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Abstract

Adaptations to life in an estuary include a wide salinity tolerance, an extremely efficient
osmoregulatory and respiratory physiology. These adaptive mechanisms are energy-consuming and
relatively little data is available on the combined effects of abiotic stress factors on the energy
metabolism of mysid shrimp. A new methodology (cellular energy allocation, CEA) to assess the
energy budget was adopted for the estuarine crustacean Neomysis integer (Crustacea: Mysidacea).
The biochemical composition of N. integer was determined: protein (7.39 + 1.81% wet weight), lipid
(3.99 £ 1.05% ww) and sugar (0.42 £ 0.18% ww). To assess the effect of natural variability on the
energy metabolic processes in N. integer, a fractional factorial test design was set up with different
naturally (Westerscheldt estuary, The Netherlands) occurring combinations of temperature, salinity
and dissolved oxygen. The different abiotic factors had no significant effect on the energy
metabolism of N. integer within the tested range. Temperature explained the decrease in lipid, protein
and total energy reserves. Temperature, in general, had the most adverse effect on the CEA. Salinity
was the most important factor explaining the effects on sugar reserves, with higher salinities causing
an increased sugar demand. By modeling the influence of these abiotic stresses on the energy
metabolism (CEA) of N. integer, it will be possible to use the CEA as an ecologically relevant
biomarker of exposure to pollutants in estuaries.
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1. Introduction

Few environments expose their inhabitants to such a variety of abiotic variables and of
such large magnitude, as does an estuary. The mysid Neomysis integer (Crustacea:
Mysidacea) dominates the hyperbenthic fauna of the low-salinity regions of western
European estuaries (Mees et al., 1995; Mees and Jones, 1997). In these upper estuarine
regions, this species is exposed to large tidal and seasonal fluctuations in temperature,
salinity and dissolved oxygen (Moffat and Jones, 1992). For example, N. integer maintains a
relatively permanent position in the East Looe River Estuary (Cornwall, England) and the
Westerscheldt estuary (The Netherlands), despite being exposed to large daily fluctuations in
its abiotic environment (Mees et al., 1994; Roast et al., 1998). Adaptations to life in such an
environment include a wide salinity tolerance (Mauchline, 1971), an extremely efficient
osmoregulatory and respiratory physiology (hyper—hypo-osmoregulator) (McLusky and
Heard, 1971; Roast et al., 1999). These adaptive mechanisms are energy-consuming and
relatively little data is available on the combined effects of abiotic stress factors on the energy
metabolism of mysid shrimp. Changes in the energy metabolism, in general, will ultimately
influence future life characteristics such as growth and reproduction.

In this context, a new methodology (cellular energy allocation, CEA) to assess the energy
budget was adopted for the estuarine crustacean N. integer (De Coen and Janssen, 1997).
Available energy reserves (total sugar, lipid and protein contents) and energy consumption
(electron transport activity) were quantified biochemically and integrated into a general
stress indicator. To assess the natural variability of the energy metabolic processes in N.
integer, a fractional factorial test design was set up with different naturally (Westerscheldt
estuary) occurring combinations of temperature, salinity and dissolved oxygen. The
influence of these natural variables on the energy metabolism in M. integer is described.

2. Material and methods
2.1. Animal collection and maintenance

Initial V. integer populations were collected from the shore by hand net in the Galgenweel
(abrackish water with a salinity of 3—5 %o near the river Scheldt, Antwerp, Belgium). After a
24-h acclimation period to the maintenance temperature, the organisms were transferred to
200-1 glass aquaria. Culture medium was artificial seawater (Instant Ocean® Aquarium
Systems, France), diluted with aerated deionised tap water to a final salinity of 5 %o. A 14-h
light:10-h dark photoperiod was used during culturing and water temperature was maintained
at 20 °C. Cultures were fed daily with 24—48-h-old Artemia nauplii ad libidum to prevent
adult mysids from cannibalising their young. Hatching of the Artemia cysts was performed in
1-1 conical vessels under vigorous aeration and continuous illumination at 25 °C.

2.2. Exposure to different abiotic variables

The range of the abiotic variables was chosen from field data for the Westerscheldt
estuary. The Westerscheldt estuary is the lower part of the river Scheldt. It is the last
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remaining true estuary of the Delta area and is characterised by a marked salinity gradient.
The estuarine zone of the tidal zone extends from the North Sea (Vlissingen) to Antwerp,
80-km inland. The abiotic environment is described in Heip (1989).

All exposures were done in a temperature-controlled chamber (Liebher®, Labori-
mpex, Brussels, Belgium). Temperature was set at 5 or 20 °C (x 1 °C) and dissolved
oxygen was maintained at 110% or 70% saturation by aerating with respectively
atmospheric air or reduced-oxygen air (14% O,, Air Liquide, Belgium). The required
salinity (5 %o or 25%o) was obtained by diluting artificial seawater (Instant Ocean®)
with carbon-filtered deionised tap water. Final salinity was confirmed with a portable
refractometer (Digit 032, CETI, Belgium). Dissolved oxygen and temperature were
measured at least two times a day (Oxi 191, WTW, Germany) and were within 5% of
the desired value.

Test organisms of about equal size (average weight of all animals used: 11.9 + 4.6 mg)
were collected from the cultures and randomly distributed in 1-1 glass beakers (10
organisms/beaker). Test animals were allowed a 24-h acclimation period, after which 20
organisms were collected (animals day 0), shock-frozen in liquid nitrogen and kept at -80
°C until analysis. The remaining organisms were exposed to a selected temperature—
salinity—dissolved oxygen combination and were collected in the same way after 120 h
(animals day 4). We decided not to feed the animals during the exposure period to avoid
variance due to individual differences in feeding.

2.3. Factorial design

The influence of the different abiotic parameters on the energy metabolism of N.
integer was evaluated in a factorial design (Statsoft, 1994). In such a design, factors
are tested at two levels. This implies that only linear relationships can be detected
because only two levels are tested per factor and curvature cannot be detected from
that portion alone. The most intuitive approach to study the influence of multiple
factors is to vary the factors of interest in a full factorial design to try all possible
combinations of the settings. In this way, the number of necessary runs in the
experiment increases geometrically. In this study, temperature, salinity and dissolved
oxygen were varied according to a 2° full factorial design (eight designs were tested)
and, to avoid systematic errors, the order of the runs was randomised (Table 1).
Temperature, salinity and dissolved oxygen were varied within a naturally occurring
range, representative of the physiological limits of N. integer.

2.4. CEA measurement

The CEA was measured according to De Coen and Janssen (1997) with major
modifications. The different energy reserve fractions E, (lipids, protein, sugar) were
determined spectrophotometrically and transformed into energetic equivalents using their
respective energy of combustion (17,500 mJ/mg glycogen, 24,000 mJ/mg protein, 39,500
mJ/mg lipid) (Gnaiger, 1983). The energy consumed (E.) was estimated by measuring the
electron transport activity according to Owens and King (1975). The quantity of oxygen
consumed per mysid, as derived from the ETS data, was transformed into energetic



Table 1

Full factorial design to assess the effects of the abiotic variables temperature (T), salinity (S) and dissolved oxygen(DO) on the energy metabolism of the mysid N. integer

Design no. ~ Water parameters

Energy allocation

T(°C) S(% ) DO (%) ASugar reserve® AProtein reserve® ALipid reserve® AE, 4d-E, CEA
(mJ/mg ww) (mJ/mg ww) (mJ/mg ww) (mJ/mg ww) (mJ/mg ww)
1 5 5 110 20.8 £27.2 —149.8 £ 651.4 —695.4 + 667.3° — 824 +933° 6973 + 1629° —0.118 £ 0.137
2 20 25 110 3.4+13.0 448.1 + 886.3 163.2 +743.8 614+ 1157 5633 £ 1595 0.109 + 0.208
3 20 5 70 13.5+10.8° 1067.5 + 437.4° 570.5 + 422.7° 1651 + 608° 4498 + 2190 0.367 £0.224
4 5 25 70 24.9 +13.0° 183.5 £563.3 269.2 +269.1 478 + 624 6393 £ 1735 0.075 £ 0.100
5 5 5 70 —4.0+£14.0 37.3 £2459 —19.8 £222.0 13 £332 4724 £ 753 0.003 £0.070
6 20 25 70 17.7 + 6.0° 68.6 + 286.1 —11.7 £270.1 754393 3359 + 643° 0.022 £ 0.117
7 20 5 110 1.0+ 193 —39.8£ 1335 — 1454+ 373.7 — 184 + 397 5091 + 1443 —0.036 £ 0.079
8 5 25 110 40.9 £ 29.6° — 5882+ 134.5° —141.3 £455.8 — 689 +476° 4769 + 1090 —0.144 £ 0.105

? Energy reserve day 0 — energy reserve day 4.
° Significant change in energy reserve, energy consumption or CEA between days 0 and 4 («=0.05).
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equivalents using the oxyenthalpic equivalents for an average lipid, protein and sugar
mixture (484 kJ/mol O,) (Gnaiger, 1983).
The E,, E. and CEA value were calculated as follows:

AE, (difference in ‘available energy,” E,)=E, day 0 — Ea, day 4
E, (average ‘energy consumption,” E¢)=1/2*(E. gay 0t Ec, day 4)
CEA (cellular energy allocation)=AFE,/E,

2.5. Statistical analysis

All data were checked for normality and homogeneity of variance using Kolmogorov—
Smirnov and Levene’s test, respectively, with an «=0.05. The factorial design was
analysed using the experimental design module in the software package Statistica™ .
The effect of the treatment was tested for significance using a one-way analysis of variance
(Tukey’s test, Statistica™ ).

3. Results

The biochemical composition of N. integer was as follows: protein (7.39 + 1.81% wet
weight), lipid (3.99 £ 1.05% ww) and sugar (0.42 £ 0.18% ww). The changes in energy
reserves during the 4-day exposure period are summarized in Table 1. Sugar reserves were
mainly used as an energy source and higher salinities were correlated with higher sugar
consumption. The protein fraction was quantitatively the most important energy fraction
and exhibited large variation (1714.6 + 467.5 mJ/mg ww). Similar large variations were
found in the lipid content (1553.8 493.6 mJ/mg ww). The energy consumption as
measured by the electron transport activity was relatively unaffected after the 4-day
exposure, except for a significant reduction in design 1 (5 °C-5 %0 —110% DO) and design
6 (20 °C-25 %0 —70% DO).

To determine individual effects of the tested abiotic factors, an analysis of variance was
performed on the complete data set (Table 2). The different abiotic factors had no
significant effect on the energy metabolism of N. integer within the tested range. The

Table 2

The influence of temperature (7), salinity (S) and dissolved oxygen (DO) on the energy metabolism of N. integer
Energetic fraction Abiotic stress factor

ASugar S(p=0.24, |) T(p=031, 1) DO (p=0.75, ])
AProtein T (p=0.15, |) DO (p=0.21, 1) S(p=052, 1)
ALipid DO (p=0.15, T) T(p=027, ) S (p=0.56, |)
AE, DO (p=0.15, T) T (p=0.16, |) S(p=093,1)
4d-E, DO (p=0.90, T) T(p=095 1) S (p=096, T)
CEA DO (p=0.15, T) T (p=0.16, |) S (p=0.70, T)

The abiotic factors are ranked according to their importance in explaining the variance of the tested variable
(full factorial design, ANOVA, Statistica™ ). The level of significance and the nature of the effect are shown
(T positive; | negative).
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Fig. 1. Normal probability plot of the individual and interaction effects of the selected abiotic factors (T:
temperature, S: salinity, DO: dissolved oxygen) on the energy metabolism of N. integer. True effects are seen as
outliers on the graph (Statistica™ ).

small variance in energy consumption could not be explained by a single abiotic factor.
Temperature explained the decrease in lipid and protein content, change in total energy
reserves (AE,) and CEA. Again, salinity was the most important factor explaining the
effects on sugar reserves. Interaction effects of the different abiotic factors were also tested
(Fig. 1). Although interaction effects were apparent (deviation from 0-effect on CEA in the
abscissa), no significant effect could be found on the energy budget by the interaction of the
three tested abiotic factors; temperature, in general, had the most adverse effect on the CEA.

4. Discussion
4.1. Biochemical composition of N. integer

Knowledge of the biochemical composition of a species is essential to the under-
standing of its metabolism. The different biochemical fractions of N. integer were
determined simultaneously. Although lower than reported by Raymont et al. (1964), the
protein content (7.39 £ 1.81% ww) of N. integer was found to be high and quantitatively
the most important fraction. The low levels of sugar (0.42 £0.18% ww) and lipid
(3.99 £ 1.05% ww) confirm earlier findings (Bhat and Wagh, 1992; Raymont et al.,
1964). Differences in energy content reported in our study in comparison to other studies
might be caused by the artificial feeding of N. integer with lipid-enriched Artemia
(Artemia are enriched with lipid-containing SuperSelco-INVE, Aquaculture NV, Bel-
gium), or as a result of the colorimetric methods used. Mysids are known to be omnivores
and base their metabolism on food, which is more or less immediately available, and food
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storage may be less significant (Fockedey and Mees, 1991; Mauchline, 1971; Tattersall
and Tattersall, 1951). The artificial feeding of these animals in the laboratory may thus
explain the different biochemical composition compared to that of field-collected mysids.
Since the main objective of this study was to investigate changes in the energy metabolism
during a relatively short period under different environmental conditions, feeding was
stopped during the exposures. In this way, the metabolic use of energy reserves were
quantified without having interference of effects on feeding behaviour and energy intake
(energy was only lost during the experiment). Differences in initial energy reserves were of
less importance for the described biomarker, since energy fractions were always measured
relatively to the initial condition (day 0).

4.2. Effects on energy reserves

The effects of different combinations of temperature, salinity and dissolved oxygen on
the energy status of N. infeger were tested to gain insight into the natural variability of the
energy metabolism under field-based conditions.

As the animals were not fed during the exposure period, no significant increase of any
of the biochemical fractions was expected. The significant increase in some biochemical
fractions is attributed to cannibalism (personal observation) and was taken into account
when interpreting the results (only negative effects were seen as true effects).

With exception of design 5 (5 °C-5%0—-70% DO), all tested designs resulted in a
reduction of the sugar content (Table 1). Sugar depletion could be correlated, although not
significantly (p=0.24), with changes in salinity (Table 2). N. integer is a hyper- and
hypoosmoregulator with its isoosmotic point situated around 18 %o, and a high tolerance
for salinities between 1 %o and 40 %o (McLusky and Heard, 1971; Roast et al., 2001).
Thus, at salinities of 5%o and 25%o, N. integer actively maintains its hemolymph
respectively hyper- or hypo-osmotic to the external environment. The actual osmoregu-
latory mechanisms of mysids have not been demonstrated, and may be different from
those of decapods (Tattersall and Tattersall, 1951). It is, however, obvious that when
placed in a medium of higher or lower osmotic pressure, energy-consuming processes are
required to maintain the internal osmotic pressure constant. Glucose delivers fast energy in
the form of ATP via the process of glycolysis and oxidative phosphorylation and is the
major circulating carbohydrate in crustaceans (Morris, 1999). Although lipid and protein
utilisation is variable in crustaceans, generally, carbohydrate is used before lipid and
protein as the preferred fuel for metabolic processes (Garret and Grisham, 1995; Morris,
1999). The mysids in this study were acclimated to a salinity of 5 %o and transferred into a
test medium of either the same (5 %o0) or higher salinity (25 %0). Transfer to a higher
salinity requires the organism to shift its osmoregulation from hypo- to hyperosmotic,
which may explain the significantly higher use of sugar reserves (in designs 4-6-8) as a
fast energy source to fuel these processes.

The effects of the abiotic factors on the lipid reserves were not clear. Higher temperatures,
higher salinities and lower dissolved oxygen concentrations resulted in increased lipid use.
Linford (1965) found that N. integer starved for 96 h showed little decrease in lipid content.
Contrary to this, Morris (1971) found significant changes in the lipid content (25% lipid loss
after 7 days) of NV. integer in a series of experiments to assess the effects of temperature and
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salinity. Morris also suggested that the lipid fraction of N. integer contains a very
conservative (in its fatty acid composition) element, which plays an important role in the
metabolism of the animal. Our findings support the view of Morris that relatively large
variations in lipid reserves are found in N. integer. Organisms were not sexed and
consequently male and female organisms were randomly used for each experiment. The
eggs of mysids contain high amounts of lipids and the lipid metabolism of ovigerous females
can be assumed to be different from males (Linford, 1965). The large variations in lipid
metabolism observed in our study might be partially caused by a sex-specific lipid
metabolism.

The biochemical composition of the estuarine mysid N. infeger contrasts sharply with
the typical mammal in its low carbohydrate reserves and fat depots. The large amount of
protein observed in our study might suggest that N. integer actively deaminates its body
proteins, especially should food shortage occur. In this event, the mysid, a relatively small
aquatic animal should experience no great difficulty in ridding its body of ammonia arising
from deamination (Raymont et al., 1968). The potential use of protein as a metabolic
reserve has also been suggested by Bhat and Wagh (1992) for marine zooplankton. The
decline in protein reserves in our study after a 4-day exposure supports the hypothesis that
N. integer can actively use protein as an energy source under starvation or stress
conditions. Longer exposures will be performed to confirm these results. In these
experiments, the effect of ecdysis on the protein metabolism and the general energy
metabolism will also be assessed. The exoskeleton of V. integer contains large amounts of
protein and ecdysis occurs in a temperature and age dependent way. In juvenile N. integer,
the intermoult period varies from 2—3 up to 10 days at 9 and 16 °C, respectively
(Astthorson and Ralph, 1984; Mauchline, 1985). Although no exoskeletons were observed
in the exposure beakers (the exoskeleton is, however, rapidly consumed by other animals),
large variations (as in design 3) could be attributed to ecdysis.

4.3. Effects on energy consumption

The oxygen consumption of N. integer is dependent on several abiotic (e.g. temper-
ature, salinity) and biotic (age, weight, gender, reproductive status) parameters (Burggren
and Roberts, 1991; Kinne, 1970, 1971; Newell and Branch, 1980; Roast et al., 1999;
Schmidt-Nielsen, 1997). Each factor may have an independent effect, or all factors may
interact and influence the respiratory metabolism, making it a difficult parameter to
interpret. The method described in this study to measure respiration was adopted from
Owens and King (1975). The method for measuring the activity of the electron transport
system provides an estimate of the potential whole organism respiration rate and has been
validated in our laboratory for N. integer against real-time respiration measurements with a
respirometer (RC650 Strathkelvin Instruments). Both measurements were highly corre-
lated (R*=0.94; p<0.01, data not shown).

From the analysis of variance on the average energy consumption (4d-E.), it can be
concluded that none of the three tested abiotic parameters had a significant effect on the
measured ETS activity (Table 2). Biotic variables such as age, weight and gender probably
have a larger influence on respiration rates. Furthermore, the ETS assay measures the
maximum ETS activity under saturated substrate (NADH, NADPH) conditions and
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observed changes in activity must therefore be realised through changes in the amount of
enzymes produced by the organism. Consequently, ETS activity responds much slower to
changes in the environment than the respiration rate (Bamstedt, 1980; Mayzaud, 1986;
Skjoldal et al., 1984). Bamstedt (2000) has recently published an alternative to the Owens
and King method based on natural levels of substrate in an attempt to achieve a better
correlation between the ETS assay and ambient respiration rates. This method looks
promising but needs further validation.

Taking into account the inherent properties of the ETS assay, the energy consumption
reported in our study is an overestimation of the ambient respiration. This is clear when
considering the energetic content calculations for the organisms. The average calculated
energetic content (E, 4ay o) on day 0 was 3405 mJ/mg ww, the average energy
consumption (4d-E.) for the 4-day period derived from the ETS assay was 5180 mJ/mg
ww. From these calculations N. integer would use up all of its energy resources in less than
3 days provided there is no energy intake. As mentioned before, the ambient respiration is
a lot lower than calculated by the ETS assay, and mysids consumed considerably less
energy during the exposure period (max. 1651 mJ/mg ww; AE,, Table 1). Although energy
consumption calculated by ETS activity is thus an overestimation of actual respiration and
can also be derived more correctly from the decline in energy reserves, there are
advantages associated with ETS measurements. Especially with reference to exposures
with toxic compounds, the ETS assay can mechanistically explain alterations in the energy
consumption through specific interaction of the toxicant with the electron transport system
(Oberdorster et al., 1998; Spicer and Weber, 1991).

4.4. Interaction effects on the cellular energy allocation (CEA)

Although apparent interaction between temperature—salinity—dissolved oxygen and
salinity—dissolved oxygen can be derived from the normal-probability plot shown in Fig.
1, none of these effects was significant. The energy metabolic processes of V. integer seem
to be relatively unaffected by changes in the abiotic environment.

Temperature had the most effect (negative) on the CEA (Table 2). The relatively higher
sensitivity towards changes in temperature might be explained by the fact that this
parameter is also the least variable over a small time period in the environment. Where
salinity and dissolved oxygen show high fluctuations linked to tidal influences in an
estuary, temperature changes more slowly with a seasonal variability. This conclusion is
supported by Roast et al. (2000) examining the effect of fluctuating abiotic factors
(temperature, salinity) on the egestion rate of N. infeger. In this study, temperature was the
most important factor causing increased egestion rates in N. integer. These correspond
with a lower CEA in our study, since there was no ingestion in our study. Weisse and
Rudstam (1989) also found temperature to be the most important abiotic factor explaining
variance in excretion and respiration rates in N. integer. We are currently performing an
inter-laboratory validation of our CEA method with the Scope for Growth approach based
assay of Roast et al. (Plymouth Marine Laboratory, UK), to further mechanistically explain
our common results and examine the future use of CEA as a biomarker for exposure.

The CEA methodology described in this study not only provides an integrated
quantification of the organism’s energy budget but also helps to elucidate different modes
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of action upon exposure to a varying abiotic environment and could potentially explain the
different modes of action of toxicants. Furthermore the CEA methodology has been used
with success with other organisms, e.g. the crustacean Daphnia magna (De Coen and
Janssen, 1997) and catfish Clarias gariepinus where Nguyen (1997) demonstrated that the
CEA criterion was predictive of long-term effects on growth. This illustrates the potential
use of the cellular energy allocation as a methodology to assess the energy budget of
organisms using simple colorimetric measurements. Due to the observed relationships
with long-term population effects, as described by De Coen and Janssen (1997) for D.
magna, this biomarker might also be useful in field monitoring programmes.

5. Conclusion

In addition to its potential as a biomarker of exposure to environmental toxicants, the
CEA methodology can be very useful as an applied physiological research tool to study the
energy metabolism of an organism, as shown in this study. In contrast to the Scope for
Growth assay (Warren and Davies, 1967), the CEA methodology offers the possibility to
assess (separately) both energy conversion and energy allocation. Although no significant
effects of the tested abiotic variables were apparent during the 4-day exposure period,
preliminary conclusions on the involved mechanisms and potential effects of natural
variability in N. infeger’s natural environment are possible. Generally, these results were
in accordance with previous studies on the energy metabolism of N. integer. Studies like this
allow a more integrative approach when studying field effects in laboratory experiments. In
this respect, the used factorial design approach has a great potential when a large number of
parameters need to be tested.

Future research will focus on the validation of the CEA methodology with other
described methodologies and the use of the CEA as biomarker of exposure in laboratory
and field. The use of the CEA assay is, in this context, also being tested in situ on resident
mysid populations in the Westerscheldt estuary.
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