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Mermithid parasitism in Ceratopogonidae:
A literature review and critical assessment of host impact
and potential for biological control of Culicoides
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ABSTRACT. The worldwide literature on mermith-
id associations with adults and larvae of Ceratopogonidae
is reviewed, including a number of studies from the
former USSR and one important Chinese study hitherto
unknown to most researchers. Although frequently mis-
identified or not identified beyond family, mermithids
probably are parasites in biting midges worldwide, and
more species exist in a wider variety of habitats than are
now understood. Aproctonema (the closely related fam-
ily Tetradonematidae) and seven existing genera of
Mermithidae have been reported from Ceratopogonidae:
Agamomermis, Ceratomermis, Gastromermis, Heleido-
mermis, Limnomermis, Romanomermis, and Spiculimer-
mis. Reports are provided from 40 Culicoides spp. in 11
subgenera. Most are probably Heleidomermis spp., which
utilize multiple Culicoides spp. The general life histories
of the three valid Heleidomermis spp. (H. cataloniensis,
H. magnapapula and H. vivipara) are described and
compared. The stereotypical habitat is silty, surface mud
at the edges of shallow somewhat polluted or stagnant
water. They are generally larval parasites, infecting early
stage hosts and emerging from the last (4th) instar, but
carryover into the adult stage can be common and prob-
ably important for dispersal. Field parasitism of up to
67-69% of larvae is documented for all three Heleidomer-

mis spp. Data from an experimental field release trial in
California, USA are presented, which caused an 84%
reduction in emergence of Culicoides sonorensis due to
H. magnapapula. Advantages and disadvantages of
Heleidomermis spp. for biological control of Culicoides
are listed. Introduction of mermithids reared in vivo or
via transfer from known field sites could assist the inher-
ently limited dispersal of these key parasites.

PE3IOME. BeimnonteH 0630p jauTepaTypbl 0 CBA3SIX
mepmut (Nematoda: Mermithida) ¢ muunnkamu u nma-
ro mokperoB (Diptera: Ceratopogonidae). O630p oxBa-
TBIBAET BCEO MEPOBYIO JINTEPATYPY MO JAHHOMY BOIPOCY,
BKJIFOUas psin padot m3 OwiBirero CCCP u BaxxHyT0 pado-
Ty 13 Kuras, koTopble ObUTH HEM3BECTHBI OOJIBIIMHCTBY
uccnenosarenen. [lo-BunuMomy, MEpMUTHIBI BCTpeYa-
I0TCS. B MOKpEIlaX BO BCEX PErHOHAaX MHpA, a CHEKTp
3acensieMbIX MU OMOTOIIOB M YHCIIO BUOB, TIapa3sHTHPY-
IOIMX B MOKpELaX, CYIECTBEHHO IIHPE TOTO, YTO H3BEC-
THO K HACTOsIIEMY BpeMeHH. JIuTepaTypHble JaHHBIC TI0
MEPMHTHIaM — Hapa3uTaM MOKPELIOB COJepyKaT 3HAYHU-
TEJIbHOE YHCJIO HETOYHBIX WIJIM OIIMOOYHBIX OMpeaele-
Hui. B kagectse napasutoB Ceratopogonidae oTMeueHbI
MpEeICTaBUTENIN 7 COBPEMEHHBIX POJIOB CeMelCTBa
Mermithidae (Agamomermis, Ceratomermis, Gastro-



88 Bradley A. Mullens, Victor Sarto i Monteys & Andrey A. Przhiboro

mermis, Heleidomermis, Limnomermis, Romanomermis
u Spiculimermis) v pon Aproctonema 3 O1U3KOr0 cemMeii-
crBa Tetradonematidae. ImeroTcst yka3aHHs O Tapa3uTH-
poBanun mepmutin B 40 Bunax poxa Culicoides, oTHOCS-
mmxcs K 11 mogpogam. bomnbias 4acTh 3TUX HaXOJOK,
MO-BUJIIMOMY, OTHOCUTCS K BusiaM ponia Heleidomermis,
KOTOpBIE APa3UTHPYIOT Ha MHOTHX Buyiax Culicoides. B
CPaBHHUTENBFHOM acIeKTe aHaJIM3HpyeTcs OHONOTHS U
JKU3HEHHBIM NOHUKJI TPEX BalHAHBIX BUIOB poja
Heleidomermis — H. cataloniensis, H. magnapapula n H.
vivipara. TUIMYHBIA OMOTON 3THX BUIOB — BEPXHUM
CIIOM Wila MO KpasM MEJIKMX CTOSYMX WM HECKOJBKO
3arpsi3HEHHBIX BOOEMOB. Bunpl Heleidomermis — napa-
3UTHI JITYMHOK MOKPELIOB, OOBIYHO 3apaKArOLIHe JINIH-
HOK MJIQJIIIAX BO3PACTOB M MOKHIAIOIIIE JIMINHKY TI0C-
nenaero (4-ro) Bo3pacrta. [Ipu aToM Hepeako HabIro1aeT-
Cs1 TIepexo]] Mapa3uTa BO B3POCIBIX MOKPEIIOB; ITO-BHIH-
MOMY, OH Ba)K€H JIJISI pacCeIeHHs] MEPMHUTHA. DKCTEHCHUB-
HOCTb 3apa)KeHHs JINUYMHOK XO035€B B MPHPOJIE, JTOCTUTa-
fortas 67-69%, oTMeueHa 11 BeeX TpEX BumoB Heleido-
mermis. IIpencTaBIeHBI JaHHBIE TIOJIEBOTO SKCIIEPUMEH-
Ta, mposeA¢HHOro B Kanmdopauu, B KOTOpoM OBLIO TIpo-
JIEMOHCTPHUPOBAHO CHM)KEHHE YMCiIa BBUIETAIOIINX MMa-
ro Culicoides sonorensis Ha 84% Tpu 3apaKCHUH HX
nMIuHOK H. magnapapula. AHaTA3UPYIOTCS TIPEUMYILIE-
CTBa W HEIOCTATKH MCHONB30BaHus Heleidomermis spp.
Ut 6uonormdeckoro koHTpois Culicoides. IHTpomyK-
IUSI MEPMUTH]I, TIOTYIE€HHBIX i71 Vivo WA U3 €CTeCTBEH-
HBIX MECTOOOWTaHW, MOXKET OBITh HCIIOJB30BaHa JUIS
paccelieHus 3THX Napa3uToB, B PsJIE CIy4aeB UrPAFOLINX
KITIOYEBYIO POJIb JUISl KOHTPOJIS MOIYJISIIME KPOBOCOCY-
IIAX MOKPETIOB.

Introduction

Forty years ago, as part of her pioneering studies
into the morphology and ecology of immatures of bit-
ing midges, Dr. Valentina Glukhova reported parasit-
ism in both adults and larvae of Culicoides spp. in the
Soviet Union by nematodes in the superfamily Mermith-
oidea [Glukhova, 1967]. It was a very short paper —
only 2 pages long. That paper was nevertheless very
important for several reasons. Prior to that time, as
discussed below and listed in Table 1, the literature
contained a number of scattered observations mostly on
parasitism of adult Culicoides by mermithid nema-
todes, and that parasitism sometimes resulted in forma-
tion of the entomological oddities known as intersexes.
V.M. Glukhova made the scientific community explic-
itly aware that this mermithid parasitism originated in
the larval stage of the host. Further, levels of parasitism
were sometimes rather high (up to 27%), and multiple
Culicoides species in the same habitat could harbour
the nematodes, which often emerged from the host
larvae and killed them in the process. The range and
type of habitats harbouring the immature Culicoides
and the nematodes were described for the first time as
well. This discovery by Dr. Glukhova led to the de-
scription of a new genus of mermithids, Heleido-

mermis. Three valid species of Heleidomermis now are
known, and two of them (H. vivipara Rubzov and H.
magnapapula Poinar & Mullens) are well documented
as key natural enemies of potential use as biological
control agents for this important group of midges (see
below). It therefore is quite appropriate that we dedi-
cate this review and discussion of mermithids in cerato-
pogonids to the memory of Dr. Valentina Glukhova, a
dedicated and capable scientist who first exposed criti-
cal aspects of their unique life cycles to science.

Mermithids in adult Ceratopogonidae

Most of the earliest reports of mermithids were from
adult midges, and we now know that mermithids enter
their hosts when the midges are in their larval stage.
Due to factors discussed later, such as parasitism of an
older stage larva, in some cases the parasites persist
through the pupal stage and into the adult midge. It is
not known whether the mermithid continues to develop
in the ceratopogonid pupa, feeding on the pupal tissues
and body fluids while the new adult midge tissues are
formed, or whether the nematodes may spend this
period in stasis. Once in the adult the mermithid is
generally coiled in the adult midge abdomen (Figs 1A—
D) and reaches maturity there.

When and where emergence from the adult takes
place also is not known, but presumably the parasitized
midge would fly near or alight on habitats adequate for
the nematode, which then might sense a suitable habitat
(for instance, water or high humidity levels) and quick-
ly emerge. Such behaviour has been described, for
example, in Simuliidae, where mermithid-infested cas-
trated adults (both females and males) fly to oviposition
sites and deposit mermithids among the eggs laid by
other simuliid adults [Rubzov, 1974a]. While most
mermithids seem to favour infecting and emerging
from the larval host stage of ceratopogonids, carryover
into the adult stage can be common and is likely to be
more frequent than generally presumed. In fact, this
carryover into adults probably serves as an important
dispersal vehicle for some or perhaps even all known
parasitic mermithids from ceratopogonids.

The first time mermithids were cited as commonly
parasitizing adult ceratopogonid midges goes back to
1938, when Buckley in Malaysia found mermithid
nematodes in the abdomens of six Culicoides species
(Table 1). An older observation by Kieffer [1914] of
intersexes in males of Forcipomyia allocera was mis-
takenly attributed to mermithid parasitism by Thiene-
mann [1954] (see below). Since the pioneering studies
of Keilin [1921] (in Dasyhelea larvae) and Buckley
[1938] (in Culicoides adults), additional reports of
mermithid parasitism (for both midge larvae and/or
adults) have been contributed by many authors (see
summary list in Table 1). Worth mentioning are the
previous reviews by Poinar [1975] and Wirth [1977a,
1977b]; Strand & Wirth [1977] added comments to the
same literature list given by Wirth [1977b].
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Many entomologists (see list in Table 1) did not
attempt to attribute the parasite to a genus. This is due to
the difficulty of classifying mermithids, even for special-
ists. The morphological classification of mermithids is
based on adult characters, and immatures often cannot be
identified. Therefore, nematologists have established pro-
visional collective genera for immature mermithids or
adult mermithids in which the diagnostic characters are
obscured. The collective genus Agamomermis Stiles,
1903 was established for extant mermithids that could
not be placed in present day genera [Poinar & Welch,
1981]; the same would apply to the genus Ceratomermis
Rubzov, 1978. According to Poinar [personal communi-
cation] there are 36 extant, non-collective genera of the
family Mermithidae. Similarly, the genera Cretacimer-
mis Poinar, 2001 and Heydenius Taylor, 1935 were
established as collective genera for mermithids from the
Cretaceous and from the Tertiary, respectively; Heyde-
nius had been formerly erected for fossil mermithids in
general, and was later restricted to only those from the
Tertiary [Poinar, 2001, 2003].

The complexity mentioned above is responsible for
most early genus or species-level identifications of
mermithids in ceratopogonids being either incomplete or
wrong. For example, Callot [1959], in France, recorded
an Agamomermis sp. from Culicoides kibunensis (as C.
cubitalis), and Rubzov [1967] described Agamomermis
heleis from an adult Culicoides pulicaris (possibly con-
fused with the widespread C. punctatus — see Table 1)
collected in Kazakhstan. Also, in India, Sen & Das Gupta
[1958] and Das Gupta [1964] found mermithids in Culi-
coides oxystoma (as C. alatus) and Atrichopogon sp.
adults respectively. Callot & Kremer [1963], in France,
reported mermithids causing intersexual forms in five
Culicoides spp. (Table 1). All these latter records identi-
fied the mermithid as a Mermis sp. (a highly unlikely
generic attribution). Chapman et al. [1969] found in
Louisiana (USA) the well-known mermithid genus Ro-
manomermis parasitizing an adult of Culicoides nanus,
which may also be an erroneous identification of the
mermithid (see below). Since Rubzov [1974b], new
records of extant mermithids found in adults or larvae of
ceratopogonids most often have been assigned to either
“Mermithidae” or to one of the four (three are now valid)
described species of the genus Heleidomermis (see be-
low). Table 1 summarizes these recent records.

Intersexes

Mermithid parasitism may trigger abnormal host de-
velopment, morphology (including parasitic castration
as discussed below), and/or behaviour. The extent of
such abnormalities varies notably, even within a species.
Sometimes the changes in the morphology are very
obvious, such as a midge possessing male genitalia, but
generally female-like antennae, mouthparts and wing
proportions. In other cases the abnormalities are nearly
imperceptible. In many cases, the abnormalities are pro-
duced through a change in the rate at which the male/
female factors present in all animal cells are expressed;
the result is then the formation of “intersexes”. Accord-

ing to Smith & Perry [1967], intersexes are “abnormal
individuals of a species in which some primary but
usually secondary sexual characteristics are changed in
the direction of the opposite sex but fail to reach the
ultimate in development attained by a normal individual
of that sex”. Wigglesworth [1934] mentioned abnormal
temperatures and internal parasitism as two independent
factors that might cause such rate changes in insects
leading to the formation of intersexes. Within Cerato-
pogonidae, the males of some species scattered through-
out the family possess female-like antennae [Borkent,
personal communication], but the underlying causes of
such shifts in sexual features are unknown and likely do
not originate in parasitism or abnormal temperatures.

Since not all entomologists have looked specifically
for intersex characteristics in the parasitized midges
they encountered (only the presence of the worms in the
abdomen of the midges was mentioned), this probably
contributes to the relative scarcity of intersex records of
ceratopogonids. Mermithid-induced intersexes proba-
bly are more common than is suggested in the literature.

Some entomologists did notice and reported the
presence of intersexes produced by mermithid parasit-
ism (Table 1). In this paper we do not include intersex
reports unless mermithids were also noted, since they
can be caused by other factors. A good example is
Kieffer [1914], who described Forcipomyia heterocera
(today F. allocera). Kieffer mentioned two males: one
with normal (male) antennae and a second one with
female-like antennae. He thought this was naturally
occurring intraspecific variation in males — probably
this is why he named the species “heterocera”. In fact,
he did not observe mermithids or attribute the femi-
nized antennae of the one male to parasitism. Forty
years later, Thienemann [1954] assumed the Kieffer
intersex specimen must have been caused by mermithid
parasitism, but there was no evidence for it; the cause of
the intersex condition of Kieffer’s 1914 Forcipomyia
allocera male is not known. Some naturally occurring
species of Forcipomyia exist which have permanently
feminized male antennae (basically, reduced antennal
plume and the terminal 5 flagellomeres elongate); this
also occurs in some other genera of Ceratopogonidae,
including the closely related Atrichopogon [e.g., see
Macfie, 1933]. Such intersexual conditions have noth-
ing to do with mermithid parasitism.

Beck [1958] reported for the first time ceratopogonid
intersexes produced by mermithid nematodes; she used
the term “gynandromorphs”, with female heads and
male genitalia. Such specimens were found among
Culicoides haematopotus (one specimen) and C. crep-
uscularis (several parasitized specimens) collected in
light-traps in northwestern Florida, USA. Soon after,
Callot [1959] near Strasbourg, France, reported inter-
sexes in Culicoides kibunensis (see Table 1 for details).
Callot & Kremer [1963] reported mermithid parasitism
in multiple Culicoides species (see Table 1). They
noticed that their presumably genetically male Culi-
coides intersex specimens had the maxillary palps,
epipharynx, antennae and wings modified to resemble
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those of females, whereas the abdomen and genitalia
remained typically masculine. The parasitized females
showed little sexual modification.

Sarto i Monteys et al. [2003] presented an extensive,
critical review of old and new records reporting mermith-
id-induced intersexes in ceratopogonids. They also re-
ported one intersex male of C. circumscriptus from
Catalonia (Spain). It had the abdomen and external gen-
italia of a typical male, while the antennae resembled
those of a female. Later, the mouthparts of the same
specimen (parasitized by Heleidomermis cataloniensis)
were thoroughly studied by Poinar & Sarto i Monteys
[2008]. The modifications indicated (affecting the la-
brum-epipharynx, lacinia, mandibles, hypopharynx and
maxillary palps), also partly resembled those of a female.

Because of these female traits, there has been spec-
ulation regarding whether intersexes of ceratopogonids
might be able to take blood from host vertebrates, as the
parasite might benefit from the added nourishment of a
host blood meal [Poinar & Sarto i Monteys, 2008].
McKeever et al. [1997] employed scanning electron
microscopy to study the mouthparts, antennae and ex-
ternal genitalia of intersexual forms of Culicoides stel-
lifer parasitized by mermithid nematodes (possibly H.
magnapapula) in Georgia, USA and compared them to
typical, unparasitized specimens. The intersex speci-
mens with male genitalia may be assumed to be genet-
ically male, as is true for chironomids [Wiilker, 1975].
Intersexes had antennae which closely resembled those
of females in length of setae and number of long
flagellomeres, and their mandibles were female in terms
of the size and shape of teeth. However, the labrum,
hypopharynx, laciniae and the average number of max-
illary palpal sensilla resembled those of males, the first
three structures being modified so as to be nonfunction-
al for imbibing blood.

Parasitic castration

Parasites commonly reduce fecundity of their inver-
tebrate hosts, or in fact essentially castrate them [e.g.
Wiilker, 1964; Hurd, 2001]. This is little studied with
ceratopogonids parasitized by mermithids, but would be
an interesting area of study. In mermithid-parasitized
Chironomus rempeli Thienemann, 1941, the dominant
form of intersex was a basically female head but male
external genitalia [Rempel, 1940], a familiar pattern with
intersex ceratopogonids as well [loc. cit.]. Later work
showed that such changes in chironomids were associat-
ed with severe parasitic damage to the ovaries, and to a
lesser extent the testes, in the period of host development
subsequent to invasion of late-stage larvae by the nema-
todes [Wiilker, 1964, 1970, 1975].

In general, workers have reported only occasional
mermithids in adult ceratopogonids. If many individu-
als of a particular species have harboured nematodes
[e.g. Phelps & Mokry, 1976], details of parasitism or its
effects have not been provided. Glukhova [1967], Mul-
lens & Schmidtmann [1982] and Glushchenko [2002]
have reported complete resorption and/or degeneration
of oocytes as a result of mermithid parasitism in Lepto-

conops sp., Culicoides variipennis and C. obsoletus,
respectively. However, in Glushchenko [2002], the
resorption of oocytes in most parasitized Culicoides
females was only partial.

The study of Jeu [1977] is unique in reporting details
of mermithid parasitism among 152 naturally blood-
engorged, parasitized C. riethi collected from southern
China. The females were dissected to count the nema-
todes and examine ovarian development relative to stag-
es of blood digestion. Of 7,936 engorged females dis-
sected, 152 (1.9%) harboured nematodes. Of those para-
sitized, 47% harboured a single mermithid, 17% had two
nematodes, 13% had three, 9% had four, 7% had five,
2% had six, 4% had seven, 0.7% had eight, and 0.7%
harboured a remarkable ten nematodes. Three parasitized
females (1-2 nematodes each) also had fully developed
eggs (Christopher’s stage 5). However, the large majority
of parasitized females (98%) were not fully gravid, and
48% showed signs of irregular ovarian development and/
or follicle resorption. While the identity of the mermithid
is unknown, the paper is the only substantial study that
shows that some parasitized females can in fact ingest
blood and develop eggs, although oogenesis is substan-
tially impaired by parasitism.

Fossil mermithids parasitising the Ceratopogonidae

Mermithid parasitic associations with the Cerato-
pogonidae date at least to the Early Cretaceous. Poinar
[1983] speculated that the Mermithidae arose in the
Triassic from microbotrophic members of the Dory-
laimida. The first description of a fossil mermithid
parasitizing a ceratopogonid — a female tentatively
identified as Atriculicoides swinhoei — was reported
by Poinar & Buckley [2006] from Early Cretaceous
Burmese amber dated at 100-110 million years ago.
This mermithid was named Cretacimermis protus. Soon
after, and from the same Burmese amber, Poinar &
Sarto i Monteys [2008] reported another ceratopogonid
(also a female), identified as Leptoconops rossi, para-
sitized by two conspecific mermithids, which were
assigned to the genus Cretacimermis. They were not
given a specific name, since the obscured diagnostic
characters made it unclear whether those were conspe-
cific with the previously described C. protus.

Another described fossil mermithid from Leba-
nese amber from the Cretaceous period was initially
given the name Heleidomermis libani [Poinar et al.,
1994], since the host was formerly thought to be a
ceratopogonid (the genus Heleidomermis is restricted
to ceratopogonids). However, it was later found to be a
chironomid [Borkent, 2000] and therefore reallocated
into the provisional genus Cretacimermis, a collective
genus for Cretaceous material [Poinar, 2001].

Mermithids in larval Ceratopogonidae:
A brief review

Most of the published data on mermithid parasitism
in immatures of Ceratopogonidae refer explicitly or
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very likely to members of the genus Heleidomermis.
These primarily are parasites of bloodsucking midges
of the genus Culicoides (see Table 1), and those data
will be discussed in later parts of this paper.

There are relatively few publications that note par-
asitism of other genera of Ceratopogonidae by mermith-
ids. In addition to the adult cases listed earlier, uniden-
tified mermithids from larvae of several ceratopogonid
taxa have been reported. They include mermithids from
Dasyhelea flavifrons (as D. obscura) in England [Kei-
lin, 1921], Dasyhelea sp. in France [Callot & Kremer,
1963], Leptoconops sp. in Azerbaijan [Glukhova, 1967],
and Palpomyia sp. in Leningrad Province, the Europe-
an USSR [Glukhova, 1979]. Rubzov [1974b] described
two new mermithid species as mature postparasitic
larvae, which emerged from larvae of Ceratopogonidae
collected by Glukhova in Pskov Province, the Europe-
an USSR. The first species, Gastromermis bezzii, was
reared from Bezzia sp., and the second one, Agamomer-
mis gluchovae, was reared from an unidentified cerato-
pogonid larva. Judging from the figure in Rubzov
[1974b: Fig. 1A on p. 214], the host of 4. glukhovae
also belongs to the Palpomyiinae. Heleidomermis vivi-
para, the species reared mostly from Culicoides, was
recorded also from larvae of “non-bloodsucking Cer-
atopogonidae” in Uzbekistan [Lebedeva, 1988; Lebe-
deva & Gafurov, 1994]. Recently, the mermithid genus
Limnomermis was recorded as postparasitic larvae
emerged from later instar larvae of three Palpomyiinae
species in Leningrad Province and Karelia, northwest-
ern Russia [Przhiboro, 2001; see Table 1].

Four genera of Mermithidae other than Heleidomer-
mis have been recorded from immature Culicoides:
Agamomermis, Ceratomermis, Romanomermis and
Spiculimermis (see Table 1). Additionally, the mermith-
ids in many papers were undetermined or referred to as
“Mermis” [Dzhafarov, 1962, 1964; Glukhova, 1967,
1979; Chapman et al., 1968; Mirzaeva, 1971, 1989;
Trukhan, 1975; McKeever et al., 1997; Glushchenko,
2002]. Aside from Mermithidae, one representative of
the family Tetradonematidae, Aproctonema chapmani,
was recorded from Culicoides [Nickle, 1969; Chapman
et al., 1969; Chapman, 1973].

In total, mermithid parasitism has been recorded
from 40 species of Culicoides belonging to 11 subgen-
era (see Table 2). In 23 of these species, mermithids
were observed as parasites of larvae, while adult para-
sitism has been noted in 27 species. Immature Culi-
coides are parasitized by mermithids in a wide range of
shallow aquatic and semiaquatic habitats. Among them
are tree holes, marshes and Sphagnum bogs, the shore-
lines of different types of rivers and lakes, and numer-
ous small, shallow bodies of mostly standing water,
which are very diverse in the conditions (see Table 1).

Keeping in mind the earlier concerns regarding the
validity of some genera, one genus of Tetradonema-
tidae (4Aproctonema Keilin, 1917) and seven genera of
Mermithidae have been reported from Ceratopogonidae:
Agamomermis Stiles, 1903, Ceratomermis Rubzov,
1978, Gastromermis Micoletzky, 1923, Heleidomer-

mis Rubzov, 1970, Limnomermis Daday, 1911, Roma-
nomermis Coman, 1961, and Spiculimermis Ar-
tyukhovsky, 1963. As mentioned above, two of these
are collective genera, Agamomermis and Ceratomer-
mis, and sometimes regarded as doubtful. The fifteen
species of Romanomermis exclusively parasitize Culi-
cidae, except for the puzzling type specimen from an
amphipod [Platzer, 2007]. The finding from Culicoides
[Chapman et al., 1969; Chapman, 1973] thus is suspect
and requires confirmation. An eighth described fossil
genus, Cretacimermis, also has been reported from
adult ceratopogonids imbedded in amber [Poinar, 2001].

Geographical distribution of mermithids
in Ceratopogonidae

Figure 2 presents the known geographic distribution
of mermithids found in either adults or larvae of Cerato-
pogonidae worldwide (see also Tables 1 and 2). Clearly,
mermithid parasitism of Culicoides is a fairly wide-
spread phenomenon, including the Palaearctic, Nearctic,
Oriental and Afrotropical zones. In the Palaearctic,
mermithid parasitism of Culicoides has been recorded

Fig. 2. Known distribution of mermithids in Ceratopogonidae
(adults and/or larvae) in North America (top) and Eurasia
(bottom). Zimbabwe record not shown (see Table 1).

Puc. 2. Teorpadmisi M3BECTHBIX K HACTOSIIJEMY BPEMEHM HAXOAOK
Mermithida s Ceratopogonidae (& mmaro u/man B AM4MHKAX), B
Ceseprort Amepuke (Beepxy) u B Espasun (Bum3y). Haxoaxa us
3umbabee Ha Kapre He nokasaHa (cm. Tabanyy 1).
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Table 2. Species of Culicoides Latreille, 1809, parasitized by Mermithida.
Tabanyga 2. Buast popa Culicoides Latreille, 1809, Ha KOTOpBIX mapasuTupyroT mpeacTasuTean oTpspa Mermithida.

Species Synonyms 2 .3 Host stages s 5
C Subgenus Regions .- Mermithids
of Culicoides used ' ubgenu & parasitized®
C. musilator
C. alazanicus Oecacta Poey,
Dzhafarov, 1961 Il(grzrlner & Callot, 1853 6 France Adult NI
. Aproctonema
C. arboricola Root & Oecacta USA (Louisiana) Larva  |chapmani Nickle,
Hoffman, 1937 1969
Heleidomermis
. . vivipara Rubzov,
C. circumscriptus Beltranmyia Ru551a.(Buryat1a), Larva, |1970,
. Uzbekistan, SE Lo
Kieffer, 1918 Vargas, 1953 . adult H. cataloniensis
Kazakhstan, Spain . .
Poinar & Sarto i
Monteys, 2008
C. crepuscularis . .
Malloch, 1915 Beltranmyia USA (Florida) Adult NI
C. dendrophilus Amossovia . L
Amossova, 1957 Glukhova, 1989 | Russia (Primoric) Larva NI
C. desertorum Beltranmvia Uzbekistan, SE Larva, H. vivivara
Gutsevich, 1959 Y Kazakhstan adult ’ P
C. fascipennis Silvaticulicoides  |France, Larva, NI
(Staeger, 1839) Glukhova, 1977  |Russia (Buryatia) adult
C. festivipennis C. odibilis Austen, 6 Fran(':e, . Larva, NI, H. vivip ard,
Kieffer. 1914 1921 Oecacta Russia (Buryatia), adult Ceratomermis heleis
’ SE Kazakhstan (Rubzov, 1967)
C. grisescens Culicoides Russia (Karelia, Larva, NI
Edwards, 1939 Latreille, 1809 Buryatia, Gornyi Altai) adult
C. haematopotus Diphaomyia .
Malloch, 1915 Vargas, 1960 |USA (Florida) Adult N
C. helveticus Callot, Monoculicoides
Kremer & Deduit, Russia (Buryatia) Larva  |H. vivipara
Khalaf, 1954
1962
C. inornatipennis . .
Carter, Ingram & E/V;};ﬂ;(;mf} (1;;3 Zimbabwe Adult NI
Macfie, 1920 &35,
C. jacobsoni Macfie, |C. buckleyi Macfie, . .
1934 1937 Avaritia Fox, 1955 |Malaysia Adult NI
C. kibunensis C. cubitalis 6
Tokunaga, 1937 Edwards, 1939 Oecacta France Adult NI
C. praetermissus
Carter, Ingram &
C. leucostictus Mactie, 1920,
| C. pycnostictus Beltranmyia Zimbabwe Adult NI
Kieffer, 1911
Ingram & Macfie,
1925, C. ravus de
Meillon, 1936
C. manchuriensis . . . .
Tokunaga, 1941 Beltranmyia Russia (Buryatia) Larva |NI, H. vivipara
C. nanus Root & . Romanomermis sp.,
Hoffiman, 1937 Oecacta USA (Louisiana) Larva NI
C. nubeculosus . . . .
(Meigen, 1830) Monoculicoides  |Russia (Karelia) Larva |NI, H. vivipara
C. obscurus C puncens de
Tokunaga & M elij .er‘eg 1909 Avaritia Malaysia Adult NI
Murachi, 1959 Jere,
France, England,
(C];‘/[Zibsgr{etlugl 8) Avaritia Belorussia, Russia Adult NI
£en, (Gornyi Altai)
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Species Synonyms 2 .3 Host stages i1 s
. R ; .. M h
of Culicoides used ' Subgenus celons parasitized* ermithids
C. occidentalis C. variipennis L Lo
Wirth & Jones, 1957 |(Coquillett, 1901) Monoculicoides  |USA (Virginia) Larva NI
C. odiatus Austen, C. lailae Khalaf, Oecacta ® Uzbekistan Larva  |H. vivipara
1921 1961
16‘93027 ientalis Macfie, Avaritia Malaysia Adult NI
schultzei-group
C oxvstoma Kieffer C. alatus Das (Remmia
- O > |Gupta & Ghosh, Glukhova, 1977, |Malaysia, India Adult NI
1910 .
1956 according to
Glukhova, 1989)

C. parroti Kieffer, L. . Larva, L
1922 Monoculicoides  |Spain adult H. cataloniensis
C. peregrinus Hoffmania Fox, .
Kieffer, 1910 1948 Malaysia Adult NI
C. pictipennis 6
(Stacger, 1839) QOecacta England Adult NI
C. pulicaris o . . .
(Linnacus, 1758) Culicoides Russia (Buryatia) Larva |NI, H. vivipara
C. pulicaris
[probably Culicoides SE Kazakhstan Adult C. heleis
C. punctatus
(Meigen, 1804)]
C. punctatus L . .
(Meigen, 1804) Culicoides Uzbekistan Larva |H. vivipara
C. puncticollis . RuSSIa. (Karelia), Larva, |NI, H vivipara,
(Becker, 1903) Monoculicoides  |Uzbekistan, SE adult | Agamomermis spp

’ Kazakhstan )

T Russia (Khabarovsk
C. riethi Kieffer, Monoculicoides  |Terr.), SE Kazakhstan, Larva, NI, A. vivipara
1914 . . adult
China (Chungking)
1C9 IS Zlmarlus Kieffer, Beltranmyia Uzbekistan Larva  |H. vivipara
C. shortti Smith & .
Swaminath, 1932 unplaced Malaysia Adult NI
C. sibiricus . . .
Mirzaeva, 1964 Beltranmyia Russia (Buryatia) Larva NI
R . . H. magnapapula

C. sonorensis Wirth |C. variipennis oo . . .
& Jones, 1957 (Coquillett, 1901) Monoculicoides  |USA (California) Larva, adult }]);)181;31‘ & Mullens,
C. sphagnumensis . . .
Williams, 1955 Beltranmyia Russia (Buryatia) Larva NI

. NI (possibly, H.
C. stellifer . . i
(Coquillett, 1901) Oecacta USA (Florida, Georgia) Adult magnqpapula in

Georgia)

C. stigma (Meigen, Lo . . .
1818) Monoculicoides  |Russia (Karelia) Larva |NL, H vivipara
C. tropicalis Kieffer, |C. babrius de . . .
1913 Meillon, 1943 Diphaomyia Zimbabwe Adult NI
C. variipennis . USA (Alabama, New Larva, |H. magnapapula (not
(Coquillett, 1901) Monoculicoides |, ) adult  |certain in Alabama)

NOTE. In this table, we summarize briefly the data on mermithid parasitism in field-collected Culicoides with reliable species

identifications of hosts. For details, see Table 1.
' Incorrect identifications not included (see also Table 1 and next).

2 Subgenera of Culicoides according to Glukhova [1989] (Palacarctic Region), Blanton & Wirth [1979] (Nearctic Region), and Wirth & Hubert
[1989] (Oriental Region). Following Khamala & Kettle [1971], subgenera are not recognized among Afrotropical Culicoides, so those tentatively
have been placed according to the above-cited works. Lacking a full cladistic analysis, subgeneric placement is subject to later modification.

o u oA W

Regions and countries of the former USSR according to present-day delimitation.
Larval and adult stages were included.
NI = "not identified"; Heleidomermis ovipara is considered a synonym of H. vivipara.

The listed species of Oecacta are categorized as unplaced by Szadziewski & Borkent [2004].
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from northern boreal forests (62°N, Karelia) to southern
desert environments (about 40°N, Uzbekistan), from
Spain and Britain in the West to the Far East (Kha-
barovsk and Primorie territories of Russia), and in mon-
tane regions up to 1000 m above sea level [Saidalieva,
1985]. Where mermithids have not been reported from
ceratopogonids, this is likely due to lack of investigation,
as is true for the geographical centre of North America.
Mermithid parasitism no doubt eventually will be shown
to be quite common globally, and it is almost certain that
more species exist than are currently described.

The genus Heleidomermis

Using mermithid specimens reared by Glukhova from
Culicoides larvae in Russian Karelia (northwestern Euro-
pean USSR near Finland), Rubzov described a new genus,
Heleidomermis, with the type species H. vivipara Rubzov
[Rubzov, 1970]. Later on, H. vivipara was found also in
Kazakhstan and Uzbekistan (see Table 1 for citations).
Heleidomermis was named after the family of biting midg-
es (formerly Heleidae and now Ceratopogonidae) that
were the hosts of the nematodes. The species name,
vivipara, was given due to the highly unusual method of
reproduction. The vast majority of mermithids, including
the familiar Romanomermis spp. useful in mosquito bio-
logical control, emerge from their invertebrate hosts as
immatures (postparasitic juveniles); only later do they
moult to the adult, mate, and lay eggs in the environment
[Rubzov, 1974a; Platzer et al., 2005]. The strange H.
vivipara, on the other hand, moulted to the adult stage in
the host, and emerged from the host ready to mate imme-
diately in the wet habitat mud. Also very unusual was the
fact that the fertilized eggs hatched within the body of the
adult female mermithid (ovoviviparous), and the prepara-
sitic (infective) juveniles were expelled into the environ-
ment ready to infect a host larva immediately.

A second described species of Heleidomermis, H.
ovipara Rubzov, was reared by Mirzaeva from Culi-
coides larvae collected in the Tunkin Valley in Burya-
tia, USSR [Rubzov, 1974b]. As the name implies, this
second species was thought to be oviparous. Rubzov
[1974b] included this feature in the diagnosis of the
new species, along with some morphological distinc-
tions of H. vivipara from Karelia, and this fundamental
putative biological difference was very important in
separating H. ovipara from H. vivipara. However, from
the brief discussion by Rubzov [1974b] and also from
data in Mirzaeva [1971] it appears that these mermith-
ids were fixed shortly after emergence from the host.
Thus, the critical aspect of deposition of fertile eggs by
live females (i.e. oviparity) actually was not observed.
Gafurov [1986a, 1986b, 1997] synonymized H. ovi-
para with H. vivipara. Although Gafurov did not com-
ment on this synonymy in detail, he studied a large
number of Heleidomermis specimens from Middle Asia,
analysed their development, and probably examined
Rubzov’s type specimens deposited in the Zoological
Institute (St.Petersburg). We accept that synonymy.
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The second valid species was initially reported as H.
vivipara from larvae of a different Culicoides host
species, C. variipennis, which was many thousands of
kilometres away and on a different continent, in New
York State, USA [Mullens & Rutz, 1982]. While the
biology, and particularly the reproduction, are similar
to H. vivipara, the New York nematode (found also in
California) was later recognized as a distinct species, H.
magnapapula Poinar & Mullens [Poinar & Mullens,
1987]. Both quantitative and qualitative morphological
characters, such as shape and size of amphidial pouches
or egg diameter, separate the two species.

A third valid species in the genus was described
from larvae of C. circumscriptus in western Europe (the
Catalonian region of northeastern Spain) as H. catalo-
niensis Poinar & Sarto i Monteys [Poinar & Sarto i
Monteys, 2008]. Being so recently discovered, little is
known of its life history thus far, but the biology
appears to be similar to H. vivipara and H. magnapap-
ula [Poinar & Sarto i Monteys, 2008].

All known Heleidomermis spp. (H. vivipara, H.
magnapapula and H. cataloniensis) thus emerge from
the host as adults, have eggs that hatch internally fol-
lowing mating, and produce preparasitic, infective ju-
veniles directly from the female’s body into the envi-
ronment. Based on the complex of advanced morpho-
logical characters and the very unusual life history
characteristics, Artyukhovsky [1990] erected a new
subfamily for this genus, and Gafurov [1997] consid-
ered Heleidomermithinae the mostly advanced and high-
ly specialized group in the family Mermithidae.

Heleidomermis life stages

Heleidomermis life stages are illustrated in Figs
3A-E. The relatively large and opaque adult females
can sometimes be seen through the host cuticle even
before emergence (Fig. 3A). Males (Fig. 3B on right)
are considerably thinner, often are shorter in length
than females, and possess paired spicules (intromissive
organs used in mating). Size and shape of the spicules,
as well as size and shape of amphidial pouches or
cephalic papillae in both sexes, are useful diagnostic
characters. Shortly after emergence from the host lar-
vae (Fig. 3C), adult H. magnapapula have a very strong
urge to form tight clusters in dishes of water (Fig. 3D).
This presumably is for mating, although it is not known
if they do that in natural mud habitats or how they
respond to substrate structure. After several hours to a
day they lose this urge to cluster and disperse more
loosely in the dishes.

The size of adults varies within a species and possi-
bly reflects host species and/or body size as well. For
example, H. magnapapula females from the relatively
large North American species C. sonorensis range from
6—15 mm in length. H. cataloniensis, on the other hand,
utilizes smaller Culicoides spp. such as C. circumscrip-
tus, and their much smaller females typically range
from about 3—8 mm [Poinar & Sarto i Monteys, 2008].
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In H. vivipara, the size of adult females varies very
substantially with the locality and probably host size:
5.2-6.8 mm in Russian Karelia [Rubzov, 1970], 4.3—
8.2 mm in Uzbekistan [Gafurov & Saidalieva, 1984],
and 9.9-15.4 mm in SE Kazakhstan [Gubaidulin &
Bekturganov, 1986].

Eggs in H. vivipara [Rubzov, 1970], H. magnapapu-
la and H. cataloniensis [Poinar & Sarto i Monteys, 2008]
hatch internally a few days after mating. Depending on
size, each female may produce from about 500-2,500
progeny [e.g. Mullens & Velten, 1994; Sarto i Monteys,
unpublished data]. Eggs contain the L1 stage mermithid
larvae, which moult once within the egg and emerge as
L2 stage larvae. This infective preparasite stage (Fig. 3E)
possesses a stylet to aid in penetration of the host cuticle
and direct entry into the host hemocoel. Entrance of
preparasites via the host oral cavity also has been men-
tioned for H. vivipara [Bekturganov, 1991], but this
might be intentional ingestion of the preparasites by the
host as food items. Preparasites of H. magnapapula
which are eaten by larvae of C. sonorensis are damaged
or killed and are not thought to be viable [B. Mullens,
unpublished observation]. Two intermediate immature
growth stages (L3 and L4) and the final moult to the adult
occur within the host. Normally, adult nematodes leave
the host and copulate in the host habitat. While it may be
possible for mermithids to mate within a host (provided
both sexes are there), it is unknown whether they actually
do this, and in fact it is fairly uncommon for a single host
to contain both sexes of at least H. magnapapula. About
5-6% either of field-collected, or laboratory-infected,
parasitized C. sonorensis contained both sexes of that
species [Paine & Mullens, 1994; Mullens & Velten,
1994b]. Lebedeva [1988] also reported on solitary Culi-
coides larvae with numerous H. vivipara inside, both
males and females; Rubzov [1974b] noted a male and a
female H. vivipara (as H. ovipara) inside the same host
larva.

Comparative biology of Heleidomermis
magnapapula and H. vivipara

Due partially to its in vivo colonization (see below),
the most thoroughly studied Heleidomermis species is
H. magnapapula, which naturally parasitizes two closely
related midges in the genus Monoculicoides — C. vari-
ipennis in New York and C. sonorensis in California.
Because C. sonorensis is a primary vector of blue-
tongue viruses to domestic ruminants (sheep, cattle) in
the western and southern United States, the nematode is
of particular interest as a potential biological control
agent. The biology of this species provides a useful
preliminary model for other members of the genus.
Additionally, field observations and some related labo-
ratory manipulations have been done with H. vivipara
in four regions of the former USSR: Karelia, Buryatia,
and especially in Uzbekistan and southeastern Kazakh-
stan (see Tables 1 and 2). Most of those publications
lack detailed data, making some aspects of their inter-
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pretation difficult. In combination, however, they offer
some important insights into the biology and distribu-
tion of H. vivipara, and this allows some comparisons
to be made between the two Heleidomermis species.

Geographical distribution and levels of parasitism

Heleidomermis magnapapula has been found in
multiple habitats in New York State in larvae of C.
variipennis [Mullens & Rutz, 1982] and in California in
larvae of C. sonorensis [Paine & Mullens, 1994]. Re-
ports of Heleidomermis parasitism in larvae of this
group of midges from central Alabama [Hribar & Mur-
phree, 1987] may be H. magnapapula, although this
has not been determined with certainty. A few mermith-
id-parasitized larvae of C. occidentalis have been found
in rather saline (620 g/l) mud in southwestern Virgin-
ia, USA [J. Vaughan, personal communication]; the
high habitat salinity may limit parasitism. The exact
identity of these nematodes is not known, but they may
well be H. magnapapula.

If quantified, parasitism usually has been deter-
mined by holding late-stage host Culicoides larvae in
water, either individually or collectively. However,
many factors, such as host maturity at time of parasit-
ism or collection, might influence successful parasite
emergence. An alternative, and more definitive, way of
assessing parasitism is to dissect the host larvae [Mul-
lens & Luhring, 1998]. Host dissection was also used to
estimate the level of parasitism by H. vivipara [Lebede-
va, 1988, 1993; Lebedeva & Gafurov, 1994; Bekturga-
nov, 1991].

Four mermithid sites were found in New York
State; Mullens & Rutz [1982] reported average parasit-
ism of C. variipennis larvae was 9.8% and 7.1% at two
sites where hosts were repeatedly sampled, with indi-
vidual collections ranging from 0-54% parasitism. In a
more extensive survey in California, the distribution of
the nematode in larvae of C. sonorensis was quite
uneven [Paine & Mullens, 1994]. H. magnapapula
emerged from hosts in only 25% of field populations
examined (15 out of 60), although many of those pop-
ulations were sampled only once, and numbers of hosts
held varied [Paine & Mullens, 1994]. Levels of report-
ed parasitism in California also vary widely within the
same habitat through time. Larval C. sonorensis para-
sitism of 0-69% was observed within a single southern
California dairy wastewater habitat repeatedly sampled
over a period of months [Paine & Mullens, 1994].

In comparison, H. vivipara was found in Uzbeki-
stan in three provinces of the four studied, but only in 6
of 82 bodies of water examined; we assume that those
82 habitats all yielded potential Culicoides host larvae
for parasitism estimation [Lebedeva, 1988; Lebedeva
& Gafurov, 1994]. In general, in other studies of H.
vivipara (see Table 1), the parasites also were found
from only some of the host larval habitats. The percent-
age of host larvae parasitised by H. vivipara in Uzbeki-
stan has varied markedly, ranging from solitary larvae
to 67% (see Table 1). The two Heleidomermis species
thus share a patchy spatial distribution, and the maxi-
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mum field larval parasitism (based on emergence) is
remarkably close for the two species. Interestingly, the
maximum emergence-based parasitism reported for H.
cataloniensis also is in this exact range [68%; Poinar &
Sarto i Monteys, 2008].

For both H. magnapapula and H. vivipara, the vari-
able number of mermithids per host individual (intensity
of parasitism) probably depends on the relative abun-
dance of preparasitic mermithid larvae and their hosts.
For example, no more than 1-2 H. vivipara per host larva
were found in all habitats of SE Kazakhstan [Gubaidulin
& Bekturganov, 1986; Bekturganov, 1991], and in some
localities of Uzbekistan [Saidalieva, 1985]. This was
also the case with H. magnapapula parasitism of C.
variipennis in New Y ork State, where 59% of all emerg-
ing nematodes were females (overall sex ratio was 0.7
males per female). In contrast, in other Uzbekistan local-
ities about 40% of parasitized host larvae contained 3 or
more parasites, and more than ten H. vivipara in one
dissected larva were quite common [Lebedeva, 1988;
Lebedeva & Gafurov, 1994]. Three or more nematodes
emerging per host were fairly common in southern Cal-
ifornia; 16% of parasitized hosts yielded 3 or more males
each (maximum 8 males in one host), with a sex ratio of
2.4 males per female [Paine & Mullens, 1994].

Habitat characteristics and laboratory rearing

In North America, both C. variipennis and C. sono-
rensis are members of the subgenus Monoculicoides,
and are stereotypically most abundant in a distinctive
type of habitat [Schmidtmann et al., 1983; Mullens,
1989]. Such habitats have shallow, standing or slowly-
moving water which is polluted by animal feces and
urine, and is often accessed by livestock. The mud at the
edges is frequently free of vegetation (exposed, fine
sediment beds) and has very gentle edge slopes (Figs
4A—C). In such habitats, larvae of C. sonorensis can be
present at densities of several hundred or more per 30
ml of surface, edge mud [Mullens & Lii, 1987]. This
also seems to be the ideal habitat for H. magnapapula.
Interestingly, H. vivipara has been described from hab-
itats that resemble this generally (Table 1). Extensive
field studies in Middle Asia revealed that H. vivipara is
abundant in shallow, semi-permanent, sunlit bodies of
water. These are stagnant or slowly flowing, often
muddy, brackish or/and polluted by organic material
[Lebedeva, 1988; Bekturganov, 1991; Lebedeva &
Gafurov, 1994]. The single known site for H. catalo-
niensis in Spain also structurally is extremely similar
(Fig. 4D) to sites used by H. magnapapula in the USA
(Fig. 4B) and H. vivipara in Asia.

The two free-living stages of the nematode are the
infective preparasites and the adults. Only these stages
would directly encounter salts etc. typical of the host
habitat, while the other stages are protected within the
host body. H. magnapapula thrives in polluted mud (up
to 12% cattle manure) and moderate salinity levels (up
to 150 mM NacCl), and overall survival is best at 10—50
mM NaCl, mirroring levels normally found in the host
habitat [Mullens, 1989; Mullens & Luhring, 1996]. The

103

relatively short-lived preparasites are less tolerant of
higher salinities and manure pollution than the adult
nematodes are, and the preparasites in particular are
harmed by water lacking salts (distilled water). Accord-
ing to Lebedeva & Gafurov [1994], total hardness
(concentration of Ca and Mg ions in water) in six field
H. vivipara habitats was 1.1-8.6 mg equivalent per
litre, which corresponded to 22-172 mg/l of Ca** and
indicated a range from soft to very hard (possibly,
mineralized) water.

Only a few species of Culicoides have been success-
fully colonized in the laboratory, but the host of H.
magnapapula (C. sonorensis) is one of those [Hunt et al.,
1999]. This is of course a huge advantage in studying
aspects of the host-parasite relationship and the biology
of the mermithid. In this case the host larvae are reared in
pans of nutrient-rich water, with polyester pads serving
as substrate for the C. sonorensis larvae. The mermithids
thus can be reared in vivo in these pans also [Mullens &
Velten, 1994b; Luhring & Mullens, 1997]. Briefly, adult
nematodes emerge from groups of previously parasit-
ized, 4th instar hosts held in Petri dishes of tap water, and
newly-emerged mermithids mate immediately. The eggs
require 3—4 days to hatch internally at 23°C, and gravid
female H. magnapapula (almost ready to produce prepar-
asites) are added to the Culicoides rearing pans when the
hosts are in the late second or early third instar. While
some individual females can reach 15 mm in length,
female H. magnapapula in the laboratory usually range
from 7—13 mm, and fecundity is related to size. A female
8-9 mm long produces approximately 900—1,000 prepar-
asites. The rearing system was refined to yield 22.5%
parasitism (as measured by successful nematode emer-
gence) of host larvae by adding one gravid female (900
preparasites) per 650-700 C. sonorensis larvae. Nine
days after adding the gravid female nematodes to the host
rearing pans, the live, 4th instar larvae are sieved from
the pads and can be held together in dishes for nematode
emergence.

Sex ratio determination

Further improvements in the in vivo rearing system
no doubt are possible, but higher levels of parasitism
tend to come at the cost of reduced female nematode
numbers and fitness (size). This is due to the characteris-
tic sex determination mechanism of mermithids [e.g.
Poinar, 1975; Petersen, 1985; Artyukhovsky, 1990;
Kharchenko, 1999]. Culicoides sonorensis larvae with a
single nematode produce female nematodes about 60—
80% of the time [Paine & Mullens, 1994; Mullens &
Velten, 1994b]. However, hosts that harbour two nema-
todes produce mostly males, and no females are pro-
duced if three or more nematodes occupy a host. This
elegant feedback system allows H. magnapapula to
track its host resources quite effectively in time. If there
are few nematodes relative to the available hosts, rela-
tively more hosts will have only a single parasite, and
those will develop into females for the next generation.
If, on the other hand, there are many nematodes for the
available hosts in a field setting, many hosts will be
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attacked by multiple nematodes, leading to production of
males and a consequent drop in reproductive capability
of the population in the next generation.

Rubzov [1974b] noted the same tendency in H.
vivipara (as H. ovipara), and a similar pattern was
observed by Lebedeva [1988] for H. vivipara in Uzbeki-
stan. Using dissections of Culicoides larvae, one site
had a very high level of parasitism (up to 27 mermithids
in one host larva, and about 50% of infested larvae
containing more than one mermithid). It is unlikely a
host larva could support the development of 27 mermith-
ids to adulthood. Lebedeva reported on the predomi-
nance of males in all larvae infested by numerous
mermithids, and the sex ratio (male : female) was 3 : 1.

Field distribution

A detailed field distribution study of H. magnapap-
ula was done in southern California [Mullens & Lu-
hring, 1998]. H. magnapapula is typically a parasite of
larval C. sonorensis; the preparasites attack younger
stage larvae (first and second instars) and emerge from
the fourth instar larvae. Because of host death due to
mermithid parasitism, the most accurate parasitism es-
timates were derived by dissecting third instar hosts.
These were past the stage of peak parasitism, but nem-
atodes had not yet killed the host. These studies showed
that assessing H. magnapapula parasitism by waiting
for them to emerge from fourth instar hosts probably
underestimated true parasite impact by as much as 50%.

Those same field studies [Mullens & Luhring, 1998]
demonstrated that free-living (postparasitic) adult nem-
atodes were most abundant above waterline, where the
early-stage hosts were parasitized. Based on laboratory
observations of adult female nematode behaviour in
thin water films on agar plates, the likely pattern of
preparasite dispersal can be deduced. The adult female,
full of active preparasites, moves a few mm, stops, and
moves backwards a mm or so. This flexes the barrel-
shaped vagina, located approximately in the middle of
the body. With this flexing, a few preparasites are
expelled from the vagina at a time. The female then
moves another cm or two and repeats the process. This
probably disperses the preparasites in sinuous rows in
the Culicoides larval habitat, improving the likelihood
that some will encounter hosts.

The distribution of numbers of H. vivipara in indi-
vidual Culicoides larvae (apparently C. puncticollis)
dissected within natural populations sampled at differ-
ent points in time varied from regular (variance<mean)
to contagious (variance>mean) [Lebedeva, 1988; Leb-
edeva & Gafurov, 1994]. A regular distribution of
parasites per host larva was observed at a low parasit-
ism level (about 6%), while a contagious distribution
was observed at high parasitism levels (up to 50%). A
random distribution (variance approximates mean) was
observed in some populations with low or moderate
parasitism levels (1-17%). The authors felt that the
random distribution corresponded to the initial period
of infestation or to the period of primary emergence of
mermithids from hosts [Lebedeva, 1988].
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Carryover into the adult host,
dispersal and host range

Adult C. variipennis and C. sonorensis sometimes
have been collected harbouring H. magnapapula [e.g.
Mullens & Schmidtmann, 1982]. Parasitized adult midg-
es in fact may be more common than is appreciated,
since they are best detected by dissection, especially in
species with a dark abdominal cuticle. Paine & Mullens
[1994] collected large numbers of adult C. sonorensis
from (emergence traps) and near (light traps, CO,-
baited suction traps) habitats that had large numbers of
both the nematode and the host. Only 3 of 5,308 adults
were found to harbour adult nematodes on dissection
(0.06% adult parasitism). It therefore appears that car-
ryover into the adult stage was rather rare for that
system. In the laboratory, however, Mullens & Velten
[1994b] normally observed carryover into adults (ex-
posed as late second or early third instars) at rates of
0.5-2.5%, and high rates of nematode carryover into
the adult midge (up to 17%) were created by exposing
older (4th instar) larvae to the preparasites.

Compared to this, there are some contrasting exam-
ples of carryover of H. vivipara into adult midges.
Using dissections, Bekturganov [1991] in Kazakhstan
collected over 11,000 specimens of H. vivipara from
larvae of five Culicoides species, but never observed
carryover into adults and concluded that all the mermith-
ids emerged as adults from the larval hosts. In contrast,
in some Culicoides populations in Uzbekistan the per-
centage of adults infested with H. vivipara was moder-
ate to very high: 11% [Lebedeva, 1988; Lebedeva &
Gafurov, 1994] and 48% [Saidalieva, 1985]. However,
all authors who studied Heleidomermis have agreed
that most of parasites emerge from the host larvae,
killing those hosts in the process.

The nematode frequently is found in habitats that last
only a few weeks or months, and dispersal among dis-
junct habitats via adult midges would be a logical mech-
anism. If adult C. sonorensis parasitism by H. magna-
papula is uncommon, that would help explain its very
patchy distribution in habitats that harbour the host
midge [Paine & Mullens, 1994]. Rubzov [1974b] ob-
served similar patchy distributions of various mermith-
ids that parasitize aquatic Diptera, including biting
midges, and explained them the same way. The other
means of mermithid dispersal could include washing
larval hosts from one habitat to another, or movement
of nematodes in mud adhering to the feet of water birds.
Adult Heleidomermis spp. do not lay eggs, which are a
relatively persistent life stage for some other mermith-
ids such as Romanomermis [Platzer et al., 2005]. Final-
ly, H. magnapapula might not be host-specific, and
could conceivably parasitize other Culicoides species.

This certainly appears to be true for H. vivipara,
which has been reported from 13 naturally-collected host
Culicoides species in European Russia, Buryatia, Kaza-
khstan and Uzbekistan (see Tables 1 and 2; the records
from Buryatia were originally attributed to H. ovipara).
Host species of Culicoides include members of four
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subgenera, Beltranmyia, Monoculicoides, Culicoides s.
str. and Oecacta. In addition to this, H. vivipara was
recorded from unidentified Ceratopogonidae other than
Culicoides [Lebedeva, 1988; Lebedeva & Gafurov, 1994].

Mullens et al. [1997] obtained eggs from gravid,
field-collected (mated) adult females of a number of
other Culicoides spp. in California and attempted to
rear them on agar using a diet of either bacterial-feeding
nematodes or microbe-rich water from C. sonorensis
rearing pans [Kettle et al., 1975; Mullens & Velten,
1994a]. Heleidomermis magnapapula preparasites very
readily entered the larvae of any Culicoides spp. they
encountered. The Culicoides species could be reared to
varying degrees on the agar. Of nine Culicoides spp.
reared on agar and exposed to preparasites, the nema-
todes emerged successfully from three species and
showed some development in a fourth species. Interest-
ingly, as in H. vivipara, the species that allowed nema-
tode development were in several subgenera: C. sono-
rensis and C. occidentalis (Monoculicoides), C. cacti-
cola Wirth & Hubert, 1960 (Drymodesmyia), and C.
lahontan Wirth & Blanton, 1969 (Culicoides s. str.).
Larvae of other Diptera commonly found in polluted
mud habitats along with C. sonorensis, such as Psycho-
da (Psychodidae) or Eristalis (Syrphidae), were ig-
nored by the preparasites, even if they made direct
contact with them in dishes of water. Preparasites did
penetrate larvae of Chironomus, but were rapidly en-
capsulated. Similarly, H. vivipara also is restricted at
least to Ceratopogonidae. This species was never found
in other invertebrates in sites where it was abundant;
preparasites ignored the larvae of Culicidae in a labora-
tory experiment [Bekturganov, 1991].

Seasonality

Like most of their midge hosts, H. magnapapula and
H. vivipara can complete multiple generations per year.
With H. magnapapula, experimental evidence in the lab-
oratory has shown that the mermithid development within
the host (and embryogenesis) varies with temperature.
Development in the host requires from 9.1 days at 32.2°C
to 35 days at 15.6°C, for a total 214 degree days above a
lower developmental threshold temperature of 8.9°C, and
development proceeds at the same relative pace as its host
larvae [Mullens et al., 1995]. When second instar host
larvae are exposed, emergence of the nematodes occurs
about 10-14 days later at temperatures of about 23°C
[Mullens & Velten, 1994b]. Assuming only slight delays
in mating or locating hosts and adding 3-4 days for
embryogenesis, the entire life cycle of H. magnapapula at
23°C thus requires about 1619 days. As with its host, it is
very likely that H. magnapapula reproduces continuously
in C. sonorensis in the mild southern California climate,
while it overwinters within the host larvae in colder areas;
overwintering, parasitized C. variipennis larvae were col-
lected in early April in New York State [Mullens & Rutz,
1982]. In general, the highest levels of field parasitism by
H. magnapapula occur in late summer and fall, when host
densities are also highest [Mullens & Rutz, 1982; Paine &
Mullens, 1994].
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While temperature influences were not specifically
discussed, according to Bekturganov [1991], the life
cycle of H. vivipara in SE Kazakhstan required 20-25
days (presumably at summer temperatures). Despite this,
and probably considering host voltinism patterns, he
surmised the nematode completed two main generations
per year, in April and September in desert and semidesert
regions, and in June and September in the more mesic
foothill environments. The parasitic stage lasted 15-20
days, and the life cycle of the parasite was synchronized
with appearance of large numbers of Culicoides larvae.
According to Lebedeva [1993], the parasitic stage of H.
vivipara lasted 15-40 days; overwintering occurred in
the host (mud temperatures decreased to 1.5°C), and in
this case the parasitic stage lasted up to 4 months.

In some habitats of Kazakhstan, high parasitism lev-
els (18-30%) were observed both in spring and in au-
tumn [Bekturganov, 1991]. Lebedeva described season-
al fluctuation in parasitism levels, which differed be-
tween the plain and mountain zones of Uzbekistan [Leb-
edeva, 1988; Lebedeva & Gafurov, 1994]. On the plains,
H. vivipara was not found in biting midges during sum-
mer; the percentage of parasitized hosts increased from
September (4—14%) through March (up to 50%), but
decreased after April. In contrast, in the foothills and in
the mountains parasitized host larvae were not detected
during winter, but were found during summer. The max-
imum parasitism level was observed in spring (36%,
mountains), or in autumn (50%, foothills).

Presumably, the periods without observed H. vivi-
para parasitism may reflect limitations imposed by
abiotic conditions, such as high water temperature (up
to 33°C in some habitats), a summer host diapause, or
freezing and drying of many mountain habitats in win-
ter [Lebedeva, 1988]. A persistent life stage is appar-
ently absent in Heleidomermis spp. Freezing, drying or
high temperatures may reduce preparasite infectivity,
survival and development of (semi)aquatic eggs and
larvae, described in many mermithid taxa [Polozhent-
sev et al., 1977; Rubzov, 1977; Petersen, 1985; Ar-
tyukhovsky, 1990; Kharchenko, 1999].

Mermithids and biological control of
Culicoides

Biological control, as modified from Van Dreische
& Bellows [1996], is defined here as the manipulation
of natural enemies (parasites, pathogens, predators,
antagonists or competitors) with the goal of suppress-
ing pest species (and reducing damage). Judging from
the life history traits and host-parasite relationships,
mermithids are parasitoids [Viktorov, 1976; Begon et
al., 1986; Van Driesche & Bellows, 1996; Schowalter,
2006], and the large body of theoretical and practical
principles developed on insect parasitoids (e.g. parasit-
ic hymenopterans, tachinids) also could be useful in
developing mermithids as biological control agents.
Manipulation thus might include direct inoculative or
inundative releases of a natural enemy into a habitat,
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alteration of an existing habitat to favour the activity of
the natural enemy, etc. This obvious possibility has
been mentioned many times for H. vivipara since the
discovery of mermithids in Culicoides [e.g. Glukhova,
1967; Mirzaeva, 1971; Wirth, 1977a; Gafurov & Said-
alieva, 1984; Lebedeva, 1988; Bekturganov, 1991].

Culicoides spp. are quite diverse in their ecology, but
in general do share some features [Kettle, 1977]. They
are mostly either aquatic or semi-aquatic as immatures,
where they feed on detritus, microorganisms, or other
small invertebrates such as bacterial-feeding nematodes.
So far, the Culicoides species that harbour Heleidomer-
mis often live in sites that are both spatially separated
from other similar habitats and are semi-permanent or
temporary in nature. An animal watering trough over-
flow, for example, might last only a few weeks in late
summer, but rather quickly could be colonized by both
Culicoides and Heleidomermis. The Culicoides that use
such sites are excellent dispersers and colonizers, taking
advantage of habitats that might disappear at any time. A
mermithid that could utilize such hosts would be under
selective pressure to mature with equal speed.

In general, then, this helps explain the very unusual
Heleidomermis life cycles. The mermithids mature in
their hosts in as little as 10 days and emerge from the host
already adults, ready to mate. A few days later, females
give birth to preparasites, ready to invade a host and
produce another generation approximately as fast as the
host species can. Heleidomermis spp. thus avoid delays
experienced by most mermithids, such as emerging from
the host as a juvenile, moulting to the adult, and laying
eggs that may take weeks or months to hatch.

Species of Heleidomermis do have some significant
and inherent limitations for biological control of Culi-
coides, as listed below.

1) Lack of a persistent life stage. There is no persis-
tent or relatively environmentally-resistant egg stage as
occurs in some mermithids, which might allow
Heleidomermis to persist in a dry habitat or to be stored
by people pending distribution in a natural habitat.

2) Lack of an in vitro rearing system. There is
currently no way to rear Heleidomermis outside of a
living host. In fact, very few Culicoides spp. have been
colonized that might be used for in vivo rearing. In vitro
rearing systems, even if developed, would likely be
quite involved and difficult, as has proven true with
attempts to rear in vitro the mosquito mermithid Roma-
nomermis culicivorax Ross & Smith, 1976 [e.g. Castil-
lo et al., 1982].

3) Mechanism of sex ratio determination. The mech-
anism of sex ratio determination probably evolved to
prevent overexploitation of the host resources through
time. As discussed above, a high level of exposure of
Culicoides larvae to preparasites results in superpara-
sitism, direct host kill and/or overproduction of males,
all of which would reduce the numbers of mermithids
available to control the next generation of Culicoides. It
therefore would be unreasonable to expect Heleidomer-
mis, or in fact most mermithids, to parasitize a very high
proportion of available hosts continuously through time.
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4) Limited capability for dispersal. As discussed
above, most Heleidomermis individuals typically emerge
from host larvae, and thus remain in the same habitat.
This helps explain the patchy natural distribution and
can limit their ability to invade new habitats and sup-
press Culicoides numbers there.

5) Density-dependent host regulation. Available
evidence suggests that species of Heleidomermis reach
relatively high parasitism levels only in dense host
populations. They evidently are limited in host location
at low population densities. If true, Heleidomermis
would be predicted to be most effective in controlling
those Culicoides species whose larvae reach high abun-
dance in local specific habitats (such as many represen-
tatives of Beltranmyia and Monoculicoides).

The above limitations except the first one are widely
known for the mermithids as a whole [e.g. Rubzov,
1974a, 1977, 1978; Gafurov, 1997; Kharchenko, 1999].

Despite that, opportunities for biological control do
exist, and more research is justified to investigate both
natural Culicoides mortality caused by Heleidomermis
and its possible manipulation to our advantage.
Heleidomermis spp. have several advantages as biolog-
ical control agents as enumerated below.

1) Fast development rate. As mentioned above,
they can mature fast enough to utilize the fastest-devel-
oping Culicoides spp., even in temporary habitats.

2) Host specificity. Heleidomermis is moderately
host-specific in comparison with other mermithids [Gafu-
rov, 1997]. While the host-specificity simultaneously
limits their application to certain target Culicoides spp.,
non-target impacts are probably of little concern.

3) Ability to use alternate Culicoides. Despite mod-
erate host specificity, Heleidomermis are not strictly
limited to a single host species. Indeed, Rubzov [1974a]
stated that limitation to a single host is not common for
aquatic mermithids. Available evidence suggests they
will attack and/or use a number of Culicoides spp.,
given the opportunity. Within a suitable habitat, there-
fore, the ability to utilize multiple hosts in the genus
might be an advantage in persistence.

4) Lethality. While lethality is not absolutely nec-
essary for a biological control agent, the nematodes will
inevitably kill hosts that permit their maturation. For
Heleidomermis spp., both parasitism and death often
occur in the larvae of Culicoides, preventing them from
becoming adults to perhaps feed on vertebrates or
transmit disease agents.

5) Parasitic castration and dispersal adaptations.
Even if the mermithids carry over into the adult stage,
parasitized adults probably are parasitically castrated.
There is little research on whether parasitized adults of
Culicoides might blood-feed. Glukhova [1967] did note
mermithid parasitism in an adult Leptoconops that was
blood-engorged, and Jeu [1977] dissected 152 parasit-
ized, blood-engorged C. riethi. In that case, parasitism
clearly did not prevent blood-feeding, as may also be
true for at least some other blood-feeding Diptera [Nick-
le, 1972]. However, it also is likely that behaviour of
adult Culicoides might be altered by parasitism, for
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example causing males and/or females to behave as
though they were gravid females and seek out a devel-
opmental site rather than a vertebrate host. Alterations
in host behaviour, often benefitting the parasite, are
known in other insect-mermithid interactions [e.g.
Wiilker, 1970; Rubzov, 1974a; Vance, 1996].

6) Habitat and host range probably are greater than
we now understand. The majority of Heleidomermis
reports have been from saturated mud in somewhat
polluted habitats with free-standing water. However,
there are some intriguing suggestions that species exist
that utilize different types of habitats. Glukhova [1967]
reported that 18-27% of C. grisescens larvae from
paths in a Sphagnum and pine forest in Karelia were
parasitized by Mermithidae. Mirzaeva [1971] reported
high mermithid parasitism (up to 66.6% larvae infest-
ed) in C. helveticus collected from a large permanent
marsh near a stream in a forest in Buryatia. Larvae of C.
obsoletus and closely related species in both the Nearc-
tic and Palaearctic may be found in moist (but not
extremely wet) terrestrial environments such as damp
leaf litter [e.g. Battle & Turner, 1971], and adults of C.
obsoletus were quite commonly parasitized by mermith-
ids in England [Boorman & Goddard, 1970].

7) Season-long activity. Mermithid parasitism can
occur season-long within a habitat, as discussed above.
Poinar & Sarto i Monteys [2008] reported H. catalonien-
sis parasitism in northeastern Spain at least from August
through October. Thus far it is quite unusual for other
natural enemy groups from Culicoides to cause either
similarly high levels of Culicoides mortality or cause it
over a significant period of time (with the possible
exception of some pathogens), although more work on
that definitely needs to be done [Wirth, 1977a, 1977b].

8) Mass production potential. It may well be possi-
ble to rear and release useful numbers of Heleidomer-
mis reared in vivo, using the Culicoides species we can
rear in the laboratory as hosts.

9) Substantial host impact. Mermithids can cause very
substantial host mortality in Culicoides. Conservative esti-
mates based mostly on parasite emergence show parasitism
frequently > 20-40%. Some high prevalence reports may
reflect retarded development of parasitized larvae and arti-
ficially high point-prevalence. Retarded development was
observed in Culicoides larvae parasitized by H. vivipara
[Saidalieva, 1985; Bekturganov, 1991] and probably also in
C. sonorensis parasitized by H. magnapapula in both field
and laboratory [Paine & Mullens, 1994; Mullens & Velten,
1994b]. However, estimates of host mortality based on
successful mermithid emergence from field-collected hosts
(populations sampled repeatedly through time) are quite
conservative overall, and underestimate true impact by up
to 50% [Mullens & Luhring, 1998]. Accurate estimates of
host impact require collecting hosts for multiple weeks, and
appreciating that hosts may be killed outright by the para-
sites, even if they do not survive to allow the parasite to
emerge [e.g. Mirzaeva, 1971; Mullens, unpublished]. In
some systems, we probably are missing a large part of the
host-parasite relationship story if we fail to consider carry-
over into adults.
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Preliminary field release trial

An experimental release trial was done by one of us
(B.A. Mullens) in a 3 m wide by 5 m long by 0.5 m deep
pond in southern California, using laboratory-reared
H. magnapapula and eggs of C. sonorensis. This was
done to test the concept of inoculative or inundative
release, as has been frequently utilized with entomopatho-
genic nematodes such as different species of Steinerne-
ma Travassos, 1927 or Heterorhabditis Poinar, 1976
[Grewal et al., 2005]. The pond received 10 liters of cow
manure slurry weekly to stimulate microbial activity that
would serve as food for larval C. sonorensis. Eight
plastic field enclosures were placed crossing the water-
line of the pond. The 40 cm by 55 cm enclosures had fine
mesh nylon screen sides (0.3 mm openings) to admit
light but exclude passage of adult Culicoides spp. (Fig.
5). Enclosure edges extended 10 ¢cm into the substrate to
prevent movement of the surface-dwelling larvae [Bar-
nard & Jones, 1980]. Enclosure tops were modified into
emergence chambers. Emerging Culicoides drowned in
soapy water saturated with NaCl, where they were col-
lected and identified to species (Culicoides) or genus
(other Ceratopogonidae). They were counted on day 15,
every 2-3 days from day 24-57, and weekly from day
57-104. Emerging adult C. sonorensis were dissected to
check for internal mermithids.

Approximately 1,500 C. sonorensis eggs were add-
ed to edge mud in each enclosure by removing the
emergence heads on day 0 (October 20) and another
1,500 eggs were added on day 7. On day 7, a mixture of
40 laboratory and field-collected, adult female, mated
H. magnapapula were added similarly to each of 4
enclosures, while the remaining 4 enclosures received
no mermithids. Treated enclosures thus received ap-
proximately 40,000 preparasites each [Mullens & Velt-
en, 1994b]. On day 21, surface mud from just below
waterline in one release (treated) enclosure and one
negative control enclosure was harvested (destructive-
ly sampled), and 4th instar C. sonorensis larvae were
extracted by sieving. These were placed individually
into the wells of three ELISA plates (288 larvae for
each of the negative control and treated enclosures) for
mermithid emergence.

For the destructively-sampled enclosures from day
21, 29% of the host larvae from the treatment enclosure
yielded emerged Heleidomermis, with a sex ratio of
282 males and 11 females (26 : 1). Up to 12 very small
male H. magnapapula emerged from a single host
larva, a level of superparasitism not normally seen in
the field [Paine & Mullens, 1994]. No mermithids
emerged from the negative control larvae. The heavily
male-biased sex ratio, and high numbers emerging
from some individual hosts, indicated a very high level
of host exposure in the treated enclosures. Paine &
Mullens [1994] showed an overall sex ratio of 2.4
males per female from field-collected hosts.

Numbers of emerging adult C. sonorensis were
significantly higher in the untreated enclosures (Fig. 6)



Mermithid parasitism in Ceratopogonidae

109

Fig. 5. Enclosure traps used in experimental release trial of Heleidomermis magnapapula against Culicoides sonorensis in southern
California. Photo by B. Mullens.
Prc. 5. TToAeBbIE M30ASTOPEL, UCIIOAB30BAHHbIE B OIBITAX IO 3apakeHnio mokpeya Culicoides sonorensis mepmutupoit Heleidomermis
magnapapula B 10>xu011 Kaandopumnn. Qoro B. Mroarenca.

(ANOVA, p<0.01). Overall, a mean (+ standard devia-
tion) of 167.7 + 35.9 C. sonorensis emerged from the
control enclosures, versus 27.0 + 4.3 from the treated
enclosures, a reduction of 84% due to the mermithid
release. None of the emerging adult C. sonorensis was
parasitized by mermithids upon dissection.

A total of eight C. crepuscularis emerged in the first 43
days of the trial, with no further emergence afterwards.
Seven came from the treated enclosures and one from the
control enclosures, which were not compared statistically.
Numbers of emerging adult Dasyhelea Kieffer, 1911, a
non-blood-feeding ceratopogonid, were high enough over
the first 41 days to analyze statistically, and did not differ
between the treated and control enclosures (p>0.1). Emer-
gence of C. crepuscularis and Dasyhelea adults early in
the trial reflected larvae that were in the mud when the
enclosures were placed, while no C. sonorensis adults
emerged before day 15. The rather extended adult C.
sonorensis emergence period, and the relatively low num-
bers emerging even from the untreated enclosures proba-
bly reflected moderately cool fall conditions, but also
suboptimal Culicoides developmental conditions within
the enclosures. Still, the differences between treated and
control emergence were very obvious.

This preliminary trial showed that an inundative
release could drastically reduce subsequent short-term

Culicoides emergence from small habitats, but some
midges escaped parasitism even under the very high
exposure conditions. The lack of carryover into emerg-
ing adult C. sonorensis agreed with Paine & Mullens
[1994]. However, the introduction of the mermithids
also was intentionally timed to coincide with presence of
early stage larvae, rather than later stages that might have
more tendency to carry mermithids through to the adult
stage. With this high exposure level, parasitism based on
emergence from lab-held hosts (29%) very drastically
underestimated actual impact of the releases (84%) and
was extremely conservative. This was probably due to
direct, premature host death caused by invasion of host
larvae by large numbers of preparasites.

Future biological control possibilities
for Heleidomermis

Without efficient and cost-effective ways of produc-
ing large numbers of mermithids, inundative releases
(i.e. their use as a “biological insecticide”) are probably
not feasible. A site of 10-20 metres in diameter, such as
a fairly small dairy wastewater pond, might require
thousands of mermithids to severely reduce Culicoides
numbers. It is, however, quite possible to rear reasonable
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Fig. 6. Numbers (mean + standard deviation) of adult
Culicoides sonorensis emerging from field enclosures supplied
with eggs of C. sonorensis on day 0 and day 7. Enclosures each
received 40 females of Heleidomermis magnapapula on day 7
(treated) or nothing (untreated).

Puc. 6. YUncaennocts (cpeaHee 3HauYeHME + CTaHAAPTHOE
OTKAOHEHME) B3POCABIX Ocobert Culicoides sonorensis, TTOSIBASIIO-
LJVXCSI B IOACBBIX M30AITOPAX, KyAa AobaBasiamcs siina C. sonorensis
B ACHb Hauyaaa SKCIIEPUMEHTA U 4ePe3 cemb AHEV mocae 3Toro. B
Ka>KABIL M3OASITOP depe3 7 AHEN IIOCA€ Hadaaa OIBITA OBIAO
nomemgero 40 camox Heleidomermis magnapapula (sapnant
“treated”; B Bapuante “untreated” mepmmMTHABI He AOBABASIATACE).

numbers (hundreds of females per week) of H. magna-
papula using the laboratory host C. sonorensis reared at
a modest scale. It currently is not known whether a
similar approach might be used for other species of
Heleidomermis, but this deserves investigation.
Gubaidulin et al. [1987] and Bekturganov [1991]
also recommended using the material from known hab-
itats with high parasitism level to infest other Culi-
coides sites. Field-collected mermithids, Culicoides lar-
vae and shore substrate from infested bodies of water
were considered as possible material for introduction.
However, it is not clear if this technique could be
effective using Heleidomermis, and no experimental
data were presented by the above-cited authors.
Inoculative releases of perhaps only a few mermith-
ids, or parasitized hosts, into selected sites could be
helpful for Culicoides suppression. In sites where both
host and parasite are established, H. magnapapula nat-
urally kills about 30-50% of the C. sonorensis larvae in
a typical dairy wastewater pond in southern California
through the peak summer-fall period. This level of
mortality could easily be considered an important part
of an integrated pest management program.
Mermithids are key natural enemies of many Culi-
coides species and regularly parasitize an appreciable
proportion of different species in certain types of habi-
tats. These mermithids have evolved fascinating and
complex strategies for host utilization and persistence,
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and are worthy subjects for pure parasitologists. The
scientific community has only barely begun to investi-
gate these important relationships, and more work doubt-
less will uncover new species and interesting relation-
ships between mermithids and biting midges that are
widespread, diverse, and perhaps important to under-
stand in order to enhance pest suppression.
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