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Aqueous extracts from common tropical seaweeds were evaluated for their effect on the life cycle of the
commercially important ectoparasite, Neobenedenia sp. (Platyhelminthes: Monogenea), through the sur-
vival of attached adult parasites, period of embryonic development, hatching success and oncomiracidia
(larvae) infection success. There was no significant effect of any extract on the survival of adult parasites
attached to fish hosts or infection success by oncomiracidia. However, the extracts of two seaweeds, Ulva
sp. and Asparagopsis taxiformis, delayed embryonic development and inhibited egg hatching. The extract
of A. taxiformis was most effective, inhibiting embryonic development of Neobenedenia sp. and reducing
hatching success to 3% compared with 99% for the seawater control. Furthermore, of the 3% of eggs that
hatched, time to first and last hatch was delayed (days 14 and 18) compared with the seawater control
(days 5 and 7). Asparagopsis taxiformis shows the most potential for development as a natural treatment
to manage monogenean infections in intensive aquaculture with the greatest impact at the embryo stage.

� 2012 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Parasite infections are an important animal health and manage-
ment consideration in aquaculture with persistent disease impact-
ing whole industry sectors. Of the diversity of parasites that impact
aquaculture industries, monogeneans (flatworms) of the genus
Neobenedenia (Platyhelminthes: Monogenea) are known pathogens
of tropical and subtropical fishes in marine aquaria and aquacul-
ture (Bondad-Reantaso et al., 1995; Ogawa et al., 2006; Hirayama
et al., 2009; Whittington, 2012). This includes the important aqua-
culture species, Asian sea bass or barramundi (Lates calcarifer), in
Indonesia (Rückert et al., 2008) and Australia (Deveney et al.,
2001) where Neobenedenia infections are associated with signifi-
cant fish losses. For example, estimates of total L. calcarifer losses
resulting from a single outbreak of Neobenedenia in Queensland,
Australia, were 200,000 fish (�50 tonnes; worth AUD $500,000)
(Deveney et al., 2001).

Neobenedenia are obligate parasites with a direct life cycle. Juve-
nile and adult parasites attach to the skin, fins and eyes of fish
using a sucker-like haptor and graze on host epidermis (Ogawa
et al., 1995, 2006). Adult parasites lay eggs into the water column,
however filaments on the eggs entangle in net cages and are re-
sitology Inc. Published by Elsevier
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tained within the culture environment (Kearn et al., 1992). Eggs
then hatch into free-swimming, ciliated oncomiracidia that di-
rectly re-infect fish. High infection intensities result in damage to
the epidermis that facilitates infections by bacteria, fungi or
viruses (Thoney and Hargis, 1991).

There are no effective methods to prevent Neobenedenia infec-
tions in open aquaculture systems and the current parasite man-
agement effort only allows temporary respite by removing
attached parasite stages (Whittington, 2012). As a treatment, in-
fected fish are typically immersed or ‘bathed’ in hydrogen peroxide
or formalin solutions, or in freshwater (Ernst et al., 2002; Ogawa
et al., 2006). These treatments are often ineffective in killing devel-
oping embryos within eggs (Sharp et al., 2004; Fajer-Ávila et al.,
2007). Treatments are also labour-intensive and stressful to fish,
and mortalities may occur due to difficulties in calculating bath
solution concentrations, physical damage to fish from crowding
or lack of oxygen (Williams et al., 2007). Although bath treatments
are effective at killing adult monogeneans, re-infection from un-
treated eggs and larvae in the culture environment occurs immedi-
ately following treatment. In closed systems such as brood stock
facilities, land-based nurseries and public aquaria, effective para-
site control also requires methods to eliminate viable eggs from
tanks and equipment (Ernst et al., 2005).

Natural (or ‘‘green’’) treatments are emerging as an alternative
approach to control bacterial, viral and fungal pathogens in aqua-
culture (Lio-Po et al., 2005; Genovese et al., 2012; Selvin et al.,
2011; Sudheer et al., 2011) and within this framework, compounds
Ltd. All rights reserved.
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isolated from marine algae (seaweeds) have potential to control
parasites. Seaweeds are a rich source of biologically active natural
products with properties ranging from antibacterial to anti-
inflammatory and anthelmintic (see Smit, 2004; Blunt et al.,
2012 for reviews). We hypothesise that algal natural products
can control metazoan parasite infections of fishes as an underlying
basis for natural treatments. Furthermore, seaweeds can be
cultivated in proximity to, or integrated within, finfish aquaculture
systems with benefits for both resources (Chopin et al., 2001;
Troell, 2009; Mata et al., 2010). Water-soluble natural products
are specifically targeted through selective extraction, as this meth-
odology negates the use of organic solvents and can be directly
implemented with basic technologies (McCloud, 2010). However,
no studies have examined the potential impact of either live
seaweeds, or natural products released from seaweeds, on ectopar-
asites. Therefore, the aim of this research was to determine the
effects of water-soluble natural products (extracts) from a range
of tropical seaweeds across egg, larval and adult life stages of the
ectoparasite, Neobenedenia sp., infecting L. calcarifer.
2. Materials and methods

2.1. Source and identification of monogenean parasites

Neobenedenia sp. used in experiments were collected from two
separate localities. The first collection was from hatchery-reared
juvenile barramundi, L. calcarifer, maintained in seawater (35‰)
in the Marine Aquaculture Research Facility Unit (MARFU) at James
Cook University, Australia (19�1904200S 146�4504000E). The original
source of infection in hatchery-reared fish is unknown. Parasites
from this collection were used in experiments described in Sec-
tions 2.3 and 2.4. A laboratory infection was also established from
embryonated Neobenedenia sp. eggs collected from a land-based
marine L. calcarifer farm, Good Fortune Bay Fisheries Ltd., Queens-
land, Australia (19�5602400S 147�5505400E), in June 2011. Eggs were
introduced to laboratory fish (supplied by Mainstream Aquaculture
Ltd., Australia) held in 100 L aquaria in the laboratory and main-
tained at 35‰. Parasites from the laboratory infection were used
in experiments described in Sections 2.5 and 2.6.

The species of Neobenedenia investigated in this study is
unidentified. Although Neobenedenia melleni was previously identi-
fied from Queensland (Deveney et al., 2001) it is now considered to
be a species complex due to its geographic distribution, host asso-
ciations, biology and taxonomy (Whittington, 2004). Neobenedenia
girellae and Neobenedenia pargueraensis are also considered to be
synonyms of N. melleni (see Dyer et al., 1992; Whittington and
Horton, 1996). Representative specimens from the two populations
sampled were removed from fish by immersing them in dechlori-
nated freshwater for 5 min. Parasites were collected from the solu-
tion and fixed in 100% absolute ethanol. Fixed parasites were
placed in distilled water before being stained in Mayer’s haematox-
ylin and then destained in 1% HCl in 70% ethanol. Specimens were
dehydrated in an ethanol series before being cleared in cedar wood
oil and mounted on a slide in Canada balsam. Parasites collected
from the two localities were morphologically similar and identified
as Neobenedenia sp. (hereafter as Neobenedenia) by Ian D. Whitting-
ton, South Australian Museum, Australia (SAMA), and accessioned
in the Australian Helminth Collection (AHC); SAMA AHC 35240–41
ex MARFU, Townsville and SAMA AHC 35461 ex Good Fortune Bay,
Bowen, Australia.
2.2. Seaweed extracts

Eight seaweed species were selected to test the activity of
extracts on stages of the Neobenedenia life cycle based on their
potential to be cultivated in tanks, raceways and ponds, and to
be integrated with fish aquaculture systems. These are the red sea-
weeds, Asparagopsis taxiformis, Gracilaria edulis and Hypnea musci-
formis; the green seaweeds, Caulerpa taxifolia, Derbesia tenuissima
and Ulva sp.; and the brown seaweeds, Cystoseira trinodis and Dict-
yopteris delicatula. Cystoseira trinodis extract was toxic to fish (see
Section 2.3) and not used in further experimentation, while H.
musciformis was unavailable during experiments with eggs and re-
placed by the red seaweed Halymenia floresii (see Section 2.4). Each
seaweed species was held or cultured in individual tanks in a recir-
culation aquaculture system at MARFU prior to extraction. Fresh
seaweed was spun dry in a fine mesh bag before weighing.
Water-soluble natural products were extracted by blending (Abode
Appliances, model No. YD-2198) each species in filtered seawater
for 2 min at a wet weight to volume ratio of 0.1 g/ml. Each solution
was then poured into a Schott bottle and placed on a shaking table
at room temperature for 4 h to allow mixing. Each solution was
sieved through a fine mesh cloth (60 lm) into centrifuge tubes,
each spun at 5,300g for 5 min. The supernatant was then trans-
ferred to a clean Schott bottle and stored at 4 �C for no longer than
24 h before use. Extracts were freshly made for each experiment
before use and discarded at the end of each experiment (maximum
21 days) to avoid any degradation or loss of natural products
through storage.

2.3. Effect of seaweed extracts on in vivo Neobenedenia survival

The effect of seaweed extracts on the survival of attached adult
Neobenedenia was tested in vivo. Ten replicate L. calcarifer infected
with Neobenedenia were exposed to extracts of each seaweed spe-
cies (A. taxiformis, G. edulis, H. musciformis, C. taxifolia, D. tenuissima,
Ulva sp., C. trinodis and D. delicatula) at a concentration of 1 mL of
extract to 100 mL of seawater, in addition to a UV filtered seawater
control. This concentration was selected based on results of a pilot
study that showed that adult parasites did not survive >24 h in di-
luted 1:10 mL or 1:100 mL concentrations of A. taxiformis extract
in vitro (unpublished data). Experiments using attached adult par-
asites in this study were conducted in vivo. The effect of extracts
on parasite survival was examined following 24 h exposure. Lates
calcarifer were <1 year-old hatchery-reared juvenile barramundi
maintained in a 2,500 L circular tank containing seawater in MAR-
FU. Eighty barramundi were removed from the tank using a net
and placed into individual 10 L containers with constant aeration.
Ten replicates were used for extracts of each of the eight seaweed
species plus 10 replicate controls in UV-filtered seawater. Each fish
was maintained in 6 L of either treatment or control solution for
24 h at room temperature. Fish were not fed during this period
and mortalities were noted and excluded from data analysis. Cys-
toseira trinodis extract was not included in the analyses due to
100% mortality of experimental fish.

Dead Neobenedenia were recovered from the treatment and
control solutions by filtering through a 60 lm mesh. Dead para-
sites usually detach from the host surface and sink to the bottom
of the container. In addition, to ensure all dead parasites had de-
tached from the body of the fish, the external surface of each fish
was gently rubbed by hand prior to filtering (Chambers and Ernst,
2005). Parasite specimens were collected in 250 mL jars and fixed
in 70% ethanol. Fish were removed from treatment containers by
hand and placed individually into 6 L of dechlorinated freshwater
for 5 min to kill the remaining live Neobenedenia attached to fish.
Live Neobenedenia are transparent, hence the only method to accu-
rately quantify the total number infecting fish is to kill the para-
sites which renders them opaque and therefore visible to the
naked eye. Fish were again gently rubbed by hand to ensure that
all dead Neobenedenia had detached prior to returning the fish to
a seawater recovery tank. The dechlorinated freshwater solution



Fig. 1. Neobenedenia egg development. Egg development was scored as stage
I = non-embryonated (A); stage II = embryonated (B); stage III = developing (C); and
stage IV = hatched (D). Scale bars = 50 lm.
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was filtered through a 60 lm mesh, and parasites were collected in
250 mL jars and fixed in 70% ethanol. All parasite specimens were
counted under a stereomicroscope.

2.4. Effect of seaweed extracts on time to first and last hatch and
hatching success of Neobenedenia eggs

Neobenedenia eggs are a key life stage as they hatch to release
swimming, infectious oncomiracidia. Seaweed extracts were tested
for their effects on the time to first and last hatch and hatching suc-
cess of Neobenedenia eggs. Adult Neobenedenia were dislodged
from the body surface of three infected fish by carefully sliding a
scalpel blade beneath the haptor of attached parasites. Parasites
were then placed in a 200 mL plastic container in filtered seawater.
The solution was poured off and replaced 1 h later, once live para-
sites had attached to the base of the container. Eggs laid into the
seawater over the following 12 h period were carefully removed
using a paintbrush. Eggs were examined under a dissecting micro-
scope and a needle was used to allocate 10 to 12 eggs to each well
of five 24–well culture plates (LOMB Scientific 92424 tissue culture
plates) containing 3 ml of filtered seawater. Filtered seawater was
then replaced by 3 ml of solution containing extracts of seaweeds
(A. taxiformis, G. edulis, H. floresii, C. taxifolia, D. tenuissima, Ulva
sp. and D. delicatula) diluted 1:100 mL, while control wells were re-
placed by new filtered seawater. Eggs were slightly negatively
buoyant so that solutions could be exchanged with minimal expo-
sure to air.

Culture plates were then incubated in culture chambers (Sanyo:
ML-351 Versatile Environmental Incubation Chamber) at 22 �C
(average winter sea surface temperature for northern Queensland)
on a 12:12 h day:night cycle. Treatments were allocated in six
wells on each of two plates (n = 12), and each plate had a seawater
control in six wells (n = 30). Two millilitres of treatment and con-
trol solution were exchanged daily in each well by gentle pipetting
to retain eggs within the wells. Plates were monitored daily at
15:00 h under a stereomicroscope for hatching of free-swimming
oncomiracidia. Oncomiracidia were counted and removed by gen-
tle pipetting under a dissection microscope at the end of each day
and fixed in 100% absolute ethanol. The experiment was termi-
nated once hatching ceased (48 h following no hatching in any
treatment). The total number of eggs and the number of eggs with
opened opercula (Fig. 1) were counted after hatching had ceased.
Hatching success was quantified by the number of oncomiracidia
recovered from the total number of eggs, and the number of eggs
with opened opercula from the total number of eggs.

2.5. Effect of Ulva sp. and A. taxiformis extract on Neobenedenia
embryo development, time to first and last hatch, and hatching success

Extract from two seaweeds, Ulva sp. and A. taxiformis, were ac-
tive in the previous assay (see Section 3.2) and were therefore
investigated in greater detail for their effects on embryo develop-
ment, time to first and last hatch, and hatching success. Four L.
calcarifer infected with Neobenedenia were removed from the labo-
ratory infection and held overnight (12 h) in a 20 L container con-
taining filtered seawater (35‰). Eggs were collected by filtering
the seawater through a 60 lm mesh. Bundles of eggs were imme-
diately placed into extracts of Ulva sp. (1:100 mL), A. taxiformis
(1:100 mL) or a control (UV filtered sea water). Subsequently, eggs
were carefully separated using a paintbrush and needle under a
dissecting microscope and between 10 and 27 eggs were allocated
to an individual glass cavity block (40 mm2) with 12 replicates for
each treatment, including the control. The cavity block was filled to
the brim with the appropriate treatment or control solution and a
glass lid was gently pushed across the surface so that no air was
trapped beneath the lid. This precaution was taken because
oncomiracidia can lyse or become trapped when contacting the
surface tension of their container (Glennon et al., 2006). Two mil-
lilitres of treatment or control solution were exchanged daily in
each well by gentle pipetting to prevent removal of eggs. Cavity
blocks were incubated in culture chambers (Sanyo: ML-351 Versa-
tile Environmental Incubation Chamber) at 22 �C on a
12:12 h day:night cycle.

Eggs were monitored daily at 15:00 h under a stereomicroscope
with both incident and transmitted light. Embryo development
was scored according to four developmental stages: stage
I = non-embryonated; eggs clear in colour and/or visibly damaged;
stage II = embryonated; eggs dark brown in colour with evidence of
embryos undergoing cellular division; stage III = developing; em-
bryos with eye-spots present; and stage IV = hatched; eggs clear
in colour with opened operculum (Fig. 1). The progress of embryo
development was monitored daily using this methodology.
Oncomiracidia were removed using a fine glass pipette and
counted. The experiment was terminated when hatching ceased
(72 h following no hatching in any treatment). The two hatching
success parameters were reported as in Section 2.4.
2.6. Effect of Ulva sp. and A. taxiformis extract on infection success

Seaweed extracts were tested on the ability of oncomiracidia to
successfully locate, infect and develop on host fish under experi-
mental conditions. Lates calcarifer used in infection experiments
were <1 year-old, mean 110 mm LT (85–126 mm) freshwater
hatchery-reared fish from Good Fortune Bay Ltd., Kelso, Townsville,
Australia (19�2102500S 147�4202000E). Twenty-four fish were accli-
mated to seawater over 2 h. Subsequently, individual fish were
gently netted into a 10 L container with 3 L of filtered seawater
(35‰) and held for 24 h prior to experiments in an air-conditioned
room (25 �C) exposed to natural light and constant aeration. Eight
randomly assigned replicates were used for extracts of each of the
two seaweed species, Ulva sp. and A. taxiformis, (1 ml seaweed ex-
tract: 100 mL filtered seawater) and eight replicate controls in UV
filtered seawater (1 ml filtered seawater: 100 mL filtered seawa-
ter). Seven vigorously swimming oncomiracidia (derived from eggs
collected as in Section 2.5) incubated in 35‰ filtered seawater in a
25 �C air-conditioned room, were gently pipetted into each repli-
cate container using a glass pipette, following the addition of the
extract. Fish were held for 60 h to allow oncomiracidia to attach
to their host and commence development. Fish were not fed during
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this period and mortalities were noted and excluded from data
analysis. Individual fish were removed from the container by hand
and placed in dechlorinated freshwater for 5 min to kill attached
juvenile Neobenedenia. The external surface of each fish was gently
rubbed by hand prior to examining the freshwater solutions under
a stereomicroscope. Infection success was quantified by the num-
ber of juvenile Neobenedenia recovered from the total number of
oncomiracidia.

2.7. Statistical analysis

All analyses were done using the permutational multivariate
analysis of variance (PERMANOVA + Version 1.0.3) add-on for PRI-
MER 6 (Version 6.1.13). Hatching success of oncomiracidia over
time was analysed using Bray-Curtis similarities of the frequency
of oncomiracidia each day, whereas the overall hatching success
of oncomiracidia (as a percentage of available eggs) was analysed
separately. Post-hoc comparisons were made using pair-wise com-
binations of treatments.
Fig. 2. Mean proportion of Neobenedenia that survived in vivo in seaweed
treatments and the seawater control (A) and mean number of Neobenedenia
infecting Lates calcarifer in each treatment at the commencement of the experiment
(B). Error bars indicate SE.
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Fig. 3. Cumulative daily proportion of successful Neobenedenia hatching as
evidenced by oncomiracidia removed. Day of last hatch indicated for each
treatment where data points finish. Error bars indicate SE.
3. Results

3.1. Effect of seaweed extract on in vivo survival of Neobenedenia

Seaweed extracts did not kill attached adult Neobenedenia. All
Neobenedenia survived in all seaweed extracts and the seawater
control with the exception of three individuals (one in each of
three replicates) in the extract of A. taxiformis, and a single speci-
men in the extract of D. delicatula (Fig. 2A). Freshwater baths con-
firmed that 99% of experimental fish were infected with
Neobenedenia at the commencement of the experiment, with a
mean infection intensity of 9.6 ± 0.7 SE parasites per fish
(Fig. 2B). All infected fish were host to adult Neobenedenia, with
eggs produced over the 24 h period present in treatment and con-
trol solutions. Cystoseira trinodis extract was toxic to fish causing
100% mortality, while a single mortality occurred in extracts of C.
taxifolia, D. tenuissima, D. delicatula, H. musciformis and Ulva sp.

3.2. Effect of seaweed extracts on time to first and last hatch and
hatching success of Neobenedenia eggs

Seaweed extracts had differential effects on the hatching suc-
cess of oncomiracidia (PERMANOVA, Pseudo-F7,106 = 12.94,
P = 0.001; Fig. 3), which resulted in three groupings of treatments
that could be broadly classified as: (i) short embryonation period
(6–8 days) and high hatching success (>60%; including the control,
G. edulis and H. floresii); (ii) short embryonation period (6–7 days)
and low hatching success (<60%; including C. taxifolia and D. tenu-
issima); and (iii) prolonged embryonation period (>8 days) and low
hatching success (<60%; including D. delicatula, Ulva sp. and A. tax-
iformis) (Fig. 3). To a large extent, overall hatching success reflected
the embryonation timeframes (PERMANOVA, Pseudo-F7,103 = 6.99,
P = 0.001), separating Ulva sp. and A. taxiformis from all other treat-
ments, with the exception of high hatching success treatments of
G. edulis and H. floresii being greater also than D. tenuissima, the
third lowest overall success (Fig. 3).

3.3. Effect of Ulva sp. and A. taxiformis extract on Neobenedenia
embryo development, time to first and last hatch, and hatching success

Asparagopsis taxiformis extract inhibited embryo development,
delayed time to first and last hatch, and significantly inhibited
egg hatching success. The ontogeny of egg development could be
differentiated between the treatments. The control and Ulva sp.
treatments behaved similarly through to oncomiracidia recovery,
with the extract of A. taxiformis clearly limiting development of
the embryos (Fig. 4, PERMANOVA, Pseudo-F2,33 = 91.74, P = 0.001;
Control = Ulva sp. > A. taxiformis). A small proportion of eggs was
not embryonated (Stage 1; Fig. 4). Eggs in the extracts of A.
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taxiformis were embryonated, but the majority (92%) failed to
develop eye-spots (Fig. 4). A small proportion of eggs which
developed eye-spots in the extract of A. taxiformis (4%, Fig 4; Stage
III, Fig. 1) failed to hatch (Fig. 4).

Time to first and last hatch differed between Ulva sp. and the
control, and A. taxiformis, over the 18 days (Fig. 5A, PERMANOVA,
Pseudo-F2,33 = 15.86, P = 0.001; all pairwise comparisons < 0.05).
Eggs in seawater controls began hatching on day 5 with no hatch-
ing following day 7 (Fig. 5A), while extract of Ulva sp. delayed time
to first and last hatch with oncomiracidia hatching from day 5 to
16, although overall hatching success was high (98%; Fig. 5A). All
oncomiracidia in A. taxiformis hatched on day 16, however hatch-
ing success was very low. Overall oncomiracidia hatching success
(the number of oncomiracidia removed) was reduced to <1% in A.
taxiformis compared with Ulva sp. (86%) and the seawater control
(76%) (Fig. 5A, PERMANOVA, Pseudo-F1,15 = 215.16, P = 0.001; Con-
trol = Ulva sp. > A. taxiformis).

Hatching success, as quantified by Stage IV eggs, reflected the
same outcome with 99%, 98% and 3% hatching for the seawater
control and extracts of Ulva sp. and A. taxiformis, respectively
(Fig. 5B). After hatching ceased, the total number of eggs with
opened opercula was counted, confirming that 84% of the emerging
oncomiracidia were removed during the experiment and indicat-
ing that some oncomiracidia may have lysed (Fig. 4). However,
the number of oncomiracidia that lysed was low and does not limit
our interpretations (Fig. 5A, B).

3.4. Effect of Ulva sp. and A. taxiformis extract on infection success of L.
calcarifer

Oncomiracidia infection success was lower in extracts of A. tax-
iformis (51%) and Ulva sp. (54%) compared with seawater controls
(71%; Fig. 6). However, infection success in the presence of the sea-
weed extracts was not significantly different to that of the control
(Fig. 6; PERMANOVA, Pseudo-F2,33 = 1.40, P = 0.302). Oncomiracidia
successfully infected L. calcarifer in all replicates in all treatments.
A single mortality of L. calcarifer occurred in extract of Ulva sp. and
two mortalities occurred in extract of A. taxiformis. No mortalities
were recorded in the seawater control.

4. Discussion

Extracts containing water-soluble natural products from some
seaweeds inhibited embryonic development, delayed time to first
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and last hatch, and reduced hatching success of the ectoparasite
monogenean, Neobenedenia. This clearly identifies a mechanism
to manage some aspects of the life cycle of Neobenedenia in cul-
tured fishes with the integration of innovative natural treatments.
These treatments would specifically be used to target parasite eggs
to break life cycles, as seaweed extracts did not affect attached
adult parasite stages or prevent oncomiracidia locating and infect-
ing their host fish. The water-soluble extract of the red seaweed A.
taxiformis had the strongest effect, inhibiting larval development
inside Neobenedenia eggs, and almost entirely preventing hatching
(3% hatching success; Figs. 4 and 5). Ethanol extracts of A. taxifor-
mis have broad biological activity with antibacterial properties
against pathogenic bacteria in aquaculture (Genovese et al.,
2012) and in human pathogens (Paul et al., 2006b). Importantly,
the natural products produced by Asparagopsis spp. (A. taxiformis
and Asparagopsis armata; halogenated alkanes, alkenes, alkynes
and acrylic acids) are well documented (McConnell and Fenical,
1977; Woolard et al., 1979). In addition, the ultrastructure of the
gland cells containing these localised metabolites and the mecha-
nisms for their release into the environment is well understood
(Paul et al., 2006a,b), as is the mechanism of action of these natural
products against marine bacteria and invertebrate grazers (Paul
et al., 2006b,c). This provides a platform from which to understand
the fundamental biological and chemical mechanisms that deliver
the anthelmintic properties observed in the present study.

Many genera of red algae are rich in natural anthelmintic prod-
ucts (Sato et al., 1996; Higa and Kuniyoshi, 2000). The best-known
medicinal red seaweeds are Digenea simplex and Chondria armata,
which have been utilised for centuries for the treatment of round-
worms in humans in Asia and the active natural product in D. sim-
plex, a-kainic acid, has been isolated and developed into an
anthelmintic drug (Higa and Kuniyoshi, 2000). The extracts of Ulva
sp. and D. delicatula, which also prolonged embryonation and re-
duced hatching success (Fig. 3), also contain natural products. Ulva
is rich in dimethylsulfide and dimethylsulfoniopropionate (Karsten
et al., 1991) while Dictyopteris contains halogenated sesquiter-
penes and diterpenes (Song et al., 2005). Nevertheless, our results
are unusual given that monogenean eggs have remarkable resis-
tance to chemical treatments due to their sclerotised protein shell
protecting the developing embryo (Kearn, 1986; Whittington and
Chisholm, 2008).

Monogenean eggs are highly resistant to physical and chemical
treatments and numerous chemicals (Aqui-S, benzalkonium chlo-
ride, caprylic acid, chlorine, copper, ethanol, formalin, sodium
hypochlorite, sodium chloride, potassium permanganate, trichlor-
fon, methylene blue, praziquantel and zinc) have been investigated
for their efficiency at preventing hatching of monogenean eggs
with little success (Diggles et al., 1993; Yoshinaga et al., 2000;
Sharp et al., 2004; Sitjà-Bobadilla et al., 2006). The most successful
treatments are egg desiccation (Ernst et al., 2005; Chen et al., 2010)
or immersion in water above 50 �C (Ernst et al., 2005), while
hyposaline treatment (615 ppt) remains the only method prohib-
iting Neobenedenia spp. from hatching entirely (Mueller et al.,
1992; Ellis and Watanabe, 1993). However, hyposaline treatments
are unsuitable on commercial scales due to osmotic stress for
stenohaline fish species and increased host susceptibility to re-
infection (Ohno et al., 2009). Hyposaline solutions also kill nitrify-
ing bacteria in biological filtration systems commonly used in
intensive finfish hatcheries.

Parasitic monogenean larval stages could be considered more
susceptible to treatments compared with embryos protected by a
proteinaceous egg shell and attached parasite stages that receive
nutritional benefit from their host. Although high variance in
oncomiracidia infection success negated statistically significant
differences in this study, mean values were lower for extracts of
A. taxiformis (51%) and Ulva sp. (54%) compared with the control
(71%; Fig. 6). Extracts of A. taxiformis and Ulva sp. consistently re-
duced hatching success and/or delayed hatching, however the
magnitudes of these effects were different in two experiments
(see Figs. 3 and 5). This may be related to seasonal variation in nat-
ural products in seaweeds (Wright et al., 2000; Genovese et al.,
2012) and/or differences in the source of parasites (two separate
populations) and egg collection (in vitro versus in vivo) in the
experiments. The natural extension of this work is to determine
the efficacy of seaweed treatments in subsequent infection success
of oncomiracidia that hatch from treated eggs.

In conclusion, natural treatments utilising water-soluble mar-
ine natural products extracted from seaweeds are simple to pre-
pare and show potential for parasite management in aquaculture
systems. Seaweed extracts can be applied directly in closed sys-
tems, while large scale aquaculture systems require integrated sea-
weed cultivation, which is already established in some finfish
industries, primarily for bioremediation. Notably, there are no
methods to prevent Neobenedenia spp. infections, and current par-
asite management efforts provide only short-term solutions by
removing attached parasite stages (Whittington, 2012). However,
Neobenedenia eggs are highly sensitive to the water-soluble extract
of A. taxiformis and this treatment provides an effective mechanism
to break the life cycle of this important ectoparasite.
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