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Dietary Copper Requirement of Penaeus vannamei
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The dietary copper requirement of Penaeus vannamei juveniles was investigated using caseinf
gelatin based semi-purified dicts under controlled laboratory conditions. Twenty-day-old P.
vannamei postlarvae were fed the basal diet lacking copper supplementation but containing
2.0 mg Cu/kg for a 10-day period to reduce tissue stores of copper.  After conditioning, six replicate
groups of juvenile shrimp (mean weight 0.057 g) were fed each diet containing graded levels of
supplemental copper (0, 4, 8, 16, 32, 64, or 128 mg Cu/kg diet) for the duration of a 42-day feeding
trial. Weight gain (percent weight gain) ranged from 2.88 g (5,064 %7) for shrimp fed the basal
diet without supplemental copper {2 mg total Cu/kg diet) to 3.5 g (6,177%;) for shrimp fed the
basal diet supplemented with 64 mg Cu/kg. Weight gain of shrimp increased in response to copper
supplementation up to 32 mg Cu/kg diet, indicating a dietary copper requirement of no more than
34 mg total Cu/kg diet. In addition to depressed growth, shrimp fed copper-deficient diets had
enlarged hearts and depressed copper levels in the hemolymph, carapace, and hepatopancreas.
There was ho clear indication that supplementation of up to 128 mg Cu/kg diet adversely affected

shrimp growth or survival.

Although substantial research has been con-
ducted on the toxicity of dissclved copper to
marine species,”’ the dictary essentiality of this
nutrient in marine species has received little atten-
tion. Copper functions in hematopoiesis and
in numerous copper-dependent enzymes including
cytochrome ¢ oxidase (EC 1.9.3.1; CCO) and
superoxide dismutase (EC 1.15.1.1; SOD).%
Some marine Invertebrates such as crustaceans
utilize the copper-containing pigment hemocyanin
as the oxygen-carrying pigment of their blood.”
Depledge® estimated that, on a fresh-weight
basis, 40% of the whole-body-copper load of
shrimp is found in hemocyanin, implying a
considerable increase in physiological demand
above that required by vertebrates.

Although dietary deficiencies of copper have
been documented in freshwater fish,"~'" the
dietary essentiality of copper has not been evaluat-
ed for marine fish, and only one study has been
conducted with shrimp. Kanazawa ef a/.'* found
that dual deletion of iron and copper did not
significantly affect growth and survival of Pen-
aeus japonicus. However, in that series of ex-
periments, the percent weight gain was very low

(40%,) and survival was very poor (57°9); hence,
the nutritional stress and/for quality of the diet
may not have been adequate to discern a dietary
copper deficiency for that species. The present
study was designed to evaluate the dietary re-
quirement for copper and to characterize copper
deficiency signs in P, varnamei.

Materials and Methods

Feeding Trial

The basal diet (Table 1) was formulated to
contain 409, crude protein, a gross energy of 3.5
keal/g, and contained 2.0 mg Cu/kg. This diet was
supplemented with seven levels of copper (0, 4,
8, 16, 32, 64, or 128 mg Cu/kg), replacing cellulose
with cupric sulfate heptahydrate. Diets were
prepared by mixing the dry ingredients in a
V-mixer. Menhaden fish oil and an appropriate
amount of hot deionized water, required for
pelleting, were then added to the dry ingredients
and homogenized. Each diet was then pelleted
using a meat grinder and a 3 mm die. After
pelleting, the diets were dried by forced air at
60°C for 3 h and forced ambient air for 12h to
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Table 1. Composition of the basal diet*!
(% Dry weight)

Ingredient

Casein*® 35.0
Gelatin*® 8.0
Wheat starch*® 20.2
Menhaden fish oil*? 7.0
Lecithin (purified)*® 1.0
Cholesteroi*z 0.5
Mineral mixture*+ 15.0
Vitamin mixture*® 8.0
Stay-C*® (3000 mg active vitamin C/kg) 3.3
Alpha-cellulose*? 2.0

*1 Basal diet contained ? mg Cujkg diet as determined by
atomic absorption spectrophotometry.

*2  LC,N, Nutritional Biochemicals Inc., Cleveland, Ohio,
USA.

*#  Zapata Haynie Corp., Reedville, Virginiz, USA. Supple-
mented with 125 ppm santoquin,

*4  Contains {(as gfkg): CaHPOQy, 500.0; NaCl, 74.0; KyC¢H307
"HoO, 220.0; K80, 520; MgQ, 24.9; MnSO, H,0,
5.16; Fe80y TH:0, 4.95; ZnSQ,-TH,0, 3.67; KIQy, 0.01;
NogSeQy, 0.0072; KCr(SO.);:12H:O, 0.5%; cellulose,
115.65,

*5  Contains (as g/kg): vitamin A palmitate, 1.8; vitamin E
(250 ufg), 22.0; inositol, 180; choline chloride, 75; men-
adione, 2.3; p-aminobenzoic acid, 30; niacin, 26; riboflavin,
8; pyridoxine HCI, 3; thiamine mononitrate, 5; D-calcium
pantothenate, 15; vitamin Dy (40,000 u/g), 1; biotin, 1;
folic acid, 5; vitamin By, crysialline, 1; sucrose, 623.9.

*@  Vitamin Technologies Lnternational, Bubl, Idaho, USA.

*7  Sigma Chemical Company, Cleveland, Ohio, USA.,

achieve a moisture content of 8 to 10%,. Feeds
were mechanically crumbled and sieved to the
desired size, then frozen at —i0°C until use.

The feeding trial was conducted in 136-/ rec-
tangular tanks (bottom surface area 0.34 m?),
each receiving 4 //min of pre-filtered (rapid-rate
sand filter, 45-55 mm silica sand) water. These
tanks were part of a 50-m® recirculating system
receiving a 109, daily water exchange and was
designed to maintain a constant environmental
temperature (28:+1°C) and salinity (30+1 ppt).
The photoperiod was set for a 12:12h light:
day cycle. To ensure that adequate water quality
parameters were maintained, the system’s tem-
perature, dissolved oxygen, and salinity were
measured daily. Amnionia nitrogen and nitrite
were measured weekly utilizing spectrophotometric
methods.!®

Prior to initiation of the feeding trial, 20-day-
old postlarval P. vannamei were fed the basal
dict lacking supplemental copper for a 10-day
conditioning period. At the start of the growth
trial, conditioned juvenile shrimp were hand-
graded to a uniform size (0.057+0.019g) and
stocked at a density of 30 shrimp per tank. To

estimate the initial weight, 30 shrimp were random-
ly selected during stocking, set aside, towel-dried
and weighed individually to determine the mean
initial wet weight and standard deviation.

Dietary treatments were each fed to six replicate
groups of shrimp for a 42-day period. Shrimp
were fed 12 times a day in excess of satiation
for the duration of the experiment. At the
conclusion of the growth trial, the shrimp were
enumerated and an average wet weight per tank
determined.  After weighing, seven shrimp
per tank were held for subsequent enzyme analyses
annd the determination of heart and hepatopan-
creas indices. In addition, hemolymph samples
from the remaining live shrimp were taken by
heart puncture technique utilizing 15 u/ capiilary
tubes. After bleeding, the shrimp and hemolymph
samples were immediately frozen for subsequent
mineral analyses.

Tissue Analyses

Forty-eight hours after tfermination of the
feeding trial, individual shrimp were weighed
and then the heart and hepatopancreas
removed and weighed, The heart and hepato-
pancreatic indices [wet organ weight (mg)/wet
shrimp weight (g)] were determined for 30 shrimp
per treatment. For enzymatic analyses, the heart
and hepatopancreatic tisspes from six shrimp
were pooled into five composite samples per
dietary treatment.

Heart and hepatopancreas samples were ho-
mogenized in 3 m{ of cold Triton X-100 (0.2%).
Heart CCO activity was determined in homo-
genates by measuring the oxidation of ferrocy-
tochrome ¢ at 550nm in 10mM potassium
phosphate buffer, pH 7.0,'¥ The initial con-
centration of ferrocytochrome ¢ in the reaction
mixture was 40 4™, One unit of activity was
defined as the oxidation of 1M of ferro-
cytochrome ¢/min at 25°C.

Hepatopancreas homogenates were centrifuged
at 10,000xg for 30min. The resulting su-
pernatant was assayed for SOD activity by its
ability to inhibit the reduction of ferricytochrome
¢ by the xanthine oxidase reaction.'®

Frozen shrimp were rinsed with deionized water,
then the carapace and hepatopancreas were
dissected from 10 shrimp per tank (60 shrimp per
treatment) and oven-dried at 90°C to a constant
weight.  Hepatopancreas, carapace, and he-
molymph samples were wet-ashed and copper
was analyzed by atomic absorption specirophoto-
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metry according to procedures described by the
Association of Official Analytical Chemists.t®
Data were analyzed using a one-way analysis
of variance to determine significant (P<<0.05)
differences among treatment means. Data for
which there were significant differences were
analyzed by regression to determine the effects
of dietary treatments on the dependent variables.
Student-Newman-Keuls’ multiple range test!”
was used to evaluate significant differences among
treatment means. All statistical analyses were
conducted using the Statistical Analysis System.'®

Results

Mean+standard deviation total ammonia
nitrogen, nitrite nitrogen, and dissolved oxygen
were 0.07-0.05 mg N/I, 0.05-£0.04 mg N//, and
6.440.28 mg O,/], respectively. These values are
consistent with those considered adequate for the
normal growth and survival of shrimp.t®-¥
Based on atomic absorption spectrophotometric
analysis of a full strength sea water sample, the
copper content of the system’s water was below
0.2 mg Cu/l.

Wet weight gain (percent weight gain) ranged
from 2.88 g (5,064%)) for shrimp fed the basal
diet without supplemental copper (2 mg total
Cu/kg) to 3.50g (6,177%;) for shrimp fed the
diet containing 66 mg total Cu/kg. Weight gain
of shrimp increased in response to supplemental
copper up to 34 mg Cufkg diet after which there
was no significant difference in wet weight gain
(Fig. 1). Survival of shrimp maintained on the
treatment diets ranged from 92.2% for shrimp
fed the basal diet to 86.19% for shrimp fed
the diet containing 130 mg Cu/kg. Although
not significant, there was a general linear decrease
in survival associated with increasing dietary
supplementation of copper (P=0.1017). Es-
timated feed conversion (wet weight gain/dry
weight feed offered) ranged from 2.0 for shrimp
fed diets without copper supplements to 1.6
for shrimp fed diets containing 66 mg Cu/kg,
and inversely corresponded to the growth data.

Heart CCO activity ranged from 5.99 units/g
wet tissue for shrimp fed diets containing 6
mg Cu/kg to 8.01 unitsjg wet tissue for shrimp
fed diets containing 66 mg Cu/kg. Hep-
atopancreas index ranged from 324 to 41.7
for shrimp fed diets containing 130 and 34
mg Cu/kg, respectively. There were no significant
differences or general trends observed in the

3.
B
£
T
o
£
=)
a
=z
2.5
!
F
fry— . 1 ; ; )
0 20 40 60 a0 100 120 140
Tota) dietary copper (mg Curkg diet)
Fig. 1. Reiationship [predicted value+95% con-

fidence interval for the expected value (mean)
of the dependent variable] between dietary copper
and the final weight gain of P. vannamei,
The regression line is described by y=0.0167x —
0.000098x*4+2.89 (n=42; Adi. R*--0.4316).

* Based on SNK test, treatment means (1) with
the same letter are not singificantly different.
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Fig. 2. Relationship [predicted value+95% con-
fidence interval for the expected value (mean) of
the dependent variable] of the heart index [wet
weight heart (mg)/wet weight shrimp (g)] to
dietary copper.

The regression line is described by y»—=--0.099
(log x}+2.466 (n—208; Adi. R®—0.0831).

* Based on SNK analyses treatment means (=)
with the same letters are not significantly different.

heart CCO activity (ANOVA P> F==0.9976) or
hepatopancreas index (ANOVA P F=0.3800),
Heart index ranged from 2.38 for shrimp fed
the basal diet to 1.96 for shrimp fed the diet
containing 130mg Cufkg. The heart index
decreased logarithmically with dietary copper
supplementation (Fig. 2).
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Fig. 3. Relationship [predicted wvalue4+95% con-
fidence interval for the expected value (mean) of
the dependent variable] between dietary copper
supplementation and hepatopancreatic copper
(g Cu/g).

The regression line is described by y=2.929x
~0.0406x2 -} 0.000205x%4-26.32 (n=42; Adj. R*
—=0.8360).
* Based on SNK test, treatment means {1 ) with the
same letter are not significantly different.

Total SOD activity was measured in the presence
of 0.01 mm KCN which was used to inhibit
cytochrome oxidase.® This method has been
successfully emploved with fish liver.!” How-
ever, due to an interfering substance or substances
(e. g. proteolytic enzymes), the baseline was not
stable and hence the SOD levels could not be
determined in shrimp hepatopancreas.

The copper content of the hepatopancreas
ranged from 30.1 pg Cu/g dry weight for shrimp
fed the basal dict to 170.0 ug Cu/g dry weight
for shrimp fed the diet supplemented with
130 mg Cu/kg. The copper content of the
hepatopancreas increased sigmoidally in relation
to increasing dietary copper (Fig. 3).

Copper levels of the hemolymph ranged from
6.4%¢ Cufd! for shrimp fed the basal diet to
14.38 g Cu/d! for shrimp fed the diet contain-
ing 130 mg Cu/kg. Copper content of the
hemolymph increased with dietary copper content
up to 34 mg Cufkg and then levelled out (Fig.
4). Based on the spline model presented in
Fig, 4, the supplementation of diets with more
than 34 mg Cu/kg did not result in a significant
increase in copper content of the hemolymph.

The copper content of the carapace from shrimp
fed diets containing 2, 6, 10, and 18 mg Cu/kg
were 13.64, 14.46, 14.44, and 15.79 pg Cu/g dry
weight, respectively. These values were sig-
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Fig. 4. Relationship [predicted value+95% con-
fidence interval for the expected value {mean) of
the dependent variable] between dietary copper
supplementation and hemolymph copper content
(g Cu/dl}.

The regression ling is described by y =2.087 (log )
—0.249 (log 2}+5.057; if x<34 then z=2; if
x234 then z=x—32 (n=42; Adj. R?=0.6447).
* Based on SNK test, treatment means () with the
same letters are not sighificantly different.

nificantly lower than those of shrimp fed
diets containing 34, 66, and 130 mg/kg, which
were 22.94, 22,79, and 26.30 ug Cu/g dry weight,
respectively,

Discussion

A dietary essentiality of copper has been report-
ed for several species of freshwater fish®— 1 but
has not been identified in marine fish or shrimp.
It is clear that many marine organisms are obligate
accumulators of certain heavy metals and that
exposure to high environmental levels results
in elevated body stores.:# The essential nature
of metals such as copper is acknowledged in some
environmental monitoring studies.?.*  How-
ever, it is often implicitly assumed that the total
amonunt required for metabolic processes is
negligible compared with total measured body
concentrations.2®

Djangmah and Grove®” demonstrated that the
shrimp Crangon vulgaris can absorb copper from
saltwater, Kanazawa et al'¥ was unable to
demonstrate a dietary essentiality of copper for
the shrimp P. japenicus, which had a final weight
gain of 40%,. They concluded that the shrimp
may have been able to satisfy their physiological
need through abscrption from the water. Based
on these observations it has generally been con-
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cluded that shrimp may obtain adequate copper
from seawater,

Under the reported experimenial conditions,
the lack of supplemental dietary copper resulted
in a significant depression in growth of P. van-
namei. Weight gain increased with dietary sup-
plementation up to 32 mg Cu/kg diet (34 mg total
Cu/kg), indicating that the basal diet was not
adequate to meet the physiological copper re-
quirement of the shrimp.

In the current experiment, the survival of the
shrimp was slightly depressed at supplemental
levels of 64 and 128 mg Cu/kg diet; however,
there were no clear indications that dietary
supplementation of up to 128 mg Cu/kg diet
(130 mg total Cujkg) adversely affected the growth
or survival of the shrimp. Previous research with
other crustaceans has shown that that excessive
amount of dissolved copper may be lethal;*”
however, the effects of excessive dietary supple-
mentation had not been investigated with sheimp.

The hepatopancreas, carapace, and hemolymph
of crustacca have been identified as containing
a significant portion of the body burden jo cop-
per,!.+.25,28-30  The hepatopancreas functions in
the absorption, storage, metabolism, and de-
toxification of minerals;® thus, it should be a
good indicator of the nutritional status of shrimp,
In the current experiment, the copper content
of the hepatopancreas increased with dietary
copper up to 34 mg Cu/kg and then plateaued
in shrimp fed diets containing 34 and 66 mg
Cu/kg. This corresponded to the plateauving
of weight gain (Fig. 1) and copper contents of the
hemolymph (Fig. 4) and carapace. Plateauing
of the copper content of these tissues would
indicate that tissue levels were saturated once
32mg supplemental Cu/kg diet (34 mg total
Cu/kg) was fed, and that the copper content of
these tissues appeared to be regulated. The ad-
ditional increase in the copper content of the
hepatopancreas in shrimp fed diets containing
130 mg Cu/kg may indicate that the hepatopan-
creas was acting as a site for copper storage and/or
excretion.

In addition to depressed tissue mineralization,
enlargement of the heart has been identified in
several vertebrates as an indicator of copper
deficiency.® In the current experiment shrimp
fed diets containing low levels of copper had
larger hearts (Fig. 2). This morphological
alteration appeared to be alleviated through
adequate copper supplementation.

Under the reported conditions, a dietary
deficiency of copper was observed for P. vannamei
fed diets supplemented with less than 32 mg
Cu/kg diet (34 mg total Cu/kg diet). The dietary
copper deficiency in P. vannamei was characteriz-
ed by producing enlargement of the heart, lower
growth, and depressed copper contents of the
carapace, hepatopancreas, and hemolymph.
Based on the observed results, nominal values
for the hepatopancreas, carapace, and hemo-
lymph of the shrimp maintained under the report-
ed conditions were 75-118 ug Cu/g, 17-27 ug
Cu/g, and 11-15 g Cuy/d!. These results indicate
that juvenile P. vannamei cannot meet their
physiological needs for copper from seawater
and that a dietary source is required for maximum
growth and tissue mineralization.
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