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A feeding trial was conducted to assess the effects of dietary American cockroach Periplaneta americana meal (PAM) inclusion on
the growth performance, antioxidant capacity, and immunity of juvenile rainbow trout Oncorhynchus mykiss. Five isonitrogenous
and isolipidic diets were formulated to contain 100, 150, 200, 250, and 300 g/kg PAM (defined as PAM100-PAM300), respectively.
The final body weight and weight gain rate of PAM250 were significantly higher than those of PAM100 and PAM150, and a
higher specific growth rate was recorded in PAM200-PAM300. The highest levels of liver alanine aminotransferase and serum
aspartate aminotransferase (AST) as well as serum total amino acids were detected in PAM150, while higher levels of liver AST
and serum total protein were detected in PAM200-PAM300. The liver lipase activity of PAM150, PAM200, and PAM300
was significantly higher than that of PAM100. The liver glucose content in PAM150 was significantly higher than that in
PAM250-PAM300. The highest liver catalase, alkaline phosphatase (AKP), and lysozyme activities were detected in
PAM300; the lowest liver malondialdehyde content was detected in PAM250, while the highest serum total antioxidant
capacity, catalase, and total superoxide dismutase activities were detected in PAM250. The highest serum AKP and acid
phosphatase activities were detected in PAM150, while higher serum IgM and complement C3 contents were detected in
PAM200-PAM300. In conclusion, dietary PAM inclusion at 200-300g/kg could improve the growth performance,
antioxidant capacity, and immunity of juvenile O. mykiss.

1. Introduction

Fishmeal is an important feed ingredient, and it is widely
used in aquafeeds because of its high protein content,
balanced amino acid composition, good palatability, digest-
ibility and absorptivity, and low content of antinutritional
factors (ANFs) [1]. However, due to overfishing, pollution,
climate change, and other factors, a series of problems such
as the sharp decline of wild fish resources, unstable supply of
fishmeal, and increase in prices have raised [2, 3]. Therefore,
looking for protein alternative sources has become one of the
current hot issues in aquatic nutrition research [4, 5].

At present, the alternative sources to fishmeal mainly
include animal by-products, plant proteins, insects, and
unicellular algae ingredients. Among them, animal ingredi-
ents, such as hydrolyzed feather meal [6], poultry by-
product meal [7], maggot meal [8], and earthworm meal
[9], have high crude protein content, relatively balanced
amino acid compositions, low antinutritional factors, some
functional ingredients (cholesterol, taurine, etc.), and low
price. Therefore, the animal protein sources were considered
the potential alternatives to fishmeal in aquafeeds. Plant
ingredients include soybean meal [10], cottonseed meal
[11], and corn gluten [12]. Using plant ingredients to replace
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TaBLE 1: Formulations of five experimental diets (g/kg).
Ingredients Diets

PAM100 PAM150 PAM200 PAM250 PAM300
Fishmeal 300.0 250.0 200.0 150.0 100.0
P. americana meal 100.0 150.0 200.0 250.0 300.0
Wheat flour 160.0 160.0 160.0 160.0 160.0
Soybean meal 150.0 150.0 150.0 150.0 150.0
Rapeseed meal 50.0 50.0 50.0 50.0 50.0
Cottonseed meal 50.0 50.0 50.0 55.0 55.0
Corn gluten meal 45.0 50.0 55.0 55.0 60.0
Soy lecithin 10.0 10.0 10.0 10.0 10.0
Fish oil 45.0 45.0 40.0 40.0 40.0
Soybean oil 55.0 50.0 50.0 45.0 40.0
Vitamin premix 10.0 10.0 10.0 10.0 10.0
Mineral premix > 10.0 10.0 10.0 10.0 10.0
Ca(H,PO,), 115 115 115 115 115
Vitamin C phosphate (30%) 0.2 0.2 0.2 0.2 0.2
Antioxidant 0.3 0.3 0.3 0.3 0.3
Choline chloride (50%) 3.0 3.0 3.0 3.0 3.0

"Vitamin premix (per kg diet): vitamin A, 62500 IU; vitamin D, 15000 IU; vitamin E, 1.75 g; vitamin K;, 35.4 mg; vitamin B,, 100 mg; vitamin B,, 150 mg;
vitamin Bg, 150 mg; vitamin B,,, 0.2mg; biotin, 4 mg; D-calcium pantothenate, 250 mg; folic acid, 25 mg; nicotinamide, 300 mg; vitamin C, 700 mg.
*Mineral premix (per kg diet): FeSO,.H,0, 200 mg; CuSO,.5H,0, 96 mg; ZnSO,.H,0, 360 mg; MnSO,.H,0, 120 mg; MgSO,.H,0, 240 mg; KH,PO,, 4.2 g

NaH,PO,, 0.5 g; KI, 5.4 mg; CoCl,.6H,0, 2.1 mg; Na,SeO;, 3 mg.

fishmeal is an important strategy to alleviate the shortage of
fishmeal. However, plant protein source has imbalanced
amino acid compositions, lack of essential amino acids such
as lysine and methionine, and high levels of antinutritional
factors (protease inhibitors, glucoside, etc.) [13], which lim-
ited the use of plant protein source in aquafeeds.

Insect protein sources, such as the larva of house fly
Musca domestica, soldier fly Hermetia illucens, and grain
beetle Tenebrio molitor, have high protein contents (up to
50%-82% dry weight) [14, 15], and the essential amino acid
content is 10%-30%, which accounts for 35%-50% of the
total amino acids [16]. In addition, the insect protein source
is also rich in palmitic acid, unsaturated fatty acids, vitamins,
minerals, etc., and has good digestibility. Therefore, it is a
high-quality feed protein resource [17, 18]. American cock-
roach Periplaneta americana is an insect widely distributed
in the world with strong vitality. P. americana is mainly used
for the treatment of food waste [19, 20]. In addition, P.
americana is an important medicinal insect, which can be
used to extract active ingredients such as polysaccharides,
peptides, amino acids, and nucleosides [21]. A previous
study has shown that the P. americana dry meal contains
approximately 60% crude protein and 20% crude fat, and
its amino acid composition is close to the fishmeal [20].
Several studies have shown that P. americana and its extract
could significantly improve the antioxidant capacity and
immunity of rats [22], broilers [23, 24], and rabbits [25].
Therefore, P. americana may be a potential alternative to
fishmeal in aquafeeds. However, there have been limited
studies about the dietary fishmeal replacement with P. amer-
icana in aquafeeds.

Rainbow trout Oncorhynchus mykiss is a commercially
important fish species in the world. This fish species is a
high-value and popular food source because of its high
contents of protein and long-chain polyunsaturated fatty
acids (LC-PUFA) [26, 27]. O. mykiss is a carnivorous fish,
and the commercial feeds for this species have a characteris-
tic of high protein and high fat (especially high LC-PUFA).
Usually, a high proportion of fishmeal and fish oil must be
added to the feed [28], which leads to an increase in feed
costs, and is not conducive to the sustainable development
of O. mykiss farming industry. Therefore, it is imperative
to find a suitable alternative source to fishmeal. This study
was conducted to investigate the effects of different dietary
P. americana meal inclusion on the growth, feed utilization,
antioxidant capacity, and immunity of juvenile O. mykiss.
The results will provide a certain theoretical basis and
practical reference for the application of P. americana in
aquafeed.

2. Materials and Methods

2.1. Experimental Diets. Our pre-experiment showed that
dietary PAM inclusion at 100 g/kg could improve the growth
performance of juvenile O. mykiss; however, it is unclear
whether higher fishmeal replacement levels affect the
growth, metabolism, and biochemical composition of
juvenile O. mykiss. In view of this, five isonitrogenous and
isolipidic experimental diets were formulated to contain
100, 150, 200, 250, and 300 g/kg P. americana meal, respec-
tively, defined as PAM100 (control), PAM150, PAM200,
PAM250, and PAM300, respectively (Table 1). The P.
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americana meal was purchased from a American cockroach
farm in Dali, Yunnan Province, China. P. americana larvae
develop into adults after 4 months of rearing. During the
breeding period of P. americana, they were mainly fed corn
meal, pumpkin, and potatoes. The adult P. americana were
collected, dried at 80-90°C, and ground for the later experi-
mental diets preparation. All the dry ingredients of experi-
mental diets were ground to pass through a 250 um sieve
before mixing then combined and thoroughly mixed to
homogeneity. Lipid ingredients were added to the dry com-
ponents and thoroughly mixed for 10min; then, distilled
water (300g/kg dry ingredients mixture) was added and
mixed for 10min. The diets were extruded through a
1.5 mm orifice, air-dried at room temperature, and then
stored in plastic bags at -20°C until use.

2.2. Experimental Setup and Culture Management. In early
November 2020, juvenile O. mykiss were transported from
a commercial farm (Tanghao Aquaculture Co., Ltd.,
Kunming, China) to the Agronomy Experimental Center,
College of Agriculture and Biological Sciences, Dali Univer-
sity. Three hundred healthy and active juvenile fish (mean
weight 3.13+£0.02g) were selected and randomly stocked
into 15 aquariums (60cmx36cmx72cm) with a water
recirculation system. There were five treatments (PAM100-
PAM300), with each treatment having three replicate aquar-
iums (20 fish per tank). Prior to the feeding trial, all fish were
acclimated to the aquarium conditions for 2 weeks and fed
diet PAM100. This experiment started on November 25,
2020, and lasted 42 days.

During the feeding trial, experimental fish were hand-fed
to apparent satiation twice (08:00 and 17:00) daily. All
rearing tanks were provided with continuous aeration and
maintained under a photoperiod cycle of 12h light:12h
dark. Fluorescent lamps (40 W) were used as the light
source. Water in each tank was recirculated through a bio-
logical and mechanical filtration system containing quartz
sand, sponge, and activated carbon. The water temperature
was maintained at 15-20°C. Any uneaten feed was collected
1h after each feeding with the siphoning method, and the
dry matter content was recorded for feed consumption cal-
culation. The ammonia-N, nitrite, dissolved oxygen (DO),
and pH of water were monitored every three days. The water
was exchanged according to the water quality. During the
feeding trial, water quality parameters were maintained as
follows: the ammonia-N and nitrite levels were not more
than 0.5mg/L and 0.15mg/L, respectively; DO level was
>5mg/L; and the pH was 7.0 - 8.5.

2.3. Sample Collection. At the end of the feeding trial, fish
fasted for 24 h before sampling. All experimental fish were
anesthetized with eugenol (1: 12,000) and then were weighed
and counted to calculate the growth performance and feed
utilization efliciency. Five fish per tank were randomly
collected and stored at -20°C for proximate composition
analysis. Five more fish per tank were sampled for biochem-
ical parameter analyses. Blood was collected from the caudal
vein with a 1.0mL syringe and transferred into a 1.5mL
Eppendorf tube. Serum was obtained after centrifugation

(10,000 x g for 10min at 4°C) and immediately stored at
-80°C until analysis. The viscera and liver were removed
from the abdominal cavity and then weighted.

The liver samples were frozen in liquid nitrogen and
then stored at -80°C for later analysis. The survival rate
(SR), daily feed intake (DFI), weight gain rate (WGR),
specific growth rate (SGR), feed conversion ratio (FCR),
viscerosomatic index (VSI), and hepatosomatic index (HSI)
were calculated:

N; f
SR (%) = N x 100,
2F
DFI (%) = x 100,
Tx (W;+Wp+W,)
Wy - W,
WGR (%) = —-— x 100,
In Wf -lnw,
SGR (%/d) = ————— x 100,
F
FCR= — | (1)
W, - W,
Wy - W,
FER = —F
Wy - W,
PER= ———— |
Py

w
VSI (%) = 3 % 100,
b

w
HSI (%) = Wl x 100,
b

where N is the final number of fish, N; is the initial number
of fish; W/ is the final body weight of fish; W, is the initial

body weight of fish; W is the weight of dead fish; T is the
culture time; F is the feed fed; P, is the protein fed; W, is

the weight of viscera; W, is the body weight of fish; W, is
the weight of the liver.

2.4. Proximate Composition and Amino Acid and Fatty Acid
Composition Analyses. Prior to biochemical analysis, fish
samples from a same tank were pooled and homogenized.
The analysis of moisture content, crude protein (Kjeldahl
method, using a N to protein conversion factor of 6.25),
and ash content of fishmeal, P. americana meal, experimen-
tal diets, and fish samples was conducted according to
AOAC procedures [29]. Total lipids were extracted with
chloroform-methanol (2:1, v/v) according to the method
described by Folch et al. [30]. The amino acid composition
of the fishmeal, P. americana meal, experimental diets, and
fish samples was analyzed following the methods described
by Blackburn [31]. Approximately 0.1 g from each sample
was placed separately in 40mL ampules with 8 mL of
6mol/L. HCl. The ampules were vacuumed-sealed, and



samples were hydrolyzed at 110°C for 24h. Hydrolysates
were dissolved to a volume of 50 mL using distilled water
and centrifuged at 2659 x g, and the supernatants were fil-
tered through a 0.22um filter (Millipore, Bedford, MA).
1 mL of the filtered supernatant was then retrieved and vac-
uum dried at 50°C to remove the initial HCI, followed by the
addition of 2-5mL of 0.02 mol/L HCI. Finally, 1 mL of the
final sample was analyzed with a Hitachi L-8900 amino acid
analyzer (Hitachi, Ltd., Tokyo, Japan). The concentration of
tryptophan analysis was determined by hydrolyzation using
a solution containing 5M NaOH and 5% SnCl, (w/v) for
20h at 110°C. After hydrolysis, the hydrolysate was neutral-
ized with 6 M HCI, centrifuged at 2659 x g, and filtered using
filter paper. The subsequent analysis was done similarly to
the methods described above. The concentrations of
methionine and cystine in the samples were determined
according to the method of formic acid oxidation and
hydrolyzation [32].

For the fatty acid analysis, total lipids of the experimen-
tal diets and fish samples were esterified with boiling 14%
boron trifluoride/methanol (w/w), and the fatty acid methyl
esters (FAMEs) were extracted with hexane [33]. FAMEs
were analyzed using an Agilent 7890B GC/5977A gas
chromatograph-mass spectrometer (GC-MS) with an
Omegawax 320 fused silica capillary column (30mx
0.32mmx0.25 um; Supelco, Bellefonte, PA, USA). The
injector and detector temperature were maintained at
260°C. The column temperature was initially set at 40°C,
and then increased at a rate of 10°C/min to 170°C and held
for 1min, followed by an increase at a rate of 2°C/min to
220°C and held for 1 min. The temperature was then further
increased at a rate of 2°C/min to the final temperature of
230°C and held for 30 min until all FAMEs had been eluted.
The peaks were identified by comparing retention times with
a 37-component FAMEs standard mixture (18919-1AMP,
Sigma-Aldrich Co., St. Louis, MO, USA). The fatty acid
composition was expressed as the percentage of each fatty
acid to the total fatty acids (g/kg total fatty acids).

2.5. Measurement of Antioxidant and Immune Indices. The
wet liver tissue plus a 5-fold volume (v/w) of ice-cold
physiological saline solution was added to a 5ml test tube
and homogenized using an IKA homogenizer (T10B, IKA
Co., Germany), and the homogenate was centrifuged at
10,000 x g for 10 min at 4°C. Then, the supernatant was col-
lected for later analysis.

The total dissoluble protein (TP), total amino acid
(T-AA), aspartate aminotransferase (AST), alanine amino-
transferase (ALT), urea, lipase (LPS), triglyceride (TG), total
cholesterol (T-CHO), glucose (GLU), lactate dehydrogenase
(LDH), total antioxidant capacity (T-AOC), superoxide dis-
mutase (SOD), malondialdehyde (MDA), acid phosphatase
(ACP), alkaline phosphatase (AKP), and lysozyme (LZM)
in the serum and liver were analyzed with a spectrophotom-
eter (T6 New Century, Beijing Purkinje General Instrument
Co., Ltd, Beijing, China) and commercial kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The
contents of immunoglobulin M (IgM) and complement
(C3) in the serum were measured using commercial ELISA
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kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s protocols.

2.6. Statistical Analysis. Data are presented as mean * stan-
dard error (SE). Homogeneity of variance was tested with
Levene’s test. When necessary, arcsine-square root or loga-
rithmic transformation was performed prior to analysis. Sta-
tistical analyses were conducted using one-way analysis of
variance (ANOVA) and compared with Duncan’s multiple
range tests. When a normal distribution and/or homogene-
ity of the variances was not achieved, data were subjected
to the Kruskal-Wallis H nonparametric test, followed by
the Games-Howell nonparametric multiple comparison test.
P <0.05 was regarded as the statistically significant level.
The linear or quadratic regression analysis was performed
based on the dietary PAM inclusion and the growth perfor-
mance, body composition, metabolism indices, antioxidant
capacity, and immunity parameters of the experimental fish.
All statistical analyses were performed using the SPSS statis-
tics package software (version 16.0).

3. Results

3.1. Survival Rate, Growth Performance, and Feed
Utilization. The SR, final body weight (FBW), WGR, SGR,
FER, and PER of O. mykiss firstly increased with increasing
dietary PAM inclusion levels, reaching a peak at the
PAM250 group but then decreased with increasing dietary
PAM inclusion levels. There were significant correlations
between the FBW, WGR, SGR, FER, or PER of O. mykiss
and dietary PAM content (P <0.05). The SR, FBW, and
WGR of O. mykiss of the PAM250 group were significantly
higher than those of the PAM100 and PAMI50 groups,
while a higher SGR was also recorded at the PAM200,
PAM?250, and PAM300 groups (Table 2). The FCR decreased
firstly and then increased with increasing dietary PAM levels,
and showing a significant negative correlation with dietary
PAM contents (P < 0.05), and the FCR of the PAM250 group
was the lowest. The lowest and highest VSI were found at the
PAM200 and PAM300 groups, respectively.

3.2. Proximate Composition and Amino Acid and Fatty Acid
Contents of Whole Fish Body. The contents of moisture and
ash of whole fish body were significantly negatively corre-
lated with dietary PAM content, while the contents of total
lipid and crude protein were significantly negatively corre-
lated with dietary PAM content (P < 0.05).

The PAM100 group has the highest moisture content of
whole fish body, while a lower value was observed at the
PAM200 and PAM300 groups. The content of total lipid
firstly increased with increasing dietary PAM inclusion
levels to the peak at the PAM200 group and then decreased
at the PAM250 and PAM300 groups. The crude protein
content of whole fish body in the PAM300 group was
significantly higher than that of the PAM100 and PAM150
groups, while no significant difference was found in the
whole-body ash content among the dietary treatment groups
(Table 3).
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TaBLE 4: The amino acid compositions (g/kg dry matter) of whole body of juvenile O. mykiss.
Amino acids Diets Regression analysis
PAM100 PAM150 PAM200 PAM250 PAM300 Regression equation R? P value

Arginine 427432  39.6+48  41.1+0.1  408+16  40.5+0.1 y =—0.00063x +4.2194 0.025 0.661
Histidine 114+01 161+49  100+26  104+03 11.0+03 y=-0.00132x + 1.4424 0.091 0.397
Isoleucine 271+1.8 255425 261401  268+08 27.1+0.1 y=0.00027x +2.5977 0.016 0.729
Leucine 29.1428  267+40  281+01  285+12 27.2+0.1 y=-0.00042x + 2.8764 0014 0.742
Lysine 192413 183+17  188+02 192406 197402 y=0.00037x + 1.8293 0.057 0.505
Methionine 8.5+0.1 9.4+0.9 89+07  10.1+02 102+03 y=0.00084x +0.7755 0.496 0.023
Phenylamine ~ 14.5+0.5  142+07  13.9+0.1  144+03 152+0.3 y=0.00031x + 1.3829 0.377 0.283
Threonine 183+1.1 134451  181+02 169+0.1 168+0.1 y=0.000011x" - 0.00427x +2.0344 0.023 0.920
Tryptophan 042403  4.0+04 41+0.0 41402 4100 y=-0.00005x + 0.4199 0.025 0.661
Valine 193+14 183+1.8  1.86+0.1 190406 195+0.1 y=0.00024x + 1.8461 0.021 0.689
YEAA 1943+12.1 185.6+16.7 187.7+1.4 1902+7.1 191.3+0.7 y=0.000057x>—0.02304x +21.032 0.232 0.824
Alanine 122405 115408  11.7+1.0 11.6+03  120+0.1  y=0.000005x> - 0.00216x + 1.372  0.199  0.460
Aspartic acid ~ 36.9+4.1  33.7+56  356+0.1  354+18 33.5+06 y=-0.001x +3.7018 0.045 0.557
Cystine 05+0.0° 08+04™  16+06*° 09+0.1® 08+0.1%" y=-0.000006x*+0.00256x —0.1474 0.033 0.615
Glutamic acid  19.4+0.5  183+14 193400 170403  159+0.3 y=-0.00166x + 2.1324 0.409 0.047
Glycine 268+03% 254+1.0% 249406 243+06° 249+02% y=-0.00096x +2.7133 0.459 0.031
Proline 156+0.1°° 154+0.0° 148+03° 152+02% 163+0.3*  y=0.00001x* - 0.00375x + 1.846  0.736 0.009
Serine 372434  343+50  362+00  360+1.8  34.6+0.1 y =-0.00071x + 3.7068 0.028 0.645
Tyrosine 128405 125405  123+10 127425 135402 y=0.000008x" - 0.00271x + 1.4777 0.564 0.055
YNEAA 1613+9.2 151.8+13.5 1563+14 153.0+7.3 1515403 y=-0.00369x + 16.217 0.088  0.405
Yaa 355.6+21.2 337.4+302 344.0+27 3433+14.3 342.8+0.9 y =-0.00398x + 35.259 0.023 0.679
YEAA/SAA 05401 0.55+0.00° 0.55+0.00° 0.55+0.01°° 0.56+0.00* ¥ =0.00006x + 0.5398 0.681 0.003

Data are presented as mean + SE (n=3). Y EAA: total essential amino acids; ) NEAA: total nonessential amino acids; ) AA: total amino acids.

There were no significant differences in the contents of
total essential amino acids (Y EAA), total nonessential
amino acids () NEAA), and total amino acids (3} AA) of
whole fish body among the dietary treatment groups
(Table 4). There were significant positive correlations
between the contents of methionine, proline, or Y EAA/
Y AA in the whole fish body and dietary PAM content, while
significant negative correlations were observed between the
contents of glutamic acid or glycine and dietary PAM
content (P <0.05). The whole-body cystine content of the
PAM200 group was significantly higher than that of the
PAMI100 group, while the highest glycine content was
observed at the PAM100 group (P < 0.05). The whole-body
proline content of the PAM300 group was significantly
higher than that of the PAM150, PAM200, and PAM250
groups, while the YEAA/Y AA ratio increased significantly
with increasing dietary PAM inclusion levels (P < 0.05).

The fatty acid composition of the whole fish body is
shown in Table 5. The contents of C20:1n9, C20:3n6,
C20:2n6, and Y n-6PUFA in the whole fish body showed
significantly positive correlations with dietary PAM content,
while the contents of C14:0, C15:0, C17:0, C16:2n6, C18:4n3,
C20:4n6, C20:5n3, C20:4n3, C22:6n3, C22:5n3, ) PUFA,
Y n-3PUFA, n-3/n-6 PUFA, and Y LC-PUFA showed signif-

icantly negative correlations with dietary PAM content
(P<0.05). For the saturated fatty acid, the contents of
C14:0, C15:0, and C17:0 decreased significantly with increas-
ing dietary PAM inclusion levels, while the highest contents
of C18:0, C20:0, and C22:0 were observed in the PAM250
group (P <0.05). For the monounsaturated fatty acids, the
highest content of C20:1n9 was recorded in the PAM250
group, while no significant differences were found in the
contents of other monounsaturated fatty acids and total
monounsaturated fatty acids () MUFA). For polyunsatu-
rated fatty acids, the highest contents of C16:2n6, C18:3n6,
C18:4n3, C20:5n3, C22:5n3, C22:2n6, total polyunsaturated
fatty acids () PUFA), Y n-3PUFA, and total long-chain poly-
unsaturated fatty acids (3 LC-PUFA), as well as n-3/n-
6PUFA ratio, were detected at the PAM100 group, while
the highest ) n-6PUFA was observed in the PAM300 group
(P <0.05).

3.3. Metabolism-Related Parameter in the Liver and Serum.
There were significant positive correlations between the
levels of liver AST, liver LPS, serum TP, or serum AST and
dietary PAM content (P < 0.05), while no significant correla-
tion was found for the other metabolism-related parameters
(Table 6). For amino acid metabolism, the highest liver ALT
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TaBLE 5: The fatty acid compositions (g/kg total fatty acids) of whole body of juvenile O. mykiss.

Fatty acids Diets Regression analysis
Y PAM100  PAM150 PAM200 PAM250 PAM300 Regression equation R? P value

Cl14:0 323+0.5% 30.8+07% 30.7+03° 302+00° 29.0+05° y=-0.00145x + 3.3532 0.667  0.000
C15:0 59+0.1° 55402 51+01° 50+0.1% 45+02° y=—0.0007x + 0.6582 0.808 0.000
C16:0 128.6+28 1323+51 1280426 1286+1.0 1364+5.1 y=0.00382x + 12.387 0.157 0.128
C17:0 71+0.1* 65+02° 64+01° 62+02° 554003 y=-0.00069x + 0.77 0.736  0.000
C18:0 765+02° 73.8+09° 79.0+12° 79414 743+1.6° y=-0.000029x*+0.01171x +6.6181 0.181 0.274
C20:0 49+0.1% 45+01° 49+0.1% 54+02*° 50+02% y=0.00017x + 0.4578 0.121 0.188
C22:0 27401 24401 26+00° 29+01* 27+01% y=0.00008x + 0.2476 0.096 0.242

SFA 258.0+2.0 2559+2.8 256.7+09 257.7+12 2585+24 y=0.000023x>—0.00833x+26.371 0.151 0.345

y

Cl6:1n7 755+3.1 713+29 738+17 721+19  692+26 y=-0.00303x + 7.8099 0.240 0.054
C17:1n7 46+03 44403 49+0.1 44+020  43+03 y=—0.0002x + 0.4902 0.116 0.197
C18:1n9 1693+33 172.6+44 1605+24 161.7+17 167.2+£52 y=0.000068x> —0.02891x +19.418 0.178 0.280
C20:1n9 406+1.1° 405+1.7° 43812 463+05° 447+14% y=0.00245x + 3.8096 0.400 0.009
C22:1n9 79+06  8.0+0.2 74403 76+0.6 74404 y=-0.00037x + 0.8366 0.139 0.156
YMUFA 298.0+1.6 2968+2.8 2903+17 292.1+32 2928+13 y =—0.00257x + 29.936 0.190 0.092
C16:2n6 23+0.0° 22400% 22+00® 20+01" 19+0.1° y=-0.0002x + 0.2536 0.536 0.001
C18:3n6 64+04* 53+02° 57+01® 61+00° 55+03° y=-0.00028x + 0.6323 0.137 0.159
C18:4n3 149+0.7° 129+04> 84+01° 82+0.1°  85%04° y=-0.00323x + 1.7158 0.730  0.000
C18:2n6 128.6+28 1323451 1280426 1286+10 1364+5.1 y=0.00382x + 12.387 0.157 0.128
C20:4n6 144+05 13.6+01 142407 137+01  13.0+06 y=-0.00064x + 1.4998 0.278 0.036
C20:5n3 268+12% 234+07° 206+03° 195+03% 17.7+03¢ y = —0.0044x + 3.0409 0.893  0.000
C20:3n6 142407 136405 161+07%° 157+03® 163+0.7° y=0.00111x + 1.2877 0.368 0.013
C20:4n3 124+09 12.1+09 11.3+04  109+04 112405 y=-0.00079x + 1.3124 0.254 0.046
C20:2n6 347+1.1° 357+14% 405+1.7° 413+02° 403+1.3° y=0.003x +3.231 0.478 0.003
C22:5n6 61405  58+02 63+02 63+0.1 57402  y=-0.000003x +0.00128x + 0.5014 0.125 0.419
C22:6n3 1263+2.1° 1264+24% 1261+1.1° 1263+1.0° 119.4+1.0° y=-0.00333x + 13.129 0.373  0.012
C22:5n3 123070 112+02° 106+0.1% 102+0.1%* 96+03° y=-0.00135x + 1.3465 0.773  0.000
C22:2n6 265+0.8° 248+0.7° 234+01° 255407 244+08% y=-0.00078x + 2.6442 0.157 0.129
Y PUFA 426.1+2.4% 4184+25° 4135+0.7° 4142404 4102+0.5° y=-0.00703x + 43.06 0.704  0.000
Yn-3PUFA  192.8+2.8 1859+0.8° 177.0+0.8° 175.1+0.5° 1664+1.79 y=—-0.0131x + 20.545 0.922  0.000
Yn-6PUFA  2333+0.6° 2325+1.9° 2365+1.3% 239.1+09° 243.8+1.9° y=0.00607x +22.515 0.726  0.000
n-3/n-6PUFA  0.83+0.01* 0.80+0.01*° 0.75+0.01° 0.73+0.00° 0.68+0.01° y =—0.00074x + 0.9045 0.921 0.000
SLC-PUFA  2392+2.9* 230.7+1.9° 228.6+04° 228.0+04° 217.5+3.9° y=-0.01028x + 24.884 0.729  0.000

Data are presented as mean + SE (n=3). Y SFA: total saturated fatty acids; ) MUFA: total monounsaturated fatty acids; ) PUFA: total polyunsaturated fatty

acids; ) LC-PUFA: total long-chain polyunsaturated fatty acids.

activity was detected in the PAM150 group, while a signifi-
cantly higher liver AST activity was detected in the
PAM200, PAM250, and PAM300 groups compared with
the PAM100 group (Table 6). Significantly higher serum
TP content was detected in the PAM200, PAM250, and
PAM300 groups as compared to the PAMIO0 and
PAMI150 groups, while the highest serum T-AA content
was detected in the PAM150 group. The serum ALT activity
of the PAM200 group was significantly higher than that of
the PAM150 and PAM300 groups but was not significantly
different from the PAM100 and PAM200 groups. The serum

AST activity of the PAM100 group was significantly lower
than that of other dietary groups. For the lipid metabolism,
the highest and the lowest liver LPS activity was detected
in the PAM300 and PAM100 groups, respectively, while
no significant differences were found for the TG and T-
CHO contents in the liver and serum among the dietary
treatment groups. For the carbohydrate metabolism, there
were no significant differences in the liver and serum LDH
activity as well as serum GLU content among the dietary
groups, while the liver GLU content of the PAM150 group
was significantly higher than that of other dietary groups.
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3.4. Antioxidant and Immune-Related Parameters in the
Liver and Serum. There were significant positive correlations
between the levels of liver CAT, AKP, and LZM, serum T-
AOC, CAT, LZM, IgM, complement C3, and dietary PAM
content, while a significant negative correlation was
observed between the serum AKP activity and dietary
PAM content (P < 0.05, Table 7). For the liver, there were
no significant differences in the activities of T-AOC and
SOD among the dietary treatment groups (Table 7). The
highest CAT and AKP activities were detected in the
PAM300 group, and the lowest MDA and ACP levels were
detected in the PAM250 group, while the LZM activity
showed an increasing trend with elevated dietary PAM
inclusion levels. For the serum, the highest activities of T-
AOC, CAT, and SOD were detected in the PAM250 group,
while there were no significant differences in the MDA and
LZM levels among the dietary groups. The ACP and AKP
activities of the PAM150 group were significantly higher
than those of the PAM200, PAM250, and PAM300 groups,
while higher contents of IgM and complement C3 were
detected in the PAM200, PAM250, and PAM300 groups.

4. Discussion

A series of studies have reported the effects of dietary fish-
meal replacement with insect proteins, such as H. illucens
[34] and T. molitor [35], on fish growth performance, but
limited studies are available about the substitution of P.
americana meal for dietary fishmeal. Jeong et al. [35] found
that dietary supplementation with 14% of T. molitor meal
could significantly improve the weight gain rate, specific
growth rate, and feed utilization of O. mykiss. Partial dietary
fishmeal replacement with H. illucens meal could increase
the growth performance and feed utilization of juvenile O.
mykiss [36] and Siberian sturgeon Acipenser baerii [37].
Similarly, 50% dietary fishmeal replacement with silkworm
pupae Bombyx mori could improve the growth performance
and body protein deposition of genetically improved farmed
tilapia (GIFT) Oreochromis niloticus [38]. In this study, diets
containing 200, 250, and 300 g/kg P. americana meal could
improve the growth performance of juvenile O. mykiss. Pos-
sible explanations for such results include the following: (1)
the P. americana meal is rich in protein (similar to the fish-
meal) and essential amino acids (Table 8), and the addition
of P. americana meal to feed may improve the dietary pro-
tein diversity and amino acid balance, which improved the
dietary protein utilization in juvenile O. mykiss; (2) P. amer-
icana is rich in antibacterial peptides, polysaccharides,
nucleosides, polyols, and other active ingredients [39], which
may improve the health of O. mykiss, thereby facilitating
their growth [40].

Previous studies have shown that dietary fishmeal
replacement with insect proteins has different effects on the
proximate compositions of different aquatic animals. The
content of whole-body lipid of juvenile turbot Psetta maxima
showed a decreasing trend with increasing dietary fishmeal
replacement levels with H. illucens [41], while dietary fish-
meal replacement with larvae H. illucens has no significant
effects on the contents of crude protein and crude lipid in
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juvenile obscure puffer Takifugu obscures [42]. Similar results
were found in hybrid yellow catfish Pelteobagrus fulvidraco
[43]. In this study, the crude protein content of whole fish
body showed an increasing trend with the elevated dietary
P. americana meal inclusion levels. This may be because that
appropriate dietary P. americana meal ratio could improve
the protein diversity and the balance of amino acids, which
is conducive to the digestion, absorption, and utilization of
feed protein, and thereby is conducive to the body protein
deposition. The reasons for the increasing body total lipid
content may be because that the P. americana meal is rich
in n-6 polyunsaturated fatty acids (n-6 PUFA), and dietary
PAM inclusion increases the n-6PUFA content in the feed,
which may promote the synthesis of triglycerides and lipid
deposition in the fish body. Similar results have been found
in black tiger shrimp Penaeus monodon [44] and Chinese
mitten crab Eriocheir sinensis [45], but the underlying mech-
anism remains to be further studied.

For the fatty acid composition of the whole fish body, the
contents of EPA, DHA, Y PUFA, and Y n-3PUTA decreased
with increasing dietary PAM inclusion levels, which was
opposite to the corresponding fatty acid content in the feed.
The Y n-6PUFA content increased with increasing dietary
PAM inclusion levels. The possible reasons for such results
may be that the P. americana meal contains a certain
amount of chitin, and dietary PAM inclusion increased the
chitin content in the feed, thereby inhibiting the digestion
and absorption of fatty acids and other lipids [46, 47]. Die-
tary PAM inclusion reduced the content of long-chain
polyunsaturated fatty acids () LC-PUFA) in the whole fish
body. The possible reasons might be higher dietary con-
tents of EPA and DHA, which inhibit the synthesis of
LC-PUFA [48-50].

The amino acid composition in the fish body generally
reflects the dietary protein level and amino acid composi-
tion. Dietary fishmeal replacement with B. mori meal could
meet the amino acid requirements of mirror carp Cyprinus
carpio var. specularis fingerlings, while 50% dietary fishmeal
replacement has a significant effect on several amino acids in
the fish body [51]. Similarly, 0%-24% dietary fishmeal
replacement with larvae H. illucens meal has no significant
effect on the amino acid composition of juvenile T. obscures
[42]. Our study showed that the ratio of total essential amino
acids to total amino acids in the whole body of juvenile O.
mykiss increased with the increase of dietary PAM inclusion
levels. This may be because that the dietary supplementation
with P. americana meal improved the balance of amino
acids in the feed, which was conducive to the deposition of
essential amino acids.

The metabolism of aquatic animals can be understood
by detecting the metabolic indices. For amino acid
metabolism indices, the AST and ALT are two important
aminotransferases, which play important roles in the
decomposition and synthesis of amino acids [52, 53]. When
the dietary amino acid is insufficient, the activities of AST
and ALT of animals are lower, and the transamination is
weak; conversely, when the dietary amino acid is appropriate,
the activities of AST and ALT increase, and the transamina-
tion is enhanced correspondingly [54]. In this study, dietary
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TaBLE 8: Nutritional components of fishmeal, P. americana meal, and five experimental diets.

. Diets
ftems Fishmeal PAM PAMI100 PAMI50 PAM200 PAM250 PAM300
Proximate composition (g/kg dry diet)
Moisture 63.7 57.9 78.4 63.9 73.3 72.6 97.9
Crude protein 668.7 691.1 416.8 423.4 419.6 419.4 414.7
Total lipid 83.0 165.6 224.7 227.0 234.1 227.9 233.5
Ash 128.0 45.0 79.8 77.7 72.7 69.0 62.4
Gross energy (KJ/g) 22.22 22.18 22.19 22.23 22.20
Fatty acid composition (g/kg total fatty acids)
C14:0 324 15.3 28.7 28.7 29.8 31.2 30.7
C15:0 7.5 2.1 5.0 5.0 5.4 5.7 5.4
C16:0 185.3 231.2 179.7 179.7 165.4 166.3 170.5
C17:0 14.4 6.8 7.4 7.4 8.4 8.6 8.2
C18:0 99.2 127 75.4 75.4 86.6 91.2 90.4
C20:0 12.4 12.9 8.0 8.9 9.2 10.0 9.6
C22:0 6.1 4.6 52 52 59 6.3 5.8
Y SFA 357.2 399.9 309.5 309.5 310.7 319.4 320.6
Cl16:1n7 59.2 34.8 39.9 39.9 43.5 46.0 44.4
C17:1n7 3.0 3.0 3.0 3.0 3.5 3.3 32
C18:1n9 250.2 231.2 207.6 207.6 191.9 166.3 170.5
C20:1n7 9.1 55 26.3 26.3 38.1 314 31.0
C22:1n9 33 0.0 54 54 54 6.0 6.8
>MUFA 324.8 274.5 282.2 282.2 282.5 253 256
C16:2n6 2.1 1.7 2.2 2.2 2.5 2.8 2.7
C18:4n3 5.7 0.0 14.1 14.1 14.2 15.2 15.0
C18:2n6 88.4 231.2 179.7 179.7 165.4 166.3 170.5
C20:4n6 14.8 13.2 6.6 6.6 7.6 8.3 8.0
C20:5n3 38.0 5.8 40.6 40.6 43.2 45.4 45.0
C22:6n3 85.4 3.1 72.8 72.8 77.3 80.3 76.8
C22:2n6 2.6 9.5 37.3 37.3 40.9 44.8 47.1
>PUFA 236.9 264.4 353.3 353.3 351.1 363.1 365.2
>'n-3PUFA 129.1 8.9 127.5 127.5 134.7 141.0 136.8
>n-6PUFA 107.8 255.6 225.8 225.8 216.4 222.2 2284
n-3/n-6PUFA 1.20 0.03 0.56 0.56 0.62 0.63 0.60
>LC-PUFA 140.7 31.6 157.3 157.3 169.0 178.8 176.9
Amino acid composition (g/kg dry diet)
Essential amino acids
Arginine 27.7 20.5 44.1 39.9 42.3 45.1 41.6
Histidine 2.9 6.6 44 4.5 11.6 12.2 11.5
Isoleucine 54.4 36.4 31.8 29.6 30.6 31.0 28.8
Leucine 30.7 21.4 18.2 16.7 17.5 19.8 17.7
Lysine 6.7 20.4 20.4 19.1 19.3 19.7 18.2
Methionine 4.6 33 6.0 6.2 6.3 6.8 5.6
Phenylalanine 31.0 19.0 17.4 17.3 17.2 16.9 15.9
Threonine 239 14.6 20.1 19.5 15.1 15.1 14.2
Tryptophan 6.7 4.8 4.5 4.2 4.3 4.5 4.1
Valine 48.3 30.6 24.0 22.0 22.4 22.6 20.8

YEAA 236.8 177.6 190.9 179.0 186.6 193.5 178.2
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. Diets
tems Fishmeal PAM PAM100 PAM150 PAM200 PAM250 PAM300
Nonessential amino acids
Alanine 349 32.3 13.2 12.6 12.7 12.9 11.7
Aspartic acid 45.1 38.5 34.3 28.7 30.1 33.9 29.5
Cystine 7.9 2.1 1.2 1.1 1.1 1.6 1.0
Glutamic acid 68.8 549 29.7 26.6 26.6 26.7 22.5
Glycine 54.9 40.5 26.0 24.5 24.1 23.5 21.6
Proline 59.0 26.4 25.7 24.2 234 23.0 21.1
Serine 54.2 18.4 45.4 39.2 41.7 46.4 40.8
Tyrosine 19.7 30.2 14.8 15.7 16.4 16.9 16.5
ZNEAA 3444 243.2 190.3 172.6 176 184.9 164.6
YAA 581.3 420.8 381.2 351.6 362.6 378.4 3429
YEAA/Y AA 0.41 0.42 0.50 0.51 0.51 0.51 0.52

Y.SFA: total saturated fatty acids; ) MUFA: total monounsaturated fatty acids; ) PUFA: total polyunsaturated fatty acids; ) LC-PUFA: total long-chain
polyunsaturated fatty acids; ) EAA: total essential amino acids; Y NEAA: total nonessential amino acids; ) AA: total amino acids.

PAM inclusion increased the activities of AST and ALT in
the liver of juvenile O. mykiss, which indicates that dietary
PAM inclusion could promote the amino acid metabolism
of juvenile O. mykiss. Urea is the main metabolite of protein
metabolism, which is believed to directly reflect protein
metabolism [55]. In this study, dietary PAM inclusion
increased the urea content in the liver of juvenile O. mykiss,
which may reflect decreasing ammonia excretion rate of O.
mykiss fed diets with PAM inclusion. A previous study has
reported that elevated serum total protein (TP) may imply
an improved innate immune system in the aquatic animal
[56]. In this study, the serum TP content of juvenile O. mykiss
from PAM200, PAM250, and PAM300 groups was signifi-
cantly higher compared to the PAM100 and PAMI150
groups. Such a result suggests that the metabolism of O.
mykiss was enhanced and fish are in good health condition.

For lipid metabolism indices, the lipase (LPS) is an
important enzyme for lipid digestion and absorption in
aquatic animals [57, 58]. Previous studies showed that the
40%-80% of dietary fishmeal replacement with maggot meal
could increase the liver LPS activity of P. fulvidraco, and the
authors suggested that such result might be related to the
lower content of polyunsaturated fatty acids in the feed lipid
source and fly maggot meal [59]. Dietary fishmeal replace-
ment by T. molitor meal significantly increased the intestine
LPS activity of bullfrog, and the authors concluded that die-
tary fishmeal replacement increased the crude lipid content
of the feed and therefore required more lipase for digestion
[60]. Our study showed that higher liver LPS activity was
detected in the PAM150, PAM200, PAM250, and PAM300
groups. Such results indicate that partial dietary PAM
inclusion may be beneficial for lipid digestion and absorp-
tion of juvenile O. mykiss.

The carbohydrates metabolism is an important physio-
logical metabolic process, and the carbohydrates can provide
energy and carbon sources for the growth and metabolism of
aquatic animals [61]. Previous studies showed that partially
dietary fishmeal replacement with defatted H. illucens meal

had no significant effects on the serum glucose level of juve-
nile O. mykiss [62], while replacing 66% of dietary fishmeal
with black soldier fly larvae meal significantly increased the
serum glucose levels in Atlantic salmon Salmo salar [18].
In addition, replacing 30% of dietary fishmeal with M.
domestica meal significantly increased serum glucose levels
in European sea bass Dicentrarchus labrax, while using T.
molitor meal to replace 30% of dietary fishmeal significantly
decreased the serum glucose level [63]. In this study, the
liver glucose content of the PAM150 group was significantly
higher than that of other dietary groups, which indicates that
appropriate dietary PAM inclusion could increase the liver
glucose of juvenile O. mykiss. This may be because that the
P. americana meal contains a certain amount of chitin
[64], which is digested and decomposed into glucose by
juvenile O. mykiss, and causes the increasing liver glucose
levels.

Antioxidative enzymes, such as CAT and SOD, are
important components in the antioxidant defense system
of fish [65]. T-AOC is a comprehensive reflection of the
antioxidant capacity of aquatic animals [66]. MDA content
can be used to assess the degree of lipids peroxidation in fish
[67]. In this study, the highest levels of antioxidant enzyme
activities and the lowest serum MDA content were detected
in PAM250 group. Such results suggested that the dietary
250 g/kg PAM inclusion could improve the antioxidant
capacity of juvenile O. mykiss. This may be closely related
to the fact that P. americana L contains organic acids, poly-
saccharides, and mineral elements [68-70].

Fish have nonspecific and specific immunity, and the
protection of fish against diseases is mainly carried out by
the nonspecific immune system [71]. AKP is related to the
metabolism of RNA, DNA, protein, and lipid in the body
and plays an important role in the immune system of fish
[72]. Lower AKP activity in the serum and liver was detected
at the PAM200 and PAM250 groups. This may be related to
the high content of chitosan in P. americana. Previous
studies have shown that high levels of chitosan in feed can
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significantly reduce AKP activity in juvenile O. mykiss [73].
However, the specific reasons remain to be further studied.
Lysozyme (LZM) is one of the important indicators of fish
immunity [74]. In this study, dietary PAM inclusion levels
at 200-300g/kg significantly increased the LZM activity
in the liver and serum of juvenile O. mykiss, which indi-
cates that appropriate dietary PAM inclusion can increase
immune function. Immunoglobulin is a glycoprotein pro-
duced by the proliferation and differentiation of B lympho-
cytes into plasma cells after receiving antigen stimulation,
and five types of immunoglobulin molecules are found in tel-
eost fish, namely, IgM, IgD, IgZ, IgT, and IgM-Z, of which
IgM is the main immunoglobulin in fish [75]. Complement
is a biologically active protein present in vertebrate serum
and other body fluids, and fish mainly use alternative path-
way complement to defend against virus invasion [76]. In
this study, dietary PAM inclusion at 200, 250, and 300 g/kg
significantly increased the contents of IgM and complement
3 (C3) in the serum of juvenile O. mykiss. Such results sug-
gested that dietary PAM inclusion could improve the
immune function of juvenile O. mykiss, which may be related
to the active ingredients such as polyols, polysaccharides, and
antimicrobial peptides contained in P. americana meal [21].
In summary, dietary PAM inclusion at 200-300 g/kg can
improve the growth performance, and feed utilization of
juvenile O. mykiss, facilitate the accumulation of protein,
amino acids, and glucose in the body, and significantly
improve the antioxidant capacity and immunity of juvenile
O. mykiss. The optimal dietary PAM inclusion level was
approximately 250 g/kg for juvenile O. mykiss.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors have no conflicts of interest to declare.

Authors’ Contributions

Xjaowen Long and Jungming Deng designed the experi-
ment. Xiaowen Long, Yuting Liu, Yiqing Li, Junjie Li, and
Chengfa Zhao performed the experiment. Xiaowen Long
and Chengfa Zhao analyzed the data. Xiaowen Long and
Junming Deng drafted the paper. Junming Deng critically
reviewed the final manuscript.

Acknowledgments

This work was supported by the Dali University Doctoral
Research Startup Fee Project (No. KYBS2021064), and the Yun-
nan Fundamental Research Projects (No. 202101AT070028).

References

[1] A. G.]J. Tacon and M. Metian, “Global overview on the use of
fish meal and fish oil in industrially compounded aquafeeds:

(10]

(11]

(12]

(13]

(14]

Aquaculture Nutrition

trends and future prospects,” Aquaculture, vol. 285, no. 1-4,
pp. 146-158, 2008.

T. Cashion, F. Le Manach, D. Zeller, and D. Pauly, “Most fish
destined for fishmeal production are food-grade fish,” Fish and
Fisheries, vol. 18, no. 5, pp. 837-844, 2017.

E. K. Pikitch, K. J. Rountos, T. E. Essington et al., “The global
contribution of forage fish to marine fisheries and ecosystems,”
Fish and Fisheries, vol. 15, no. 1, pp. 43-64, 2014.

R. W. Hardy, “Utilization of plant proteins in fish diets: effects
of global demand and supplies of fishmeal,” Aquaculture
Resesrch, vol. 41, no. 5, pp. 770-776, 2010.

G. M. Turchini, J. T. Trushenski, and B. D. Glencross,
“Thoughts for the future of aquaculture nutrition: realigning
perspectives to reflect contemporary issues related to judicious
use of marine resources in aquafeeds,” North American Jour-
nal of Aquaculture, vol. 81, no. 1, pp. 13-39, 2019.

P. Psofakis, I. T. Karapanagiotidis, E. E. Malandrakis,
E. Golomazou, A. Exadactylos, and E. Mente, “Effect of fish-
meal replacement by hydrolyzed feather meal on growth
performance, proximate composition, digestive enzyme activ-
ity, haematological parameters and growth-related gene
expression of gilthead seabream (Sparus aurata),” Aquacul-
ture, vol. 521, article 735006, 2020.

B. Subhadra, R. Lochmann, S. Rawles, and R. Chen, “Effect of
fish-meal replacement with poultry by-product meal on the
growth, tissue composition and hematological parameters of
largemouth bass (Micropterus salmoides) fed diets containing
different lipids,” Aquaculture, vol. 260, no. 1-4, pp. 221-231,
2006.

Q. Wang, G. He, K. S. Mai, W. Xu, and H. Zhou, “Fishmeal
replacement by mixed plant proteins and maggot meal on
growth performance, target of rapamycin signalling and
metabolism in juvenile turbot (Scophthalmus maximus L.),”
Aquaculture Nutrition, vol. 22, no. 4, pp. 752-758, 2016.

F. Isea-Ledn, V. Acosta-Balbas, L. B. Rial-Betancoutd, A. L.
Medina-Gallardo, and B. M. Celestin, “Evaluation of the fatty
acid composition of earthworm Eisenia andrei meal as an
alternative lipid source for fish feed,” Journal of Food Nutrition
Research, vol. 7, no. 10, pp. 696-700, 2019.

Y. B. Wu, H. J. Ma, X. ]. Wang, and X. Ren, “Taurine supple-
mentation increases the potential of fishmeal replacement by
soybean meal in diets for largemouth bass Micropterus sal-
moides,” Aquaculture Nutrition, vol. 27, no. 3, pp. 691-699,
2021.

J. F. Shen, H. Y. Liu, B. P. Tan et al., “Effects of replacement of
fishmeal with cottonseed protein concentrate on the growth,
intestinal microflora, haematological and antioxidant indices
of juvenile golden pompano (Trachinotus ovatus),” Aquacul-
ture Nutrition, vol. 26, no. 4, pp. 1119-1130, 2020.

S. Gerile and J. Pirhonen, “Replacement of fishmeal with corn
gluten meal in feeds for juvenile rainbow trout (Oncorhynchus
mykiss) does not affect oxygen consumption during forced
swimming,” Aquaculture, vol. 479, pp. 616-618, 2017.

P. Chakraborty, A. Mallik, N. Sarang, and S. S. Lingam, “A
review on alternative plant protein sources available for future
sustainable aqua feed production,” International Journal of
Chemical Studies, vol. 7, no. 3, pp. 1399-1404, 2019.

P. B. Durst, D. V. Johnson, R. N. Leslie, and K. Shono, In forest
insects as food: humans bite back. Proceedings of a Workshop
on Asia-Pacific Resources and Their Potential for Development,
19-21 February 2008, FAO, Chiang-Mai, Thailand, FAO
Regional Office for Asia and the Pacific, Bangkok, 2010.



Aquaculture Nutrition

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

J. Ramos-Elorduy, “Insects: a hopeful food source,” in Ecolog-
ical Implications of Minilivestock, M. G. Paoletti, Ed., pp. 263—
291, Science Pub, Enfield NH, USA, 2005.

Y. Feng, Studies on the nutritive and health care value of white
wax scale (Ericerus pela Chavannes) and evaluation of its func-
tional factors, The PhD thesis of Chinese Academy of Forestry,
2005.

H. Anand, A. Ganguly, and P. Haldar, “Potential value of acri-
dids as high protein supplement for poultry feed,” Interna-
tional Journal of Poultry Science, vol. 7, no. 7, pp. 722-725,
2008.

L. Belghit, N. S. Liland, P. Gjesdal et al., “Black soldier fly larvae
meal can replace fish meal in diets of sea-water phase Atlantic
salmon (Salmo salar),” Aquaculture, vol. 503, pp. 609-619,
2019.

M. Addy, S. H. Huo, J. Z. Liu et al., “Chapter eight - bioconver-
sion technologies: insect and worm farming,” in Current
Developments in Biotechnology and Bioengineering, Sustain-
able Food Waste Management: Resource Recovery and Treat-
ment, pp. 235-256, Elsevier, 2021.

Q. Zhou, Novel uses of Periplaneta americana L., The PhD the-
sis of Fujian Agriculture and Forestry University, 2008.

Y. Y. Gao, F. N. Geng, S. M. Chen, and X. Y. Ma,
“Advances in research on active ingredients and related
pharmacology of Periplaneta americana,” Chinese Journal
of Experimental Traditinal Medical Formulae, vol. 27,
no. 4, pp. 240-250, 2021.

S.Y. Sui, Y. N. Ge, Q. W. Xu, and J. J. Su, “Effect of Periplaneta
americana extract on the antioxidant indexes in blood and
ovary of rats,” Heilongjiang Animal Science and Veterinary
Medicine, vol. 4, pp. 32-35, 41, 2017.

S.F.She, T. Z. Zhao, and H. Y. Li, “Effects of Periplaneta amer-
icana powder on growth perfomance, immune function, mus-
cle antioxidant capacity and meat qulity of broilers,” Chinese
Journal of Animal Nutrition, vol. 33, no. 12, pp. 6813-6823,
2021.

Q. Zhou, Z. R. Li, J. Liu, Q. Lin, C. K. Wang, and X. Jiang,
“Effect of Periplaneta americana meal on immunity and
antioxidation of broilers,” Journal of Fujian Agriculture and
Forestry University (Natural Science Edition), vol. 38, no. 2,
pp. 175-180, 2009.

W. L. Shao, D. X. Wu, F. Peng, G. M. Liy, J. Y. Chen, and
T. Wang, “The effect of CII-3 extracted from Periplaneta
americana L. on blood cell parameters and antioxidant capac-
ity of rabbits,” Chinese Journal of Ethnomedicine and Ethno-
pharmacy, vol. 25, no. 23, pp. 36-38,45, 2016.

M. M. Rahman, S. Khosravi, K. H. Chang, and S. M. Lee,
“Effects of dietary inclusion of astaxanthin on growth, muscle
pigmentation and antioxidant capacity of juvenile rainbow
trout (Oncorhynchus mykiss),” Preventive Nutrition & Food
Science, vol. 21, no. 3, pp. 281-288, 2016.

A. Rebolé, S. Velasco, M. L. Rodriguez et al., “Nutrient content
in the muscle and skin of fillets from farmed rainbow trout
(Oncorhynchus mykiss),” Food Chemistry, vol. 174, pp. 614—
620, 2015.

M. J. Barbosa, R. Morais, and G. Choubert, “Effect of caroten-
oid source and dietary lipid content on blood astaxanthin
concentration in rainbow trout (Oncorhynchus mykiss),”
Aquaculture, vol. 176, no. 3-4, pp. 331-341, 1999.

AOAC (Association of Official Analytical Chemists), Official
Methods of Analysis of Official Analytical Chemists Interna-

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

15

tional, Association of Official Analytical Chemists, Arlington,
VA, USA, 16th edition, 1995.

J. Folch, M. Lees, and G. H. Sloane-Stanley, “A simple method
for the isolation and purification of total lipides from animal
tissues,” Journal of Biological Chemistry, vol. 226, no. 1,
pp. 497-509, 1957.

S. Blackburn, Amino Acid Determination, Methods and Tech-
niques, Marcel Dekker Inc., New York, 1968.

M. Spindler, R. Stadler, and H. Tanner, “Amino acid analysis
of feedstuffs: determination of methionine and cystine after
oxidation with performic acid and hydrolysis,” Journal of Agri-
cultural & Food Chemistry, vol. 32, no. 6, pp. 1366-1371, 1984.

X. G. Wu, Y. X. Cheng, L. Y. Sui, X. Z. Yang, T. Z. Nan, and
J. Q. Wang, “Biochemical composition of pond-reared and
lake-stocked Chinese mitten crab Eriocheir sinensis (H.
Milne-Edwards) broodstock,” Aquaculture Research, vol. 38,
no. 14, pp. 1459-1467, 2007.

C. Caimi, L. Gasco, I. Biasato et al., “Could dietary black
soldier fly meal inclusion affect the liver and intestinal histo-
logical traits and the oxidative stress biomarkers of Siberian
sturgeon (Acipenser baerii) juveniles?,” Animals, vol. 10,
no. 1, p. 155, 2020.

S. M. Jeong, S. Khosravi, I. R. Mauliasari, and S. M. Lee, “Die-
tary inclusion of mealworm (Tenebrio molitor) meal as an
alternative protein source in practical diets for rainbow trout
(Oncorhynchus mykiss) fry,” Fisheries and Aquatic Sciences
Fish, vol. 23, no. 1, pp. 1-8, 2020.

W. M. Sealey, T. G. Gaylord, F. T. Barrows et al., “Sensory
analysis of rainbow trout, Oncorhynchus mykiss, fed enriched
black soldier fly prepupae, Hermetia illucens,” Journal of the
World Aquaculture Society, vol. 42, no. 1, pp. 34-45, 2011.
M. Rawski, J. Mazurkiewicz, B. Kieronczyk, and D. Jozefiak,
“Black soldier fly full-fat larvae meal as an alternative to fish
meal and fish oil in Siberian sturgeon nutrition: the effects on
physical properties of the feed, animal growth performance,
and feed acceptance and utilization,” Animals, vol. 10, no. 11,
p. 2119, 2020.

S. W. Wang, X. Z. Huang, L. Luo, Y. G. Chen, F. J. Bai, and
Y. Li, “Effects of repalcement of fish meal with silkworm pupae
on growth performance, body composition and serum bio-
chenmical indices of genetically improved farmed tilapia
(Oreochromis niloticus),” Chinese Journal of Animal Nutrition,
vol. 27, no. 9, pp. 2774-2783, 2015.

N.Lv, G. Z. Li, J. C. Wang, L. G. Shen, and J. Y. Si, “Chemical
components and biological activities in Periplaneta ameri-
cana,” Progress in Modern Biomedicine, vol. 17, no. 16,
pp. 3184-3190, 2017.

Y. Zhang, Nutrition Value Analysis of Periplaneta America and
Prelimniary Study on Application of Its Water Extraction in
Aquatic Feed, The master thesis of FoShan University, 2020.
S. Xie and A. Jokumsen, “Replacement of fish meal by potato
protein concentrate in diets for rainbow trout,Oncorhynchus
mykiss(Walbaum): growth, feed utilization and body compo-
sition,” Aquaculture Nutrition, vol. 3, no. 1, pp. 65-69, 1997.
X. S. Cui, X. X. Meng, Y. L. Wei et al., “Fish meal replacement
with black soldier fly larvae meal in the diet of juvenile obscure
puffer Takifugu obscurus,” Journal of Shanghai Ocean Uiniver-
sity, 2021.

H.S. Yang, J. X. Sun, Y. C. Yuan, Q. X. Fan, M. B. Li, and A. J.
Mo, “Effects of substitution of fish meal with Maggot meal on
growth performance, body composition and antioxidant



16

[44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

[55]

[56]

capacity of hybrid yellow catfish,” Acta Hydrobiological Sinica,
vol. 45, no. 3, pp. 573-581, 2021.

K. P. K. Vasagam, T. S. Ramesh, and T. Balasubramania, “Die-
tary value of different vegetable oil in black tiger shrimp
Penaeus monodon in the presence and absence of soy lecithin
supplementation: Effect on growth, nutrient digestibility and
body composition,” Aquaculture, vol. 250, no. 1-2, pp. 317-
327, 2005.

X. G. Wu, G. L. Chang, Y. X. Cheng, C. S. Zeng, P. C. South-
gate, and J. F. Lu, “Effects of dietary phospholipid and highly
unsaturated fatty acid on the gonadal development, tissue
proximate composition, lipid class and fatty acid composition
of precocious Chinese mitten crab, Eriocheir sinensis,” Aqua-
culture Nutrition, vol. 16, no. 1, pp. 25-36, 2010.

S. L. Lai and K. L. Wang, “Mechanism of blood-lipid lowering
of chitosan and its derivatives,” Detergent & Cosmetics, vol. 31,
no. 10, pp. 30-32, 2008.

A. K. Sinha, V. Kumar, H. P. S. Makkar, G. D. Boeck, and
K. Becker, “Non-starch polysaccharides and their role in fish
nutrition - a review,” Food Chemistry, vol. 127, no. 4,
pp. 1409-1426, 2011.

A. E. O. Jordal, B. E. Torstensen, S. Tsoi, D. R. Tocher, S. P.
Lall, and S. E. Douglas, “Dietary rapeseed oil affects the expres-
sion of genes involved in hepatic lipid metabolism in Atlantic
salmon (Salmo salar L.),” The Journal of Nutrition, vol. 135,
no. 10, pp. 2355-2361, 2005.

D. R. Tocher and J. R. Dick, “Essential fatty acid deficiency in
freshwater fish: the effects of linoleic, alpha-linolenic, gamma-
linolenic and stearidonic acids on the metabolism of [1-
14C]18:3n-3 in a carp cell culture model,” Fish Physiology
and Biochemistry, vol. 22, no. 1, pp. 67-75, 2000.

C. Y. Teoh and W. K. Ng, “The implications of substituting
dietary fish oil with vegetable oils on the growth performance,
fillet fatty acid profile and modulation of the fatty acid elon-
gase, desaturase and oxidation activities of red hybrid tilapia,
Oreochromis sp,” Aquaculture, vol. 465, pp. 311-322, 2016.

H.Ji, X. F. Cheng, J. Li, J. L. Zhang, and C. Liu, “Effect of die-
tary replacement of fish meal protein with silkworm pupae on
the growth performance, body composition, and health status
of Cyprinus carpio var. specularis fingerlings,” Journal of Fish-
ery Sciences of China, vol. 36, no. 10, pp. 1599-1611, 2012.

V. Phulia, P. Sardar, N. P. Sahu, F. J. Fawole, N. Shamna, and
S. Gupta, “Substitution of soybean meal with fermented Jatro-
pha kernel meal: effect on growth performance, body compo-
sition, and metabolic enzyme activity of Labeo rohita,” Fish
Physiology and Biochemistry, vol. 44, no. 2, pp. 475-487, 2018.

N. Shamna, P. Sardar, N. P. Sahu, A. K. Pal, K. K. Jain, and
V. Phulia, “Nutritional evaluation of fermented Jatropha pro-
tein concentrate in Labeo rohita fingerlings,” Aquaculture
Nutrition, vol. 21, no. 1, pp. 33-42, 2015.

S. Broer, “Amino acid transport across mammalian intestinal
and renal epithelia,” Physiological Reviews, vol. 88, no. 1,
pp. 249-286, 2008.

J. Coma, D. Carrion, and D. R. Zimmerman, “Use of plasma
urea nitrogen as a rapid response criterion to determine the
lysine requirement of pigs,” Journal of Animal Science,
vol. 73, no. 2, pp. 472-481, 1995.

S. Soltanzadeh, A. Esmaeili Fereidouni, H. Ouraji, and K. J.
Khalili, “Growth performance, body composition, hematolog-
ical, and serum biochemical responses of beluga (Huso huso)
juveniles to different dietary inclusion levels of faba bean

(57]

(58]

(59]

(60]

[61]

[62]

[63]

[64]

[65]

[66]

(67]

(68]

[69]

Aquaculture Nutrition

(Vicia faba) meal,” Aquaculture International, vol. 24, no. 1,
pp. 395-413, 2016.

J. N. Bowyer, J. G. Qin, L. R. Adams, M. J. S. Thomson, and
D. A. ]. Stone, “The response of digestive enzyme activities
and gut histology in yellowtail kingfish (Seriola lalandi) to die-
tary fish oil substitution at different temperatures,” Aquacul-
ture, vol. 368-369, pp. 19-28, 2012.

N. N. Mustapar, N. K. Abdul Hamid, R. Hashim, and S. A.
Mohd Nor, “Total replacement of fish meal with processed
poultry offal meal (P-POM) enhances the growth performance
and feed utilization in snakehead, Channa Striata (Bloch,
1793) juveniles,” International Journal of Oceanography &
Aquaculture, vol. 2, no. 3, article 000138, 2018.

Y. H. Wen, Y. H. Huang, G. X. Wang et al., “Effect of replace-
ment of fish meal with maggot meal on antioxidant indexes,
digestive enzyme activities, foregut and hepatopancreas histo-
logical structure of Pelteobagrus fulvidraco,” Feed Industry,
vol. 36, no. 4, pp. 29-35, 2015.

Y. Tang, S. Chen, C. Z. Zhu et al., “Effects of fishmeal replace-
ment by Tenebrio molitor meal on growth performance, body
composition, digestive enzyme activity and liver biochemical
indices of bullfrog,” Animal Husbandry and Feed Science,
vol. 40, no. 7, pp. 35-42, 2019.

P. Enes, S. Panserat, S. Kaushik, and A. Oliva-Teles, “Nutri-
tional regulation of hepatic glucose metabolism in fish,” Fish
Physiology and Biochemistry, vol. 35, no. 3, pp. 519-539, 2009.
A. Dumasa, T. Raggia, ]. Barkhousea, E. Lewisb, and
E. Weltzienc, “The oil fraction and partially defatted meal of
black soldier fly larvae (Hermetia illucens) affect differently
growth performance, feed efficiency, nutrient deposition,
blood glucose and lipid digestibility of rainbow trout (Onco-
rhynchus mykiss),” Aquaculture, vol. 492, pp. 24-34, 2018.

M. Mastoraki, P. M. Ferrandiz, S. C. Vardali et al., “A compar-
ative study on the effect of fish meal substitution with three dif-
ferent insect meals on growth, body composition and
metabolism of European sea bass (Dicentrarchus labrax L.),”
Aquaculture, vol. 528, article 735511, 2020.

M. W. Kim, Y. S. Song, D. J. Seo, Y. S. Han, and W. J. Jung,
“Extraction of chitin and chitosan from the exoskeleton of
the cockroach (Periplaneta americana L.),” Science, vol. 22,
no. 2, pp. 76-81, 2017.

S.Khezrian, A. P. Salati, N. Agh, and H. Pasha-Zanoosi, “Effect
of replacement of fish oil with different plant oils in Oncorhyn-
chus mykiss broodstocks diets on egg and larval antioxidant
defense development,” Veterinary Research Forum, vol. 11,
no. 1, pp. 83-88, 2020.

Y. Q. Zang, X. L. Tian, S. L. Dong, and Y. W. Dong, “Growth,
metabolism and immune responses to evisceration and the
regeneration of viscera in sea cucumber, Apostichopus japoni-
cus,” Aquaculture, vol. 358-359, pp. 50-60, 2012.

A. Valavanidis, T. Vlahogianni, M. Dassenakis, and S. Michael,
“Molecular biomarkers of oxidative stress in aquatic organ-
isms in relation to toxic environmental pollutants,” Ecotoxicol-
ogy & Environmental Safety, vol. 64, no. 2, pp. 178-189, 2006.
T. Gu, Y. He, P. Y. Xiao, and Y. S. Yang, “Research on hydro-
lysis process and antioxidant activity of polysaccharide from
Periplaneta americana,” Natural Product Research and Devel-
opment, vol. 33, no. 4, pp. 612-619, 2021.

C. G. Zhang, Z. C. He, C. X. Jiao, and G. M. Liu, “Analysis of
antioxidant activity of Periplaneta americana on anticancer
active components in vitro,” Shizhen Journal of Traditional
Chinese Medicine Research, vol. 21, no. 9, pp. 2249-2250, 2010.



Aquaculture Nutrition

(70]

(71]

(72]

(73]

(74]

[75]

[76]

Q. Zhou, Z. Q. Wu, Z. R. Li, Q. Lin, J. Liu, and C. K. Wang,
“Nutritive values and feeding safety of Periplaneta americana
L Fujian Journal of Agricultural Sciences, vol. 22, no. 3,
pp. 276-278, 2007.

G. J. Lieschke and N. S. Trede, “Fish immunology,” Current
Biology, vol. 19, no. 16, pp. R678-R682, 2009.

R. H. Zheng, C. G. Wang, Y. Li, Y. Zhao, and Q. Yu, “Effect of
tributyltin exposure on activities of alkaline phosphatase in
Sebastiscus marmoratus,” Journal of Xiamen University (Natu-
ral Science), vol. 44, pp. 203-206, 2005.

J. K. Jiang, J. Y. Wang, L. M. Zhang et al., “Effects of dietary
chitosan on growth performance, body composition and
non-specific immunity of juvenile Oncorhynchus mykiss,”
Oceanology Et Limnologia Sinica, vol. 43, no. 4, pp. 729-734,
2013.

J. W. Pridgeon, P. H. Klesius, P. J. Dominowski, R. J. Yancey,
and M. S. Kievit, “Chicken-type lysozyme in channel catfish:
expression analysis, lysozyme activity, and efficacy as immu-
nostimulant against aeromonas hydrophila infection,” Fish ¢
Shellfish Immunlogy, vol. 35, no. 3, pp. 680-688, 2013.

P. Swain and S. K. Nayak, “Role of maternally derived immu-
nity in fish,” Fish & Shellfish Immunlogy, vol. 27, no. 2, pp. 89—
99, 2009.

H. Boshra, J. Li, and J. O. Sunyer, “Recent advances on the

complement system of teleost fish,” Fish & Shellfish Immunl-
0gy, vol. 20, no. 2, pp- 239-262, 2006.

17



	Effects of Dietary American Cockroach Periplaneta americana Meal Inclusion on the Growth Performance, Antioxidant Capacity, and Immunity of Juvenile Rainbow Trout Oncorhynchus mykiss
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Diets
	2.2. Experimental Setup and Culture Management
	2.3. Sample Collection
	2.4. Proximate Composition and Amino Acid and Fatty Acid Composition Analyses
	2.5. Measurement of Antioxidant and Immune Indices
	2.6. Statistical Analysis

	3. Results
	3.1. Survival Rate, Growth Performance, and Feed Utilization
	3.2. Proximate Composition and Amino Acid and Fatty Acid Contents of Whole Fish Body
	3.3. Metabolism-Related Parameter in the Liver and Serum
	3.4. Antioxidant and Immune-Related Parameters in the Liver and Serum

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

