for example,
suck hemolymph from many different groups of arthropods
that are common crop pests, such as caterpillars, larvae of
sawflies, crane flies and spiders or natural enemies of crop
pest’s insects, such as lacewings (Borkent and Spinelli, 2007).
Under certain conditions, ceratopogonid populations might
decrease due to infection by fungal and oomycete parasites,
and therefore populations of crop pest insects might increase
directly (e.g. by decreasing ceratopogonid populations that
feed on pest insects) or indirectly (e.g. by decreasing ceratopo-
gonid populations which feed on natural enemies of insect
pests).

Adults of many species of ceratopogonids (especially from
the genus Forcipomyia) and some chironomids can also be
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Fig 1 — Trophic links of a generalized terrestrial (section A) and aquatic (section B) food web in which fungal and oomycete
parasites of chironomids, ceratopogonids and simulids are involved. Definition of symbols: AN: antagonism in the host, BS:
blood sucking, CA: cannibalism, CH: competition in the host, CO: coexistence in the host, F: feeding, G: grazing, HP: hyper-
parasitism, HS: hemolymph sucking, M: mortality of hosts, PA: parasitism, PO: pollination, POM: particulate organic matter,
SG: spore grazing, SY: synergism in the host, ZG: zoospore grazing. Links involving parasitism are indicated in (—) and

saprotrophism are indicated in (—). (?) Indicates potential links in which fungi and oomycete parasites of chironomids, ce-
ratopogonids and simulids might be involved.

important pollinators of economically important crops, such
as cocoa tree, Theobroma cacao (Winder, 1978, Fig 1 section
A). On the other hand, their larvae are detritivores, grazers
of algae (Botts, 1993) and predators of their own larvae (canni-
balism; Szadziewski et al., 1997) or of other aquatic insects (Fig
1, section B). In addition, larvae of some chironomid species
are known as ectoparasites of other invertebrates, such as bi-
valves and larvae and pupae of mayflies (Claassen, 1922;
Gordon et al., 1978, Fig 1, section B). Immature stages also pro-
vide food resource for other invertebrates, fishes and birds
(Werner and Pont, 2003; Sanchez et al., 2006; Fagundes et al.,
2007), while cadavers contribute to the pool of particulate
organic matter in aquatic ecosystems (Fig 1, section B).
Population dynamics of these dipterans can be naturally
influenced by (i) physical and chemical factors (e.g. dissolved
oxygen concentrations, water velocity, temperature, pH, solid
material in suspension, phosphorus, sulfate, calcium and

ferrous ions, and electrical conductivity) (Ah et al.,

2002;

Woodcock et al., 2005; Siqueira et al., 2008; Luoto, 2011); (ii) bi-
otic factors (population density, food supply, competitors,
predators, and parasites) (Kim and Merritt, 1987; Crosskey,
1990; Werner and Pont, 2003) and, (iii) genetic factors (inten-
sity of virulence and parasitism and susceptibility of hosts)

(Thomas and Blanford, 2003).

Since these groups of dipterans share similar habitats
and ecological niches, we hypothesize that they might be
affected by common parasites from phylogenetically unre-
lated groups, such as fungi and oomycetes (Fig 1). Many spe-
cies of fungi and oomycetes are parasites of these dipterans
(Table 1), spores or zoospores being the infective unit. On
the other hand, zoospores of Chytridiomycota are efficiently
grazed by invertebrates, such as Daphnia, and are excellent
food resources for their growth (Kagami et al., 2007a,b).
Larvae of the ceratopogonid C. nubeculosus, can be infected
after ingestion of conidiospores of C. clavisporus. The coni-
diospores germinate in the gut larvae, penetrate the gut
cuticle, extensively produce hyphal growth throughout the
hemocoel (eventually leading to death) and finally emerge
through the external cuticle, releasing conidiospores that
frequently infect other larvae (Unkles et al., 2004). It is not
known if nonmotile spores and zoospores of fungal and
oomycete parasites can be used as food resources by larvae
of these dipterans (Fig 1, section B).

Members of the Phylum Entomophthoromycota usually
infect adults of these dipterans in terrestrial habitats while
Microsporidia, Blastocladiomycota and Oomycota are
restricted to immature stages in aquatic or semi-aquatic hab-
itats. Species of Ascomycota can parasitize the three
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dipteran groups in all stages of the life cycle (Table 1 and
Fig 1).

The impact of fungi and oomycetes on the population dy-
namics of mosquitoes has been extensively investigated
(Guzman and Axtell, 1987; Washburn et al., 1988; Scholte
et al., 2004, 2005; Andreadis, 2007; Magori and Drake, 2013).
Even though mosquitoes, chironomids, ceratopogonids and
simulids share similar habitats and niches and belong to the
same infraorder (Culicomorpha), there is no detailed informa-
tion available on their direct impact on the populations of the
last three dipteran groups.

As shown in Table 1, a single host species can be infected
by many species of fungi and oomycetes. In this case, infec-
tion by multiple parasitic species in a single host population
can potentially influence the colonization of host tissues and
subsequent fitness of one another, either directly (e.g.,
through competition or metabolic products) or indirectly by
affecting other aspects of the host health such as the immune
system (synergism) (Fig 1). These interactions can therefore
highly increase the complexity of food webs through many
direct (e.g. mortality of hosts) and indirect effects (e.g. compe-
tition between zoospores while locating a suitable host, delay
in the development of the larval stage).

Abiotic factors add complexity to the system by regulating
both parasite and host physiology and population sizes,
increasing or decreasing the virulence and the susceptibility
of the host to infection. Martin (1984) observed that zoosporic
fungi and oomycetes, particularly species of Catenaria, will
affect the size of chironomid populations depending on tem-
perature fluctuations, rainfall, light and velocity of running
water. In the case of Coelomomyces spp., regulation of the
host populations is even more complex because primary and
alternate hosts are involved (Apperson et al., 1992). For
example, C. chironomi causes epizootics and persists in chiron-
omid larval populations over several years, resulting in high
prevalence and mortality rates (Weiser, 1976; Apperson et al.,
1992).

Most of the interactions at different trophic levels in which
fungal and oomycete parasites are involved are currently un-
known or still remain poorly understood. The understanding
of how each pathosystem interacts with other pathosystems
and influence each trophic level is required to elucidate these
pathways of energy fluxes in food webs.

5. Conclusions and future considerations

The information presented in this review shows that chirono-
mids, ceratopogonids and simulids are common hosts for a
diverse assemblage of fungi and oomycetes. Multiple parasites
caninfectone individual or many individual hosts within a pop-
ulation. Each individual host infected by a diverse assemblage
of these microbes can be interpreted as a multiple pathosystem
in which the host not only interacts with its parasites but also
with other hosts. In addition, multiple parasites frequently
encountered in the same host might interact directly through
interspecific relationships (e.g. competition for nutrients and
space, by producing antagonistic compounds or direct physical
interference) or indirectly by influencing the host immune sys-
tem and making it either less or more susceptible to other

parasites. Synergism between several parasites might also
occur, resulting in increased host susceptibility. However,
whether these interactions are antagonistic, synergistic or
neutral remains poorly understood.

Chironomids, ceratopogonids and simulids are among the
most difficult insects to control by the use of chemicals.
Consequently, biological control is a promising alternative.
Generally, only a single pathogen or parasite is considered
as microbial control agent (MCA). Theoretically, the associa-
tion of two or more MCAs could provide the best results in
terms of controlling populations of these dipterans, especially
if microbial assemblages can be applied to control their
different stages of life cycle (eggs, larvae, pupae and adults).
For example, the combined application of entomopathogenic
nematodes and fungi proved to be the most effective strategy
to combat target insects in integrated pest management sys-
tems (Ansari et al., 2004, 2006, 2008, 2010b, Ansari and Butt,
2013). We believe that a deeper understanding of the func-
tioning of multiple pathosystems will be of great relevance
to advancing the development of multisystem biocontrol
technologies, which in some instances, could completely
eliminate or at least substantially reduce the necessity of
chemical pesticides. One aspect largely neglected is the
impact of parasites of chironomids, ceratopogonids and
simulids on non-target organisms. A few laboratory-based
studies have shown that L. giganteum, a non-specific parasite
commonly used to control mosquitoes in the field
(Vandergheynst et al., 2007; Skovmand et al., 2007), is capable
of causing high infectivity in non-target organisms such as
other dipterans (e.g. Chironomidae), cladocerans and fishes,
but only at high zoospore concentrations (Nestrud and
Anderson, 1994). This zoosporic parasite has not been yet
tested for the control of other dipterans. Similar results were
observed for B. bassiana and M. anisopliae with shrimps and
fishes (Genthner et al., 1994, 1998; Middaugh and Genthner,
1994; Genthner and Middaugh, 1995). Nevertheless, the
ecological impact and consequences of using fungal and/or
oomycete parasites as biocontrol agents in food webs is in
most cases unknown. This is particularly relevant in the
case of introducing non-native, non-host specific fungi and
oomycetes as biocontrol agents into novel ecosystems where
they have never been present.

Clearly, the complex interactions that can take place be-
tween target organisms and MCAs need to be considered during
the development of commercial products. Also, the impact of
the application of these microorganisms on non-target organ-
isms requires further and more comprehensive investigations.
We hope that this review will stimulate further research in
this field in order to gain a better understanding of the impact
of these parasites within food webs leading to improved strate-
gies for the biological control of these dipterans.

Acknowledgments

The authors thank Elayna Truszewski, Department of Biolog-
ical Sciences, Macquarie University for her editorial assistance
with preparation of this manuscript, and the three anony-
mous reviewers for their critical comments.



20

J. 1. de Souza et al.

REFERENCES

Adler, P.H., Becnel, ].J., Moser, B., 2000. Molecular characterization
and taxonomy of a new species of Caudosporidae (Micro-
sporidia) from black flies (Diptera: Simuliidae), with host-
derived relationships of the North American caudosporids. J.
Invertebr. Pathol. 75, 133—143.

Adler, P.H., Crosskey, RW., 2013. World Blackflies (Diptera: Si-
muliidae): A Comprehensive Revision of the Taxonomic and
Geographical Inventory. www.clemson.edu/cafls/bio-
mia/pdfs/blackflyinventory.pdf (Acessed: 14.11.13).

Adler, P.H., Giberson, D.J., Purcell, L.A., 2005. Insular black flies
(Diptera: Simuliidae) of North America: tests of colonization
hypotheses. J. Biogeogr. 32, 211—-220.

Adler, P.H., Wang, Z., Beard, C.E., 1996. First records of natural
enemies from Chinese blackflies. Med. Entomol. Zool. 47,
291-292.

Ah, A., Frouz, J., Lobinske, R.J., 2002. Spatio-temporal effects of
selected physico-chemical variables of water, algae and sedi-
ment chemistry on the larval community of nuisance Chiro-
nomidae (Diptera) in a natural and a man-made lake in central
Florida. Hydrobiologia 470, 181—193.

Amaral-Calvao, A.M.R., Maia-Herzog, M., 2003. Cole¢ao de simu-
lildeos (Diptera — Simuliidae) de Adolfoo Lutz, sua histéria e
importancia. Histéria, Ciéncias, Saude Manguinhos 10,
259-271.

Anderson, J.F., Anagnostakis, S.L., 1980. Validation of Entomoph-
thora aquatica. Mycotaxon 10, 350.

Andreadis, T.G., 2007. Microsporidian parasites of mosquitoes.
Am. Mosq. Control Assoc. Bull. 23, 3—29.

Ansari, M.A., Butt, T.M., 2013. Influence of the application
methods and doses on the susceptibility of black vine weevil
larvae Otiorhynchus sulcatus to Metarhizium anisopliae in field-
grown strawberries. BioControl 58, 257—267.

Ansari, M.A., Carpenter, S., Butt, T.M., 2010a. Susceptibility of
Culicoides biting midge larvae to the insect-pathogenic fungus
Metarhizium anisopliae: prospects for bluetongue vector con-
trol. Acta Trop. 112, 1-6.

Ansari, M.A., Pope, E.C., Carpenter, S., Scholte, EJ., Butt, T.M,,
2011. Entomopathogenic fungus as a biological control for an
important vector of livestock disease: the Culicoides biting
midge. PLoS ONE 6, e16108.

Ansari, M.A., Shah, F.A., Butt, T.M., 2008. Combined use of ento-
mopathogenic nematodes and Metarhizium anisoplige as a new
approach for black vine weevil, Otiorhynchus sulcatus (Coleop-
tera: Curculionidae) control. Entomol. Exp. Appl. 129, 340—347.

Ansari, M.A., Shah, F.A., Butt, T.M., 2010b. The cold tolerant en-
tomopathogenic nematode Steinernema kraussei and Meta-
rhizium anisopliae work synergistically in controlling
overwintering larvae of the black vine weevil, Otiorhynchus
sulcatus, in strawberries growbags. Biocontrol Sci. Technol. 20,
99-105.

Ansari, M.A,, Shah, F.A,, Tirry, L., Moens, M., 2006. Field trials
against Hoplia philanthus (Coleoptera: Scarabaeidae) with a
combination of an entomopathogenic nematode and the
fungus Metarhizium anisopliae CLO 53. Biol. Control 39,
453—459.

Ansari, M.A., Tirry, L., Moens, M., 2004. Interaction between
Metarhizium anisopliae CLO 53 and entomopathogenic nema-
todes for control of Hoplia philanthus. Biol. Control 31, 172—180.

Apperson, C.S., Federici, B.A., Tarver, F.R., Stewart, W., 1992. Bi-
otic and abiotic parameters associated with an epizootic of
Coelomomyces punctatus in a larval population of the mosquito
Anopheles quadrimaculatus. J. Invertebr. Pathol. 60, 219—228.

Azar, D., Nel, A., 2012. Evolution of hematophagy in “non-biting
midges” (Diptera: Chironomidae). Terr. Arthropod Rev. 5,
15-34.

Beaudoin, R., Wills, W., 1965. A description of Caudospora penn-
sylvanica sp. n. (Caudosporidae, Microsporidia), a parasite of
the larvae of the black fly, Prosimulium magnum Dyar and
Shannon. J. Invertebr. Pathol. 7, 152—155.

Boemare, N., Maurand, J., 1976. Investigations on the respiratory
metabolism of healthy and microsporidian infected Simulium
larvae. Bull. Soc. Zool. Fr. 101, 377—385.

Borkent, A., Spinelli, G.R., 2007. Neotropical Ceratopogonidae
(Diptera: Insecta). In: Adis, J., Arias, J.R., Rueda-Delgado, G.,
Wantzen, K.M. (Eds), Aquatic Biodiversity in Latin America,
Vol. 4. Pensoft, Sofia-Moscow.

Botts, P.S., 1993. The impact of small chironomid grazers on
epiphytic algal abundance and dispersion. Freshw. Biol. 30,
25-33.

Butt, T.M., Jackson, C., Magan, N., 2001. Introduction-fungal
biocontrol agents: progress, problems and potential. In:

Butt, T.M., Jackson, C., Magan, N. (Eds), Fungi as Biocontrol
Agents: Progress. Problems and Potential. CABI International,
UK, pp. 1-8.

Campanini, E.B., Davolos, C.C., Alves, E.C., Lemos, M.V, 2012.
Isolation of Bacillus thuringiensis strains that contain Dipteran-
specific cry genes from Ilha Bela (Sao Paulo, Brazil) soil sam-
ples. Braz. J. Biol. 72, 243—-247.

Campbell, E.I,, Kinghorn, J.R., Kana'n, GJ.M., Unkles, S.E.,
Panter, C., 2002. Genetic transformation of the mosquito
pathogenic fungus Culicinomyces clavisporus. Biocontrol Sci.
Technol. 12, 395—-399.

Castello Branco A., Jr., Estudos ecolégicos e patolégicos da in-
feccao por Polydispyrenia simulii (Microspora; Pleistophoridae)
em uma Comunidade de Simulideos, MSc Thesis, 1991, Uni-
camp; Campinas, 83 pp.

Castello Branco A., Jr., Patologia e epizootiologia de Simulium
pertinax (Diptera; Simuliidae) infectado por Polydispyrenia si-
mulii (Microspora; Dubosqiidae) e Gastromermis viridis cf.
(Nematoda; Mermithidae), PhD Thesis, 1994, Unicamp;
Campinas, 120 pp.

Castello Branco Jr., A., 1999. Effects of Polydispryenia simulii (Mi-
crospora: Duboseqiidea) on development of the gonads of Si-
mulium pertinax (Diptera: Simuliidae). Mem. Inst. Oswaldo
Cruz 94, 421-424.

Christie, G.D., 1996. Erynia aquatica a Fungal Disease of Immature
Mosquitoes Identified from a Woodland Pool in Bristol, Rhode
Island. Northeastern Mosquito Control Association. http:
//www.nmca.org/paper20a.htm.

Claassen, P.W., 1922. The larva of a chironomid (Trissocladius
equitans n. sp.) which is parasitic upon a mayfly nymph (Rhi-
throgena sp.). Univ. Kans. Sci. Bull. 14, 395—405.

Cooper, R., 1984. Inhibition of Culicinomyces clavisporus invasion in
soil dwelling Chironomus sp. Aust. J. Entomol. 23, 83—84.

Couch, J.N., Romney, S.V., Rao, B., 1974. A new fungus which at-
tacks mosquitoes and related Diptera. Mycologia 66, 374—379.

Cranston, P.S., 1995. Introduction. In: Armitage, P.D.,

Cranston, P.S., Pinder, L.C.V. (Eds), The Chironomidae: Biology
and Ecology of Non-biting Midges. Chapman and Hall, London,
pp. 1-7.

Crosskey, R.W., 1990. The Natural History of Blackflies. British
Museum (Natural History)/John Wiley & Sons,
London/Chichester.

Debaisieux, P., 1926. A propos d'une microsporidie nouvelle Oc-
tosporea simulii. Ann. Soc. Sci. Brux. 46, 594—601.

Doby, J.M., Saguez, F., 1964. Weiseria, genre nouveau de micro-
sporidies et Weiseria laurenti n.sp., parasite de larves de Prosi-
mulium inflatum Davies, 1957 (Dipteres Paranematoceres).
Compt Rendus Acad. Sci. 259, 3614—3617.

Dougall, A.M., Alexander, B., Holt, D.C., Harris, T., Sultan, A.H.,
Bates, P.A., Rose, K., Walton, S.F., 2011. Evidence incriminating
midges (Diptera: Ceratopogonidae) as potential vectors of
Leishmania in Australia. Int. J. Parasitol 41, 571—579.


http://refhub.elsevier.com/S1749-4613(14)00003-7/sref1
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref1
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref1
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref1
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref1
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref1
http://www.clemson.edu/cafls/biomia/pdfs/blackflyinventory.pdf
http://www.clemson.edu/cafls/biomia/pdfs/blackflyinventory.pdf
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref3
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref3
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref3
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref3
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref4
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref4
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref4
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref4
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref5
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref5
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref5
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref5
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref5
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref5
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref6
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref7
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref7
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref8
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref8
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref8
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref9
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref9
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref9
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref9
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref9
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref10
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref10
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref10
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref10
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref10
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref11
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref11
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref11
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref11
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref12
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref12
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref12
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref12
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref12
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref13
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref13
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref13
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref13
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref13
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref13
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref13
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref14
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref14
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref14
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref14
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref14
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref14
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref15
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref15
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref15
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref15
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref16
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref16
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref16
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref16
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref16
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref17
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref17
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref17
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref17
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref18
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref18
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref18
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref18
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref18
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref19
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref19
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref19
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref19
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref20
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref20
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref20
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref20
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref21
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref21
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref21
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref21
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref22
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref22
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref22
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref22
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref22
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref22
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref23
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref23
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref23
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref23
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref23
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref23
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref24
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref24
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref24
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref24
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref24
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref25
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref25
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref25
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref25
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref25
http://www.nmca.org/paper20a.htm
http://www.nmca.org/paper20a.htm
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref27
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref27
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref27
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref27
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref28
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref28
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref28
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref29
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref29
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref29
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref30
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref30
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref30
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref30
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref30
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref31
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref31
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref31
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref32
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref32
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref32
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref33
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref33
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref33
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref33
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref33
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref34
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref34
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref34
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref34
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref34

Fungal and oomycete parasites

21

Ebsary, B.A., Bennett, G.F., 1975. The occurrence of some endo-
parasites of blackflies (Diptera: Simuliidae) in insular
Newfoundland. Can. J. Zool. 53, 1058—1062.

Eilenberg, J., 2002. Biology of Fungi from the Order Entomoph-
thorales with Emphasis on the Genera Entomophthora, Strong-
wellsea and Eryniopsis. The Royal Veterinary and Agricultural
University, Copenhagen.

Fagundes, C.K., Behr, E.R., Kotzian, C.B., 2007. Alimentacao de
Rhinodoras dorbignyi (Kroyer, 1855) (Siluriformes: Doradidae) no
rio Ibicui, Rio Grande do Sul, Brasil. Acta Sci. Biol. Sci. 29,
137-143.

Federici, B.A., 1981. Mosquito control by the fungi Culicinomyces,
Lagenidium and Coelomomyces. In: Bugess, H.D. (Ed.), Microbial
Control of Pests and Plant Diseases. Academic Press, New
York, pp. 1970—1980.

Ferrington Jr., L.C., 2008. Global diversity of non-biting midges
(Chironomidae: Insecta-Diptera) in freshwater. Hydrobiologia
595, 447—455.

Figueird, R., Gil-Azevedo, L.H., 2010. The role of Neotropical
blackflies (Diptera: Simuliidae) as vectors of the onchocerci-
asis: a short overview of the ecology behind the disease. Oe-
cologia Aust. 14, 745—755.

Frana, M.F., Gasparich, G.E., Grogan Jr., W.L., 2001. First isolation
of a Spiroplasma (Mollicutes: Spiroplasmataceae) from biting
midges (Diptera: Ceratopogonidae). Entomol. News 112,
64—70.

Frances, S.P., 1991. Pathogenicity, host range and temperature
tolerance of Crypticola clavifera (Oomycetes: Lagenidiales) in
the laboratory. J. Mosq. Control Assoc. 7, 504—506.

Frances, S.P., Sweeney, A.W., Humber, R.A., 1989. Crypticola clav-
ulifera gen. et sp. nov. and Lagenidium giganteum: Oomycetes
pathogenic for dipterans infesting leaf axils in an Australian
rain forest. J. Invertebr. Pathol. 54, 103—111.

Garcia, J.J., 1990a. Helmichia simuliae sp. nov. (Microspora: Thelo-
haniidae) una nueva especie de microsporidio patégena de
larvas de simulidos de la Republica Argentina. Neotropica 35,
71-79.

Garcia, J.J., 1990b. Patégenos de simulidos neotropicales (Diptera.
Simuliidae): Polydispyrenia simulii (Lutz & Splendore, 1908)
(Microspora). Rev. Soc. Entomol. Argent. 48, 85—90.

Garcia, J.J., 1990c. Un nuevo microsporidio patégeno de larvas de
simulidos (Diptera. Simuliidae): Ringueletium pillosa gen. et sp.
nov. (Microspora: Caudosporidae). Neotropica 36, 111-122.

Garcia, J.J., 1991. Estudios sobre el ciclo de vida y ultraestructura
de Spherospora andinae gen. et sp. nov. (Microspora. Theloha-
niidae), un nuevo microsporidio de simulidos neotropicales.
Neotropica 37, 15—23.

Garcia, J.J.,, 1992. Patégenos de simulidos neotropicales
(Diptera: Simuliidae): Amblyospora bracteata (Strickland,
1913) (Microspora: Thelohaniidae). Rev. Soc. Entomol.
Argent. 50, 3-8.

Garcia, J.J., Lange, C.E., 1986. Contribucién al conocimiento de los
microsporidios argentinos. I. Amblyospora sp. (Microsporida:
Thelohaniidae) en Eukiefferiella sp. (Diptera. Chironomidae).
Neotropica 32, 61—65.

Garris, G.I., Noblet, R., 1975. Notes of parasitism of blackflies
(Diptera: Simuliidae) in streams treated with Abate. J. Med.
Entomol. 12, 481—-482.

Gassouma, M.S.S., 1972. Microsporidan parasites of Simulium or-
natum Mg. in South England. Parasitology 65, 27—45.

Genthner, FJ., Chancy, C.A., Couch, J.A,, Foss, S.S.,

Middaugh, D.P., George, S.E., Warren, M.A., Bantle, J.A., 1998.
Toxicity and pathogenicity testing of the insect pest control
fungus Metarhizium anisopliae. Arch. Environ. Contam. Toxicol.
35, 317—-324.

Genthner, F.J., Cripe, G.M., Crosby, D.J., 1994. Effect of Beauveria
bassiana and its toxins on Mysidopsis bahia (Mysidacea). Arch.
Environ. Contam. Toxicol. 26, 90—94.

Genthner, F.J., Middaugh, D.P., 1995. Nontarget testing of an in-
sect control fungus: effects of Metarhizium anisopliae on
developing embryos of the inland silverside fish Menidia ber-
yllina. Dis. Aquat. Org. 22, 163—171.

Ginarte, C.A., Andrade, C.F.S., Gaona, J.C., 2003. Larvas de si-
mulideos (Diptera: Simuliidae) do centro-oeste, sudeste e sul
do Brasil, parasitadas por microsporideos (Protozoa) e mer-
mitideos (Nematoda). Iheringia Ser. Zool. 93, 325—334.

Gordon, M.J., Swan, B.K., Paterson, C.G., 1978. Baeoctenus bicolor
(Diptera: Chironomidae) parasitic in unionid bivalve molluscs,
and notes on other chironomid-bivalve associations. J. Fish.
Res. Board Can. 35, 154—157.

Guzman, D.R., Axtell, R.C., 1987. Population dynamics of Culex
quinquefasciatus and the fungal pathogen Lagenidium giganteum
(Oomycetes: Lagenidiales) in stagnant water pools. J. Am.
Mosq. Control. Assoc. 3, 442—449.

Hazard, E.I,, Oldacre, S.W., 1975. Revision of Microsporidia (Pro-
tozoa) close to Thelohania with descriptions of one new family,
eight new genera, and thirteen new species. U.S. Dep. Agric.
Technol. Bull. 1530, 1—104.

Hernandez-Triana, L.M., 2013. Taxonomy and Systematics of Si-
muliidae. http://blackflies.info/.

Humber, R.A., 2012. Entomophthoromycota: a new phylum and
reclassification for entomophthoroid fungi. Mycotaxon 120,
477—492.

Hywel-Jones, N.L., Webster, J., 1986. Mode of infection of Simulium
by Erynia conica. Trans. Br. Mycol. Soc. 87, 381—387.

Jackson, M.A., Dunlap, C.A., Jaronski, S.T., 2010. Ecological con-
siderations in producing and formulating fungal entomo-
pathogens for use in insect biocontrol. BioControl 55, 129—145.

Jamnback, H.A., 1970. Caudospora and Weiseria, two genera of
Microsporidia parasitic in blackflies. J. Invertebr. Pathol. 16,
3-13.

Jirovec, O., 1943. Revision der in Simulium-Larven parasitierenden
Mikrosporidien. Zool. Anz. 142, 173—179.

Kagami, M., de Bruin, A., Ibelings, B., Van Donk, E., 2007b. Para-
sitic chytrids: their effects on phytoplankton community and
food-web dynamics. Hydrobiologia 578, 113—129.

Kagami, M., von Elert, E., Ibelings, B.W., de Bruin, A., Van Donk, E.,
2007a. The parasitic chytrid, Zygorhizidium facilitates the
growth of the cladoceran zooplankter, Daphnia in cultures of
the inedible alga, Asterionella. Proc. R. Soc. B 274, 1561—-1566.

Keeling, P.J., Luker, M.A., Palmer, ].D., 2000. Evidence from beta-
tubulin phylogeny that microsporidia evolved from within the
fungi. Mol. Biol. Evol. 17, 23—31.

Keller, S., 2002. The genus Entomophthora (Zygomycetes, Ento-
mophthorales) with a description of five new species. Sydowia
54, 157-197.

Kerwin, J.L., Dritzd, A., Washinor, K., 1994. Pilot scale production
and application in wildlife ponds of Lagenidium giganteum
(Oomycetes: Lagenidiales). J. Am. Mosq. Control Assoc. 10,
451—455.

Kim, K.C., Merritt, R.W. (Eds), 1987. Black Flies — Ecology, Popu-
lation Management, and Annotated World List. Pennsylvania
State University.

Kim, S.K., 2011. Redescription of Simulium (Simulium) japonicum
(Diptera: Simuliiae) and its entomopathogenic fungal symbi-
onts. Entomol. Res. 41, 208—210.

Kirk, P.M., Cannon, P.F., Minter, D.W., Stalpers, J.A., 2008. Dictio-
nary of the Fungi, 10th ed. CABI, Wallingford, UK.

Kline, D.L., Kelly, L.F., Ellis, E.A., 1985. A Nosema-type microspori-
dian infection in larvae of Culicoides spp. from salt marshes in
Florida. J. Invertebr. Pathol. 45, 60—65.

Knight, A.L., 1980. Host range and temperature requirements of
Culicinomyces clavosporus. J. Invertebr. Pathol. 36, 423—425.

Kramer, J.P., 1982. Entomophthora culicis (Zygomycetes, Ento-
mophthorales) as a pathogen of adult Aedes aegypti (Diptera,
Culicidae). Aquat. Insects 4, 73—79.


http://refhub.elsevier.com/S1749-4613(14)00003-7/sref35
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref35
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref35
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref35
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref36
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref36
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref36
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref36
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref37
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref37
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref37
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref37
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref37
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref37
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref37
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref37
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref39
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref39
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref39
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref39
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref39
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref40
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref40
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref40
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref40
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref41
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref41
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref41
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref41
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref41
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref41
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref42
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref42
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref42
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref42
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref42
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref43
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref43
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref43
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref43
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref44
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref44
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref44
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref44
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref44
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref45
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref45
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref45
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref45
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref45
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref45
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref45
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref45
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref45
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref46
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref46
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref46
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref46
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref46
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref46
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref46
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref47
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref47
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref47
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref47
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref47
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref47
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref47
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref48
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref48
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref48
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref48
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref48
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref48
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref48
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref49
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref49
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref49
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref49
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref49
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref49
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref49
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref49
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref50
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref50
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref50
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref50
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref50
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref50
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref50
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref51
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref51
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref51
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref51
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref52
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref52
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref52
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref53
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref53
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref53
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref53
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref53
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref53
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref54
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref54
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref54
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref54
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref55
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref55
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref55
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref55
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref55
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref56
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref56
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref56
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref56
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref56
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref56
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref56
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref56
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref57
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref57
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref57
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref57
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref57
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref58
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref58
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref58
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref58
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref58
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref59
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref59
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref59
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref59
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref59
http://blackflies.info/
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref61
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref61
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref61
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref61
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref62
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref62
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref62
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref63
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref63
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref63
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref63
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref64
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref64
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref64
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref64
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref65
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref65
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref65
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref65
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref66
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref66
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref66
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref66
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref67
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref67
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref67
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref67
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref67
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref69
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref69
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref69
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref69
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref70
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref70
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref70
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref70
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref71
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref71
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref71
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref71
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref71
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref72
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref72
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref72
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref72
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref73
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref73
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref73
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref73
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref74
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref74
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref75
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref75
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref75
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref75
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref76
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref76
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref76
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref77
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref77
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref77
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref77

22

J. 1. de Souza et al.

Kramer, J.P., 1983. Pathogenicity of the fungus Entomophthora cu-
licis for adult mosquitoes: Anopheles stephensi and Culex pipiens
quinquefasciatus. J. N.Y. Entomol. Soc. 91, 177-182.

Larsson, R., 1983. Description of Hyalinocysta explitoria n. sp., a
microsporidian parasite of the blackfly Odagmia ornata. J. In-
vertebr. Pathol. 42, 348—356.

Levchenko, N.G., Dubitskii, A M.A.M., Vakker, V.G.V.G., 1974. En-
tomopathogenic fungus Coelomycidium simulii (Phycomycetes,
Chitridiales) in the larva of black flies of the genus Odagmia
(Diptera, Simuliidae) in Kazakhstan. Med. Parazitol. Parazit.
Bolezni. 43, 110—112.

Levchenko, N.G., Issi, I.V., 1973. Microsporida of blood-sucking
Diptera. In: Dubitskii, A.M. (Ed.), Regulators of the Number of
Blood-sucking Flies in Southeast of Kazakhstan. Kazakh
Academy of Sciences, Almaty, pp. 42—64.

Lopez Lastra, C.C., Garcia, J.J., 1990. Primer registro de simulidos
(Diptera: Simuliidae) parasitados por Coelomycidium simulii
Debaisieux (Chytridiomycetes: Chytridiales) en la Republica
Argentina. Rev. Soc. Entomol. Argent. 48, 91—-96.

Lopez Lastra, C.C., Scorsetti, A.C., Marti, G.A., Garcia, J.J., 2004.
Host range and specificity of an Argentinean isolate of the
aquatic fungus Leptolegnia chapmanii (Oomycetes: Saproleg-
niales), a pathogen of mosquito larvae (Diptera: Culicidae).
Mycopathologia 158, 311-315.

Lépez Lastra, C.C., Steciow, M.M., Garcia, J.J., 1999. Registro mas
austral del hongo Leptolegnia chapmanii (Oomycetes: Saproleg-
niales) como patégeno de larvas de mosquitos (Diptera: Culi-
cidae). Rev. Iberoam. Micol. 16, 143—145.

Luoto, T.P., 2011. The relationship between water quality and
chironomid distribution in Finland: A new assemblage-based
tool for assessments of long-term nutrient dynamics. Ecol.
Indic. 11, 255—-262.

Madelin, M.F., 1966. Fungal parasites of insects. Annu. Rev. En-
tomol. 11, 423—448.

Madelin, M.F., 1968. Fungal parasites of invertebrates: entomog-
enous fungi. In: Ainsworth, G.C., Sussman, A.S. (Eds), The
Fungi: An Advanced Treatise, Vol. IIl. Academic Press, New
York, pp. 227-238.

Magori, K., Drake, J.M., 2013. The population dynamics of vector-
borne diseases. Nat. Educ. Knowl. 4, 14.

Manier, J.F., Rioux, J.A., Coste, F., Maurand, J., 1970. Coelomomyces
tuzetae n. sp. (Blastocladiales-Coelomomycetaceae) parasite
des larves de chironomes (Diptera-Chironomidae). Ann. Par-
asitol. Hum. Comp. 45, 119-128.

Martin, W.W., 1975a. A new species of Catenaria parasitic on
midge eggs. Mycologia 67, 264—272.

Martin, W.W., 1975b. Aphanomycopsis sexualis, a new parasite of
midge eggs. Mycologia 67, 923—933.

Martin, W.W., 1977. The development and possible relationships
of a new Atkinsiella parasitic in midge eggs. Am. J. Bot. 64,
760—769.

Martin, W.W., 1978. Two additional species of Catenaria (Chytri-
diomycota, Blastocladiales) parasitic in midge eggs. Mycologia
70, 461—-467.

Martin, W.W., 1981a. Couchia circumplexa, a water mold parasitic
in midge eggs. Mycologia 73, 1143—-1157.

Martin, W.W., 1981b. The natural regulation of midge populations
by aquatic fungi in Virginia. J. Elisha Mitchell Sci. Soc. 97,
162-170.

Martin, W.W., 1984. The dynamics of aquatic fungi parasitic in a
stream population of the midge, Chironomus attenuatus. J. In-
vertebr. Pathol. 44, 36—45.

Martin, W.W., 1991. Egg parasitism by zoosporic fungi in a littoral
chironomid community. J. N. Am. Benthol. Soc. 10, 455—462.

Martin, W.W., 2000. Two new species of Couchia parasitic in midge
eggs. Mycologia 92, 1149—-1154.

Thomas, M.B., Blanford, S., 2003. Thermal biology in insect-
parasite interactions. Trends Ecol. Evol. 18, 344—350.

McCauley, V.J.E., 1976. Further observations on Coelomomyces
(Blastocladiales, Coelomomycetaceae) parasitic in Chirono-
midae (Diptera) in Marion Lake, British Columbia. Hydrobio-
logia 48, 3—-8.

McCreadie, J.W., Adler, P.H., Beard, C.E., 2011. Ecology of symbi-
otes of larval black flies (Diptera: Simuliidae): distribution,
diversity, and scale. Environ. Entomol. 40, 289—302. Med. Vet.
Entomol. 17, 115—132.

Mellor, P.S., Boorman, J., Baylis, M., 2000. Culicoides biting midges:
their roles as arbovirus vectors. Annu. Rev. Entomol. 45,
307-349.

Medlock, J.M., Hansford, K.M., Schaffner, F., Versteirt, V.,
Hendrickx, G., et al., 2012. A review of the invasive mosquitoes
in Europe: ecology, public health risks, and control options.
Vector Borne Zoonotic Dis. (Larchmont, NY) 12, 435—447.

Middaugh, D.P., Genthner, F.J., 1994. Infectivity and teratogenicity
of Beauveria bassiana in Menidia beryllina embryos. Arch. Envi-
ron. Contam. Toxicol. 27, 95—102.

Mika, A.M., Weiss, R.M., Olfert, O., Hallett, R.H., Newman, J.A.,
2008. Will climate change be beneficial or detrimental to the
invasive swede midge in North America? Contrasting predic-
tions using climate projections from different general circu-
lation models. Glob. Ch. Biol. 14, 1721—1733.

Nestrud, L.B., Anderson, R.L., 1994. Aquatic safety of Lagenidium
giganteum: effects on freshwater and fish invertebrates. J. In-
vertebr. Pathol. 64, 228—233.

Onstad, D.W., Fuxa, J.R., Humber, R.A., Oestergaard, J., Shapiro-
Ilan, D.I.,, Gouli, V.V., Anderson, R.S., Andreadis, T.G.,

Lacey, L.A., 2006. An Abridged Glossary of Terms Used in
Invertebrate Pathology, 3rd Ed. Society for Invertebrate Pa-
thology. http://www.sipweb.org/glossary.

Ortego, J., Cordero, P.J., 2009. PCR-based detection and genotyping
of haematozoa (Protozoa) parasitizing eagle owls, Bubo bubo.
Parasitol. Res. 104, 467—470.

Sanchez, M.I., Green, A.J., Castellanos, E.M., 2006. Spatial and
temporal fluctuations in presence and use of chironomid prey
by shorebirds in the Odiel saltpans, south-west Spain. Hy-
drobiologia 67, 329—340.

Scholte, E.J., Knols, B.G.J., Samson, R.A., Takken, W., 2004. Ento-
mopathogenic fungi for mosquito control: a review. J. Insect
Sci. 4, 19.

Scholte, EJ., Ng’habi, K., Kihonda, J., Takken, W., Paaijmans, K.,
Abdulla, S, Killeen, G.F., Knols, B.G.J., 2005. An entomopa-
thogenic fungus for control of adult African malaria mosqui-
toes. Science 308, 1641—1642.

Shemanchuk, J.A., Humber, R.A., 1978. Entomophthora culicis
(Phycomycetes: Entomophthorales) parasitizing black fly
adults (Diptera: Simuliidae) in Alberta. Can. Entomol. 110,
253-256.

Siqueira, T., Roque, F.O., Trivinho-Strixino, S., 2008. Phenolog-
ical patterns of Neotropical lotic Chironomids: Is emergence
constrained by environmental factors? Austral Ecol. 33,
902-910.

Skovmand, O., Kerwin, J., Lacey, L.A., 2007. Microbial control of
mosquitoes and black flies. In: Lacey, L.A., Kaya, H.K. (Eds),
Field Manual of Techniques in Invertebrate Pathology: Appli-
cation and Evaluation of Pathogens for Control of Insects and
Other Invertebrate Pests. Springer, Dordrecht, pp. 735—750.

Solter, L.F., Becnel, ].J., 2007. Entomopathogenic Microsporidia. In:
Lacey, L.A., Kaya, H.K. (Eds), Field Manual of Techniques in
Invertebrate Pathology: Application and Evaluation of Patho-
gens for Control of Insects and Other Invertebrate Pests.
Springer, Dordrecht, pp. 199—221.

Steffan, A.W., 1967. Ectosysmbiosis in aquatic insects. In:

Henry, S.M. (Ed.), Symbiosis. Academic Press, New York and
London, pp. 207—289.

Sur, B., Bihari, V., Sharma, A., Joshi, A.K., 2001. Studies on phys-

iology, zoospore morphology and entomopathogenic potential


http://refhub.elsevier.com/S1749-4613(14)00003-7/sref78
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref78
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref78
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref78
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref79
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref79
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref79
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref79
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref80
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref80
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref80
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref80
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref80
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref80
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref81
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref81
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref81
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref81
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref81
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref81
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref82
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref82
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref82
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref82
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref82
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref82
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref82
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref82
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref82
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref83
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref83
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref83
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref83
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref83
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref83
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref83
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref83
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref84
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref84
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref84
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref84
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref84
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref84
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref84
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref84
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref84
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref85
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref85
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref85
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref85
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref85
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref86
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref86
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref86
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref87
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref87
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref87
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref87
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref87
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref88
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref88
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref89
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref89
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref89
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref89
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref89
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref90
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref90
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref90
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref91
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref91
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref91
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref92
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref92
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref92
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref92
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref93
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref93
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref93
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref93
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref94
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref94
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref94
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref95
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref95
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref95
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref95
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref97
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref97
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref97
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref97
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref98
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref98
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref98
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref99
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref99
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref99
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref100
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref100
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref100
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref101
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref101
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref101
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref101
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref101
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref102
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref102
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref102
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref102
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref102
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref102
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref103
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref103
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref103
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref103
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref104
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref104
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref104
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref104
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref104
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref105
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref105
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref105
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref105
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref106
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref106
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref106
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref106
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref106
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref106
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref107
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref107
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref107
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref107
http://www.sipweb.org/glossary
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref109
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref109
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref109
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref109
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref110
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref110
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref110
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref110
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref110
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref110
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref111
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref111
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref111
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref112
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref112
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref112
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref112
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref112
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref113
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref113
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref113
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref113
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref113
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref114
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref114
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref114
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref114
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref114
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref115
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref115
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref115
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref115
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref115
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref115
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref116
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref116
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref116
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref116
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref116
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref116
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref117
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref117
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref117
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref117
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref118
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref118

Fungal and oomycete parasites

23

of the aquatic oomycete: Lagenidium giganteum. Mycopatholo-
gia 154, 51-54.

Sweeney, A.W., 1975. The insect pathogenic fungus Culicinomyces
in mosquitoes and other hosts. Aust. J. Zool. 23, 59—64.

Szadziewski, R., Krzywinski, J., Gilka, W., 1997. Diptera Cerato-
pogonidae, biting midges. In: Nilsson, A.N. (Ed.), Aquatic In-
sects of North Europe A Taxonomic Handbook, Vol. 2.

Tokeshi, M., 1995. Species interactions and community structure.
In: Armitage, P.D., Cranston, P.S., Pinder, L.C.V. (Eds), Biology
and Ecology of Non-biting Midges.

Undeen, A.H., 1981. Microsporidia infections in adult Simulium
vittatum. J. Invertebr. Pathol. 38, 426—427.

Unkles, S.E., Marriot, C., Kinghorn, J.R., Panter, C., Blackwell, A.,
2004. Efficacy of the entomopathogenic fungus, Culicinomyces
clavisporus against larvae of the biting midge, Culicoides nubecu-
losus (Diptera: Ceratopogonidae). Biocontrol Sci. Technol. 14,
397—401.

Vandergheynst, J., Scher, H., Guo, H.Y., Schultz, D., 2007. Water-
in-oil emulsions that improve the storage and delivery of
the biolarvacide Lagenidium giganteum. BioControl 52,
207-229.

Wagner, R., Bartdk, M., Borkent, A., Courtney, G., Goddeeris, et al.,
2008. Global diversity of dipteran families (Insecta: Diptera) in
freshwater (excluding Simulidae, Culicidae, Chironomidae,
Tipulidae and Tabanidae). Hydrobiologia 595, 489—519.

Washburn, J.O., Egerter, D.E., Anderson, J.R.,, Saunders, G.A., 1988.
Density reduction in larval mosquito (Diptera: Culicidae)
populations by interactions between a parasitic ciliate (Cilio-
phora: Tetrahymenidae) and an opportunistic fungal (Oomy-
cetes: Pythiaceae) parasite. J. Med. Entomol. 25, 307—314.

Weiser, J., 1976. The intermediary host for the fungus Coelomo-
myces chironomid. J. Invertebr. Pathol. 28, 273—-274.

Weiser, J., 1978. Production of the microsporidian Plistophora cu-
licis Weiser in substitute host. Folia Parasitol. 25, 365.

Weiser, J., McCauley, V.J.E., 1971. Two Coelomomyces infections of
Chironomidae (Diptera) larvae in Marion Lake, British
Columbia. Can. J. Zool. 49, 65—68.

Weiser, J., Vavra, J., 1964. Zur Verbrietung der Coelomomyces Pilze
in Europdischen Insekten. Z. Trop. Parasitol. 15, 38—42.

Weiser, J., Zizka, Z., 1975. Stages in sporogony of Plistophora de-
baisieuxi Jirovec (Microsporidia). Acta Protozool. 14, 185—194.

Werner, D., Pont, C., 2003. Dipteran predators of Simuliid
blackflies: a worldwide review. Med. Vet. Entomol. 17,
115-132.

Whisler, H.C., 1985. Life history of species of Coelomomyces. In:
Couch, J.N., Bland, C.E. (Eds), The Genus Coelomomyces. Aca-
demic Press Inc, New York, pp. 9—22.

Winder, J.A., 1978. Cocoa flower Diptera; their identity, pollinating
activity and breeding sites. PANS 24, 5-24.

Wirth, W.W., 1977. A review of the pathogens and parasites of the
biting midges (Diptera: Ceratopogonidae). J. Wash. Acad. Sci.
67, 60—75.

Wittmann, E.J., Baylis, M., 2000. Climate change: effects on Culi-
coides transmitted viruses and implications for the UK. Vet. J.
160, 107-117.

Woodcock, T., Longcore, J., McAuley, D., Mingo, T., Bennatti, C.R.,
Stromborg, K., 2005. The role of pH in structuring commu-
nities of Maine wetland macrophytes and Chironomid larvae
(Diptera). Wetlands 25, 306—316.

Wraight, S.P., Inglis, G.D., Goettel, M.S., 2007. Fungi. In:

Lacey, L.A., Kaya, H.K. (Eds), Field Manual of Techniques in
Invertebrate Pathology: Application and Evaluation of Patho-
gens for Control of Insects and Other Invertebrate Pests.
Springer, Dordrecht, pp. 223—-248.

Wright, P.J., Easton, C.S., 1996. Natural incidence of Lagenidium
giganteum Couch (Oomycetes: Lagenidiales) infecting the
biting midge Culicoides molestus (Skuse) (Diptera: Ceratopogo-
nidae). Aust. J. Entomol. 35, 131—-134.

Yakushkina, V.M., Dubitskii, A.M., 1980. First detection of the
fungus Coelomycidium simulii in pupae and adults of simuliids.
Parasitology 14, 183—184.

Yeates, D.K., Wiegmann, B.M., Courtney, G.W., Meier, R.,
Lambkin, C., Pape, T., 2007. Phylogeny and systematics of
Diptera: two decades of progress and prospects. Zootaxa 1668,
565—590.

Zadoks, J.C., 1990. Withering plant disease epidemiology? Plant
Dis. 74, 82.

Zidkova, L., Cepicka, 1., Votypka, I., Svobodova, M., 2010. Herpe-
tomonas trimorpha sp. nov. (Trypanosomatidae, Kinetoplas-
tida), a parasite of the biting midge Culicoides truncorum
(Ceratopogonidae, Diptera). Int. J. Syst. Evol. Microbiol. 60,
2236—2246.


http://refhub.elsevier.com/S1749-4613(14)00003-7/sref118
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref118
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref118
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref119
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref119
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref119
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref120
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref120
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref120
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref121
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref121
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref121
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref122
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref122
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref122
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref123
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref123
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref123
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref123
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref123
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref123
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref124
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref124
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref124
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref124
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref124
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref125
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref125
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref125
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref125
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref125
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref125
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref126
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref126
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref126
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref126
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref126
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref126
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref127
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref127
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref127
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref128
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref128
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref129
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref129
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref129
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref129
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref130
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref130
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref130
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref130
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref130
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref131
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref131
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref131
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref131
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref131
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref131
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref132
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref132
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref132
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref132
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref133
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref133
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref133
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref133
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref134
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref134
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref134
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref135
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref135
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref135
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref135
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref136
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref136
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref136
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref136
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref137
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref137
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref137
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref137
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref137
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref138
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref138
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref138
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref138
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref138
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref138
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref139
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref139
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref139
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref139
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref139
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref140
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref140
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref140
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref140
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref141
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref141
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref141
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref141
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref141
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref142
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref142
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref143
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref143
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref143
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref143
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref143
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref143
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref143
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref143
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref143
http://refhub.elsevier.com/S1749-4613(14)00003-7/sref143

	Fungal and oomycete parasites of Chironomidae, Ceratopogonidae and Simuliidae (Culicomorpha, Diptera)
	1 Introduction
	2 Parasites vs pathogens and the concept of multiple pathosystems
	3 Parasites of chironomids, ceratopogonids and simulids
	Fungi
	Microsporidia (Microsporids)
	Blastocladiomycota
	Entomophthoromycota
	Ascomycota
	Straminipila
	Oomycota

	4 Host population dynamics and roles of parasitism in food webs
	5 Conclusions and future considerations
	Acknowledgments
	References


