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Abstract

Zinc is one of the essential microelements involved in vital physiological and biological functions in the fish body. The study
evaluated the growth performance, antioxidative capacity, and intestinal histomorphology of Grey Mullet (Liza ramada)—fed
dietary zinc nanoparticles (ZnO-NPs) at 0, 10, 20, and 40 mg/kg for the first time. The final weight and specific growth rate
(SGR) of Grey Mullet—fed dietary ZnO-NPs at 20 and 40 mg/kg were meaningfully enhanced (p <0.05). Further, the weight
gain (WG) was significantly higher in fish treated with ZnO-NPs than the control, and fish fed 20—40 mg/kg had the highest
WG (p <0.05). The feed conversion ratio (FCR) was meaningfully reduced in fish fed 2040 mg ZnO-NPs/kg (p <0.05).
The histomorphology of the intestines revealed a significant improvement in villus height, villus width, and goblet cells
by ZnO-NPs. The lysozyme activity, phagocytic activity, and phagocytic index showed higher levels in Grey Mullet—fed
dietary ZnO-NPs at 20 mg/kg than fish fed 0, 10, and 40 mg/kg (p < 0.05). Superoxide dismutase (SOD) and catalase (CAT)
were markedly improved in Grey Mullet treated with ZnO-NPs compared with the control, and the group of fish treated
with 20 mg/kg had the highest SOD and CAT (p <0.05). Glutathione peroxidase (GPx) was significantly higher in fish fed
20-40 mg/kg ZnO-NPs than fish fed 0-10 mg/kg and fish fed 40 mg ZnO-NPs/kg showing the highest GPx value (p <0.05).
The concentration of malondialdehyde was markedly lowered in Grey Mullet fed ZnO-NPs at varying levels (p <0.05).
Based on the overall results, the regression analysis suggests that ZnO-NPs can be included at 24.61-35.5 mg/kg for the
best performances of Grey Mullet.
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are required in specific species amounts for optimum growth
and well-being [11].

Zinc is one of the essential microelements involved in several
vital functions in the entire body of fish [12]. Zinc is required for
many biological activities, including the regulation of metabolism
and immunity and the inhibition of oxidative stress [13]. Besides,
zinc is a cofactor for metalloenzymes such as lactate dehydroge-
nase, super oxidase dismutase, glutamic dehydrogenase, alkaline
phosphatase, reverse transcriptase, DNA and RNA polymerases,
carboxypeptidase, and carbonic anhydrase [14, 15]. Zinc is also
required to improve the fertility and reproduction behavior of
aquatic animals [16]. Thus, zinc deficiency in aquafeed could
induce impaired feed utilization, growth performance, immunity,
and antioxidative responses. Several forms of zinc are suggested
for finfish species [17-19]. Organic forms (zinc gluconate, zinc
propionate, and zinc acetate) and inorganic salts (zinc oxide and
zinc sulfate) are traditionally applied in aquafeed [16]. With the
expansion of nanotechnology and its application in aquaculture,
zinc nanopatrticles are successfully applied in aquafeed [20, 21].
Zinc nanoparticles are available and can be easily absorbed in
the gastrointestinal tract of fish, thereby acting functionally in the
entire body [19, 22, 23]. Zinc oxide nanoparticles (ZnO-NPs) are
a bioavailable form of zinc and are validated for their vital role
in improving the growth performance, immune, and antioxidative
responses in finfish species [24, 25].

Grey Mullet is a highly valued fish species belong to
Mugilidae and can grow in a wide range of water salini-
ties [26]. Mullets are spread in the coastal areas of several
Mediterranean countries and can be cultured under farm-
ing conditions [27]. Despite that many studies were investi-
gated the essential requirements of Mullets, no studies were
conducted to evaluate the mineral requirements for this fish
species. Therefore, the present study aimed at evaluating the
requirements of ZnO-NPs in Grey Mullets for the first time.
The study focused on the impact of ZnO-NPs on growth
performance, antioxidative, and immune responses. Also,
using the regression analysis model, the actual requirements
of ZnO-NPs were calculated based on the observed results.

Materials and Methods
Experimental Procedure

Four test diets were formulated by mixing all ingredients as shown
in Table 1 with Zinc oxide nanoparticles (ZnO-NPs; particle
size < 100 nm; purity 97%; Sigma-Aldrich, Saint Louis, USA).
ZnO-NPs were added at 0, 10, 20, and 40 mg/kg, and the diets
were pelleted after mixing with fish oil and water by a laboratory
pelleting machine to produce dough pellets (1-2 mm). The pellets
were well dried and kept in plastic bags until used. The actual zinc
concentration was checked in the diets by following Li and LI [28]

Table 1 Basal diet and proximate chemical composition (%, on dry
matter basis)

Ingredients % Chemical composition
Fish meal (65% cp) 15 Crude protein (%) 34.49
Soybean meal (44% cp) 40 Crude lipids (%) 6.29
Yellow corn 15 Ash (%) 7.55
Gluten 7 Fibers (%) 5.12
Wheat bran 12 Gross energy (MJ/kg)2 18.63
Rice bran 0
Wheat flour 4.92
Fish oil 3
Vitamin and mineral 2

mixture (Zn free)
Dicalcium phosphate 1
Vitamin C 0.08
Total % 100

1Vitamin and mineral mixture detailed by Dawood et al. [26]. 2Gross
energy was calculated based on protein, lipid, and carbohydrate val-
ues as 23.6, 39.5, and 17.2 klJ/g, respectively

and Sallam and Mansour [25] and recorded 0.6, 10.68, 21.23, and
41.65 mg/kg diet. Besides, the chemical composition of the diets
was checked using the standard method [29].

Grey Mullet (Liza ramada) juveniles were obtained from
Bughaz El-Burullus (Lake Burullus), located on the coast of the
Mediterranean Sea (Baltim city, Kafr El-sheikh governorate,
Egypt) and transported to the Fish Nutrition Laboratory, Baltim
Unit, National Institute of Oceanography and Fisheries. One
hundred and eighty juveniles were stocked in concrete tanks
(3%2x1.7 m) and fed the basal diet for 14 days for adapta-
tion. Then, fish of similar initial weight 23.76+0.11 g were
distributed in 12 hapas (0.5x0.5x 1 m) at 15 fish per hapa. All
hapas were fixed in one concrete tank with a set of water inlet
and outlet. Fish were fed the diets at 2-3% throughout the trial
(8 weeks). The water was running in a flow-through system
in the outdoor area. The water characteristics were recorded:
temperature (26.11+0.31 °C), pH (7.31 £0.34), dissolved oxy-
gen (6.22+0.11 mg/L), salinity (12 ppt), and total ammonia
(0.22+0.01 mg/L).

Final Sampling

Before the final sampling, fish were starved for 24 h, and
then all fish were weighed and counted. The following equa-
tions were used for the calculation of the growth indices and
survival rate:
Weight gain (WG, %) = 100 x (FBW — IBW)/IBW),
where IBW and FBW were initial and final body
weight (g) of fish.
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Specific growth rate (SGR, %/day) = 100
X(In FBW (g)-1n IBW (g))/days

Feed conversion ratio (FCR) = FI/(FBW-IBW)

Survival (%) =100 x FN/IN, where IN and FN were the

initial and final number of fish, respectively.

Intestinal Histomorphology

Five fish from each hapa were collected and anesthetized using
40% ethyl alcohol, the intestines were dissected, and anterior,
middle, and terminal parts of the intestine were sampled. The
samples were immediately fixed for 48 h in 10% neutral buft-
ered formalin solution. After fixation, tissue specimens were pro-
cessed according to Gewaily and Abumandour [30]. The paraffin
sections were rehydrated and stained with periodic acid—Schiff
(PAS) according to the methodology described in Bancroft and
Gamble [31]. Photomicrographs were captured from the stained
sections with a digital camera (Leica EC3, Leica, Germany) con-
nected to a microscope (Leica DMS500).

Blood Analysis

Three fish per hapa were gently bled from the caudal vein
using 2.5-mL heparinized syringes to collect blood for
phagocytosis analysis. Besides using non-heparinized
syringes, blood was collected for serum separation. Samples
were left for 4 h at 4 °C and then centrifuged at 3000 X g for
15 min under 4 °C for serum collection. Serum samples were
kept at — 80 °C for further biochemical analysis.

Leukocyte phagocytic function followed the method of
Cai and Li [32]. The number of leukocytes that engulfed
bacteria was counted as percentages in relation to the total
leukocyte number in the smear from the phagocytosis assay.
By following Kawahara and Ueda [33], the phagocytic
activity and phagocytic index were determined. Analysis of
serum lysozyme activity was performed using a turbidimet-
ric assay, according to Ellis and Stolen [34].

Superoxide dismutase (SOD), catalase (CAT), and glu-
tathione peroxidase (GPx) in serum were measured using
diagnostic reagent kits following the manufacturer’s (Cusa-
bio Biotech Co., Ltd.; China) instructions. The concentra-
tion of malondialdehyde (MDA) was detected by following
Uchiyama and Mihara [35] and expressed as U/mL.

Statistical Analysis

Shapiro-Wilk and Levene tests confirmed normal distribution
and homogeneity of variance. And then Duncan’s multiple range
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test was used to determine differences among treatments with
significance set at p <0.05. Polynomial contrasts were used to
detect linear and quadratic effects of various levels of dietary
ZnO-NPs on the observed response variables. The optimum
ZnO-NPs level was determined using a polynomial regression
analysis [36]. All the statistical analyses were done via SPSS
version 22 (SPSS Inc., IL, USA).

Results
Growth Performance

The final weight and specific growth rate (SGR) of Grey
Mullet—fed dietary ZnO-NPs at 20 and 40 mg/kg were mean-
ingfully enhanced (p <0.05; Table 2). Further, the weight
gain (WG) was significantly higher in fish treated with
ZnO-NPs than the control, and fish fed 2040 mg/kg had
the highest WG (p <0.05; Table 2). The feed conversion
ratio (FCR) was meaningfully reduced in fish fed 20-40 mg
ZnO-NPs/kg (p <0.05; Table 2). The survival rate was high
and reported 95.24 to 98.10% without marked differences
among the groups (p > 0.05; Table 2).

Intestinal Histomorphology

The histological investigation of the Grey Mullet intestine
revealed four layers of the intestinal wall: tunica mucosa, tunica
sub-mucosa, tunica muscularis, and serosa (Figs. 1, 2, and 3).
The Grey Mullet intestine showed a normal histomorphology.
Besides, the intestinal villi and associated crypt appeared free
of any inflammatory or degenerative changes. Furthermore,
both enterocytes and PAS-positive goblet cells were properly
arranged. The results of histomorphology of the intestines
revealed a significant improvement in villus height, villus width,
and goblet cells in the anterior (Fig. 1), middle (Fig. 2), and pos-
terior (Fig. 3) intestines of Grey Mullet treated with ZnO-NPs.

Blood Biomarkers

The lysozyme activity (Fig. 4A), phagocytic activity
(Fig. 4B), and phagocytic index (Fig. 4C) showed higher
levels in Grey Mullet—fed dietary ZnO-NPs at 20 mg/kg
than fish fed 0, 10, and 40 mg/kg (p <0.05). Superoxide
dismutase (SOD, Fig. 4D) and catalase (CAT, Fig. 4E) were
markedly improved in Grey Mullet treated with ZnO-NPs
compared with the control, and the group of fish treated
with 20 mg/kg had the highest SOD and CAT (p <0.05).
Glutathione peroxidase (GPx) was significantly higher in
fish fed 2040 mg/kg ZnO-NPs than fish fed 0-10 mg/kg and
fish fed 40 mg ZnO-NPs/kg showing the highest GPx value
(p <0.05; Fig. 4F). The concentration of malondialdehyde
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Table 2 Growth performance
of Grey Mullet—fed dietary zinc
nanoparticles (ZnO-NPs)

ZnO-NPs (mg/kg)

Item 0 10 20 40

Initial weight (g) 23.67+0.05 23.86+0.08 23.67+0.05 23.78 +0.04
Final weight (g) 76.61+0.11b 78.76 +0.34b 80.21+0.82a 80.20+0.18a
Weight gain (%) 223.73£1.07c 230.15+2.40b 238.91+3.21a 237.25+1.31a
Specific growth rate (%/day) 1.96+0.01b 1.99+0.01b 2.03+0.02a 2.03+0.01a
Feed conversion ratio 1.79+0.00a 1.71+0.03a 1.64+0.02b 1.61+0.02b
Survival (%) 95.24+0.95 99.05+0.95 98.10+1.91 97.14+1.65

Means + S.E. in the same row with different letters, differ significantly (p <0.05)

was markedly lowered in Grey Mullet fed ZnO-NPs at vary-
ing levels (p <0.05; Fig. 4H).

Regression Analysis

The SGR was quadratically improved by including ZnO-
NPs n Grey Mullet diets at 30.56 mg/kg diet (Fig. 5A). The
regression analysis also showed improved FCR in Grey
Mullet fed 35.5 mg/kg ZnO-NPs (Fig. 5B). At the same
time, the optimal dose based on the results of lysozyme
activity is 24.61 mg/kg (Fig. 5C). The best SOD value
was observed when Grey Mullet treated with 27.05 mg/
kg of ZnO-NPs (Fig. 5D). Based on the overall results, the

Fig. 1 Histomorphology of the
anterior segment of Grey Mullet
intestine in the control group
(A) as well as zinc nanoparticles
(ZnO-NPs)-fed groups in gradu-
ally increased levels; 10 mg/kg
(B), 20 mg/kg (C), and 40 mg/
kg (D). The intestine appeared
intact and formed of the intesti-
nal villi (V), propria submucosa
(P), muscularis (M), and serosa
(S) in all groups. There was a
significant improvement in vil-
lous height, width and number
of goblet cells (red arrowhead)
related to the dose of nano zinc.
Stain PAS. Bar=200 pm

regression analysis suggests that ZnO-NPs can be included
at 24.61-35.5 mg/kg for the best performances of Grey
Mullet.

Discussion

Successful aquaculture practices focus on providing aquatic
animals with their optimal feeding requirements, which
should consider microelements [37, 38]. Zinc is one of the
essential microminerals involved in various physiological
and biological functions in the fish body [14, 15]. Bal-
anced aquafeed with sufficient amounts of zinc resulted in
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Fig.2 Histomorphology of the
middle segment of Grey Mullet
intestine in the control group
(A) as well as zinc nanoparticles
(ZnO-NPs)-fed groups in gradu-
ally increased levels; 10 mg/kg
(B), 20 mg/kg (C), and 40 mg/
kg (D). The intestine appeared
intact and formed of the intesti-
nal villi (V), propria submucosa
(P), muscularis (M), and serosa
(S) in all groups. There was a
significant improvement in vil-
lous height, width and number
of goblet cells (red arrowhead)
related to the dose of nano zinc.
Stain PAS. Bar=200 pm

Fig. 3 Histomorphology of the
posterior segment of Grey Mul-
let intestine in the control group
(A) as well as zinc nanoparticles
(ZnO-NPs)-fed groups in gradu-
ally increased levels; 10 mg/kg
(B), 20 mg/kg (C), and 40 mg/
kg (D). The intestine appeared
intact and formed of the intesti-
nal villi (V), propria submucosa
(P), muscularis (M), and serosa
(S) in all groups. There was a
significant improvement in vil-
lous height, width, and number
of goblet cells (red arrowhead)
related to the dose of nano zinc.
Stain PAS. Bar=200 pm
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increased growth performance, immunity, and resistance
to farming stressors in finfish species [39]. Using minerals
nanoform is an efficient strategy to maximize the beneficial
effects of minerals [20, 21]. In this regard, the inclusion of
ZnO-NPs resulted in improved growth performance, health
status, and resistance against stressors in rabbitfish (Siganus
rivulatus) [25], grass carp (Ctenopharyngodon idella) [40],
gilthead seabream (Sparus aurata) [41], rohu (Labeo rohita)
[42], and Nile tilapia (Oreochromis niloticus) [22].
Markedly, the results showed that Grey Mullet—fed
dietary ZnO-NPs at 20-30 mg/kg had improved growth
performance compared to the fish-fed ZnO-NPs-free
diet. The results agree with Sallam and Mansour [25] and
Mohammady and Soaudy [22], who stated that rabbitfish

and Nile tilapia treated with dietary ZnO-NPs at 30 mg/kg
had increased growth performance. Besides, grass carps
[40] and Pangasius hypophthalmus—fed dietary ZnO-NPs
had enhanced growth performance [43]. The enhanced
growth performance is probably attributed to the role of
ZnO-NPs as an enzymatic cofactor for several enzymes
involved in regulating the metabolic and physiological
functions in the entire body of fish [44, 45]. In this con-
text, the results showed lowered feed conversion ratio in
Grey Mullet treated with ZnO-NPs, referring to enhanced
feed utilization. The improved feed utilization is associ-
ated with increased digestion capacity of fish intestines
resulting from ZnO-NPs feeding. Indeed, zinc particles
are known for their role in enhancing protein digestion
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by regulating the synthesis of Zn-containing endopepti-
dase [46]. Besides, zinc particles are illustrated as a pre-
cursor for the synthesis of DNA and RNA in the entire
body leading to high secretion of growth hormone [47].
The nanosize of zinc particles facilitated the functional
role of zinc in enhancing the growth performance of
fish [20, 21]. Zinc particles can interactively help in the
metabolism of fatty acids and carbohydrates by activating
glucose-6-phosphate dehydrogenase (G6PD), leading to
high metabolic rates of digested nutrients [48]. Moham-
mady and Soaudy [22] explained the enhanced growth
performance of Nile tilapia as a direct result of enhanced
absorption of digested nutrients in the intestines of fish
treated with ZnO-NPs.

The measurement of the intestinal histological features
is a reliable tool to evaluate the impact of micronutrients
on intestinal health, thereby intestinal digestion capacity
[49, 50]. In this study, we detected the effect of ZnO-NPs
on the intestinal histological features in the posterior,
middle, and interior sections. The results showed marked
improvement in villous height, width, and the number of
goblet cells in fish treated with ZnO-NPs. This means
the enhanced growth performance of Grey Mullet can
be explained by improved feed utilization resulted from
enhanced intestinal digestion capacity. Similarly, Nile
tilapia treated with ZnO-NPs showed improved intesti-
nal histological features (villus width/length and mucin
secretion) [22].

@ Springer

Nutritionally balanced aquafeed is vital for improving
the immunity of fish [10, 51]. In this study, we evaluated
the effect of ZnO-NPs on the lysozyme and phagocytic
activities of Grey Mullets as humoral and cellular immune
responses. During infection with pathogenic bacteria,
lysozyme activity can break down the peptidoglycan of
bacterial cells leading to the inhibition of infection [52,
53]. Additionally, phagocytosis is another robust immune
response involved in relieving the impact of microbial
infection on fish. Obviously, the results showed activated
lysozyme and phagocytosis in Grey Mullets treated with
ZnO-NPs. The results are concurrent with Sallam and
Mansour [25] and Mohammady and Soaudy [22], who
reported that rabbitfish and Nile tilapia—fed dietary ZnO-
NPs displayed enhanced lysozyme activity.

Oxidative stress is the final result of the high genera-
tion of reactive oxygen species (ROS), occurring during
biotic and abiotic stressors [54, 55]. The high ROS levels
result in the peroxidation of lipids inside the entire body
and the formation of malondialdehyde (MDA) [56, 57]. On
this occasion, the cellular defensive tools develop antioxi-
dant protection to cope with ROS. Superoxide dismutase
(SOD), glutathione peroxidase (GPx), and catalase (CAT)
are effective antioxidative enzymes involved in reducing the
impact of ROS on cell functionality [58]. The results showed
enhanced SOD, GPx, and CAT and reduced MDA levels in
Grey Mullet—fed dietary ZnO-NPs. The results agree with
previous studies that illustrated that ZnO-NPs could enhance
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the antioxidative capacity of rabbitfish [25] and Nile tilapia
[19, 22]. Zinc ions have a direct role in the formation of anti-
oxidant proteins and metallothionein, resulting in activated
antioxidative enzymes [59]. Zinc can act as a cofactor for
forming cellular SOD and reducing ROS generation [24,
60]. Further, zinc particles can bind with thiol groups lead-
ing to the inhibition of lipid peroxidation [59]. Moreover,
dietary ZnO-NPs led to enhance G6PD activity, which, in
turn, activate NADPH production to cope with the impacts
of ROS and reducing oxidative stress [61, 62]. The results
also showed that ZnO-NPs treatment increases CAT activity
as a part of the total antioxidative capacity. The results sug-
gest ZnO-NPs may play a role in the activation of CAT [63];
however, future studies are required to confirm this result.
The enhanced CAT may be related to the role of ZnO-NPs
in activating the total antioxidative capacity of Grey Mul-
lets. The enhanced antioxidative stress is strongly related
to increased lysozyme, and phagocytic activities in Grey
Mullet—fed ZnO-NPs, indicating enhanced health status and
immunity under the current trial conditions.

The regression analysis is a simple way for presenting the
optimal inclusion levels of nutrients in aquafeed depend-
ing on the outputs of the detected results [36, 64]. Interest-
ingly, the present study suggested that ZnO-NPs should be
added at 24.61-35.5 mg/kg based on the overall results of
SGR, FCR, lysozyme activity, and SOD in Grey Mullets.
The obtained results agree with previous investigations that
recommended the inclusion of Zn in aquafeed at 30-40 mg/
kg based on the species-specific manner and the life stage as
well as the form of Zn supplementation [17-19].

Conclusion

In conclusion, the incorporation of zinc nanoparticles (ZnO-
NPs) in the diets of Grey Mullet is highly recommended to
enhance the growth performance, intestinal histomorphol-
ogy, immunity, and antioxidative responses. Based on the
overall results, the regression analysis suggests that ZnO-
NPs can be included at 24.61-35.5 mg/kg for the best per-
formances of Grey Mullet.
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