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Abstract

Using zinc methionine as the zinc source, six experimental diets with actual
zinc contents of 9.3, 31.7, 49.9, 90.1, 168.6, and 326.5 mg/kg were formulated
by supplementing different levels of zinc to an isonitrogenous and isoenergetic
basal diet. These diets were fed to juvenile Sipunculus nudus with an average
body weight of (14.54$+80.10) mg for 8 weeks to investigate the effects of di-
etary zinc content on growth, body composition, coelomic fluid zinc content,
and alkaline phosphatase activity. Each experimental diet had three replicates,
with 400 juvenile Sipunculus nudus per replicate. The results showed that di-
etary zinc content significantly affected the survival rate, weight gain rate, and
specific growth rate of Sipunculus nudus (P<0.05). Both weight gain rate and
specific growth rate reached their maximum values at a dietary zinc content of
49.9 mg/kg, which were significantly higher than those of the groups with the
lowest (9.3 mg/kg) and highest (326.5 mg/kg) dietary zinc levels (P<0.05). Di-
etary zinc content significantly affected the crude lipid and crude ash contents
of the worms (P<0.05). The crude lipid content exhibited a trend of initially
increasing and then decreasing with increasing dietary zinc content, while the
crude ash content showed the opposite trend. Dietary zinc content had no signif-
icant effect on the moisture and crude protein contents of the worms (P>0.05).
Dietary zinc content significantly affected both the zinc content and alkaline
phosphatase activity in the coelomic fluid of the worms (P<0.05). The zinc con-
tent in the coelomic fluid continuously increased with increasing dietary zinc
content, reaching its maximum value at a dietary zinc content of 326.5 mg/kg.
In contrast, the alkaline phosphatase activity in the coelomic fluid initially in-
creased and then stabilized with increasing dietary zinc content, reaching its
maximum value at a dietary zinc content of 49.9 mg/kg. Using weight gain
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rate as the evaluation criterion, regression analysis determined that the optimal
dietary zinc content for juvenile Sipunculus nudus was 41.93 mg/kg.

Full Text

Effects of Dietary Zinc Content on Growth Performance,
Body Composition, Coelomic Fluid Zinc Content and Alka-
line Phosphatase Activity of Juvenile Peanut Worm, Sipun-
culus nudus Linnaeus

**XU Mingzhu, ZHANG Qin*, TONG Tong, DONG Lanfang, YANG Jialin,
JIANG Yan, HUANG Guogiang**

(Guangxi Institute of Oceanology, Key Laboratory of Marine Biotechnology of
Guangxi, Beihai 536000, China)

Abstract: This study investigated the effects of dietary zinc content on growth
performance, body composition, coelomic fluid zinc content, and alkaline phos-
phatase (AKP) activity in juvenile peanut worm (Sipunculus nudus). Six isoni-
trogenous and isoenergetic experimental diets were formulated using zinc me-
thionine as the zinc source, with measured zinc concentrations of 9.3, 31.7, 49.9,
90.1, 168.6, and 326.5 mg/kg. Juvenile peanut worms with an average initial
weight of (14.54$+$0.10) mg were fed these diets for 8 weeks. Each dietary
treatment had three replicates, with 400 juvenile worms per replicate. The re-
sults demonstrated that dietary zinc content significantly affected survival rate
(SR), weight gain rate (WGR), and specific growth rate (SGR) (P<0.05). Both
WGR and SGR reached their maximum values at a dietary zinc level of 49.9
mg/kg, which were significantly higher than those in the lowest (9.3 mg/kg)
and highest (326.5 mg/kg) zinc groups (P<0.05). Dietary zinc content also sig-
nificantly influenced crude lipid and ash contents (P<0.05). Body crude lipid
content initially increased then decreased with rising dietary zinc levels, while
ash content showed the opposite trend. No significant differences were observed
in moisture or crude protein contents among all groups (P>0.05). Coelomic
fluid zinc content and AKP activity were significantly affected by dietary zinc
content (P<0.05). Coelomic fluid zinc content continuously increased with di-
etary zinc supplementation, reaching its highest value at 326.5 mg/kg. In con-
trast, coelomic fluid AKP activity initially increased then plateaued, with the
maximum activity observed at 49.9 mg/kg dietary zinc. Using WGR as the
evaluation criterion, regression analysis determined that the optimal dietary
zinc content for juvenile peanut worm was 41.93 mg/kg.

Keywords: juvenile peanut worm; zinc; growth performance; body composi-
tion; coelomic fluid zinc content; AKP activity
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Introduction

Trace elements can be classified as essential or non-essential, both serving as
indispensable nutrients that play irreplaceable roles in animal physiology and
biochemistry. Although present in minute quantities, trace elements directly or
indirectly participate in nearly all physiological and biochemical processes within
the organism. Zinc is an essential trace element for most animals, often referred
to as the “element of life” [1-2], with extensive physiological and biochemical
functions. First, zinc participates in protein metabolism as a component or ac-
tivator of numerous enzymes, including carbonic anhydrase, carboxypeptidase,
alkaline phosphatase (AKP), and lactate dehydrogenase. By the 1990s, over
250 zinc-containing enzymes had been identified, which participate in energy
metabolism, protein synthesis, and redox reactions through various enzymes
such as carbonic anhydrase, lactate dehydrogenase, glutamate dehydrogenase,
and DNA polymerase. Second, zinc is involved in immune regulation, playing
a crucial role in modulating antioxidant capacity and immune function. Zinc
deficiency can impair immune function and disease resistance [3-4]. Therefore,
determining the optimal zinc content in artificial feed formulations is of great
significance.

The peanut worm (Sipunculus nudus), commonly known as “sandworm,” is a
characteristic economic seafood product in Guangxi, prized by consumers for its
high protein, low fat, and rich nutritional profile [5-6]. Previous research on feed
and nutrition for juvenile peanut worms has investigated optimal requirements
for protein, lipid, carbohydrate, and trace elements including iron, manganese,
and selenium [7-12]. To complement and complete the understanding of trace
element nutrition, studies on the optimal dietary zinc requirement are essential.
This research examines the effects of zinc on growth, body composition, coelomic
fluid zinc content, and AKP activity in juvenile peanut worms, providing a
theoretical foundation for improving artificial feed formulations for large-scale
aquaculture.

1.1 Experimental Diets

Prior to diet preparation, the crude protein, crude lipid, and gross energy con-
tent of each ingredient were measured to guide diet formulation. The compo-
sition and nutrient levels of the experimental diets are presented in . Zinc me-
thionine (containing 19% zinc) served as the zinc source, with supplementation
levels of 105.25, 210.55, 421.05, 842.10, and 1,684.20 mg/kg (dry matter basis),
corresponding to zinc additions of 0, 20, 40, 80, 160, and 320 mg/kg (dry mat-
ter basis). The measured zinc concentrations were 9.3, 31.7, 49.9, 90.1, 168.6,
and 326.5 mg/kg (dry matter basis), respectively. Diet preparation followed the
method described by Blair et al. [13]. Primary ingredients were ground to pass
through a 200-mesh sieve, weighed in ascending order of supplementation level,
and thoroughly mixed. The mixture was blended with fish oil, then with a small
amount of water, dried, and ground into microparticle feed passing through a
150-mesh sieve before being bagged and labeled for storage.
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1.2 Feeding Management

The feeding trial was conducted from August to October 2013 for a duration
of 8 weeks. Eighteen identical tanks (65 cm x 55 ¢cm X 45 cm) were used,
each containing a thin layer (3-4 cm thick) of fine sand on the bottom. The
sand had been thoroughly washed with freshwater, disinfected, and soaked in
seawater for one day to serve as habitat for the juvenile worms. Water depth was
maintained at approximately 20 cm. A total of 7,200 healthy juvenile peanut
worms from the same batch, with an average initial weight of (14.54$+%0.10)
mg and natural body length of 1.17-1.65 cm, were randomly distributed into 6
groups. Each group comprised three replicates of 400 worms each, fed one of the
six experimental diets with varying zinc content. The feeding method involved
excessive feeding to ensure a small amount of uneaten feed remained on the
sand surface. The experiment was conducted under natural photoperiod with
continuous micro-aeration for 24 hours. Water temperature was maintained at
26-30 °C, salinity at 18-22, and dissolved oxygen concentration above 5.0 mg/L.

1.3 Index Determination

At the end of the feeding period, juvenile worms were transferred to sand-free
tanks with approximately 10 cm of seawater and starved for 2-3 days to empty
their guts. Worms from each tank were then collected and weighed, and survival
numbers were recorded to calculate survival rate for each group.

The following formulas were used: - Survival rate (SR, %) = 100 x Nt / NO -
Weight gain rate (WGR, %) = 100 x (Wt - W0) / WO - Specific growth rate
(SGR, %/day) = 100 x (In Wt - In WO0) / t

Where NO is the initial number of worms, Nt is the final number, WO is the
initial body weight, Wt is the final body weight, and t is the experimental
duration in days.

Body composition and feed proximate composition were determined using
AOAC (1995) methods. Moisture content was measured by drying to constant
weight in a 105 °C oven. Crude protein content was determined by the
Kjeldahl method (Kjeltec 8400, Sweden). Crude lipid content was measured
by Soxhlet extraction (Soxtec 2050, Switzerland). Ash content was determined
by incineration in a muffle furnace at 550 °C for 12 hours. Coelomic fluid
AKP activity was measured using a kit from Nanjing Jiancheng Bioengineering
Institute, with enzyme activity expressed as specific activity (U/mg prot). Zinc
content in coelomic fluid was determined according to GB 13885-2003.

1.4 Statistical Analysis

Data were analyzed using SPSS 19.0. One-way ANOVA was performed, and
if significant differences were detected, Tukey’ s multiple comparison test was
applied with a significance level of P < 0.05.
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2.1 Effects of Dietary Zinc Content on Growth Performance of Juve-
nile Peanut Worm

As shown in , SR of juvenile worms ranged from 63.83% to 85.50%. The 9.3
and 326.5 mg/kg zinc groups exhibited lower SR, significantly different from the
other groups (P < 0.05), indicating that both deficient and excessive zinc levels
adversely affected survival. WGR and SGR initially increased then decreased
with rising dietary zinc content. The 9.3 and 326.5 mg/kg zinc groups showed
no significant difference between them (P > 0.05) but were significantly lower
than the other groups (P < 0.05). The four groups receiving 31.7, 49.9, 90.1,
and 168.6 mg/kg zinc showed no significant differences in SR, WGR, or SGR
(P > 0.05).

Linear regression analysis ([Figure 1: see original paper]) revealed that WGR
(y1) formed a linear relationship with dietary zinc content (x1: 9.3, 31.7, and
49.9 mg/kg), described by the equation yl1 = 3.13x1 + 127.04 (R? = 0.892).
Additionally, WGR (y2) formed a linear relationship with the latter five dietary
zine levels (x2: 31.7, 49.9, 90.1, 168.6, and 326.5 mg/kg), described by y2 = -
0.4519x2 + 277.24 (R? = 0.9233). The intersection of these two lines determined
the optimal dietary zinc content for maximum WGR (258.29%) to be 41.93

mg/kg.

2.2 Effects of Dietary Zinc Content on Body Composition of Juvenile
Peanut Worm

shows that dietary zinc content significantly affected crude lipid and ash contents
(P < 0.05). Body crude lipid content initially increased then decreased with
rising dietary zinc, reaching its maximum value of 2.85% at 90.1 mg/kg dietary
zinc, which was significantly higher than the 326.5 mg/kg zinc group (P <
0.05). Body ash content showed the opposite trend, initially decreasing then
increasing. The highest ash content occurred in the 9.3 mg/kg zinc group,
followed by the 326.5 mg/kg zinc group, with both being significantly higher
than the other groups (P < 0.05). No significant differences were observed
among the remaining groups (P > 0.05). Body moisture content ranged from
73.74% to 74.53%, and crude protein content ranged from 60.46% to 63.27%,
with no significant differences among groups (P > 0.05).

2.3 Effects of Dietary Zinc Content on Coelomic Fluid Zinc Content
and AKP Activity of Juvenile Peanut Worm

demonstrates that coelomic fluid zinc content increased with dietary zinc levels.
The lowest value (11.32 mg/L) occurred in the 9.3 mg/kg zinc group, signifi-
cantly lower than the 90.1, 168.6, and 326.5 mg/kg zinc groups (P < 0.05). The
highest coelomic fluid zinc content was observed in the 326.5 mg/kg zinc group,
significantly higher than all other groups (P < 0.05). In contrast, coelomic fluid
AKP activity initially increased then plateaued with rising dietary zinc. The
lowest AKP activity occurred in the 9.3 mg/kg zinc group (5.61 U/mg prot),
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followed by the 31.7 mg/kg zinc group, with both being significantly lower than
the other groups (P < 0.05).

3.1 Effects of Dietary Zinc Content on Growth of Juvenile Peanut
‘Worm

Zinc is the most abundant intracellular trace element and serves as a component
or activator of numerous enzymes, making it an indispensable essential trace el-
ement [1]. Dietary zinc is primarily supplemented in two forms: inorganic zinc
(e.g., ZnSO,, Zn(NO;),, ZnCl,) and organic zinc, typically amino acid chelates
such as zinc methionine. Studies have shown that rainbow trout (Oncorhynchus
mykiss) utilization efficiency decreases progressively for these three inorganic
sources [14]. Organic zinc, chelated with amino acids, can be absorbed through
amino acid transport pathways in the intestine, avoiding competition and antag-
onism with other trace elements in mineral absorption channels [12]. Research
on channel catfish (Ictalurus punctatus) demonstrated that organic zinc utiliza-
tion is substantially higher than inorganic zinc, with zinc methionine showing
3-5 times higher utilization than zinc sulfate in purified diets [15]. Therefore,
this study utilized zinc methionine as the zinc source for feeding juvenile peanut
WOrms.

Previous studies have reported that aquatic animals require an appropriate
range of dietary zinc, with both deficiency and excess affecting growth and devel-
opment [16-17]. Qiao [18] found that WGR in cobia (Rachycentron canadum)
was affected by dietary zinc content, with WGR initially increasing then de-
creasing as dietary zinc methionine levels rose, establishing an optimal dietary
zinc content of 41.7 mg/kg based on WGR. Similarly, Wu et al. [16] observed
that WGR in hybrid tilapia ( Oreochromis niloticus x O. aureus) increased then
decreased with rising dietary zinc, with faster growth and enhanced antioxi-
dant capacity at 5-10 mg/kg dietary zinc. Our results align with these findings.
When dietary zinc was deficient (9.3 mg/kg), WGR and SGR were low. Supple-
mentation with zinc methionine significantly improved growth, confirming that
juvenile peanut worms can absorb and utilize zinc methionine. However, fur-
ther increasing dietary zinc to 326.5 mg/kg caused a significant decline in WGR
and SGR. The 9.3 and 326.5 mg/kg zinc groups both showed significantly lower
WGR and SGR than other groups, indicating that while zinc is essential for
growth and development, an optimal dosage range exists. Within this range,
zinc promotes growth; below it, insufficient zinc absorption may limit devel-
opment, while excessive levels may cause mineral antagonism, inhibiting iron
and copper absorption [12,19-20], or lead to adverse effects from zinc overload
that impair nutrient absorption [18]. The specific mechanisms require further
investigation.

In contrast, studies on other aquatic species including large yellow croaker ( Pseu-
dosciaena crocea) [21], Japanese seabass (Lateolabraz japonicus) [22], babylon
snail (Babylonia areolate) [4], and oriental river prawn (Macrobrachium nippo-
nense) [23] found that WGR increased with dietary zinc then plateaued rather
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than declining beyond the optimal level, unlike the results observed in juvenile
peanut worms.

Additionally, SR in this study was relatively low (63.83%-85.50%), possibly
attributable not only to dietary zinc content but also to the use of purified
diets, which may have affected palatability for juvenile peanut worms.

3.2 Effects of Dietary Zinc Content on Body Composition of Juvenile
Peanut Worm

In this study, increasing dietary zinc content did not significantly affect body
moisture or crude protein content, consistent with findings in cobia [18], large
yellow croaker [21], Japanese seabass [22], and babylon snail [4]. However, di-
etary zinc significantly influenced crude lipid and ash contents. The high ash
and low crude lipid contents observed at 326.5 mg/kg dietary zinc suggest that
excessive zinc may inhibit growth and disrupt nutrient metabolism. Similarly,
the diet without zinc methionine supplementation also showed high ash and low
crude lipid contents, likely due to insufficient zinc failing to meet developmen-
tal requirements and thereby affecting nutrient metabolism [18]. The specific
mechanisms underlying these effects on body composition require further inves-
tigation.

3.3 Effects of Dietary Zinc Content on Coelomic Fluid Zinc Content
and AKP Activity of Juvenile Peanut Worm

In mineral nutrition research, tissue mineral content serves as an important in-
dicator for evaluating mineral requirements [17,24-25]. Cui et al. [17] found that
whole-body and vertebral zinc content in starry flounder increased continuously
with dietary zinc, with both deficient and excessive levels significantly affecting
tissue zinc accumulation. Qiao [18] reported significant effects of dietary zinc
on serum zinc in cobia, with the high-zinc group (328.2 mg/kg) showing sig-
nificantly higher serum zinc than low-zinc groups (13.2, 36.6, and 52.5 mg/kg).
Guo et al. [23] observed that zinc content in carapace and whole body of oriental
river prawn increased gradually with dietary zinc, plateauing at 36.89 mg/kg,
while hepatopancreas zinc peaked at 33.00 mg/kg then stabilized, and muscle
zinc remained relatively low and stable. Zhang [21] measured zinc content in
vertebrae, whole body, serum, and liver of large yellow croaker, finding that all
tissues except liver increased with dietary zinc and gradually stabilized.

Our results align with these studies. Juvenile worms fed the basal diet showed
the lowest coelomic fluid zinc content, which increased continuously with dietary
zinc supplementation, remaining relatively stable at 31.7-168.4 mg/kg but in-
creasing significantly at 326.5 mg/kg. This suggests that zinc methionine can
be absorbed and accumulated in coelomic fluid, but excessive dietary zinc may
disrupt nutrient metabolism, leading to excessive coelomic fluid zinc levels that
impair growth.

AKP is a homodimeric protein that dephosphorylates substrates by hydrolyzing
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phosphate monoesters to generate phosphate ions and free hydroxyl groups. As
a zinc-containing metabolic regulatory enzyme with broad substrate specificity
including nucleic acids, proteins, and alkaloids, AKP activity reliably reflects
zinc nutritional status in aquatic animals [24]. In this study, coelomic fluid
zinc content increased with dietary zinc, but AKP activity did not follow the
same pattern. AKP activity initially increased then plateaued, with the low-
est activity (5.61 U/mg prot) in the 9.3 mg/kg zinc group, followed by the
31.7 mg/kg zinc group, both significantly lower than other groups (P < 0.05).
Maximum AKP activity occurred at 49.9 mg/ke dietary zinc, with no further
increase upon additional zinc supplementation, and no significant differences
among groups receiving 49.9-326.5 mg/kg zinc. Similar plateauing of AKP ac-
tivity has been observed in channel catfish [26], rainbow trout [27], babylon snail
[4], and cobia [18]. Low AKP activity at low dietary zinc levels may result from
insufficient zinc for AKP synthesis, while the plateau at 49.9 mg/ke suggests
that AKP activity is regulated by physiological mechanisms and does not in-
crease indefinitely with zinc content, though the specific regulatory mechanisms
require further investigation.

Appropriate dietary zinc content is highly beneficial for WGR and SGR in
juvenile peanut worms, while both deficiency and excess inhibit growth. Based
on WGR as the evaluation criterion, the optimal dietary zinc content for juvenile
peanut worm is 41.93 mg/kg.
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