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Little attention has been focused on the effect of anthropogenic compounds that disrupt the endocrine systems in
crustaceans. Consequently, this study investigated the effects of the juvenile hormone analogue (JHA),
Fenoxycarb® on selected physiological and developmental processes of the zoeal stages in the European lobster,
Homarus gammarus. Chronic exposure to Fenoxycarb (50ug L™ !) resulted in a significant (p < 0.05) reduction in
moult frequency and size at moult. Fenoxycarb exposure extended zoeal duration between zoea I to Il (p<0.05)
and resulted in total inhibition of the moult from zoea II to III. Significantly greater rates of O, uptake were

Keywords:
Enjélocrine disruption observed in Fenoxycarb-exposed larvae in comparison with controls (p<0.05). All rates of O, uptake decreased
Fenoxycarb® significantly between 7 and 12d of exposure (p<0.05). At 12d, exposure to the solvent control no longer

influenced rates of O, uptake, but it was not possible to attribute increased O, uptake to Fenoxycarb exposure
directly, as treated individuals did not moult beyond zoea IIl. The low exposure concentrations of Fenoxycarb,
comparable to those used in plant protection, resulted in endocrine disrupted responses in H. gammarus (albeit
with little clear, demonstrable effect on metabolism) a finding that could have important ecological and
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1. Introduction

The European lobster, Homarus gammarus, is a commercially im-
portant species (Wahle and Fogarty, 2006); therefore understanding of
potential threats to lobster fisheries, particularly those that might
affect larval recruitment, is paramount. Larval lobsters may be exposed
to pollutants more as they inhabit the pelagic zone of shallow, coastal
waters in regions that are heavily populated and subject to anthro-
pogenic inputs from industry or agriculture (Timbrell, 2002). To reduce
the impacts of pollutants such as organophosphates, more selective
‘third-generation’ pesticides have been developed (Grenier and
Grenier, 1993) for use as biological control agents, due to their actions
upon the recently elucidated insect neuroendocrine system (McKen-
ney and Celestial, 1996). The most extensive group of synthetic insect
growth regulators (IGRs) contains juvenile hormone analogues (JHA),
acting by mimicry of juvenile hormones, which are integral for suc-
cessful insect development (McKenney and Celestial, 1996). Specificity
of JHAs results in lower toxicity to vertebrates (especially fish) but still
retain toxicity against closely related species to the target organism,
particularly other arthropods such as crustaceans (McKenney et al.,
2004). JHA residues from pest control can enter the marine environ-
ment, either through direct application toward pests such as mos-
quitoes, or indirectly through agricultural/urban run-off (Key and
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Scott, 1994). There is some evidence of the disruption of crustacean
development by JHAs, mainly as a result of their increasing the time
taken to metamorphosis (Horst and Walker, 1999; McKenney, 2005),
but nothing is known of their effect on metabolism. Therefore it is
important to assess the potential impact of JHA residues in coastal
waters on non-target commercially important marine species utilizing
this area during early development (Key and Scott, 1994).

In the present study, the effect of JHAs on both growth and meta-
bolism (using rates of O, uptake as a surrogate measure) of the zoeal
(larval) stages of H. gammarus were investigated. Fenoxycarb, the insec-
ticide used in this study, is a non-neurotoxic carbamate, belonging to
one of the five different synthetic JHAs currently used in insect growth
regulation (Van Lenteren, 1999) and shows strong JH-activity (McKen-
ney et al., 2004).

2. Materials and methods
2.1. Animal material

Ovigerous, female, adult lobsters, H. gammarus supplied by local
fishermen, were held in large aquaria at the National Lobster Hatchery
(NLH) in Padstow, Cornwall. Each aquarium was constantly supplied
with aerated, filtered re-circulating sea water (T = 19+1°C, S = 35)
pumped directly from waters adjacent to the NLH. Water was pre-
treated through a pressurised sand filter, passed through activated
carbon, and UV irradiated. Adult lobsters were fed ad libitum with blue
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Fig. 1. Larval size after moult measured by length of the carapace (mm) of various aged
H. gammarus larvae as influenced by continuous exposure to 50 pg L™! Fenoxycarb.
Values represent mean (n=40)+standard error; circles, control; squares, solvent control;
triangles, Fenoxycarb. Asterisk denotes significant differences from control (p<0.05).

mussels, Mytilus edulis. When required, newly hatched, free-living
larvae were removed from aquaria and used as described below.

2.2. Experimental procedure

Newly hatched larvae were carefully distributed between a number
of aquaria (flasks vol. = 1L, n = 50 larvae per flask, T = 19+1°C), which
contained one of the following aerated media: sea water (‘untreated
control’), sea water with solvent (‘solvent control’, see below for
details); and Fenoxycarb solution (‘treatment’) (n = 3 for each treat-
ment). Media changes were performed every 24h at which time moults
and mortalities were removed. Larvae were fed after media changes
using Artemia spp. nauplii (5 indiv mL™ ! sea water) (Carlberg and Van
Olst, 1976).

Individual larvae were removed at three different times (1d, 7d and
12d after exposure) and at random from each treatment. Larval stage
was determined using Aiken (1973) and carapace length measured.

2.3. Preparation of test solutions

The Fenoxycarb treatment was prepared using Insegar® (Syngenta
Crop Protection, Cambridge, UK), which contains 25% (w/w) of the active
ingredient (a.i.) Fenoxycarb. Pre trial experiments found that Fenoxycarb
was insoluble in water, therefore primary stock solutions were prepared
by dissolving crushed Insegar® pellets (0.1g) into an acetone:water
mixture (50/50) to a final concentration of Img mL™ ! (0.25mgmL™ ' a.i.).
Exposure solutions were then constructed by diluting the stock solution
with sea water. A preliminary experiment was carried out in order to
determine a sublethal concentration of Fenoxycarb for use in the
treatment described above, using a range of nominal concentrations (10,
20, 50, and 100ug L™ 1) for 96h. From this test, and taking cognisance of
previous studies on Fenoxycarb shown to elicit significant effects on
growth and development in static renewal exposures (Cripe et al., 2003;
McKenney et al., 2004), a nominal exposure concentration of 50ug
Fenoxycarb L™ ! was decided upon for the experiments. An acetone
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Fig. 2. Zoeal duration of H. gammarus throughout complete larval development (16 d)
under continuous exposure to 50 pg L~ ! Fenoxycarb. Values (n=40)+standard error; dark
grey bar, control; light grey bar, solvent control; white bar, Fenoxycarb-exposed. Asterisk
denotes significant differences from control (p< 0.05). * denotes failure to moult through to
stage IIl the end of the experiment.
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Fig. 3. Rates of O, uptake of various aged H. gammarus larvae as influenced by continuous
exposure to 50 pg L™! Fenoxycarb: bars represent the mean of 8 determinations for each+
standard error; dark grey bar, control; light grey bar, solvent control; white bar, Feno-
xycarb-exposed. Asterisk denotes significant differences from control (p< 0.05).

carrier solvent control was also constructed by adding acetone (Analar
grade, vol. = 1mL) to sea water (1:1000 dilution).

2.4. Measurement of O, uptake

Rates of O, uptake (as a measure of aerobic metabolism) of randomly
selected individuals from each treatment (7d and 12d after exposure),
were measured using a well-established, closed respirometry technique
used previously to investigate the O, uptake of larvae of the Norway
lobster, Nephrops norvegicus (Spicer and Eriksson, 2003). This protocol was
followed precisely using exactly the same equipment (only at T=19+1°C).

3. Results

There was a clear effect of developmental time and treatment on the
size of larvae (2-way ANOVA, p<0.05 in each case). While there was no
significant treatment effect after 1d, Fenoxycarb-exposed larvae were
significantly smaller than either of the controls after 7d and to an even
greater extent after 12d exposure (Fig. 1). There was also a significant
effect of Fenoxycarb upon the duration of the first two zoeal stages
(1 way ANOVA, p<0.05 in each case); 2d delay in moulting between
zoeal and Il and a 4d delay between zoea Il and III (Fig. 2). By day 16 all
larvae in control treatments (untreated and solvent) had metamor-
phosed into post-larvae. In contrast none of the Fenoxycarb larvae
progressed beyond zoea II, hence the absence of data for zoea Il in Fig. 2.

There was a significant effect of treatment and time on the O, uptake
of larvae (2-way ANOVA, p<0.05 in each case, see Fig. 3). Although there
was no significant difference between Fenoxycarb treated and solvent
control individuals at 7d, both were significantly different (i.e. greater)
than the untreated control. All of these values decreased significantly by
12d. However, there was no significant difference in O, uptake between
the controls (untreated and solvent) but the controls were significantly
different (i.e. lower) than the Fenoxycarb treatment (ANOVA, p >0.05).
However, it should be noted that the comparison of 7d and 12d indi-
viduals is confounded by the fact that while control individuals were all
zoea llI, Fenoxycarb treated individuals were still zoea II (and did not
moult subsequently). Thus if we replace the time at which the mea-
surements were made with moult stage in our 2-way ANOVA, there is
still a significant effect of treatment and developmental stage.

4. Discussion

Chronic exposure of larval lobsters to Fenoxycarb resulted in
delayed moulting, and metamorphosis. The second zoeal was the most
sensitive stage to toxicity from low concentrations of Fenoxycarb, with
inhibition of moult into the third zoeal throughout the remaining
duration of the experiment. Such JHA-related modifications in deve-
lopment, often at exposure concentrations similar to those used in this
study, have been reported for a variety of crustaceans, including larval
stages (Key and Scott, 1994; Hosmer et al., 1998; Nates and McKenney,
2000; Cripe et al,, 2003; McKenney et al., 2004; Tuberty and Mc-
Kenney, 2005).

Please cite this article as: Arnold, K.E., et al., Effect of an insect juvenile hormone analogue, Fenoxycarb® on development and oxygen uptake
by larval lobsters Homarus gammarus (L.), Comp. Biochem. Physiol. Part C (2008), doi:10.1016/j.cbpc.2008.09.007



http://dx.doi.org/10.1016/j.cbpc.2008.09.007

K.E. Arnold et al. / Comparative Biochemistry and Physiology, Part C xxx (2008) xXx-XxX 3

During a time of morphological change, metabolic activity and
energy utilization of an organism can be significantly altered (Capuzzo
and Lancaster, 1979); therefore the higher rates of O, uptake in the 7d
old larvae may be attributed to an increase in physiological processes in
early larval stages. Processes regulated by hormones in crustaceans, such
as energetic or metabolic activities, are believed to be sensitive to
hormone disruption (McKenney, 1999). Rates of O, uptake in larvae
exposed to Fenoxycarb were significantly increased, indicating a similar
mode of action of insect JHAs on the endocrine system in crustaceans.
Elevated respiratory rates were also observed in the larval shrimp Pa-
laemonetes pugio, when exposed to the JHA methoprene (McKenney and
Celestial, 1993). However, in the present study it was difficult to
disentangle whether the increase in O, uptake was due to the duration
of the exposure to Fenoxycarb or the developmental stage.

As the exposed larvae (12d) were still in the second zoeal of
development, Fenoxycarb exposure resulted in immaturity and a
prolonged state of morphogenesis. Similar relationships with O, have
been shown to exist in larval crustaceans exposed to several organic
xenobiotics, including petroleum hydrocarbons and various pesticides
(Capuzzo et al., 1984).

Exposure to Fenoxycarb, throughout entire larval development in
H. gammarus, caused a considerable delay to moult up to zoea II,
with 100% incomplete metamorphosis to post-larval stage. Significant
reductions in carapace length at each moult stage were also observed
in exposed larvae, indicating that JHAs can display damaging effects as
early as 7d into larval development. Previous studies have shown that
sublethal exposure to Fenoxycarb caused impairment in growth in the
mud crab Rhithropanopeus harrisii (Nates and McKenney, 2000).
McKenney and Celestial (1993) found that reduced growth rates in
larval shrimp corresponded with higher respiratory rates in exposed
larvae, which supports results in this study. At day 12, the significantly
reduced growth rate in larval H. gammarus is a result of the disruption
to the moult cycle. Elevated respiration rates that were apparent at day
12 are also indicative of increased metabolic demands which allow for
less assimilated energy available for growth (McKenney and Celestial,
1993). Juvenile hormones (JH) regulate developmental mechanisms
such as growth and moulting (Chang, 1997), therefore exposure to a JHA
may alter these JHs prior to completion of metamorphosis (Leonardi
et al.,, 1996).

Insect growth regulators are used in nature to inhibit insect meta-
morphosis from larvae to adult working by a progressive lowering of
the JH level through the larval stages (Downer and Laufer, 1983). As
both insects and crustaceans possess the same moulting hormone 20-
OH-ecdysone (Skinner, 1985), the evident incompletion of metamor-
phosis in Fenoxycarb-exposed H. gammarus larvae could indicate
similar action to that seen in insects. Inhibition of successful com-
pletion to metamorphosis has also been observed in P. pugio (Mc-
Kenney and Celestial, 1993) and Homarus americanus (Walker et al.,
2005) when exposed to low levels of methoprene. If the period of
larval development in H. gammarus is prolonged or prohibited com-
pletely in the pelagic zone, their population sustainability may be-
come adversely affected, due to the higher risk of predation and
exposure to further pollutants (Cripe et al., 2003).

There are difficulties associated with the toxicity of Fenoxycarb, due
to the more insidious nature of its mode of action, and problems related
with analytical detection (Grenier and Grenier, 1993), especially as
effects are significant at low, continuous exposure concentrations (Ret-
nakaran et al, 1985). The long-term persistence and efficiency of
Fenoxycarb may trigger bioaccumulation further down the food chain,
with effects on non-target biota potentially altering recruitment and
impacting future populations (Grenier and Grenier, 1993). To our
knowledge, there are no restrictions for the use of Fenoxycarb in the
UK (PAN Pesticides Database, 2007). Therefore environmentally realistic
concentrations that are effective against developing larvae of various
insect pests (Hosmer et al., 1998) are comparable to the low values used
in this study that cause chronic effects to larval lobsters. Studies like this

will hopefully aid in the reassessment of FAO guidelines, and this
research strongly denotes the importance of further evaluation into the
potential impacts of JHA pesticides upon this ecologically and com-
mercially important group of non-target marine invertebrates.
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