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Abstract

Abstract

Interpreting data gathered from field studies that investigate the effect of pollution
on fish parasites is complicated by the presence of multiple parasite species and
mixed pollutant loads. The aim of this study was, therefore, to use controlled
experimental studies to assess the impact of a single heavy metal, cadmium, on
selected species of the monogenean genera, Dactylogyrus Diesing, 1850 and
Gyrodactylus von Nordmann, 1832 and on their hosts, Cyprinus carpio L. and
Poecilia reticulata (Peters). The first host-monogenean system investigated was the
gill fluke Dactylogyrus extensus Mueller & Van Cleave, 1932 and its host C.
carpio; the second system, Gyrodactylus - P. reticulata, involved individual
investigations on Gyrodactylus turnbulli Harris, 1986 and G. bullatarudis Turnbull,
1956. Independent investigations of parasite biology and host responses were
undertaken in order to elucidate host-parasite interactions in the presence of
cadmium. The maximum permitted level of cadmium in controlled freshwater
sources is set at Sug/l by EEC Directive 76/464/EEC and experiments were carried

out using this concentration and the higher, but environmentally realistic, levels of

20-50ug/1.

For the first time it has been demonstrated that Dactylogyrus extensus exposed to

Spg/l cadmium show a subtle enhancement in the in vitro rate of oviposition and a

statistically significant enhancement in their in vivo rate of oviposition after 9-10

days exposure. The effect of cadmium on egg production by D. extensus and on

selected aspects of the innate immune response of C. carpio were investigated in

separate experiments. Although run independently of each other, the sample times



Abstract

of both experiments were the same. It was found that the treatment in which the rate
of oviposition by the parasite was greatest, was the treatment, where at the same
sample point, the phagocytic activity of C. carpio was greatest. Exposure of D.
extensus to the higher level of 30ug/l cadmium, also enhanced egg production after
O days, but, 14-30 days exposure resulted 1in a lower rate of oviposition than that
recorded in control parasites, suggesting that cadmium may directly, as well as

indirectly, influence the reproductive biology of this parasite species.

The hatching of D. extensus eggs was similarly affected by cadmium exposure, with
those produced and incubated in Sug/l cadmium demonstrating a statistically
significant more rapid hatch rate than the controls, while those produced and
incubated at the higher concentration (30ug/l) showed a statistically significant
slower rate of hatch than the controls. Exposure of adult D. extensus to cadmium
concentrations ranging from 5 to 3,400ug/1 in vitro resulted in an enhancement of
survival above the controls. Only at 13,100ug/l cadmium was there a statistically

significant reduction in survival and in vitro egg production.

Atomic adsorption spectrometry demonstrated that D. extensus 1s a net accumulator
of cadmium, with the concentration of cadmium accumulated by the parasite,
increasing with increasing exposure concentrations. The degree of cadmium

accumulation in C. carpio organs was in the order of gills > kidney > liver >

muscle=spleen. Even at Sug/l, the level of cadmium detected in the muscle (ca.

0.2ug/g) exceeded the permitted level in food fish (0.05 mg/kg (ng/g), after only 9

days exposure.
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The haematological and immunological responses of C. carpio exposed to Sug/l
cadmium showed only subtle differences from the control fish, with these
differences being most marked in the early stages of the trial (days 9-14). By the
end of the trial there was little difference in the responses of these fish from the
controls, suggesting that carp can adapt to low-level cadmium exposure. Cadmium
at S50ug/] resulted in exaggerated alterations to the immune responses of carp, with
statistically higher cortisol levels, phagocytic activity of kidney phagocytes,
granulocyte number and significant lymphopenia, at days 6 to 14 of the trial.
Several of these changes are indicative of a typical stress response. The respiratory
burst and phagocytosis of kidney phagocytes in C. carpio appear to be linked to the
level of cortisol, with both factors increasing as cortisol levels fall, suggesting that
the effects of cadmium on the immune system may be mediated to some extent via

the production of corticosteroids.

Cadmium at concentrations below the permitted maximum caused statistically
significant increases in the population size of both Gyrodactylus bullatarudis
Tumbull, 1956 and G. rturnbulli Harris, 1986 on P. reticulata. Statistically
significant differences in the population size of G. turnbulli were also recorded
between male and female P. reticulata. Exposing P. reticulata to Spg/l cadmium
resulted 1n little difference in the respiratory burst of kidney phagocytes and the
production of myeloperoxidase when compared to the same parameters in control
fish. The phagocytic activity of these fish was, however, consistently elevated above
the controls. Exposure to 20ug/l cadmium resulted in a further enhancement of both

phagocytosis and respiratory burst in P, reticulata. Unlike, C. carpio, no adaptation

to cadmium exposure was observed in P. reticulata within a 30-day period. During

111
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the trial, subtle differences in the innate immune parameters of male and female
guppies also emerged. None of the three innate immune parameters investigated, i.e.
phagocytic activity, respiratory burst and myeloperoxidase production, appeared to

correlate to the observed differences in the population growth of G. turnbulli.

The finding that cadmium at levels below its permitted maximum can significantly
increase numbers of Gyrodactylus spp. to the detriment of P. reticulata, suggests

that the water quality guidelines, with regard to the permitted concentration of this

metal, should be reviewed.

This study has provided the first information on the effects of low concentrations of
cadmium on selected monogenean parasites and their hosts and has been the first to
attempt to elucidate host-parasite interactions in the presence of this metal. The

study has provided a range of interesting findings and has offered several avenues

for further investigations into a complex field of research that is still in its infancy.
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source of D. extensus and carp see section 5.2.1.1.C,

Fig. 6.1. Schematic illustration of the morphometric features
measured on Gyrodactylus turnbulli (a) marginal hooks, (b)
hamuli and (c) ventral bar. Diagrams from Shinn (1993).

Fig. 6.2a-c. Experiment 1 - The mean (x S.E.) log transformed
number of G. bullatarudis per guppy over time in control (C1-C3)
and Sug/l cadmium-exposed (T1-T3) tanks.

Fig. 6.3. Experiment 1 - The pooled mean (x S.E.) log
transformed number of G. bullatarudis per guppy over time in
control and Sug/l cadmium-exposed tanks.

Fig. 6.4. Experiment 1 - The number of days to 100% parasite
prevalence of control, C1-C3 (grey bars), and Sug/l cadmium-
exposed, T1-T3 (black bars), guppies in each tank.

Fig. 6.5a-d. Experiment 1 - The percentage of G. bullatarudis
present in each region of control and 5ug/l cadmium-exposed
guppies at (a) 5, (b) 10, (c) 15 and (d) 20 days post-start of the
trial.

Fig. 6.6a-c. Experiment 1 - The number of guppies in 0 and Sug/l
cadmium in each replicate remaining over time in (a) replicate 1,
(b) replicate 2 and (¢) replicate 3.

Fig. 6.7a-c. Experiment 2 - The mean (+ S.E.) log (x+1)
transformed number of G. rurnbulli per guppy over time in control
(C1-C3) and Sug/l cadmium-exposed tanks (T1-T3) (a) replicate
1, (b) replicate 2 and (¢) replicate 3.
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Fig. 6.8a, b. Experiment 2 - The pooled mean (% S.E.) log (x+1)
transformed number of G. turnbulli per guppy in control and Sug/l
cadmium-exposed tanks, (a) data pooled from all 3 control (Cl-
C3) tanks and all three Sug/l cadmium-exposed (T1-T3) tanks, (b)
data pooled from C1, C2 only and from T1, T2 only.

Fig. 6.9a-f. Experiment 2 - The total log (x+1) transformed
number of G. turnbulli on individual control (a-¢c) and Sug/l
cadmium-exposed (d-f) guppies in each tank over time.

Fig. 6.10a-f. Experiment 2 - G. turnbulli population growth on
male and female guppies. The mean log (x+1) transformed
number of G. turnbulli per male and female guppy over time in
control (c1-C3) and 5ug/l cadmium-exposed tanks (T'1-T3). Fig.10
d-f are replicates of a-c but with standard error bars (+ S.E.)
included.

Fig. 6.11a-d. Experiment 2 - The pooled mean (+ S.E.) log (x+1)
transformed number of G. turnbulli on male and female guppies in
control and Sug/l cadmium-exposed tanks (a) pooled data from all
3 control tanks (C1-C3) and all 3 test tanks (T1-T3), (c) pooled
data from C1 and C2 only and T1 and T2 only. (b) and (d) as (a)
and (c) but with error bars added (£ S. E.).

Fig. 6.12. Experiment 2 - The number of days taken to reach
100% parasite prevalence in control (C1-C3) and Sug/ cadmium-
exposed (T1-T3) guppies in each tank.

Fig. 6.13a, b. Experiment 2 - The size of male and female guppies
from control and Sug/l cadmium-exposed tanks. (a) mean body
length and (b) mean tail length.

Fig. 6.14a-j. The percentage of G. turnbulli present in each region
of control and Sug/l cadmium-exposed guppies at (a) 6, (b) 12, (¢)
18, (d) 24, (e) 30, (f) 36, (g) 42, (h) 48, (i) 54 and (j) 60 days post
start of the tnal.

Fig. 6.15a-f. Experiment 2. The number of male and female
guppies in control and Sug/l cadmium-exposed tanks remaining
over time.

Fig. 6.16. PCA plot of the Gyrodactylus turmmbulli hook
measurements.

Fig. 7.1a-c. The mean respiratory burst (+ S.E.) of kidney
phagocytes from guppies in 0, 5 and 20ug/l cadmium in (a)
replicate tanks 1, (b) replicate tanks 2 and (¢) replicate tanks 3.
Fig. 7.2. The mean pooled respiratory burst (+ S.E.) of kidney
phagocytes from control, 5 and 20ug/l cadmium-exposed guppies
at 6, 12, 18, 24 and 30 days post-start of the trial.

Fig. 7.3. Replicate 1 - The mean respiratory burst (+ S.E.) of
kidney phagocytes from male and female guppies in (a) O, (b) 5
and (¢) 20ug/l cadmium.

Fig. 7.4. Replicate 2 - The mean respiratory burst (x S.E.) of
kidney phagocytes from male and female guppies in (a) O, (b) 5
and (c) 20pg/l1 cadmium.

Fig. 7.5. Replicate 3 - The mean respiratory burst (x S.E.) of
kidney phagocytes from male and female guppies in (a) 0, (b) 5
and (¢) 20ug/l cadmium.

Fig. 7.6. The mean pooled respiratory burst of kidney phagocytes
from male and female guppies maintained in O, 5 and 20ug/l
cadmium at 6, 12, 18, 24 and 30 days post-start of the trial.
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Fig. 7.7. The mean pooled (xS.E.) respiratory burst of kidney
phagocytes from male and female guppies maintained in 0, 5 and

20pg/l cadmium at 6, 12, 18, 24 and 30 days post-start of the trial.
Fig. 7.8a-c. The mean phagocytic index (PI) (£S.E.) of kidney
phagocytes from guppies in control, 5 and 20ug/l cadmium
treatments in (a) replicate 1, (b) replicate 2 and (c) replicate 3.

Fig. 7.9a-c. The mean phagocytic ratio (PR) (£S.E.) of kidney
phagocytes from guppies in control, 5 and 20ug/l cadmium
treatments 1n (a) replicate 1, (b) replicate 2 and (c) replicate 3.

Fig. 7.10a-d. (a) The mean phagocytic index (PI) of kidney
phagocytes from guppies in control, 5 and 20ug/l cadmium
treatments over time. (b) The mean phagocytic ratio (PR) of
kidney phagocytes from guppies in control, 5 and 20ug/l cadmium
treatments over time. (c¢) and (d) as in (a) and (b) but with standard
error bars added (£S.E.).

Fig. 7.11a-e. The mean pooled phagocytic index (PI) (= S.E.) of
kidney phagocytes from male and female guppies in 0, 5 and
20pg/l cadmium at (a) 6, (b) 12, (¢) 18, (d) 24 and (e) 30 days
post-start of the trial.

Fig. 7.12a-e. The mean pooled phagocytic ratio (PR) (z S.E.) of
kidney phagocytes from male and female guppies in 0, 5 and
20pg/1 cadmium at (a) 6, (b) 12, (c) 18, (d) 24 and (e) 30 days
post-start of the trial.

Fig. 7.13a-c. Day 30. The mean myeloperoxidase activity (MPO)
(= S.E.) of guppies maintained in control conditions and exposed
to 5 and 20ug/l cadmium in (a) replicate 1, (b) replicate 2 and (c)
replicate 3.

Fig. 7.14a, b. The mean pooled myeloperoxidase production
(MPO) (= S.E.) of guppies maintained in control conditions and
exposed to 5 and 20ug/l cadmium in (a) day 6 and (b) day 30 of
the trial.

Fig. 7.15a, b. The mean myeloperoxidase production (MPO) (=
S.E.) of male and female guppies from each treatment at (a) days
6 and (b) day 30 of the trial.
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Chapter 1 - General introduction

Chapter 1

General introduction

1.1. Background

1.1.1. Cadmium

Cadmium is released continually into the aquatic environment by natural processes,
such as the weathering of rocks. The quantity of cadmium released into water from
this source is, however, minimal compared to the amount generated from
anthropogenic sources. These sources, along with a wide rangé of the environmental

aspects of cadmium, were reviewed comprehensively by the World Health

Organisation Report (1992; Environmental Criteria 135).

Cadmium has five main industrial applications, these being protective plating on
steel, stabilisers for PVC, pigments in plastics and glass, electrode material in
nickel-cadmium batteries and as a component of various alloys (Wilson, 1988 cited
by WHO report, 1992). ‘The WHO report (1992) stated that a major source of the
cadmium released into the aquatic environment is, however, from non-ferrous
mines, with contamination arising from mine drainage water, overflow from tailings
ponds and rainwater run-off from general mine areas. Large quantities of cadmium

are also generated as a by-product in the production of phosphate fertilisers.

Wittman (1981) reported that cadmium has become widely recognised as a harmful
toxicant due to its ability to concentrate up the food chain, thereby reaching humans

where it can produce both chronic and acute ailments. Indeed, Flick, Kraybill &

Dimitroff (1971), reviewing the toxic effects of cadmium, commented on the
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phenomenon in the late 1960s, where people living alongside the Jintsu River in
Japan suffered from a cadmium-induced condition that became known as “Itai, Itai”
(Japanese for “Ouch, Ouch”) disease and resulted in hundreds of deaths. This
discase affected mainly women and resulted in extremely brttle bones. These
authors stated that the source of this cadmium was an extinct, non-ferrous metal
mine that had operated in the 1800s. Hiatt & Huff (1975) reviewed the harmful
effects of cadmium to humans, and these include toxicological effects on the
kidneys, blood, skeleton, testes, lungs and liver, as well as carcinogenesis,
teratogenesis and mutagenesis. Due to the harmful nature of cadmium, it is
categorised as a List 1 substance in the Dangerous Substances Directive
(76/464/EEC and Daughter Directives). Every dangerous substance has an
Environmental Quality Standard (EQS), which must not be exceeded in controlled
watercourses. The Environment Agency (2003) stated “the dangerous substance is
not believed to be detrimental to aquatic life at any concentration below its EQS
limir’. The EQS for cadmium in freshwaters is currently Sug/l. In the last ten years,
several freshwater systems in the south west of England have failed the Dangerous
Substance Directive for cadmium (Environment Agency data 1992-2002). For the
purposes of confidentiality, the locations of these failures were not disclosed;
however, concentrations as high as 600ug/l cadmium were recorded at freshwater
sites immediately downstream of discharge sites. Aquatic systems are particularly
sensitive to metal pollution due to the structure of their food chains. Biomass in
aquatic systems is considerably lower than that of terrestrial systems. However,

Forstner & Wittman (1981) noted that, as this small biomass occurs in a greater
number of trophic levels than on land, this leads to an enhanced accumulation of

pollutants. As trace quantities of toxic metals are able exert a negative influence on
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M“w

plant, animal and human life, it is essential that the levels of these pollutants are
monitored to avoid serious damage to the aquatic ecosystem. In Scotland the

concentrations of dangerous substances are measured and regulated by the Scottish

Environmental Protection Agency (SEPA).

1.1.2. Monogenean parasites

Monogeneans belong to the Phylum Platyhelminthes and are found on most groups
of fishes. Cribb, Chisholm & Bray (2002) noted, however, that the greatest diversity
of monogeneans is on the bony fishes with only eight families being regularly
recorded on the chondrichthyans. These same authors stated how the genera
Gyrodactylus von Nordmann, 1832 and Dactylogyrus Diesing, 1850 comprise at
least one-third of the 3000-4000 monogenean species that have been described to
.date. Dactylogyrids are oviparous, with eggs giving rise to a free-swimming
oncomiracidium, while gyrodactylids are viviparous and give birth to live young
that attach directly to their host. Of the 1883 papers published on the Monogenea
between 1984 and 2001, Cribb et al. (2002) noted that 21% were on Gyrodactylus
and 15% on Dactylogyrus. Despite such interest in these groups, there are to date no
experimental studies that have investigated the impact of individual heavy metals on
these parasites and their hosts. Records of heavy metal-induced alterations on the
population size of these genera do exist (Kuperman, 1992; Zharikova, 1993; El-
Naggar, Hagras, Ogawa, Hussien & El-Naggar, 2000) but result from field studies
where there were either mixed parasite infections, a variety of pollutants or no

investigations of host immunity which make it hard to determine the exact cause of

these population changes.
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1.1.3. Parasites and pollution

The relationship between pollutants, including heavy metals, and outbreaks of
diseases in fish has been of interest since the early seventies, when a review by
Snieszko (1974) highlighted the coincidences of disease outbreaks with stress
caused by pollution, temperature, sewage and ecutrophication. Several reviews

specifically relating to parasitic diseases of fish and pollution have since been
written (see Khan & Thulin, 1991; Poulin, 1992; Overstreet, 1993; MacKenzie,

Williams, Williams, McVicar & Siddall, 1995; Lafferty, 1997; Landsberg,

Blakesley, Reese, McRae & Forstchen, 1998).

In 1987, Moller reviewed the effects of pollution on parasite communities and
highlighted three ways that pollution can impact on host-parasite systems. Firstly,
aquatic pollution can affect the parasite fauna of a definitive host directly by acting
on the free-living parasite stages or on ectoparasites attached to a host, and secondly
by acting indirectly on the intermediate host populations. Poulin (1992) considered
that invertebrates acting as intermediate hosts for parasites, particularly planktonic
crustaceans, are highly susceptible to almost any pollutant. Heavy losses of these
invertebrates, as a result of pollution, are then reflected in similar reductions in the
parasite population. Thirdly, pollution can affect the host directly, altering their
susceptibility to parasitic infection (Moller, 1987; Poulin, 1992; Hoole, 1997).
Hoole (1997) reviewed the effects of pollutants on the immune responses of fish
and discussed the implications that any changes may have for their helminth

parasites.
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Most studies specifically focusing on parasites and heavy metals have been

interested in the potential use of endoparasites as bio-indicators of pollution due to
their ability to accumulate heavy metals to levels greater than those recorded in their
hosts. The majority of these studies have been carried out by Sures and co-workers
(Sures, Taraschewski & Jackwerth, 1994a,b,c; Sures & Taraschewski, 1995:; Siddall
& Sures, 1998; Sures & Siddall, 2001; Zimmerman, Sures & Taraschewski, 1999:
Sures, 2001, 2002). Sures (2001) noted that parasitic bio-indicators can be
subdivided into two distinct groups, the “effect indicators” and “accumulation
indicators”. The latter group comprise the acanthocephalans and cestodes, both with
a strong accumulation capacity. In comparison to sedentary bio-indicator species,
such as the freshwater mussel Dreissena polymorpha (Pallas, 1771) which can
detect small-scale changes in pollution within a particular region, Sures,
Taraschewski & Rydlo (1997) suggested that fish parasites, having a mobile host,
would be able to provide information on the host’s average exposure to metals
within its entire natural range. The other advantages of using acanthocephalan
parasites as bio-indicators were also summarised by Sures (2001). Due to the
enormous accumulation capacity of acanthocephalans, Sures postulated that theée
parasites could detect exceedingly low concentrations of metals in water, and that
the ratio of metal accumulation in host muscle and in the parasites would provide
information on the duration of the exposure to metals. For instance, as
acanthocephalans accumulate metals more readily than their hosts, then a high ratio,
i.e. high accumulation of metal in the parasites and low accumulation in the host
muscle, would suggest that the period of metal exposure had been short, while high

metal levels in both host and parasite would indicate a longer period of exposure

(Sures, 2001).
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“Effect indicators” can provide information about the biotic and abiotic state of the

environment through changes in their abundance and distribution. Ectoparasites act
as particularly useful “effect indicators” because they are in direct contact with the
host and the surrounding environment, and so respond readily to environmental
perturbations. The sensitivity of monogenean communities to various pollutants has
been assessed, with extensive investigations on the effect of pulp and paper mill
effluent pollution on Dactylogyrus spp. (Koskivaara & Valtonen, 1992; Bagge &
Valtonen, 1996; Siddall, Koskivaara & Valtonen, 1997; Valtonen, Holmes &
Koskivaara, 1997) and the effect of oil pollution on populations of Gyrodactylus
spp. (Khan & Kiceniuk, 1988; Marcogliese, Nagler & Cyr, 1998; Moles & Wade,
2001). However, Poulin (1992) stated that, while it is important to know what
changes to parasite communities will be caused by pollutants, there are no general
rules that can be applied to all situations and thus the use of population changes, as

a bio-indicator of pollution, remains uncertain.

Kennedy (1997), Lafferty (1997) and Overstreet (1997) have all expressed concern
about the use of fish parasites as indicators of pollution. Indeed, Kennedy (1997)
highlighted a number of difficulties associated with their use as indicators of
environmental change. These problems include: finding a direct causal link between
pollutants and parasite community changes; the need for large sample sizes to assess
parasite abundance and the need to know whether parasites are being affected
directly or indirectly by changes in the host’s immune status and/or metabolism. In

view of the lack of definite correlation between parasite populations and
communities and pollutants, it was suggested by Kennedy (1997) that parasites

cannot be used as “effect indicators” of specific environmental events.
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Poulin (1992) also commented on the difficulties involved with quantifying the
effects of an individual pollutant on parasite populations from field studies, and how
observed differences in parasite number between polluted and unpolluted sites could
be attributed to differences in the abiotic and biotic factors between the two areas. In
light of the lack of information directly correlating observed changes in parasite
population and community structure with pollution, it was considered appropriate
that the current trials would, through controlled, experimental studies, attempt to
link a specific pollutant (cadmium) to changes in the population dynamics and
biology of two species of monogenean genera (Dactylogyrus and Gyrodactylus),
and to elucidate host-parasite interactions in the presence of this metal. While this
study was not concerned with using monogeneans and their hosts as bio-indicators
of cadmium pollution, the results from such a study could be used by others to help

debate the usefulness of parasite systems as bio-indicators.

1.2. Objectives of the present study

As this represents the first possible study to investigate the effects of heavy metals
on host-monogenean interactions, there was no previous work with which to
compare the findings from this trial. It was, therefore, decided that the selected
heavy metal should be one that has been used 1n ecotoxicology studies on a range of
invertebrate and fish species and is still of great environmental concern. For this
reason cadmium was chosen. The maximum permissible level (EQS) of cadmium,
Sug/l, was chosen to gain baseline data on the host-parasite interactions, followed

by studies assessing the impact of the environmentally realistic concentrations of

20-50ug/1.
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Interpreting results gathered from field studies investigating the effect of pollution
on parasite communities is made more difficult by the presence of more than one
parasite species. Indeed, Overstreet (1997) stated that interrelationships between
parasites could alter either the number of individuals or species on fish, further
complicating parasite-pollution studies. To avoid these complications from masking
the true effect of cadmium on monogenean biology, individual monogenean-host
systems were used in this study. The first system comprised the oviparous gill

parasite Dactylogyrus extensus Mueller & Van Cleave, 1932 and its host Cyprinus
carpio L., and the second, the study of the viviparous monogeneans of the genus
Gyrodactylus von Nordmann, 1832 and its host Poecilia reticulata (Peters, 1859).
For the latter, the effects of cadmium on both Gyrodactylus turnbulli Harris, 1986
and G. bullatarudis Turmbull, 1956 populations were studied. By using
representatives from the genera Dactylogyrus and Gyrodactylus, the impact of
cadmium on both oviparous and viviparous reproduction could be assessed. While
there 1s limited information concerning the biology of D. extensus (Bauer, 1959;
Bauer & Nikolskaia, 1954; Prost, 1963; Turgut, 1997), information regarding the
population dynamics of G. turnbulli is much more widely available (Scott, 1982;
Scott & Anderson, 1984; Scott & Robinson, 1984; Madhavi & Anderson, 1985:
Richards & Chubb, 1998). The greater range of literature relating to G. turnbulli
may be attributed to the ease with which it can be cultured under experimental
conditions. It should be noted here that Scott’s papers claimed to detail the
population dynamics of G. bullatarudis. However, Harris (1986a) later identified

this species, from specimens deposited at The Natural History Museum, London, as

G. turnbulli.
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As previously stated, pollutants can impact on monogenean parasites directly, or
indirectly, by altering the immune responses of the hosts. Thus, for this study,
independent investigations of the effect of cadmium on parasite biology and on host
responses were carried out. The toxicity of cadmium can be affected by various
factors, including pH and water hardness, and thus all trials were carried out in
controlled, experimental conditions, with water quality parameters being monitored

throughout.

To understand the impact of low concentrations of cadmium on the biology of D.
extensus, the effect of various concentrations of cadmium on in vitro egg production
and survival of this monogenean will be assessed, as will the in vivo egg production.
The innate immune response of fish is, according to Secombes & Fletcher (1992),
more important in disease resistance than the specific immune system. This study

will, therefore, investigate several aspects of the innate immune response of C.

carpio, exposed to different concentrations of cadmium over an extended period and
attempt to relate the results to the biology of D. extensus. The host responses that
are to be measured in the present study have been selected based on existing
literature regarding heavy metals and the immune and haematological responses of
fish (S6vényi & Szakolczai, 1993; Hutchinson & Manning, 1995; Zeilkoff, Bowser,
Squibb & Frenkel, 1995; Anderson, 1996; Rice, Kergosien & Marshall Adams,
1996; Witeska, 1998; Sanchez-Dardon, Voccia, Hontela, Chilmonczyk, Dunier,
Boermans, Blakley & Foumier, 1999; Bols, Brubacher, Ganassin & Lee, 2001).

These parameters include phagocytosis and respiratory burst by kidney phagocytes
and both total and differential blood counts. Hoole (1997) stated that it is not known

whether pollutants cause immunological alterations to fish directly, or whether the
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changes are caused by corticosteroids produced in a form of stress response. In view

of this, the cortisol concentration of C. carpio will also be monitored.

The population dynamics of G. bullatarudis and G. turnbulli exposed to low
cadmium concentrations will also be determined in the current study and, as for the

D. extensus-carp system, will be linked to selected immune parameters in their host

P. reticulata.

In taking the approach of independently investigating monogenean biology and host
responses, it 1s hoped that the effects of low concentrations of cadmium on

monogenean-host interactions can be elucidated and the direct cause-effect

responses recorded.

10
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Chapter 2

General materials and methods

The materials and methods routinely used throughout the experimental study are

described below. Materials and methods specific to individual experiments will be

included in the relevant chapters.

2.1. Fish

2.1.1. Common carp (Cyprinus carpio L.)

Common carp C. carpio, (length 5.0-7.5 cm) used during the course of these
experiments were procured from the same fish farm in the south of England to
standardise the experimental subjects as far as possible. For the purposes of
confidentiality the identity of the farm will not be disclosed. On arrival, 10 fish were
killed and subjected to parasitological examination. Skin scrapes were taken, gills
were excised and examined and squashes were made of the internal organs. The fish
were then quarantined for 2 weeks to allow them to acclimate to their new
conditions. If necessary, carp were treated with an effective chemotheraputant for
any unwanted parasites that were identified during the routine screening. All carp
were found to be naturally infected with the gill parasite D. extensus. The species of
dactylogyrid present on the fish was identified by removing the parasitic worms
from the gills and mounting them in ammonium picrate glycerine. The hamuli and
the reproductive sclerite of each specimen was then examined under x40 to x100
magnification and compared to the descriptions and drawings of Gusev (19835) to

confirm the species. No other species of Dactylogyrus were observed at any time

during the experiments.

11
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Between 250 and 300 carp were transported from the fish farm to the Institute of
Aquaculture, University of Stirling, in a single plastic bag placed inside a
polystyrene box. With a transportation time of often greater than 12 h there were
inevitably some mortalities which were screened for parasites and other diseases on
their armval. The screening of these mortalities was in addition to screening 10 carp
selected from the stock at random, as described above. On most occasions fish
mortalities were attributed to heavy infestations of Chilodonella sp. (cihiated
protozoan), which generally appeared a week after the fish arrived and may have
exploited the fishes stress during transportation and acclimation to new conditions.
Heavy infections were treated with 50ppm of chloramine-T for 45 min in well-
aerated tanks. The treatment was repeated again 3 days after the first to ensure that
the infection was successfully treated. After treatments a further 5 fish were
examined and the number of dactylogyrids present on the gills counted and
compared to the numbers found on fish prior to treatment. A dose of chloramine-T

was chosen so that it did not affect the numbers of D. extensus present on the fish,

but, did remove the Chilodonella sp. infection.
All trials were carried out in the tropical aquarium facility of the Institute of
Aquaculture. The fish were moved to this facility after the 2-week quarantine period

and were acclimated to the system for 7 days prior to the start of any experiment.

Fish were fed to satiation daily with a commercial pelleted feed (brand name

withheld for reasons of confidentiality; see Chapter 5 section 5.4).

12
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2.1.2. Guppies (Poecilia reticulata Peters)
Several suppliers of guppies were sourced for a disease/parasite free stock but none

were found. Several different stockists thus had to be used throughout the course of
the trials. However, the fish used in each trial were always single batches of fish
from one supplier. On arrival male and female fish were separated and placed in 20
litre plastic, static tanks heated to 21-23°C with Visi-therm aquarium heaters
(100W) and aerated using a 4" air stone. Fifty percent of the water in each tank was
replaced daily using a source of fresh de-chlorinated water heated to 21-23°C, A
sub-sample (n=5) of the fish and any mortalities that occurred in the first three days
after arrival were examined for parasitic infection. In most instances, the fish were
infected with Gyrodactylus sp. and were, therefore, treated with 100ppm formalin to
eradicate the infection. The exact treatment regimes carried out on guppies used for
each experiment are detailed in the relevant chapters. Formalin treatments, lasting
45 min, were carried out in well-aerated static tanks. Once treated, the fish were
moved to new tanks containing fresh water and were monitored over the next few
hours to ensure that they had not been adversely affected by the treatment process.
No formalin treatments were carried out until the fish had recovered from
transportation stress which was usually 3 + days after their arrival. After formalin
treatment, a further 3-5 guppies were examined for parasitic infection. Acclimation

periods for each batch of experimental guppies are detailed in the relevant chapters.

Several batches of fish arrived infected with the ciliated protozoan Tetrahymena sp.
and were treated with the same dose of formalin in an attempt to eliminate the

infection. However, due to the invasive nature of the infection, the treatments

13
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proved to be futile and the entire batch of fish was rejected on the advice of the in-

house veterinarians.

Guppies were fed twice daily with Aquarian Tropical Fish Flake®. The fish were

moved to the experimental system at least 7 days prior to the start of any experiment

to acclimate to the new conditions. Male and female fish were only mixed in each

tank 3 days prior to the start of the trials.

2.2. The experimental system

A flow-through system of 12, polyethylene tanks was built in the tropical aquarium
facility of the Institute of Aquaculture. A galvanised steel framework was built,
upon which the 12 tanks were set up in 2 rows of 6 as shown in the schematic

diagram (see Fig. 2.1).

Water flowed continuously, through 1" UPVC pipework, from a 50 litre plastic
header tank situated on a platform 2 m above the tanks. UPVC pipe work was used
in place of PVC pipe work, as cadmium is used as a stabiliser in PVC and use of
this plastic could potentially have contaminated the incoming water to the tanks.
Water was obtained directly from the mains supply and was vigorously aerated in
the header tank using three, 6" air stones to remove any chlorine present. A 2 litre
Eheim pump and filter, packed with activated charcoal, was set up in the header
tank to remove any organic matter entering the system and to further dechlorinate

the water.

Each experimental tank measured 35 x 28 cm internally. Tanks were filled to a level

of 20 cm giving an average volume in each tank of 22.8 litres. Each tank was

14
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M

individually fed with water from the header tank and was drained by a 0.5" central

outflow pipe that emptied into a 25 litre collection tank connected by UPVC pipe

work to an open drain.

Aeration in each tank was effected using 4" air stones. The airflow was adjusted to a
level that did not cause distress to the fish or impede their swimming. To prevent
the fish from being drawn towards the outflow pipe, a 3 mm, stiff, plastic mesh was
attached around each outflow pipe and secured in place with an elastic band. The
mesh was washed thoroughly each day to remove any build-up of organic waste

ensuring that the water flow was unrestricted and the water quality optimal.

For the trials using carp, the outsides of each tank were covered with black plastic
ensuring that the incoming light was unidirectional and standardised between the
tanks. A light meter was used to verify that there was no large-scale variation in the
amount of light reaching each tank. For all experiments using the guppies, the black
plastic was removed from the tanks to replicate the conditions in the aquarists and
holding facilities, thus minimising the stress associated with moving the guppies to

the flow-through system.

Six test (cadmium-added) and 6 control (untreated) tanks were chosen at random
from the 12 tanks in the system and were labelled accordingly. These tanks were
maintained as controls or tests throughout all the trials to prevent contamination of

control fish and parasites with the test solution of cadmium, however, their position

could be moved to suit the randomised pattern of each experiment.

16
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Water flow rates to the tanks were set using individual taps attached to each tank.

Flow rates were maintained at 100 ml/min unless otherwise stated. Due to the need
to keep the metal levels in the tanks constant, water flow rates were checked daily

by means of a measuring cylinder to calculate the flow rate/min. Separate vessels
were used for measuring the flow rates in the control and test tanks to avoid

contaminating control tanks with cadmium.

The temperature of the water in each tank was maintained at ca. 16°C for the carp-

D. extensus trials. In summer, the incoming water to the tanks was heated by the
ambient air temperature of the aquarium (ca. 27°C), raising the temperature in the
tanks to ca. 20°C. To regulate this it was necessary to use a Hakke EK20 water
cooler fitted to the header tank. In winter, however, the air temperature of the

aquarium was not sufficient to raise the 4°C incoming water to the desired 16°C

level. Therefore, it was necessary to use a 3kW Howden immersion heater fitted to

the header tank to obtain the desired temperature. The guppy-gyrodactylid trials
were run at higher temperatures of 21-22°C. In the static tank trial, the ambient air

temperature maintained the temperature of the tank water at the desired level.

However, in the flow through trial it was necessary to use the immersion heater to

maintain the desired temperature.

2.3. Cadmium dosing system

A 16-cassette Watson-Marlow peristaltic pump (20 rpm) was used to deliver the

cadmium sulphate stock solution to the individual experimental tanks.

17
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Both the manifold and the connecting tubing were made from Marprene® and were
obtained from Watson-Marlow manufacturers. Prior to purchase, small samples of
Marprene® tubing were immersed in cadmium solution (5pg/l) and left in sealed

conical flasks in the warm water aquarium for 48 h. After 48 h the pieces of tubing

were removed from the flask and checked for any signs of damage, such as

perishing or splitting. This test was used to determine that neither the metal solution
nor the running temperature of the aquarium would compromise the physical

properties of the tubing.

The manifold tubing had a bore size of 0.64 mm which, when combined with the
speed of the pump (20 rpm), should have delivered the cadmium solution at a rate of
0.20 ml/min. On testing, however, an average delivery rate of 0.33 ml/min was
recorded, and this rate was used when calculating the concentration of each stock

solution of cadmium.

The manifold tubing was positioned in the individual cassettes of the pump, so that
they lay between the rollers of the pump and the cassette, such that, when the pump
was turned on, the tubing would be pressed between the cassette and the rollers at
regular intervals. To both ends of the manifold tubing, flexible tubing was
connected using small plastic connectors. One end of the tubing was fed into the
reservoir of cadmium sulphate stock solution, while the other end was fed into an
experimental tank (see Fig. 2.1). The tubing in each tank was positioned next to the
water inlet pipe to ensure that the cadmium stock solution would be thoroughly

mixed as it entered the tank. The aeration and the movement of the fish in the tank

18
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also ensured constant, suitable mixing of the cadmium solution throughout each

tank.

2.3.1. Cadmium source

The cadmium sulphate stock solution was made up in distilled water using cadmium

sulphate powder (3CdSO4. 8H,0)(BDH Chemicals Ltd). Ten litres of stock solution

was made up at a time and stored in a sealed plastic bucket. Small holes were dnlled
into one side of the bucket just below the lid. Connecting tubing was fed through
these holes, ensuring that, in the event of the bucket being accidentally overturned,
there would be minimal spillage of the stock solution. The concentration of the
stock solution for each experiment was adjusted to compensate for the desired
nominal concentration of cadmium, the water flow rate and the delivery rate of the

stock solution via the pump and tubing.

The volume of each tank was calculated and, prior to turning the pump on, each
tank was made up to the correct cadmium concentration. One litre of a 5,000ug/]
cadmium sulphate solution was made and, depending on the desired concentration
of cadmium, an appropriate aliquot of this added to the tanks to give a concentration
equating to Sug/l. Once added, the pump was switched on and the experiment was

started.

2.4. Monitoring the concentration of cadmium
The nominal concentration of cadmium (5, 20, 30 or 50ug/l) was maintained as
accurately as possible by regulating the concentration of metal in the stock solution,

the flow rate of incoming water and the delivery rate of the peristaltic pump.
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Samples of water (100 ml) were taken from each tank at regular intervals and stored
in acid washed (10% nitric acid solution) Nalgene® bottles. Each sample was then
acidified with 1% concentrated nitric acid (BDH Chemicals) (i.e. 1 ml conc.

HNO3/100 ml of water) and kept in the refrigerator until a time when they could be

analysed.

The same Nalgene® bottles were used throughout these series of experiments and
were acid washed between sample collections. To ensure that the acid washing was

effective and that there was no contamination of new samples with cadmium from
previous trials, a small experiment was run. Ten bottles (5 previously used for
control samples and 5 for test samples (5pg/1)) were placed in acid wash for 24 h.
After this time they were removed, rinsed 3 times in distilled water and then filled
with 100 ml of nanopure water. Each sample was then fixed with 1% nitric acid and

analysed. In all cases the cadmium in each sample was so low that it was below the
detection limits of the graphite furnace atomic adsorption spectrometer, indicating

that contamination of samples by this route was unlikely.

Cadmium concentrations in the water samples were analysed at 222.8nm on a
Unicam 939 QZAA Spectrometer fitted with an FS90 Furnace Autosampler, with a
detection limit of 0.5ug/l. Aliquots of 1 ml were taken from each water sample and
placed in sample cups on the carousel of the atomic adsorption spectrometer, with

up to 60 samples being analysed at one time.

Throughout all experiments the actual cadmium concentrations deviated from the

nominal concentrations despite careful calculation and control. Several factors may
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have been responsible for these deviations in concentration. Firstly, the amount of
cadmium sulphate powder required to make up the stock solutions was very small,
ranging from 0.07 g for 10 litres of Sug/l stock solution to a maximum of only 0.42
g for 10 litres of 30ug/l stock solution. Due to these small quantities, any
experimental error in weighing would have magnified errors in the final
concentration of the stock solution. Secondly, during the experiments there were
difficulties 1n setting constant water flow rates to each tank. Despite checking and
adjusting the flow rates each day, there were often increases or decreases in the rate
by the following day caused by changes to mains water pressure. Again, these

alterations could have led to the cadmium concentrations deviating from the

nominal levels. Future experiments should be run in a system where water pressure

changes are minimal, giving more consistent flow rates.

2.5. Monitoring water quality parameters

Water quality within each experimental tank was monitored regularly throughout
each experiment. Temperature and flow rates were monitored daily, while
alkalinity, water hardness and pH were monitored approximately every 10 days. If
the trial was short, then these parameters were assessed more frequently. The

methods for determining these water quality parameters are given in Appendix 1.
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Chapter 3

The effect of cadmium on the reproductive biology
and survival of Dactylogyrus extensus

3.1. Introduction
Some species of dactylogyrid are often the cause of large-scale fry mortality on carp
farms (Prost, 1963). These species include Dactylogyrus vastator Nybelin, 1924, D.

anchoratus (Dujardin, 1845) and D. extensus Mueller & Van Cleave, 1932 (Prost
1963). Prost (1963) considered D. vastator to be the most pathogenic dactylogyrid,
resulting in it being the subject of many investigations from the early twenties to the
sixties, including those by Nybelin (1924), Layman (1948), Izjumova (1956) and
Paperna (1963, 1964). However, studies pertaining to the biology of D. extensus are

more scarce, with the majority of available information coming from Russian
studies carried out in the late 1950s by Bauer (1959) and Bauer & Nikolskaia
(1954). The findings of these authors are discussed by Prost (1963), who
investigated the development and pathogenicity of both D. extensus and D.
anchoratus parasitising breeding carp. While Prost’s study on D. anchoratus was
comprehensive, incorporating egg production and development studies with an
investigation of the development of the parasite from egg to adult, the study on D.
extensus was less comprehensive, lacking any information about egg production. No

further studies on the biology of D. extensus appear to have been carried out until an

unpublished MSc project at the University of Stirling by Turgut (1997).
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3.1.1. Reproductive biology
3.1.1.1. Egg production by dactylogyrids

Kearn (1986) comprehensively reviewed all aspects of egg production, development
and hatching in monogenean parasites. As with all dactylogyrids, D. extensus is an
oviparous hermaphrodite, producing operculate eggs with a proteinaceous tanned
egg-shell and a small “appendage” or stalk present at one end. A general description
of egg assembly in all monogeneans was also provided by Kearn (1986). A single
oocyte and large numbers of vitelline cells are brought together in the o6type, where
vitelline droplets, found in the cytoplasm of the vitelline cells, coalesce around the
package and form the eggshell. Kearn (1986) reported that the proteinaceous shell
appears white in colour but progressively turns darker as a result of an enzymatic
tanning process involving phenolic substances. In the current study, the enzymatic
tanning process appears to continue once the eggs of D. extensus are released from
the parasite, with eggs changing from a light brown to a dark brown colour over

several hours.

The rate of oviposition by dactylogyrids has been recorded to increase with
increasing temperature, although at temperatures at the upper end of each species
range, egg production often falls (Prost, 1963; Paperna, 1963; Molnér, 1971;
Kashkovskii, 1982 cited by Kearn, 1986; Turgut, 1997). Several studies have
investigated dactylogyrid egg production, with Paperna (1963) investigating that of
D. vastator, Prost (1963) that of D. anchoratus, Molnar (1971) that of D. lamellatus

Achmerow, 1952 and Turgut (1997) that of D. extensus and D. difformis (Wagener,

1857)/difformoides (Gliser et Gussev, 1971) (morphologically indistinguishable).
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At 28°C, Paperna (1963) recorded an average in vivo oviposition rate per individual
D. vastator of 29 eggs/24 h. The same author found that at the lower temperature of
12°C, in vivo egg production fell to 1.5 eggs/24 h. Interestingly, Izjumova (1956,
cited by Paperna, 1963) found that the in vivo rate of oviposition of D. vastator at
12°C was greater than that recorded by Paperna at the same temperature, being 4.5
eggs/24 h. The difference in rate of oviposition between these two trials, despite
being run at the same temperature, suggests inherent variability in the egg
production of dactylogyrids due to adaptation to local conditions. Temperature-

related increases in in vivo egg production have also been reported by Prost (1963)
and Molnar (1971), with D. anchoratus producing 0.05 eggs/parasite/24 h at 5°C

and 3.87 eggs/parasite/24 h at 23°C and D. lamellatus producing 2.5

eggs/parasite/24 h at 12°C, increasing to 15 eggs/parasite/24 h at 28°C.

In a review of the reproduction of and host-location by parasitic platyhelminthes,
Whittington (1997) commented on the difference in rate of oviposition between
parasites maintained in vivo and those maintained in vitro. Both Whittington (1997)
and Bauer (1959, cited by Paperna, 1963) found that in vitro egg production in
monogeneans is greater than in vivo production. However, Whittington (1997)
reported that the longer the parasite was off the host the lower the rate of
oviposition became, suggesting that as the parasite becomes starved it is unable to
resource egg production. The recent work by Turgut (1997), investigating both the
in vivo and the in vitro egg production by D. extensus, also recorded a difference

between the two methods of egg production, with in vivo egg production by D.

extensus at 10°C and 17°C being 0.4 and 1.4 eggs/parasite/h, compared to the higher

rate of in vitro oviposition of 4.0 and 7.0 eggs/parasite/h, respectively.
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3.1.1.2. Egg production and heavy metals

There are no data available on the effect of heavy metals or other pollutants on the
reproductive biology of dactylogyrids. The only record of metal-induced alterations
to parasite reproduction has been reported by Riggs & Esch (1987) and Riggs,
Lemly & Esch (1987) in a fish cestode, Bothriocephalus acheilognathi Yamaguti,
1934 (B. gowkongensis Yeh, 1955), exposed to selenium. These authors found that
gravid parasites from control sites shed a greater number of eggs than the parasites

taken from selenium-polluted arcas. However, intensive studies of this parasite
species in different hosts concluded that, despite having an important impact on the
biological characteristics of the parasites, selenium pollution 1s not as important a
factor in governing growth and fecundity as the host species (Riggs & Esch, 1987,

Riggs et al., 1987).

Information on the impact of heavy metals on the fecundity of free-living organisms
is, however, much more widely available than that concerning parasites. Gomot
(1998) found that the number of eggs produced by a freshwater snail, Lymnaea
stagnalis L., decreased with increasing cadmium concentration, ceasing at a
concentration of 400ug/l. Similarly, Davies, Singhai & Wicklum (1995) recorded a
negative correlation between the number of ova and spermatozoa per unit biomass
in the leech Nephelopsis obscura Verrill, 1872 (Erpobdellidae) exposed to
increasing cadmium concentrations from 0 to 580ug/l over a 24-day exposure
period. A sharp decline in the fecundity of female F; progeny of the common

housefly, Musca domestica L., produced by adults fed on a diet containing either

chromium, cobalt, lead, cadmium, aluminium or mercury, has also been observed
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by Raina, Pawar & Sharma (2001). These authors also recorded a reduction in the

egg hatchability of M. domestica.

3.1.1.3. Egg development and hatching in dactylogynds

Egg development in dactylogyrids can be affected by abiotic factors, such as
temperature (Paperna, 1963; Prost, 1963; Turgut, 1997). For example, Paperna
(1963) found that the rate of egg development in D. vastator was linear with
temperature up to 28°C. At 37°C, however, he found that all egg development
ceased, a phenomenon also recorded at 5°C. Similarly, the eggs of D. lamellatus, D.
anchoratus and D. extensus have shown a reduction in development time with
increasing temperature (Molnar, 1971; Prost, 1963; Turgut, 1997), and, at
incubation temperatures close to zero, eggs of all three species ceased to develop
(Prost, 1963; Molndr, 1971). The optimum temperature for egg development varies,

depending on the parasite species, but is defined as that at which the greatest

percentage of eggs hatch. Interestingly, two different optimum temperatures have
been defined for D. extensus. Prost (1963) recorded an optimum temperature of 16-
17°C, while Turgut (1997) recorded a temperature of 25°C. The differences in these
optimum temperatures could be attributed to a range of factors, including host and
parasite source and age, acclimation temperatures and the health status of both the

parasite population and the hosts.

The exact method by which dactylogyrid oncomiracidia hatch from their eggs is

unknown; however, a variety of hypotheses can be suggested based on

investigations of other monogenean species. The most detailed study of egg

hatching in monogeneans is that by Kearn (1975) on the capsalid Entobdella soleae
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(van Beneden & Hesse, 1864) and it is possible that similar hatching mechanisms
could be applied to the dactylogyrids. The work by Kearn (1975) found that the
head glands of E. soleae secrete a proteolytic hatching fluid that dissolves the
opercular cement, allowing the oncomiracidia to hatch. It has been suggested by
Prost (1963) that dactylogyrids dislodge the operculum of the egg through muscular
exertions. However, Kearn (1986) stated that, while muscle exertion may play a part
in hatching, it is unlikely that, without prior pre-weakening of the operculum, the
oncomiracidia would be strong enough to break the opercular seal. Cone (1979)
suggested that just prior to the hatching of Urocleidus adspectus Mueller, 1936, the
opercular cement is softened, possibly by the release of hatching fluid into the space
between the larva and the shell. After dislodging the operculum, two fluid-filled
sacs, similar to those seen in the eggs of the digenean Fasciola hepatica L., were
seen to expand in the egg, possibly aiding the expulsion of the larvae from the egg
(Cone, 1979). It is thus possible that one of these methods of hatching may apply to
dactylogyrids, but, until detailed studies specific to this genus are carried out, the

exact mechanism remains unknown.

3.1.1.4. Egg development, hatching and heavy metals

To date there is limited information regarding the effect of heavy metals on the
development and hatching of parasite eggs. However, cadmium and zinc at 1,000-
10,0001g/1 have been recorded to inhibit the hatching of miracidia of the digenean
Schistosoma mansoni Sambon, 1907 (Morley, Crane & Lewis, 2001b) and the effect
of several heavy metals on encystment and excystment of the metacercariae of the
digeneans Notocotylus attenuatus (Rudolphi, 1809) and Parorchis acanthus

(Chamberlin & Ivie, 1942) have also been thoroughly investigated (Evans, 1982b;
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Morley, Crane & Lewis, 2001a). Evans (1982b) found that exposure to copper and

zinc (10ppm) significantly impaired the encystment of N. attenuatus cercariae, a
phenomenon also recorded by Morley et al. (2001a) on exposure of P. acanthus
cercariae to 25,000-50,000ug/l cadmium and zinc. Of note, however, is that the in
vitro excystment of P. acanthus was not affected by exposure to any concentration
of either cadmium or zinc when administered individually, but was significantly
impaired when exposed to mixtures of cadmium and zinc. The impairment of
excystment only occurred if cercariae were exposed to the metals while encysting;

fully-formed cysts were unaffected by metal exposure, suggesting that the cyst can

protect against all but the highest concentrations of cadmium and zinc (Morley et

al., 2001a).

As with the effect of heavy metals on egg production, information relating to free-

living invertebrates and heavy metals is more extensive than the available literature

for parasites. Rayms-Keller, Olson, McGaw, Oray, Carlson & Beaty (1998) found
that immersing the embryos of a mosquito, Aedes aegypti L., in Sug/l cadmium or
32pg/1 copper inhibited embryonic development. Removing the heavy metals in part
reversed the arrested development and this phenomenon was also observed by
Rafiee, Matthews, Bagshaw & MacRae (1986) 1n the crustacean Artemia exposed to
cadmium. The hatch success of eggs produced by the gastropod Lymnea stagnalis

L. was also reduced to only 0.4% by exposure to 200ug/l cadmium and at the lower

concentrations of 25 to 100pg/l cadmium, Gomot (1998) recorded a 5-15 day delay

in the hatching of the eggs when compared to the controls.
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In contrast to the above studies, cadmium increased the hatching of eggs of acridid

grasshoppers (Insecta, Caelifera) when compared to the controls (ca. 60%), with the
percentage hatching reaching 90.1% at 20ug/g cadmium (Devkota & Schmidt,
1999). A similar increase in hatching rate was also recorded by Amin, Rodriguez,
Hernando, Comoglio, Lopez & Medesani (1998) in eggs of the southern king crab,
Lithodes santolla (Molina) (Decapoda, Anomura), exposed to cadmium at both 0.2
and 2 mg/l. Both concentrations of cadmium produced a statistically higher hatching

rate (P<0.05) than the controls (Amin et al.,1998).

3.1.2. Survival of dactylogyrids.
3.1.2.1. In vitro survival of dactylogyrid adults and oncomiracidia

The only figure available for the in vitro survival of adult dactylogyrids comes from
Prost’s (1963) observations on D. anchoratus. Prost recorded survival times of 30-

50 h, although some individuals were able to survive for 75 h.

Oncomiracidia from different dactylogynid species have shown varying survival
times depending on the water temperature to which they are exposed. Paperna

(1963) recorded the survival of D. vastator oncomiracidia to be 3-12 h at 28°C,
although some did survive for 24-36 h. At 17-20°C and 10-14°C, Izjumova (1956)
recorded a survival time of 10-12 h and 16-18 h, respectively, in D. vastator
oncomiracidia. However, Turgut (1997) found that oncomiracidia of D. extensus
survived for generally fewer than 48 h at 17°C, although some individuals were

found alive after 78 h. At 25°C, she recorded a reduction in the survival to between

9-36 h. Oncomiracidia of D. difformis/difformoides lived twice as long at 17°C (24

h) compared to those maintained at 10°C (12 h) (Turgut, 1997).
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3.1.2.2. In vitro survival of parasites and heavy metals

The effect of heavy metals on digenean survival has been recorded in several
species, including Schistosoma mansoni, Cryptocotyle lingua Creplin, 1825,
Diplostomum spathaceum (Rudolphi, 1819) and Diplostomum sp. (see Morley,
Crane & Lewis, 2001b,c; Cross, Irwin & Fitzpatrick, 2001; Pietrock, Marcogliese &

McLaughlin, 2002; Pietrock, Marcogliese, Meinelt & McLaughlin, 2002). There is

no similar information available for dactylogyrids.

Morley et al. (2001¢) recorded impaired survival of D. spathaceum cercariac when
exposed to increasing concentrations of cadmium and zinc. However, at a number
of low metal concentrations (10pg/l cadmium; 0.1 and 10ug/l zinc), enhanced
survival of metal-exposed cercariae compared to the controls was recorded. A
similar metal-induced enhancement of survival was also observed by the same
authors in S. mansoni miracidia exposed to both cadmium and zinc (Morley et al.,
2001b). Mercury, chromium and mixed heavy metal pollution (copper, zinc, nickel,
lead, manganese and iron) have also been documented as causing a reduction in the
survival time of cercariae of D. spathaceum (see Pietrock et al., 2002a,b) and C.

lingua (see Cross et al., 2001).

3.1.3. Aims of the present study

Little appears to be known about the responses of monogeneans in the presence of

cadmium. The following chapter, therefore, presents a study on the effect of

cadmium on the reproductive biology of Dactylogyrus extensus. The maximum

permissible level of cadmium (Sug/l) was chosen to gain baseline data, followed by

an increase in concentration to 30ug/l cadmium in later experiments. The aim of this
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chapter is to investigate how cadmium affects the reproductive biology and survival
of D. extensus by looking at egg production (both in vitro and in vivo), egg hatching

and the survival of both adult parasites and oncomiracidia.
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3.2. Materials and methods

3.2.1. Fish

The fish used in this study were common carp C. carpio L. These were maintained
in the experimental flow-through system as described 1n section 2.1.1. and Figure

2.1 of the general materials and methods (Chapter 2). The targeted temperature for

all egg production experiments was 16°C.

3.2.2. Sampling procedure

3.2.2.1. Experiment 1 - The effect of the maximum permissible level of cadmium

Sug/l) on in vitro egg production and hatching of D. extensus at days 9, 29 and 31
post-start of the trial.
Six tanks were selected at random from the flow-through system and designated as

control tanks, and the remaining 6 tanks were designated as test tanks, i.e. for
cadmium-exposures. Fourteen carp were randomly allocated to each of the 12 tanks

and were acclimated to the experimental system for 7 days prior to the start of the

trial.

A sampling schedule was planned for 10, 30 and 60 days, so that several
generations of D. extensus could be generated and monitored. These times were
chosen based on findings of Bauer & Nikolskaia (1954, cited by Prost, 1963) that at
17-19°C the post-embryonic development of D. extensus lasts 11 days. At each
sample point, 2 tanks of each treatment were selected at random and sampled in
their entirety, which took 2 days. Thus the proposed day 30 sample was begun at
day 29 and due to very low parasite burdens on these carp, all remaining tanks were

sampled at day 31 post-start of the trial.
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The procedures for determining egg production and egg hatching are given under

section 3.2.3.

3.2.2.2. Experiment 2 - The effect of the maximum permissible level of cadmium

Sue/l) on the in vitro ege production and hatching of D. extensus at days 14, 21 and

30 post-start of the trial.

The only difference between Experiments 1 and 2 was the time of the samples.

Experiment 1 looked at in vitro egg production at days 9, 29 and 31, while

Experiment 2 looked at in vitro egg production at days 14, 21 and 30.

Three control and 3 test tanks were used in this experiment and each tank was
stocked with 25 carp. Due to heavy carp mortalities in the first batch of carp,
caused by infections of Chilodonella sp., a second batch of fish was bought. Two
tanks (C1/T1) were stocked with the first batch and a trial using these was
commenced 2 weeks prior to the other 4 tanks (C2, C3, T2, T3) that were stocked

with the second batch.

Two weeks after the start of the experiment, 10 fish from each tank were sampled
and processed as described below. Due to deteriorating fish health, the remaining
carp from C1 and T1 were sampled at 21 days rather than 30 days after the start of

the trial. The remaining carp from tanks C2, C3, T2, T3 were sampled at day 30.

The procedures for determining egg production and egg hatching are given under
section 3.2.3. Some parasites from this experiment were used for in vitro survival

trials (see section 3.2.5.1.).
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3.2.2.3. Experiment 3 - The effect of the maximum permissible level of cadmium

Sue/l) on both the in vitro and the in vivo egg production and on eeg hatching in D.

extensus.

Two control and 2 test tanks were each stocked with 10 carp. After 9 days, 4 fish
were removed from each tank and were used for in vivo egg production trials as
detailed below in section 3.2.4. The remaining 6 carp were left in the tanks until day
10 when they were processed for in vitro egg production as below. Due to the high
numbers of parasites with high egg production being recorded on the fish in

Experiment 1 at day 10, this time point was chosen as a suitable day for the trial in

Experiment 3 to be terminated.

The procedures for determining egg production and egg hatching are given under

sections 3.2.3 and 3.2.4.

3.224. Experiment 4 - The effect of 5 and 30ug/l cadmium_on in vitro egp
production and hatching in D. extensus.

Nine experimental tanks were chosen at random and from these 3 were designated
as controls, 3 as Sug/l cadmium tanks and 3 as 30ug/l cadmium tanks. Each tank
was stocked with 30 carp. At 10, 14, 21 and 30 days post-start of the trial, 6 fish
were sampled from each tank and processed for the measurement of in vitro egg
production as described in section 3.2.3. Some parasites from this trial were used for

in vitro survival trials (see section 3.2.5.2.).
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3.2.3. In vitro egg production and hatching

At chosen sample times in each experiment, the in vitro egg production of control
and cadmium-exposed D. extensus was assessed. At each time point, carp were
killed by concussion followed by severing the spinal nerve-cord and pithing the
brain. Both sets of gills were excised and placed 1n individual 3 cm Petni dishes that
were labelled with their treatment and tank number. The gills were observed under a
dissecting microscope (Olympus SZ30) at x4 magnification and the number of both
adult and juvenile parasites present on each gill was recorded. Adult parasites were

classified as those with dark vitelline follicles present, while juveniles were

typically opaque and lacked vitelline development.

Multi-well plates (5 ml wells, 12 wells/plate) were filled with water from either the
control or test tanks and were labelled accordingly. Single parasites were carefully

dissected from the gills, ensuring that each was left attached to a small piece of gill
filament, and then placed in individual wells of the corresponding multi-well plates
using a Pasteur pipette. The plates were then placed in an incubator (Gallenkamp
cooled incubator) set at ca. 16°C and were kept in the dark for 4 h, The total egg
production over this 4 h period was determined. Preliminary observations confirmed
the findings of Turgut (1997) that the in vitro egg production of D. extensus was
greatest in the first 3 h, with production falling at 4 h and generally ceasing after 5
h. For this reason all in vitro egg production trials were conducted over a 4 h period
only. After 4 h, the parasites were removed from the wells and were either mounted

in ammonium picrate glycerine to confirm that infections were of only a single

species or were analysed to determine their cadmium content (see Chapter 5). The
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well plates were returned to the incubator and screened daily using the dissecting

microscope.

The day after the eggs were laid, the number in each well was counted. Leaving the

counting to the following day ensured that the eggs had become enzymatically
tanned and were dark brown and thus clearly visible. The number of undeveloped

eggs was noted after the last developed egg had hatched. Undeveloped eggs

remained a dark brown colour over the duration of the hatching experiment, while
some eggs that had developed failed to hatch and it was apparent, through lack of

movement, that the oncomiracidium in these eggs was dead. Every 2 days, half of
the water in each well (ca. 2 ml) was removed and replaced from a fresh source

using a Pasteur pipette. Fresh water was taken from the control or cadmium-

exposed tanks as appropriate.

3.2.4. In vivo egg production

Four carp were removed from each tank (see 3.2.2.3) and placed individually into

small, lidded, aerated, plastic aquaria (internal dimensions of 21.1 x 13.4cm)

containing 2 litres of control or Sug/l cadmium water.

Three large tanks (intemal dimensions 70 x 52 x 45cm) were filled to a depth of 4

cm (ca. 14.6 litres) and heated to 17°C using 100W Visi-therm aquarium heaters.

Two of these large tanks held 5 randomly allocated small aquaria each, while the

third tank held 6 small aquaria.
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After 24 h the first egg counts were made in each of the 16 small tanks. The carp
were removed from the tanks and placed in a bucket containing control or test water

accordingly. The water in the tanks was allowed to settle for ca. 10-15 min before
the bottom of the tank was siphoned using flexible plastic tubing. This ensured that
any eggs that had been disturbed from the tank bottom by the action of netting the
fish would fall back to the bottom of the tank and be included in the count. Each
tank was siphoned several times and the sediment collected into a 1 litre beaker.

Two litres of fresh control or test water was then put into each tank and the fish

returned. The above procedure was repeated for a further 2 days, after which time
the fish were killed, the gills excised and the number of parasites present on each

fish counted.

The sediment collected each day was screened using a dissecting michSCOpe and
the number of eggs present counted. Any dead parasites found in the sediment were
also recorded. Four multi-well plates, 1 for each tank, were filled with water from
the corresponding source. Batches of eggs were placed in each well of the
corresponding plate and their development monitored over time. The total hatch

success from each treatment was determined once the last developed egg had

hatched.

3.2.5. In vitro survival of adult dactylogyrids and oncomiracidia
These experiments investigated the in vitro survival of D. extensus adults after both

chronic and acute exposure to cadmium. Chronic exposure refers to those parasites

that had been exposed in vivo to cadmium for a period of time between 9 and 30

days (see Experiments 2 and 4, sections 3.2.2.2 and 3.2.2.4.). Acute exposure refers
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to D. extensus that had not been experimentally exposed to cadmium prior to the

survival trial.

3.2.5.1. Experiment 2 - In vitro survival of adult dactylogvrids and oncomiracidia

after chronic exposure to Sug/l cadmium
Dactylogyrids collected from control carp and from the carp exposed to Sug/l

cadmium in Experiment 2 (see section 3.2.2.2) were taken at days 14 and 30 post-
start of the trial and used to assess their in vitro survival. Multiwell plates were
filled with either control water or test water (nominal Sug/l) taken from the
experimental tanks. A stock solution (1 litre) of 5000ug/l cadmium sulphate was
made using control water from the experimental system and diluted to give a
nominal concentration of 30ug/l cadmium. At both time points (14 & 30 days)
control worm survival was assessed in control water, 5 and 30ug/l cadmium water.
Similarly, test worm survival was assessed in the water from which they had been

removed (nominal Sug/l cadmium), control water and the 30ug/l cadmium water.

Four dactylogyrids from each tank were placed in individual wells of each of the 3
multi-well plates containing the 3 different concentrations of cadmium (0, 5 and
30ug/l). The plates were placed in an incubator set at 16°C and the parasites Wcre
monitored every hour for the first 3 h and then every 2 h thereafter for a total of 15
h. The dactylogyrids were observed under a dissecting microscope and considered
live if they were seen moving or if they moved when gently stimulated with a blunt-

ended seeker.
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Control and test eggs produced in the in vitro egg production trial (section 3.2.2.2)
were monitored daily for hatching. Individual oncomtracidia that hatched from the
eggs produced at 21 and 30 days were removed from the multi-well plate using a
Pasteur pipette and placed in a new well in a new plate containing water of a
corresponding cadmium concentration, i.e. control or Sug/l cadmium water. The
plates containing the oncomiracidia were then kept in an incubator set to 16°C (the
same temperature as the water into which they hatched) and were monitored daily
using a dissecting microscope. Oncomiracidia were considered live if they were
actively swimming or if, when floating and touched with a fine seeker, they swam
off using a rapid corkscrew motion. Due to the difficulty in observing the larvae, it
was often necessary to gently swirl the water in the wells by moving the well plates

back and forth. The number of days for which the oncomiracidia survived was

noted.

3.2.5.2. Experiment 4 - In vitro survival of adult dactylogyrids after chronic
exposure to S and 30ug/l cadmium

A minimum of 2 and a maximum of 12 dactylogyrids from each tank in Experiment
4 (see section 3.2.2.4.) were used to assess the survival of control, 5 and 30ug/l
cadmium-exposed dactylogyrids. A stock of artificial soft water (A.S.T.M)
(hardness 40ppm CaCQ3) was made and stored at 4°C. From this artificial water, 1
litre stock solutions of 5 and 30ug/l cadmium were made and stored at 4°C. Before
use, these stock solutions were placed in an incubator set to the temperature of the

experimental tanks to ensure that the parasites were not exposed to changes in

temperature, which could affect their survival. Dactylogyrids from the experimental

system were removed at 9 and 30 days post-start of the trial and were placed in
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multi-well plates containing artificial water of the corresponding cadmium
concentration. Survival of the day 9 dactylogyrids was monitored for 45 h and the
day 30 dactylogyrids were monitored for 60 h. For the first 3 h, survival was

monitored hourly, after which time assessments were made every 3 h.

Oncomiracidia hatched from eggs produced in the in vitro egg production trial

(section 3.2.2.4) were placed in individual wells of multi-well plates containing
artificial water of the corresponding cadmium concentration, i.e. 0, 5 or 30ug/l

cadmium. Oncomiracidia hatched from eggs produced at day 30 only were

monitored. These larvae were monitored in the same way as in 3.2.5.1.

3.2.5.3 In vitro survival of adult dactylogyrids on acute exposure to cadmium

Dactylogyrids were taken from non-experimental stock carp for the following trial.
A 15,000ug/1 cadmium sulphate stock solution was made 1n artificial (A.S.T.M) soft

water and diluted to give stock solutions of 5000, 500, 250 and S0ug/l cadmium.

A minimum of 18 and a maximum of 30 worms were used to monitor survival in

artificial water at 0, 50, 250, 500, 5,000 and 15,000ug/1 cadmium. Survival of the
dactylogyrids was monitored for 75 h as detailed in 3.2.5.1. The number of eggs

produced by dactylogyrids in each concentration was recorded.

3.2.6. Statistical analysis

Due to the small sample sizes and the large amount of variation in egg production of
D. extensus, the egg production data were not normally distributed. In light of this,
non-parametric tests (Kruskal-Wallis; Mann-Whitney U) were used to compare the

median egg production values of parasites from individual tanks in all treatments.
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Egg production data from replicate tanks within each treatment were then pooled

and the Mood’s median test applied. To determine if any statistical differences were
apparent between the means of each treatment, the pooled data were analysed using
a bootstrap 2-sample t-test. Both the Mood’s median test and the bootstrap 2-sample
t-test were calculated using the statistics package Quantitative Parasitology 2.0.

Budapest (see Rozsa, Reiczigel & Majores, 2000).

41



Chapter 3 - The effect of cadmium on the reproductive biology and survival of

Dactylogyrus extensus

3.3. Results

3.3.1. Water quality

The water quality parameters (mean + S.E.) measured in each of the 4 D. extensus

biology experiments are presented below in Table 3.1.

Table 3.1. Summary of the water quality data from all 4 D. extensus biology

experiments.
Experiment 1 Controls
Cadmium concentration (ug/l) = S.E. 0.11 £0.01 8.07 +£0.32
(Range) (n=36) | (0.01-0.212) | (5.36-11.6)
Temperature (°C) (n = 144) 16.14 + 0.06 16.03 +£0.03

- pH (n = 18) 6.38 +0.01 6.41 +0.01
Alkalinity (meq/l) (n = 30) 0.03 +0.002 0.03 + 0.0008
Hardness (ppm CaCO;) (n = 24) ~26.25x0.16 24.64 +0.18
Experiment2 |  Controls | Tests (Spg/l)
Cadmium concentratlon (ug/l) + S E 0.06 +0.01 7.45 +0.48
(Range) (n=39) (nd - 0.165) | (4.67 - 11.95)
Temperature (°C) (n=75) 16.62 + 0.09 16.55 + 0.08

pH (n=15) | 6.82+0.02 | 6.83 +0.02
Alkalinity (megq/l) (n=15) | 0.03 +0.0009 0.03 +0.001
Hardness (ppm CaCO;) (n = 21) 24.52 +0.71 24.77 £0.74
Experiment 3 S | Controls ~ Tests ( (Spg/l)

Cadmium concentratlon (ug/l) + S.E. 0.16 = 0.05 4.15+0.12

' (Range) (n=14) | (nd - 0.38) (3.6 - 4.6)
Temperature (°C) (n =22) 16.34 £ 0.03 16.38 £0.03

pH (n = 8) 6.81 006 | 6.79 +0.04
Alkalinity (megq/l) (n=8) | 0.03 + 0.0009 | 0.03 + 0.0007
Hardness (ppm CaCOq) (n=28) 27.00 +£0.42 26.88 +0.30
Experimentd | Controls | Tests (Spg/l) | Tests (30ug/l)
Cadmium concentration (pg/l) = S.E. 0.28 £ 0.06 6.99 +0.21] 29.17 £ 0.75
(Range) (nd - 0.68) (4.92 -9.70) (22.56 - 36.09)

| (n=17) (n = 22) (n = 20)

' Temperature (°C) (n=44) | 16.78 +0.06 16.66 + 0.07 16.71 +0.05 |
pH mn=12) | 7.29+0.03 7.30 +£0.03 7.30 £ 0.03

' Alkalinity (meg/l) n=12) | 0.02+0.04 0.02 +0.05 0.02 + 0.04
Hardness (ppm CaCO3) (n=20) | 25.52+041] 25.60 + (.48 25.14 = 0.64

The concentrations of cadmium in the control tanks ranged from undetectable levels

(nd), i.e. below the detection limit of the graphite furnace AAS, to 0.378ug/l.

Concentrations of cadmium 1n the

(est

tanks

deviated from

the nominal
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concentrations of 5 and 30ug/l, ranging from 3.6-11.95ug/1 for the lower level and
22.56-36.09ug/1 for the higher level. The lowest mean cadmium concentration
(nominal Sug/l) was observed in Experiment 3 and the highest in Experiment 1
(4.15ug/1 and 8.07ug/l, respectively). Except in Experiment 4, where tank T3 (Sug/l
cadmium) differed significantly from the other two Sug/l tanks (One-way ANOVA,
P = 0.004), there were no statistical differences in cadmium concentration within

each treatment. No other water quality parameter differed significantly between any

tank in any of the 4 experiments.

3.3.2. Egg production

All egg production values presented are the mean number of eggs/parasite/4 h,

unless stated otherwise.

3.3.2.1. Experiment 1 - The effect of the maximum permissible level of cadmium

Sue/l) on the in vitro egg production of D. extensus at days 9, 29 and 31 post-start

of trial.

Adult D. extensus were removed from carp maintained in control conditions and
from those exposed to Sug/l cadmium for 9, 29 and 31 days and the in vitro rate of

oviposition of the 2 groups determined and presented in Table 3.2.

At day 9 of the trial, D. extensus in both cadmium-exposed tanks produced a greater

number of eggs than the control dactylogyrids, 3.88 + 0.8 eggs/parasite/4 h and 4.33
+ 0.94, compared to 1.96 + 0.58 and 3.13 + 0.8, in the control tanks. Similarly, the
percentage of egg-producing parasites was also greater in the cadmium-exposed

tanks compared to the controls. Statistically, however, the difference in the median
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rate of oviposition between the control and cadmium-exposed D. extensus was non-
significant (see Tables 3.10-3.11). Interestingly, in all 4 experiments cadmium-

exposed D. extensus were found to produce more eggs than the control parasites at

the early stages of each trial (ca. days 9-14).

At day 29, the pooled mean egg production value was statistically greater in the
cadmium-exposed D. extensus compared to the controls (P = 0.025), producing 8.0

+ 1.5 eggs/parasite/4 h compared to 3.3 + 1.2 eggs/parasite/4 h, respectively (Tables

3.2,3.10-3.11).

After 31 days exposure to Sug/l cadmium, the egg production of the cadmium-
exposed D. extensus was lower than that of the control parasites, 1.18 + 0.69 and
1.71 = 0.74. However, when the non-egg-producing parasites were removed from
the data-set, the cadmium-exposed parasites were observed to produce a greater
number of eggs than the controls 5.2 + 2.4 eggs/egg-producing parasite/4 h and 3.0
+ 1.1 eggs/egg-producing parasite/4 h. Neither difference was, however, found to be

statistically significant (Tables 3.10-3.11).

Over time, the percentage of egg-producing D. extensus that were exposed to
cadmium decreased from ca. 70% at day 9 to ca. 25% at day 31. The mean number

of parasites found on carp from both the control and cadmium-exposed tanks was

also observed to decrease in a time-dependent manner, falling from 20.8 + 4.3 and

226 = 4.1 at day 9 to 2.4 £ 0.1 and 1.9 + 0.7 at day 31, respectively (Table 3.2).
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Table 3.2. Experiment 1 - Summarised data from the in virro egg production trial
comparing D. extensus in 0 and Spg/l cadmium at 9, 29 and 31 days post-start of the trial.

parasite/4 h

_ C2i7 Tl Pooled Pooled Spug/l
Fds | Day | 9 e vl TR | controls cadmium
No.fish 9O | 10 9 19 | 19
Total no. parasites 139 | 223 206 384 429
Mean no. parasites/fish 245+ | 154+ | 2232 | 229+ 20.8 +4.34 22.6+4.10
7.11 3.13 5.80 6.07 |
Total no. eggs/4 h 75 47 93 104 122 197
No. parasites used for egg 24 24 24 24 48 48
| production _ |
Percentage of egg-producing 62.5 41.7 70.8 70.8 2.1 70.8
adults
Mean no. eggs/parasite/4 h 3.1 + 2.0 + 3.9 + 43+ | 2.54 +0.49 4.10 £ 0.6
0.80 0.58 0.80 0.94 |
Range of egg no. | 0-13 0-9 0-12 0-18 0-13 0-18
Mean no. eggs/egg-producing X X X X 4.52 +0.66 5.79 £ 0.67
narasite/4 h = ]
________ Day29 T4 | Pooled | Pooled Sug/ll |
e el LT | controls | cadmium
No. fish | ) 3 12
Total no. parasites 20 34 47
Mean no. parasites/fish 2% 2.8 +0.] 3.9+ 1.26
0.57
Total no. eggs/4 h 31 10 56
No. parasites used for egg 7 [ 1 19
_production |
Percentage of egg-producing 33.3 33.3 25.0 57.1 33.3 41.1
adults
| Mean no. eggs/parasite/4h | 1.0+ | 08+ | 2.1+ | 44+ | 091 +0.55 2.95 + 1.05
1.00 1.00 .35 .63
| Range |05 0-4 | 0-15 | 0-10 0-5 0-15
Mean no. eggs/egg-producing X X X X 3.33+1.20 8.00 + 1.50
parasite/4 h
ST ekt Ryttt controls &
No. fish 14
' Total no. parasites 34 50
Mean no. parasites/fish 1.6+ | 67+ | 1.7+ | 236+0.68 192+0.7 |
.49 1.67 0.56
Total no. eggs/4 h 15 13 13 24 T 26
No. parasites used for egg 5 12 10 14 22
_ production - | 4
Percentage of egg-producing 55.5 60.0 25.0 20.0 57.8 + 22.5
| adults 4.
Mean no. eggs/parasite/4 h 1.0 £ 3.0+ [.]1 + 1.3 % .71 £0.74 [.18 £ 0.69
| 0.53 .84 (.87 .19
Range 0-5 0-10 0-10 0-12 0-10 0-12
Mean no. eggs/egg-producing | x X X X 30x1.12 5.2 +2.40

* Dwindling parasite numbers necessitated processing of all fish from tanks C5/T5, C6/T6 on this day.
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3.3.2.2. Experiment 2 - The effect of the maximum permissible level of cadmium

S5ue/1) on the in vitro egg production of D. extensus at days 14, 21 and 30 post-start

of trial.

In Experiment 2, the in vitro rate of oviposition by control and cadmium-exposed D.
extensus was determined at days 14, 21 and 30. Data were collected at day 21 from

tanks C1 and T1, rather than at day 30, due to deteriorating fish health.

As in the early stages of Experiment 1 (day 9), cadmium-exposed D. extensus
produced a greater number of eggs than the controls at day 14 of the trial, 3.21 +
0.47 and 2.97 = 0.58, respectively. However, when the mean egg production was
calculated from only those parasites that produced eggs, (i.e. excluding the non egg-
producing individuals), the controls were found to have the greatest rate of
oviposition, 4.59 + 0.87 eggs/egg-producing parasite/4 h comparéd to 3.75 £ 0.58
eggs/egg-producing parasite/4 h in the cadmium-exposed tanks. The pattern of
greater egg production by the control D. extensus was also observed at day 21 of the
trial, being twice as great by the controls as by the cadmium-exposed parasites (5.0
+ 1.85 and 2.4 + 1.39, respectively). At day 30, however, cadmium-exposed
parasites produced a greater number of eggs than the controls, 5.67 +£ 0.47 and 5.42
+ 0.23, respectively. As with day 14 data, when the egg production was adjusted to
account only for those parasites that produced eggs, the control values were greater
than those from the test population, 5.91 + 0.23 eggs/egg-producing parasite/4h and
5.67 £ 0.47 eggs/egg-producing parasite/4h, respectively. None of the differences in

egg production Dbetween treatments were found to be statistically
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Table 3.3. Experiment 2 - Summarised data from in vitro egg production trial comparing D.
extensus 1n O and Spg/l cadmium at 14, 21 and 30 days post- start of the trial.

Pooled | Pooled Spug/l

. it C2l | e C3 Wis Tl E e T2 G lee T3 5+ l.controls ¢ 12V cadmiunm #
No. fish 7 | 8 10 8 8 25 | 26
Total no. parasites | 141 | 191 | 200 | 145 154 251 532 ‘ 550
Mean no. 4.1+ | 273+ | 250+ | 145+ | 193+ | 314+ | 21.79+2.40 21.15+2.73
| parasites/fish 224 | 4.52 4.14 | 342 | 323 | 5.83 |
Total no. eggs/ 4 h 39 39 17 | 45 | 31 | 30 | 95 106
No. parasites used 14 9 9 15 9 9 32 33
for egg production | | | _ 4 |
Percentage of egg- 57.1 100 66.7 80.0 778 | 88.9 74.6 82.2
_ producing adults 1 | | _ | J #
Mean no. 2.8 + 4.3 + 1.9 + 3.0+ 3.4 + 3.3+ 2.97 +0.58 | 321 +047
eggs/parasite/4 h | 292 | 130 | 0.72 0.79 | 0.93 0.88 | _
Range | 0-12 ] 0-5 | 0-4 0-6 | 0-5 L 0-4 0-12 0-6
Mean no. eggs/egg-
producing parasite/4 X X X X X X 4.59 + 0.87 3.75 £ 0.58
h
RrbrG il 8 i o) B i ViR “controls | cadmium
No. fish 15
Total no. parasites | * 63 54
Mean no. 6.3 3.0 6.3 +0.94 3.6 £0.84
| parasites/fish | 094 | +0.84
Total no. eggs/4 h | 40 | 22 | 40 | 22
No. parasites used 8 9 8 O
| for egg production | '
Percentage of egg- 75.0 55.6 75.0 55.6
| producing adults ‘ | | |
Mean no. 50+ | 24+ 50+ 1.85 | 24139
eggs/parasite/4 h b L83 (1 1.99
_Range 0-13 | 0-7 0-13 ] 0-7
Mean no. eggs/egg- | 6.7+ | 44+
producing parasite/4 | 2.04 2.18 6.7 +2.04 44 +2.18
" Pooled | Pooled Spg/l
ikttt s G280 O3 Ut T20M controls | cadmium
. 1S5 | 6 0 k [ ' 11
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