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Abstract

Microsporidia are a highly successful and ecologically diverse group of parasites, and thus represent interesting model systems for research on
host–parasite interactions. However, such research often requires the ability to cure hosts of infections, a difficult task, given the short lifespan of
most invertebrates and the efficient vertical transmission of some parasites. To our knowledge, few treatments are available to cure microsporidiosis
in invertebrate hosts, and protocols have not yet been developed to inhibit vertical transmission and thereby cure host lines. We present a protocol for
inhibiting vertical transmission of the microsporidian parasite Octosporea bayeri in the freshwater crustacean Daphnia magna. We used 100 mg/L
Fumidil B dissolved in the culture medium of the host. This technique allowed Daphnia to survive and reproduce and inhibited vertical transmission
of the parasite. The method presented here may be of general interest for other aquatic host–parasite systems involving microsporidia.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Microsporidia are a very successful group of parasites (Dunn and
Smith, 2001). They infect a wide range of host species, from protists
to nearly all invertebrate phyla and all vertebrate classes, and exhibit
a large diversity in transmission strategies and life cycles. Consequently
microsporidiosis can serve as a model system of host–parasite interac-
tions for epidemiologists, ecologists, and evolutionary biologists (Ag-
new and Koella, 1999; Dunn et al., 1998; Ebert, 1998; Streett et al.,
1993; Terry et al., 1997). But one man�s meat is another man�s poison:
microsporidia are often a significant problem in cultures of animals,
whether scientific or economic (e.g., aquaculture or apiculture) (Bur-
ges, 1973; Fries et al., 1984; Kent, 2000).

Microsporidia are obligate intracellular parasites with two mor-
phological forms: a meront or proliferative within-cell stage and the
spore or transmission stage. The life-cycles of microsporidia can be di-
rect or indirect. Parasite transmission may occur horizontally (between
infected and susceptible hosts) or vertically (from parent to offspring),
and many species of microsporidia use both (Dunn and Smith, 2001).
Vertical transmission is primarily maternal and often highly efficient
(Andreadis and Vossbrinck, 2002; Dunn et al., 2001; Hunt et al.,
1972; Streett et al., 1993).
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Fumagillin is one of the few drugs known to be active against micro-
sporidia (McCowen et al., 1951), The drug is derived from Aspergillus

fumigatus (Bailey, 1953; Conteas et al., 2000; Didier, 1997; Webster,
1994; Wilson, 1974) and it has been used to treat Nosema apis in honey
bees (Bailey, 1953), by feeding bees with fumagillin dissolved in sugar
syrup. This approach has also been adapted for other insect species
(Flint et al., 1972;Whittington andWinston, 2003;Wilson, 1974). Fum-
agillin administered in the diet, has also been used to treat microsporid-
iosis in fish (Hedrick et al., 1991; Kent and Dawe, 1994). Here we
present a method for treating microsporidiosis in aquatic invertebrates.
Using dissolved fumagillin in the culture medium, we cured clonal lines
of Daphnia magna of infection by the parasite Octosporea bayeri.

Octosporea bayeri Jı́rovec (1936) is a microsporidian parasite of
D. magna that infects the fat-cells and ovaries of its host and transmits
both vertically and horizontally. Horizontal transmission occurs via
spores released from decaying dead hosts. Vertical transmission is
highly efficient in O. bayeri, with 100% of the clonal offspring, and
84% of the sexual young being infected (Vizoso et al., in press).

The host, D. magna, is a filter-feeding freshwater cladoceran typi-
cally inhabiting eutrophic ponds. It shows cyclical parthenogenesis,
with clonal reproduction in good conditions and sexual reproduction
when conditions are less favorable. Sexual reproduction results in
the formation of resting eggs (ephippia). These eggs can survive ex-
treme environmental conditions like drying or winter cold, and hatch
when conditions become better. In a meta-population of D. magna

in Tvärminne (southern Finland) O. bayeri is highly prevalent.
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Forty-five percentage of the Daphnia populations harbor the parasite,
and the prevalence within some populations may reach 100% (Ebert et
al., 2001, D. Ebert pers. observation).
2. Materials, methods, and results

2.1. Fumidil B

Fumagillin by itself is not water-soluble, but Fumidil B is solu-

ble[100 g Fumidil B contain 2 g of fumagilin as salt with bicyclohexy-
lammonium plus excipient (Sanofi; Ceva santé animale, la ballastière,
33501 Libourne Cedex, France)]. Fumagillin B (Medivet Pharmaceuti-
cals, Canada) a Nosema treatment that basically contains the same
agents but has a considerably higher solubility (in sugar syrup) is an
alternative to Fumidil B (Webster, 1994).

2.2. Toxicity of Fumidil B

To find a concentration of Fumidil B that allowed the host to sur-
vive and reproduce, we performed a series of assays with varying con-
centrations of the antibiotic. D. magna (aged 48–72 h) from a single
clone and vertically infected with the microsporidian parasite O. bayeri

were placed singly in 80 ml artificial culture medium (modified after:
Ebert et al., 1998; Klüttgen et al., 1994). Fumidil B was dissolved in
the medium at the following concentrations: 0, 1, 2, 5, 10, 20, 50,
100, 200, 500, 1000, and 4000 mg/L before Daphnia were added. Three
individual Daphnia were used at each concentration, and the treatment
medium was renewed three times a week for the lifespan of the treated
Daphnia. All animals were kept at a constant temperature of 20 �C in a
climate chamber (light:dark; 16:8 h). Cultures were checked daily for
survival and reproduction, and fed with 2 · 106 cells of the green algae
Scenedesmus sp. The experiment ended after 6 weeks, when all treated
animals had died.

All Daphnia survived and reproduced in concentrations up to
500 mg/L Fumidil B in artificial culture medium. The animals died be-
fore reproduction at a concentration of 1000 mg/L, and died within
three days in 4000 mg/L. A problem with the assay was that some of
the drug precipitated and clogged the filter apparatus of the Daphnia.
This effect was more pronounced in higher doses of Fumidil B. As a
consequence of either this clogging effect and/or the toxicity of Fumidil
B itself, newborn Daphnia in the 500 mg/L treatment had a very low
survival in the treatment medium. They usually died within the first
days if not removed and placed in medium without antibiotic.

2.3. Toxicity and curing effects of Fumidil B

In a second assay we repeated the first trial with Fumidil B concen-
trations of 0, 100, and 200 mg/L. This time, the drug was dissolved in a
1:1 mixture of artificial culture medium and deionized water. This was
intended to reduce the problems with the low solubility of Fumidil B.
All other conditions were the same as in the first experiment. Survival
and reproduction were checked daily, and newborn Daphnia were re-
moved and placed in culture medium without antibiotic and raised.
When these young released their first young (c. day 12–15 post hatch-
ing) four of them, as well as their treated mother were sacrificed and
checked for the presence of spores under a light microscope (Leica
DMLB, magn.: 400·).

All Daphnia survived and reproduced in both 100 and 200 mg/L.
The clogging effect appeared less pronounced in the second assay, espe-
cially in the 100 mg/L treatment. Still most newborn animals died if
left in the treatment medium.

Lightmicroscopy revealed that all treatedDaphniamothers still con-
tained spores ofO. bayeri (c. day 40). However, we could not find spores
in any of the examined offspring of the two Fumidil B treatments.
An examination of descendants of the cured individuals about six weeks
later (c. 4 asexual Daphnia generations) still showed no visually detect-
able infections. All offspring of the control treatments were infected.

2.4. Curing Daphnia clones from O. bayeri

Two juvenile infected Daphnia (3-day old) from 18 different clones
infected with O. bayeri were singly placed in artificial medium with
100 mg/L Fumidil B. The treatment medium was exchanged every
Monday, Wednesday, and Friday, and the animals were fed with
2 · 106 algae cells per day for the first seven days, and then with
5 · 106 algae. Newborn offspring of the second (F1.2) and third clutch
(F1.3) of the treated females were separated from their mothers and
placed in pure artificial medium and raised to reproduction. Adult off-
spring of the F1.2 and F1.3 females were scanned for O. bayeri using
real-time PCR. To do so, DNA was extracted from homogenized ani-
mals using the EZNA Tissue DNA kit (Peqlab, Erlangen, Germany).
Real-time PCR was performed on the Rotor-Gene 2000 (Corbett Re-
search, Mortlake, Australia) using SYBR Green I chemistry (Applied
Biosystems, Rotkreuz, Switzerland). Species specific primers obi1fwd
(agcatgtaggagcggaagag) and obi1rev (gatcaccggaaacgtactgg) were used
to amplify a 112 bp fragment in the small subunit of the ribosomal
RNA gene. Reaction volume was 20 ll with 2 ll of template DNA
and 600 nM of each primer. Amplification was performed with an ini-
tial incubation step of 5 min at 95 �C and 50 cycles of 20 s at 95 �C,
20 s at 60 �C, and 20 s at 72 �C (where fluorescence was acquired). A
melt with constant fluorescence acquisition was done from 60 to
90 �C, in order to detect non-target amplifications. To ensure the accu-
racy of the PCR data, we added uninfected controls, water controls
and a series of positive controls (dilutions of an O. bayeri infected indi-
vidual) to every run of the real-time PCR machine. We were able to
reliably detect parasite DNA in samples with a 104-fold dilution of
normally infected positive controls.

In total, we examined one offspring from each of 36 F1.2 Daphnia

and one offspring from each of 36 F1.3 Daphnia for infection using
PCR. Daphnia from the F1 generation were not directly tested because,
if healthy, they were used later for an experiment and therefore could
not be killed to assess infection.

In 94.4% (34 out of 36) of the F1.2 offspring the quantitative PCR
did not amplify DNA of O. bayeri. Light microscopy revealed that
the F1.2 mothers of the two infected animals had been infected as well,
indicating that curing had not worked in these 2 replicates. These two
infected lines came from different clones, and the second clutch was
born within 10 days after the beginning of the treatment. Neither of
the F1.3 descendents (total of 36) showed evidence for infection. The
parasite negative lines (one per clone) had subsequently been kept in
culture for more than 10 asexual Daphnia generations and none devel-
oped signs of infection, indicating that vertical transmission had ceased.
3. Discussion

By keeping D. magna in a culture medium with 100 mg Fumidil B
per liter, we inhibited vertical transmission of the microsporidian par-
asite O. bayeri. In the two cases where treatment was not successful,
the clutch may have been produced too soon after exposure to Fumi-
dil. The process of egg production takes between 5 and 8 days (Ebert,
1992), and in both infected lines the second brood was produced within
10 days from the start of the experiment. We therefore suggest that
broods produced 10 days after initiation of the drug are reliably cured
of infection.

Since vertical transmission in untreated lines occurs with an esti-
mated efficiency of 100% (Vizoso et al., in press), Fumidil B treatment
is so far the only available method for curing host lines. Cure is desir-
able for three reasons: first, cured Daphnia are much easier to maintain
in laboratory cultures and do not run the risk of contamination of
other cultures. Second, samples used for experiments can be truly



60 M. Zbinden et al. / Experimental Parasitology 109 (2005) 58–61
randomized, without discarding infected individuals. Finally, the pos-
sibility of curing clonal lines (or individuals) opens the door for inter-
esting experiments regarding the ecology, epidemiology, and evolution
of host–parasite interactions. For example, ecological and evolution-
ary consequences of infection can be assessed for the same host clones
in sick and healthy replicates.

In addition to the lethality of high concentrations of Fumidil to
Daphnia and the apparent clogging effect of the filter apparatus on
freshly hatched Daphnia, we also observed that treated Daphnia did
not grow well and reproduced later than controls. It could take up
to three weeks to produce the first clutch of young in mothers treated
with 100 mg/L Fumidil compared to 10–12 days in untreated
individuals.

AllDaphnia survived and reproduced at a concentration of 100 mg/L
Fumidil B, allowing us to cure clonal lines.At this concentrationwewere
able to use standardDaphniamedium insteadof a 1:1mixture ofmedium
and deionized water. Given the observed effects of Fumidil on adult and
young Daphnia, we suggest keeping cured lines for at least one further
generation under controlled laboratory conditions prior to use in exper-
iments. Although parasite-free offspring of mothers that were treated
with Fumidil B were in good condition, maternal effects (e.g. Lynch
and Ennis, 1983) may reduce their fitness relative to offspring from un-
treated mothers.

Themechanism bywhich fumagillin inhibits microsporidian replica-
tion is not very well understood. There is evidence that fumagillin inhib-
its RNA synthesis, which could explain its effect on the parasite, but as
well indicates why fumagillin is toxic to treated hosts (Jaronski, 1972;
Webster, 1994). This also explains why mature parasite spores may
not be affected (Bailey, 1953). Consequently, spores left in the host body
may continue the horizontal spread of infection after the treatment has
stopped. Nevertheless, Fumagillin has been shown to have effects on the
spores itself. Irregularly shaped spores of Encephalitozoon cuniculi were
found by Shadduck (1980), and spores with a reduced infectivity in
Encephalitozoon intestinalis had been reported by Didier (1997).

Our protocol did cure the original host Daphnia. All examined
Fumidil B-treated animals did contain spores, even after more than
3 weeks of exposure to Fumidil B. Only their offspring was free of par-
asites, while all control offspring were infected. This indicates that
Fumidil B might not be active against spores (Bailey, 1953), but only
against the replicating parasite. Alternatively, Fumidil might cause
the production of non-infective spores. If vertical transmission in our
system occurs by spores actively infecting oocytes or yolk cells as is
found in other invertebrate systems (Dunn et al., 2001), the production
of non-infective spores would result in no vertical transmission despite
the presence of seemingly normal spores.

The aim of the present study was to develop a method to cure
Daphnia from infection byO. bayeri. Effects of the drug on spore quan-
tity and quality in treated hosts, as well as the exact mechanism for
preventing vertical transmission remains unclear.

Even though the method presented here is specific to a certain
host–parasite system, it may also be valuable to other systems, e.g.,
microsporidiosis in gammariids or mosquitos (Agnew and Koella,
1999; Kellen et al., 1966; Kelly et al., 2003; MacNeil et al., 2003). To
our knowledge, this is the first method to treat microsporidiosis in
aquatic hosts to which drugs cannot be administered as food. More-
over, in systems where mature spores are excreted continuously (e.g.,
microsporidian gut parasites) or in longer-lived hosts, it may be possi-
ble to cure individuals rather than inhibiting vertical transmission.
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