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Abstract

Copper is one of the most toxic metals for marine organisms. Biochemical
changes occurring in the metabolically active tissues of gills (GL),
hepatopancreas (HP) and muscles (MU) of the juvenile lobster, Panulirus
homarus homarus on exposure to two sub-lethal doses (9.55 and 19.1 g I?) of
copper were studied for 28 days of exposure (DoE). Sub-lethal doses of copper
significantly (P<0.05) altered the levels of the total protein (TP), carbohydrate
(TC), and lipid contents (TL) in test lobsters. Percentage decrease in all
biochemical components increased with the progressing DoE, irrespective of the
exposure concentrations. The order of percent decrease in the concentrations of
the TP, TC and TL in different tissues at the end of 28 DoE was found to be
MU>HP>GL, HP>MU>GL and HP>MU>GL. Results of this study revealed that
sub-lethal doses of copper significantly alter the proximate composition of major
tissues, particularly the TP levels in the MU tissues and thereby reducing the
nutritive value of this economically important spiny lobster.

Key words: Copper, Proximate composition, sub lethal dose, Panulirus homarus
homarus
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Introduction

Spiny lobsters have gained considerable attention among the crustaceans due to its
high demand in the world market. Though the lobster fishery constitute only about
0.1% of the total marine fish landing along the Indian coast (Radhakrishnan and
Manisseri 2001), more than 90% of the lobsters landed are exported. Initially,
lobsters were exported as frozen tails. Since the late 80's demand for live lobsters
has increased in the Southeast Asian markets and it fetches maximum unit value,
compared to any other marine product. Due to increasing demand for live lobsters,
many lobster holding centers have been established in the landing centres including
Chennai, a major centre for export of live lobsters.

Live transport of spiny lobsters has improved from merely keeping them
alive for a few hours in moist intertidal beach sand to the most sophisticated packing
in thermocool insulated boxes. The lobsters are given a cold shock prior to live
packing by dipping them in sea water at 13-16°C temperature which is the
temperature maintained in live packing too. This sudden shock gives an anesthetic
effect to lobsters and reduces its metabolic rate during transport. Initially, ice blocks
kept in aluminum containers were placed inside the tanks to reduce the sea water
temperature to give cold shock to lobsters. Few lobster exporters later installed
chilling plants to reduce the sea water temperature. Heavy mortality occurred when
lobsters were kept in water, which was passed through the chiller coils. Leaching of
copper from the cupro-nickel coil used for cooling of water was found to be
responsible for the mortality of lobsters (Vijayakumaran, Pers. Comm.).

The estimation of biochemical constituents helps to assess the nutritive
value of an organism. It has become imperative to study how the nutritive value
varies with the changes in biochemical constituents of the crustaceans, which are
exposed to increased environmental pollution. Proteins are highly sensitive to
heavy metal and one of the earliest indicators of heavy metal poisoning (Jacobs et
al. 1977). In the tissue protein, carbohydrate and lipids play a major role as
energy precursors for aquatic organisms exposed to stress conditions
(Ramalingam 1980). An alteration in biochemical and physiological changes in
the crab Portunus pelagicus due to copper and zinc have been reported by Hilmy
et al. (1988). Similarly, Katticaran et al. (1995) reported the variations of
carbohydrate and protein contents in the clam, Sunetta scripta during its exposure
to copper. Villalan et al. (1988) observed that heavy metals altered protein, lipid
and carbohydrate levels in the crab, Thalamita crenata. Baden et al. (1994) also
reported similar changes in the distribution of glycogen in the tissues of Norway
lobster, Nephrops norvegicus exposed to copper. Maharajan et al. (2010a, 2010b,
2011, 2012) observed copper accumulation, electrical conductivity, chromosome
aberration and histopathological changes in various tissues of spiny lobster,
P.hoamrus homarus when exposed to sub-lethal doses of copper.

Lack of information on the effects of sub-lethal doses of copper on the
proximate composition of metabolically active tissues of coastal marine and
estuarine shrimp species prompted us to undertake this study. The present
communication describes changes in the concentrations of major biochemical
components in the tissues of metabolically active organs (muscle, hepatopancreas
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and the gills) of spiny lobster, P. homarus homarus on exposure to two sub-lethal
doses of copper over 28 days. (DoE).

Materials and Methods

Experimental animals and acclimation

Actively moving juveniles lobster, P. homarus homarus (Average weight
180+20g) were collected from Kovalam landing centre, Chennai in Tamil Nadu.
Immediately after the collection, juvenile lobsters were transferred to the Madras
Research Centre of Central Marine Fisheries Research Institute field laboratory,
Kovalam and acclimatized them in rectangular FRP tanks (cap. 200 L) for 2
weeks before the initiation of experiments. The seawater used in acclimation
tanks was treated by rapid sand filtration, bio-filtration and ultraviolet radiation.
Adequate aeration was provided using air blowers, and optimum water quality
parameters were maintained during the acclimation period, i.e. temperature,
(29£1°C), salinity (33+1ppt), dissolved oxygen (6.4+0.8mg I), pH (7.9+0.4),
NO,-N (<0.02 mg IY) and NH3s/NH,4 (0 mg IY). The seawater used for acclimation
and exposure experiments was free from residues of copper. A photoperiod of 12
L (0700 h-1900 h):12 D (1900 h-0700 h) was maintained. Lobsters were fed ad
libitum twice a day (0800 h and 1600 h) with live marine clam Donax cuneatus.
Faeces and uneaten feed was siphoned out twice a day (1000 h and 1730 h) and
50% of water exchanged daily (07.30 h). In order to reduce the amount of
excreted products in the test tanks, feeding was stopped 48 h prior to the
commencement of acute bioassay tests. During the period of acclimation, the
juveniles did not show any symptoms of stress or unusual behaviour. Care was
taken to keep the mortality rate within 5% in the last four days before
experimental exposure to copper began. Dead lobsters, if any were removed
immediately from the acclimation tanks.

Test chemical

Stock solution of copper were prepared by dissolving 3.9063g copper sulphate
pentahydrate (CuSO4 5 H,0O, Merck, Germany) in 100 ml of 2% sulphuric acid
solution and making upto 1000ml with double deionised water. It was stored in a
clean standard flask at room temperature in the laboratory.

Acute bioassay tests

Acute toxicity experiments were performed in triplicate and the average mortality
values were calculated using formula as described by Abbot (1925). The median
lethal concentration (96-h LCso) and 95% confidence intervals were determined
with a computer-based program described by Finney (1971). The acute 96-h LCs
of P. homarus homarus juveniles to copper was found to be 95.5 pg I (95% CL,
upper 111.6 pg It and lower 81.7 pg I; P<0.05).

Test solutions and sub-acute tests

It has been hypothesised that sub-lethal concentrations of copper offers an
excellent scope for observing the behavioural and physiological changes in
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animals (Edwards 1973). Two sub-lethal doses corresponding to 10% and 20% of
96-h LCso were selected for sub-acute toxicity experiments. Concentrations of
active ingredient of copper present in two sub-lethal concentrations computed
from commercial-grade composition were found to be 9.55 and 19.1 ug I,
respectively. The exact amount of active ingredient of copper present in each sub-
lethal solution however, was not quantified. For evaluation of effects of sub-lethal
concentrations, 90 randomly sampled lobsters of similar size (Average weight
180+20g; n=10) were divided into 3 groups, each group comprising of 30 inter-
moult juveniles (stage c) of P. homarus homarus. One group served as the
control, while two other groups were exposed to two sub-lethal doses of copper
(one group to one sub-lethal dose). A total of three replicate aquaria (50 I
capacity) were maintained for each dose and the for the control group (10 lobsters
per concentration per replicate). During the exposure period, a mild aeration was
provided using air pumps (BOYU, Japan) in order to maintain DO levels not less
than 5 mg I, Juveniles were fed with live marine clam Donax cuneatus, ad
libitum and were deprived of feed 24 h before exposure experiments.

In toxicological studies, chronic tests of shorter duration (21 days) have
been recommended as an alternative to longer chronic tests (Maki 1979). The
experiment was conducted for a period of 28 DoE as the estimated inter-moult
period of P. homarus homarus under the laboratory conditions was estimated to
be 26+1days (personal observation). In order to maintain constant concentration
of copper in test solutions, the entire toxic medium in each aquarium was gently
siphoned out daily (0900 h) and renewed with freshly prepared solution of
respective sub-lethal concentrations of copper. Aeration was suspended
temporarily during water exchange and feeding, and care was taken that the
disturbance caused to the lobsters was minimal. Neither mortality nor any visible
signs of disease were observed in the lobsters exposed to sub-lethal
concentrations of copper.

Tissue samples and biochemical analysis

Sampling was done on 0, 7, 14, 21 and 28 DoE and on each sampling occasion,
10 lobsters from each group (two experimental and one control) were sacrificed.
From each lobster, sample was extracted from the tissues of muscle (MU),
hepatopancreas (HP) and gills (GL). Extracted tissue samples from respective
organs of 1 or 2 animals were pooled to constitute a single sample; thus three
such samples (MU, HP and GL) were made for each group. Lobsters from control
group were similarly sampled at the same time as treated lobsters. Concentrations
of biochemical constituents (proteins, carbohydrates and lipids) in different
tissues were estimated by following standard procedures. The total protein (TP)
and the total carbohydrate (TC) concentrations in different tissues were
determined according to the methods of Lowry et al. (1951) and Roe (1955). The
total lipid (TL) content was estimated by the method of Barnes and Blackstock
(1973). Accuracy of the analytical methods was tested against prepared standards
and deviations from real standard values are expressed as coefficient of variation
(c.v. %). For duplicate analysis, these were 5.0-17.5% for the TP, 4.0-16.5% for
the TC, and 6-17.6% for the TL. For the purpose of comparison, concentrations
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of biochemical constituents are expressed in terms of mg g?! of wet tissue.
Variation in concentrations of biochemical constituents in test lobsters are
expressed as the percent change from control (100%) and concentrations >100%
and <100% indicate increase and decrease over control, respectively.

Statistical analysis

Fluctuations in concentrations of biochemical components in different treatment
groups and organs were assessed by analysis of variance (ANOVA) (Underwood
1997) with DoE and concentration as sources of variation. Because the variances
were not homogenous and/or the residual departed from normality as indicated by
Cochran's test (Winer et al. 1991), all the data were subjected to transformations
used in the statistical analysis. If ANOVA results were found significant, multiple
comparisons between different means of biochemical components of control and
test shrimps were made by Tukey-Kramer test for high significant differences
(HSD) (Zar 1996). Significance in all statistical tests was judged at a P<0.05
level. Unless otherwise indicated, the results are presented as mean+1SE of
replicate tanks.

Results

Physico-chemical parameters and biochemical analyses

Neither mortality nor visible disease signals were observed in the lobsters
exposed to sub-lethal concentrations of copper. Physico-chemical characteristics
of seawater did not vary significantly both during the acclimatisation and
exposure periods (P>0.05). Measured water quality parameters fell within the
levels recommended for the survival of spiny lobster (Chien 1992). The first
reaction following exposure to copper appeared after 7 DoE. At that time, it was
noted that test lobsters failed to consume the normal ration of food. After 14 DoE,
test lobsters completely rejected food, while the control lobsters continued to feed
normally throughout 28 DoE. No statistical difference in the biochemical
analyses was found between the replicate tissue samples of different organs
(P>0.05).

Copper induced changes in proximate composition

Changes in the TP Levels

Levels of the TP in different tissues of control and exposed lobsters during the
exposure period are depicted in Fig.1. The TP concentrations were significantly
lower in test lobsters than those of controls on all DoE (P<0.01). The rate of
depletion was found to be highly time and tissue dependent. The order of percent
decrease of the TP concentrations in different tissues at the end of 28 DoE was
observed to be MU>HP>GL. A progressive depletion in the TP levels of test
lobsters was recorded in the tissues of GL and MU during the exposure period.
Significant variation in the TP content between exposure concentrations of 9.55
and 19.1 pg I'* was noticed (P>0.01). The levels of hepatic protein of test lobsters
were found to be almost similar to that of control lobsters on 0 and 7 DoE but
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depletion was more prominent on 14, 21 and 28 DoE (Fig. 1). The magnitude of
depletion in the hepatic protein was directly proportional to the concentration of
copper. Higher percent depletion in the hepatic protein was observed in test
lobsters exposed to 19.1 ug It compared to those exposed to 9.55 pg I of copper
(P<0.05).
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Figure 1. Changes in the total protein (TP) levels in different tissues (% of wet
tissue) of the juvenile lobster, P. homarus homarus on exposure to two sublethal
doses (9.55 and 19.1 pug I'Y) of copper.

Changes in the TC Levels

Levels of the TC in different tissues of test lobsters and controls during the
exposure period are shown in Fig. 2 The levels of the TC in the GL tissues of test
lobsters were slightly higher (~3%) than the control lobsters on 0 DoE but
thereafter concentrations reduced significantly with the progress of the exposure
period (7, 14, 21 and 28 DoE). No significant variation in the TC levels in the test
lobsters between two exposure concentrations in the studied tissues was observed
(P>0.05). The depletion in the TC levels in the HP of test lobsters was significant
with the progress in the period of exposure. Concentrations of hepatic
carbohydrate in the test lobsters ranged from 1.32+0.03% (0 DoE) to 0.78+0.03%
(23 DoE) over control lobsters (100%). The levels of the TC in the MU of test
lobsters exhibited a biphasic pattern: higher concentrations on 0 DoE and 7 DoE
and lower on 14 DoE and 21 DoE and 28 DoE. The order of percent decrease in
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the TC levels in the studied tissues on the last day of exposure (28 DoE) was
found to be HP>MU>GL.
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Figure 2. Changes in the total carbohydrate (TC) levels in different tissues (% of
wet tissue) of the juvenile lobster, P. homarus homarus on exposure to two
sublethal doses (9.55 and 19.1 pg I'Y) of copper.

Changes in the TL Levels

Levels of the TL in different tissues of the test lobsters and controls during the
exposure period are depicted in Fig.3. In general, the TL concentrations in all the
studied tissues of lobsters exposed to sub-lethal doses of copper were
significantly lower than those in controls (P<0.05). The percent decrease in the
hepatic lipid was higher in the HP than in the tissues of GL and MU and the order
of percent decrease on 28 DoE was found to be HP>MU>GL.
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Figure 3. Changes in the total lipid (TL) levels in different tissues (% of wet
tissue) of the juvenile lobster, P. homarus homarus on exposure to two sublethal
doses (9.55 and 19.1 g I*Y) of copper.

Discussion

Biochemical changes induced by copper stress are due to disturbed metabolism
manifested by inhibition of enzymes, retardation of growth and reduction in the
fecundity and longevity of the organism. Most of the heavy metals act as
metabolic depressors and generally affect the activity of biologically active
molecules such as proteins, carbohydrates and lipids. The response of an
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organism to deficient as well as excess biologically available copper involves
metabolic processes. These processes are biochemically driven and
physiologically expressed on the health and well-being of the organism; "Copper
is a key element in the biologic processes of life and an essential constituent of a
great number of enzymatic systems". Since these enzymes are organometallic
compounds, the relationship between organic and metal is important. Deviations
from these relationships can exist as a result of excess or deficient levels of
copper or the genetic makeup of the organism. Besides enzymes, other organics
are involved in the transport, storage, and metabolism of copper. Like enzymes,
maintenance of the proper metal-organic relationship is critical to physiology of
the organism. The present study indicates, After 28 DoE, the tissues of MU, HP
and GL exhibited significant depletion in the concentrations of major biochemical
constituents perhaps due to stress induced by copper.

Effect of copper on the TP levels

Protein is one of the important biochemical components and plays an important
role in metabolic pathways and biochemical reactions. Under extreme stress
conditions, protein supply energy in metabolic pathways and biochemical
reactions. Therefore, an assessment of the TP content in different tissues could be
used as a diagnostic tool for determining the physiological status of an organism
(Prasath and Arivoli 2008). Proteins are the major energy reserves in crustaceans.
The sequence of utilization of these reserves and the relative importance of the
muscle tissue as storage organs during adverse conditions however vary among
species (Armitage et al. 1972; Barclay et al. 1983; White and Rainbow 1986).
Contrastingly, in the spiny lobster P. ornatus, the hepatopancreas is reported to be a
more sensitive indicator of physiological stress than the muscle tissue (Trendal and
Prescott 1989). In the present study, the total protein in the muscle, hepatopancreas
and gills of P. homarus homarus showed decreasing trend as the duration of
exposure to copper increased (MU: 19.39% to 16.38%, HP: 16.19% to 11.33% and
GL: 4.60% to 2.77%). It is likely that the observed reduction in total protein of P.
homarus homarus is due to a direct consequence of the stress imposed by copper.
The depletion of total protein suggests an increased proteolysis and possible
utilization of the products of their degradation for metabolic purpose. The decreased
protein level during exposure to pollutants may be due to increased catabolism and
decreased anabolism of proteins as reported in freshwater bivalve Parrysia
corrugata (Deshmukh and Lomte 1998). A decrease in protein content in shrimps in
mangrove crab Sesarma brockii increases the amino acid pool which may contribute
towards its conversion to detoxification mechanism of the heavy metal, cadmium
(Kannupandi et al. 2001). A plausible explanation for such depletion of the TP
levels in the tissues of GL and MU of test lobsters might be due to the enhanced
proteolytic activity in these organs under heavy metal stress. The depletion in the
TP might be due to the diversification of energy to accomplish the impending
energy demands when of animals are under toxic stress. The decreased protein
concentrations might also be attributed to the destruction or necrosis of cells and
consequent impairment in protein synthesis machinery. Copper causes adverse
effects on the lysosomal membrane as stabilizers and release nucleases and
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proteases thereby affecting the RNA and protein metabolism. Subsequently, the
lower rate of protein synthesis depends on the reduced availability of ATP or an
increased activity of proteolytic lysosomal enzymes (Jana and Choudhari 1984).
Concentration of copper in the medium as well as the exposure duration influenced
the protein profile in P.homarus homarus. Similar alterations due to copper was
highlighted the crab Carcinus maenas (Wright and Brewer 1979) and the penaeid
prawn Penaeus indicus (Seenivasan 1988). Copper accumulation is also a factor
resulting in the decrease of protein. Similarly, Krishnamoorthy and Subramanian
(1995) reported a decrease in the protein content during the process of copper
accumulation in freshwater prawn Macrobrachium lamerrei lamerrei. The initial
declining levels of protein may be attributed to the higher rate of energy production
at the onset of various enzymatic blockages. It is known that copper blocks the
MRNA synthesis and thereby the protein synthesis at the level of transcription.
However, copper inhibits the action of enzyme protease reflecting a steady decline
in the total percentage of protein.

Effect of copper on the TC levels

Carbohydrates form an important biochemical constituent of an animal tissue
which acts as building blocks of the cells and they are the primary and immediate
source of energy. During the exposure period, the TC levels decreased in all the
studied tissues, the depletion was more significant in the HP followed by GL and
MU tissues of test lobsters. In the present study the total carbohydrate in the MS,
HP and GL of P. homarus homarus showed decreasing trend with increasing
concentration of copper (MS: 0.51% to 0.32%, HP: 1.32% to 0.78% and GL.: 0.43%
to 0.27 %). But a narrow increase is observed during 7 days of copper exposure in
gills (0.43% to 0.45%). The depletion of the TC may be due to its rapid utilisation
to meet the reduced energetic efficiency under the impact of copper.
Carbohydrate metabolism is broadly divided into the anaerobic segment or
glycolysis in which the breakdown of glucose or glycogen through Embden—
Meyerhaf pathway occurs and the aerobic segment that consists of oxidation of
pyruvate to acetyl co-A to be utilized through citric acid cycle (Nelson and Cox
2005). As a consequence of hypoxia, the metabolic pathway is shifted from
aerobiosis to anaerobiosis and a strong suppression of the specific activities of
enzymes involved in glycolysis and glycogen metabolism. These conditions
might have depleted the TC levels in the lobsters exposed to copper in order to
meet the increased energy demands as carbohydrates form the major source of
energy under stressful conditions (Hochachka and Somero 1984). Carbohydrate
metabolism is not considered to be a major energy source in fish (Walton and
Cowey 1982), but its importance increases during hypoxia because of activation
of anaerobic glycolysis. This may explain the observed depletion of the TC levels
in test lobsters during the later stages of exposure as a result of increased demand
of these molecules to provide energy for the cellular biochemical processes under
hypoxic conditions induced by copper. The crustacean hepatopancreas is the vital
organ involved in such diverse metabolic activities as synthesis and secretion of
enzymes and it is also the major organ of detoxification (Thaker and Hariots
1989). Changes in the percentage of carbohydrate in response to differential
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concentrations as an indirect response to internal hypoxia is well explained in cat
fish Heteropneustes fossilis (Misshra and Srivastava 1983). In P.homarus homarus
also, a decrease in percentage of total carbohydrate in muscle and hepatopancreas
has been induced by copper. Excess in dietary copper has been shown to cause
lower percentage of carbohydrate in Homarus americanus. Similar result is
evidenced by Jana and Sahana (1988) in fresh water fish Clarias batrachus. The
association between carbohydrate and copper metabolism is complex and reduces its
bioavailability in Amphora coffeaeformis (Brown et al. 1988). However, on
exposure to heavy metal, glycogen content was found to be reduced in the
hepatopancreas and muscle tissues of brook trout, (Mckim and Benoit 1971).
Glycogen plays an important role as a readily mobilized storage form of
carbohydrate in muscle (Stryer 1988), which decreases during toxicity as evidenced
also in P. homarus homarus. Similarly, the carbohydrates decline in the gills and
they deposit as granules on the lamellae interrupting the uptake of oxygen. This is
consistent with the earlier studies in Norway lobster, Nephrops norvegicus resulting
in hypoxic condition (Baden et al. 1994), where the binding of oxygen with
haemoglobin decreases with the increase in concentration of copper, thereby
resulting in hypoxia (Depledge and Bjerregaard 1989). The carbohydrate, may have
been used to fuel detoxification mechanism operating within the animal as reported
in P. longipes and Jasus lalandii (Cockcroft 1997). In the bivalve Sunetta scripta,
the percentage of total carbohydrate significantly declined on exposure to copper,
which may be attributed to the effect of copper on phosphofructokinase which is one
of the limiting enzymes in the glycolytic pathway and causes depression in the
activity of the enzyme that contributes to the reduction of carbohydrate content
(Katticaran et al. 1995).

Effect of copper on the TL levels

The TL concentrations in different tissues in copper treated lobsters in the present
study were found to be significantly lower than the concentrations in the same
organs of controls (P<0.05). The decrement in the TL levels may be due to the
increased activity of lipase, the enzyme responsible for the breakdown of lipids
into free fatty acids and glycerol. Lipids constitute the rich alternate energy
reserves whose calorific value is twice as that of an equivalent weight of
carbohydrates and proteins and the mobilisation of lipid reserves may be due to
the imposition of high energy demands to counter the toxic stress (Reddy and Rao
1989). The concentrations of the TL decreased in all the tissues significantly with
the progress of exposure period irrespective of exposure concentrations. The
order of percent decrease within the tissues was: HP>MU>GL. The considerable
decrease in the TL in the HP and MU (~50%) on 0 DoE might be due to the
drastic decrease in the TC levels (~45%) in the same tissues. The HP of
crustaceans is analogous to that in the liver of vertebrates and is the centre of lipid
metabolism (Chang and O’Connor 1983); higher levels of the TL could be
expected in the HP compared to other tissues. The evidence of relatively higher
lipid deposition in the hepatic tissues has been reported in the sequence of
utilization of these reserves and the relative importance of the HP and MU tissue as
storage organ during adverse conditions, such as stress and detoxification that are
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well documented (Armitige et al. 1972; Vijayakumaran 1990). In P. homarus
homarus the effect of copper toxicity results in the reduction of total lipids as
reported in crab Thalamita crenata (Villalan et al. 1988). The total lipids in the MU,
HP and GL of P. homarus homarus showed decreasing trend as the duration of
exposure in each concentration of copper increased (MS: 2.96% to 1.90%, HP:
10.15% to 7.23% and GL: 0.47% to 0.35%).A significant decreases in muscle and
hepatopancreas weight may be due to its utilization for energy during detoxification
mechanism. In the spiny lobster P. ornatus, the hepatopancreas is the most sensitive
indicator of physiological stress than the muscle tissue (Trendal and Prescott 1989).
The finding is in accord with the results obtained in P. homarus homarus, although
muscle and hepatopancreas are the major energy stores. Copper has been associated
with lipid peroxidation. Beckman and Zaugg (1988) reports that cuprus ions may
initiate lipid peroxidation by a metal- metal reaction reducing the ferric ions rather
than by promoting propagation reaction in the fish Chinook salmon Oncorhynchus
tshawytscha. As the lipid reserves are ultimately transferred to the detoxification
process in P. homarus homarus, the total percentage of lipids decline in
hepatopancreas followed by muscle and gills.
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