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Abstract The depletion of global fishery stock has posted significant effects to the world capture fishery
industry. Constant environmental issues and fluctuation of fish meal (FM) costs have pushed the aquafeed
industry to seek for alternative protein sources to sustain the huge demand of feed in aquaculture production.
Insect meal (IM) has already started to gain global attention as an alternative for FM replacement. Substantial
feeding trials have revealed its promising application not only beneficial as in protein replacement but also
playing a vital role as a functional ingredient that boosting immunostimulatory effects in a wide range of
aquatic animals. Here, we compiled and categorized several major groups of insects, for example black
soldier fly, yellow mealworm, housefly, silkworm, alongside a minor group of insect species widely used
as the alternative diet in aquaculture. Critically, we discuss the functional properties of the IMs, their
immunomodulatory, and physiological effects in aquatic species. Biological parameters include oxidative
stress, serum biochemical, hematological parameters, and immune-related genes are also further discussed
in this review. In short, we suggest that low levels of IM supplementation could improve survival, immunity,
and feed conversion efficiency of targeted aquaculture species. Chitin and its derivatives alongside active
substances in insect exoskeleton, such as antimicrobial peptides (AMPs) play an essential role in the
immunomodulation of aquatic organisms. Knowledge of this area is still in infancy. Therefore, it is a critical
need to further address the mechanism of immunomodulation focusing on the isolated components from
IMs.
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Introduction

Increasing demand and impermanent supply of fish meal (FM) have resulted in tremendous pressure on wild
fishery resources, which endanger the marine ecosystem and global fish stock (Lalander et al. 2015). Many
studies have shown that plant protein could be an alternative for FM substitution in aquafeeds. However,
some nutritional disadvantages of major plant proteins are often associated with nutrient deficiency, weak
nutrient absorption, and most importantly, its usage as a primary food source for mankind cannot be
overlooked (Gai et al. 2012). Since the major group of commercial fish species in aquaculture are either
carnivorous or omnivorous, therefore, it is crucial to seek for a sustainable and eco-friendly protein source
with great availability, and efficient in terms of cost and energy conversion potential such as insect protein
(Henry 2015; Xiao et al. 2018).

Insect protein has been gaining a substantial amount of research attention due to its high energy
conversion efficiency, good nutritional quality, and benefits in growth and health promotion in fish and
shellfish (Barroso et al. 2014; Henry et al. 2015; Xiao et al. 2018). In addition, fast-growing and high
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fecundity as demonstrated in most insects is also an important criterion to explore the potential of an insect-
based meal. Insect meal (IM) is rich in amino acids (AAs), lipids, vitamins, and minerals, these advantages
making them an emerging energy source for agricultural sectors (Premalatha et al. 2011). In less than a
decade, research interests on IM have been picked up extensively and developed rapidly in the industry.
Thanks to the approval of IM as part of feedstuff ingredients in aquaculture by EU Commission Regulation
2017/893 (Tan et al. 2018). Some companies are now producing it massively as part of feed ingredients,
particularly to substitute FM in animal nutrition (Tran et al. 2015). It is important to note that, most IMs
contain appreciable amounts of bioactive compounds/chitin with potential antioxidant, antimicrobial, and
immunostimulatory features, which could enhance immunity and health status of the cultured species e.g.
fish and shrimp (Ogunji et al. 2011; Taufek et al. 2016a; Li et al. 2017; Motte et al. 2019; Oda et al.,
2019). Literature suggested that moderate intake of chitin could improve gut health and immunity of culture
species (Hoffman et al. 1997; Kim and Rajapakse 2005; Lin et al. 2012; Harikrishnan et al. 2012). Chitin
(B-(1-4)-poly-N-acetyl-D-glucosamine), the primary ingredient of arthropods exoskeletons, is the most
abundant amino polysaccharide polymer in the insects. Harikrishnan et al. (2012) reported that dietary
inclusion of 1.0% chitin and chitosan significantly enhanced hematological parameters e.g. red blood cells
(RBCs), white blood cells (WBCs), hemoglobin (HB) levels, lymphocytes, monocytes, and neutrophils in
Kelp grouper, Epinephelus bruneus, and the disease-resistant against the protozoan parasite, Philasterides
dicentrarchi. The immunomodulation could be largely attributed to the regulation of the gut microbiome
(Loh et al. 2020).

So far, only a limited piece of literature has found on the direct and indirect effects of insects on the
immune aspects of aquatic animals. Relevant information on IM-based diets are scared (Ogunji et al. 2011;
Taufek et al. 2016a; Li et al. 2017). Many works of literature are focusing on the effects of FM on the
antioxidant and hematological indices of fish (Elia et al. 2018). In teleost immunity, oxidative catabolism
can affect the oxidative stress response, and it is one of the major immune responses could be involved in fish
disease defend mechanism (Martinez-Alvarez et al. 2005). The antioxidants play a major role in scavenging
reactive oxygen species (ROS) and protect cell membranes against damage to these free radicals. Thus, the
hematological parameter is very important to monitor the health status and physiological responses of the
organisms to environmental stresses (Bhaskar and Rao 1984; Jawad et al. 2004).

In this paper, the immunomodulatory and physiological effects exerted by insect-based diets are
critically reviewed with focusing on four major groups, including black soldier fly (Hermetia illucens),
yellow mealworm (7enebrio molitor), housefly (Musca domestica), silkworm (Bombyx mori) and a minor
group of insect species such as locusts, grasshoppers, termites, crickets, and beetles. Nutritional profiles in
particularly protein and lipid contents, nutrient digestibility, and insect productivity are the main factors in
determining the selection of IM for aquafeed. Generally, the protein content of IM recommended in the feed
production is ranging between 50 — 82% of dry matter generally (Banjo et al. 2006; Rumpold and Schluter
2013). Nonetheless, the nutrient values of the IM such as minerals (e.g. K, Na, Ca, Cu, Fe, Zn, Mn, and P),
and vitamins (e.g. B group vitamins, vitamins A, D, E, K, and C) are varied depending on the food sources,
species and the processing method (Barroso et al. 2014; Koufimska and Adamkova 2016).

There are some common interpretations of the immunostimulatory effects derived from the IM.
According to literature, these health-promoting effects are largely attributed to either direct secretion of
antimicrobial peptides (AMPs), or indirect administration to chitin, or other bioactive substances (Ido et al.
2015; Henry et al. 2018). Some studies showed that chitin has a stimulating effect on both cell-mediated
and humoral immune response of the fish (Esteban et al. 2000; 2001), which could improve the resistance
against infectious pathogens. The immunity-promoting peptides such as AMPs in the IMs are effective in
mitigating bacterial infection of the host. The type, amount, and quality of secreted AMPs are dependent on
the environmental conditions, the species of insects, the nutrient balance of the diets, and even the sexes of
the insects (Vogel et al. 2018). Studies also showed that insects have significant pharmacological properties
in enhancing the innate immunity of many species including humans, livestock, and poultry (Akiyama et al.
2000; Schuhmann et al. 2003). It is also interesting to note that, insects show a promising result in treating
human chronic diseases, for example osteomyelitis (Sherman and Pechter 1998).

To evaluate the feasibility and practicality of FM substitution or supplementation of IM in aquafeeds,
it is of utmost importance to understand the mechanisms of physiological and immunomodulatory effects
laying behind the concept. This is the first review aiming to evaluate the effects of IM inclusion on the
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physiological and immunomodulatory changes in aquatic animals (e.g. fish, crustaceans, sea cucumber,
and bullfrog). The current review suggests that a low level of IM inclusion could provide a high quality of
protein source and certain degrees of immunological benefits to the cultured species.

Black soldier fly (Hermetia illucens)

Black soldier fly (BSF) is the most important and yet a common farmed insect for the animal feed industry.
It has been widely used as a bio-convertor in organic wastes management. Simultaneously, it serves as an
alternative protein source in livestock and aquaculture (Lalander et al. 2015; Vogel et al. 2018). There are
numerous findings on the immunostimulatory effects of dietary BSF on terrestrial animals, for example
broilers and swine. However, the findings in aquaculture are still at an early stage. Foysal et al. (2019)
showed that poultry-by-product meal + BSF included diet could improve gut microbiota profile, and
colonizing ability of beneficial bacteria in the gut of crayfish (Cherax cainii). However, the report also
showed that an up-regulation in cytokine genes (IL-1f, IL-17F, and TNF-a), which are associated with
inflammatory effects in Cherax cainii fed with BSF supplemented diets (Foysal et al. 2019). The immune
response of crayfish was largely attributed to the secondary metabolites expressed by the BSF, and the
association of immunocompetent cells and mucosal membranes in the intestine. Intestinal mucosal liners
are the primary defense system housing for a large variety of intestinal microflora, the inclusion of BSF as
part of the diet might modify the composition of the microbiome in the gut (Askarian et al. 2012; Foysal
etal. 2019).

It is interesting to note that, BSF larval extract could reduce the number of Gram-negative bacteria,
albeit, the same inhibitory effect was not observed on the Gram-positive microbes (Choi et al. 2012).
In a study done by Lalander et al. (2015), BSF was effective in reducing the number of Salmonella sp.,
some viruses including reovirus, adenovirus and, enterovirus, as well as some thermo-tolerant coliforms
in a waste recycling process. Likewise, no inhibitory effect was reported on Gram-positive enterococcus.
Similar findings were also reported by Gabler and Vinnerés (2014), the organic waste recycling using BSF
composting reduced the numbers of S. senfienberg and S. typhimurium. The antimicrobial response could
be due to the interaction between the active agent in BSF and the bacterial cell components. For instance,
high content of medium-chain fatty acid in BSF (e.g. lauric acid) causes damage to the cell membrane
accelerating the entry of antimicrobial compounds into the cytoplasm, and thus kill the bacteria. However,
further study is required to elucidate the mechanism behind the microbial inhibition, and specific substances
that may contribute as antibacterial agents (Choi et al. 2012; Lalander et al. 2015; Harlystiarini et al. 2019).

In a feed formulation study, Hu et al. (2017) showed that only up to 20% of dietary FM can be replaced
with BSF without posting significant negative effects on blood parameters of juvenile yellow catfish
(Pelteobagrus fulvidraco). The increase of lysozyme (LZM) activity encourages stimulation of the fish
immunity system and may contribute to the resistance against infectious pathogens (Misra et al. 20006).
Nurin et al. (2018) suggested that dietary inclusion of BSF extract could activate the immuno-competence
hematological parameters in challenged common carp (C. carpio) with A. hydrophila. Also, 8§ % BSF
extract helps to increase the total blood count (1.95 x 10° cell/ml), and the differential counts of leukocytes
(81.55%; 16.42% and 0.33% for lymphocytes, monocytes, and neutrophils, respectively) compared to the
control groups (1.63 x 10° cell/ml in total leukocytes, TLC). This finding also showed that BSF can enhance
the immune system of C. carpio, and it could play an important role in disease prevention.

The occurrence of oxidative stress is always associated with the onset of various types of diseases in
many animals including fish (Martinez-Alvarez et al. 2005). There is an increasing number of studies are
focusing on the antioxidants in fish’s health (Nan et al. 2013; Park et al. 2014; Taufek et al. 2016b; Elia
et al. 2018). However, only a few works have been reported on the effects of dietary inclusion of BSF
on fish oxidative stress (Li et al. 2017; Hu et al. 2017; Elia et al. 2018). A recent study showed that the
inclusion of defatted BSF meal in Jian carp (Cyprinus carpio var. Jian) diets enhanced serum catalase
(CAT) but had no effect on serum superoxide dismutase (SOD) - an antioxidant (Li et al. 2017). CAT-SOD
antioxidant enzymatic mechanism is the first line of defense against ROS. ROS is an essential oxidative
byproduct of the normal metabolic process. Indeed, oxidative stress is induced by imbalanced production
of ROS, or ineffective antioxidant mechanisms to control its negative effects (Monaghan et al. 2009). If
ROS could not be suppressed by antioxidants (activated by antioxidative enzymes), it could adversely
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affect DNA, proteins, and cell membrane lipids as a result (Pamplona and Costantini 2011). This leads to
immunosuppression and thus affect the health status of the hosts.

Elia et al. (2018) demonstrated dietary inclusion of BSF meals (< 20%) upregulated oxidative stress
biomarkers (SOD and CAT) in rainbow trout (Oncorhynchus mykiss). Likewise, dietary inclusion of BSF
meals boosted the activity of serum immune-related enzymes such as LZM and SOD in yellow catfish - P
fulvidraco. The most remarkable immunity improvement was observed at 25% FM replacement by BSF
meals (Xiao et al. 2018). However, in another study, replacement levels of defatted BSF meals in juvenile
Jian carp diets beyond 75% resulted in oxidative stress, and intestinal histopathological damage (Li et
al. 2017). Christian et al. (2020a) reported the feed consumption of Siberian sturgeon (Acipenser baerii)
juveniles was decreased when the concentration of BSF meals increased. Fifty percentage replacement of
FM with BSF meals could adversely affect the growth performance of sturgeon, and the fish refused to
consume diet when the experimental diet was replaced with 100% BSF. This probably caused by changes
in oxidative stress biomarkers e.g. higher SOD activity was found in sturgeon’s liver and kidney when the
fish administrated to > 50% BSF meals (Christian et al. 2020b). Another study by Magalhaes et al. (2017)
demonstrated that a high level of BSF inclusions in European sea bass, Dicentrarchus labrax dietary was
associated with a significant decline in total cholesterol (TCHO) concentration. Despite a low level of
dietary inclusion of BSF enhances the immune system ability of fish, but high inclusion levels lead to an
inhibition of superoxide formation, and higher levels of nitric oxide (NO), both of which are responsible to
high oxidative stress (Hu et al. 2017; Li et al. 2017).

A study showed that ethoxyresorufin-o-deethylase (EROD), glutathione s-transferase (GST), and
glutathione (GLU) in the BSF could enhance protecting effects against the oxidative process in O. mykiss
(Elia et al. 2018). The authors opined that amino acid or lipid profiles in BSF meal may explain the alteration
of antioxidant balance in O. mykiss fed with IM. For instance, a lower level of essential amino acids (EAAs)
in BSF meals may affect the catalytic activity of seleno-dependent glutathione peroxidase (SeGPx) activity.
Furthermore, arginine and lysine are known to be the key AAs in synthesizing NO, which is a signaling
and an antimicrobial factor in immunity responses (Yaghoubi et al. 2017). However, a study showed that
C. carpio treated with crystalline lysine - supplemented diet, the results showed an enhancement of the fish
body crude protein but did not show any significant difference in antioxidant indices (Zhang et al. 2013; Ji
et al. 2015).

Evidence showed that the composition of fatty acids, immunomodulatory effects (e.g. constitutive and
inducible immunity), and antimicrobial activity of IM are diet-dependent (Barroso et al. 2014; Vogel et al.
2018). For instance, it has been reported that feeding BSF larvae on diets supplemented with sunflower oil
induced the expression of AMPs and maximized the number of these peptides (Vogel et al. 2018). Paul et
al. (2017) reported that Orthopterans e.g. Acheta domesticus and Conocephalus discolor contained different
kinds of linolenic acid. Diet modification can improve the essential fatty acids (EFAs) of these insects,
which in turn, beneficial to the health-promoting factors.

Yellow mealworm (Zenebrio molitor) and superworm (Zophobas morio)

Yellow mealworm (Zenebrio molitor) and superworm (Zophobas morio) are another group of common
insect-based diet for captive reptiles, birds and small animals. These darkling beetle’s larvae have been
used as replacement feed in many fish species. Some reports show that 7. molitor improved the digestibility
and growth indices in the fish e.g. D. labrax when compared with those fed with FM (Henry 2015; 2018).
While 25% of FM replacement by Z. morio in the fish diet showed an insignificant adverse effect on body
composition and feed utilization in Nile Tilapia (Oreochromis niloticus) (Jabir et al. 2011; Jabir et al.
2012a; 2012b). Like BSF, a study on yellow mealworm (YMW) and superworm (SW) on immunological
and health status aspects in aquaculture is still lacking. Only a few studies discussed the oxidative stress
and inflammatory responses (e.g. ceruloplasmin, myeloperoxidase, and NO) in fish after feeding with diets
containing these beetles’ larvae (Henry et al. 2018).

According to Tang et al. (2012), mice administrated YMW demonstrated strong disease resistance
against several pathogens, suggesting that YMW can be potentially used as bioactive peptides and natural
antibacterial agents, through stimulation of non-specific phagocytic functions and elevation of hemolysin.
In a mice study, high contents of serum NO could play a significant role in immune regulating, especially
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to acid phosphatase (ACP) and alkaline phosphatase (AKP), all of these are the important indices for
biological detoxification (Tang et al. 2012). Likewise, biochemical indices of the serum also an important
consideration in fish health. Like those findings in BSF, Sankian et al. (2018) noticed a significant fall in the
TCHO concentration in mandarin fish (Siniperca scherzeri) fed with YMW contents in the diets.

LZM is another bioindicator for non-specific immunity. LZM is present naturally in the insect
hemolymph, which acts with defense peptides synergistically in pathogenic inhibition (Lin and Shiau 2003;
2005; 2007). This implies the presence of pathogens in the body will lead to high levels of hemolymph.
Due to its mucolytic nature, LZM mediates resistance against pathogens by cleaving the linkages in the
bacterial cell wall (Saurabh and Sahoo 2008). In a study on yellow catfish, Su et al. (2017) found that high
activity of LZM was noticed in the fish when fed with YMW-based diets, and subsequently challenged by
Edwardsiella ictaluri. However, the concentration of LZM present in the fish is dose-dependence (Sankian
et al. 2018). In other words, LZM concentration is corresponding to the amount of YMW in the diet.
Evidence showed that when European sea bass D. labrax administrated with an increasing amount of
YMW in their diet, the activities of serum LZM and trypsin inhibition are significantly higher, which also
corresponding to the anti-parasitic activity (Henry et al. 2018).

Inclusion of YMW in the fish dietary could also increase the level of serum SOD, nitric acid,
malondialdehyde (MDA) and the activities of ceruloplasmin, myeloperoxidase and glutathione peroxidase
(GPx) in the fish (Su et al. 2017; Sankian et al. 2018; Henry et al. 2018). All these antioxidant indices
have critical roles in eliminating excessive superoxide radicals to maintain the homeostasis of ROS in the
fish species (Sankian et al. 2018). These findings agreed with Su et al. (2017), who reported a noticeable
up-regulating of hepcidin (HFE) gene in the liver of yellow catfish when fed with YMW supplemented
diets. The gene expression of immunoglobulin M (IgM), major histocompatibility complex (MHC) and
Interleukin-2 (IL-2) were also noticeably high when YMW supplemented diets were tested on the yellow
catfish. These biochemical indices are crucial to the response of bacterial invasion, tissue damage, and
immunological reactions (Rauta et al. 2012; Arenas-Ramirez et al. 2015; Su et al. 2017).

Shrimp has naturally lacked an adaptive immune system; this makes the innate immune system is
critically important for them to fight against diseases. In a study conducted on Litopenaeus vannamei, partly
replacement of FM (50%) with YMW in dietary preparation led to an up-regulated expression of immune
genes, including B-1, 3-glucan binding proteins (BGBP), prophenoloxidase (proPO), and crustin, which
are the important genes in promoting disease-resistant against white spot syndrome virus (WSSV) (Choi
et al. 2018). BGBP is an activating factor to proPO cascade, it plays a key role in the shrimp immunity
system. While, activated proPO is important in recognizing non-self-invaders, hemocyte communication,
and melanin production in the shrimps (Vargas-Albores and Yepiz-Plascencia 2000; Bachére 2000). Crustin
is another important AMP in shrimps, which is an essential requirement in the cellular defense. Choi et al.
(2018) suggested that the activation of these immune genes mentioned above is partly due to the increased
amount of circulating hemocytes. They postulated that the inclusion of YMW in the diet possibly enhanced
the levels of adenosine triphosphate (ATP), and the total hemocyte count (THC), which involve substantially
in the phagocytosis and defense proteins releasing. Motte et al. (2019) also showed that dietary inclusion of
defatted YMW improved the survival rates when L. vannamei challenged against Vibrio parahaemolyticus.
At the same time, THC and phenoloxidase (PO) activities were found significantly higher when dietary
YMW was included in the shrimp feeding regime, this suggesting that immunity and disease resistance in
shrimp was greatly enhanced with YMW diet. PO activity is the main indicator of the immunity system in
many crustaceans, it was found 25 times higher in the shrimps fed with YMW compared to those fed purely
on FM. The authors also speculated chitin, polysaccharides, nucleotides, AMPs, and/or melanin pigments
in insects could play some roles in the immunological benefits to shrimps. A study on a closely related
group of mealworms also showed that inclusion of SW meal in L. vannamei larval feeding improved non-
specific immune indices e.g. SOD, CAT, ACP, and AKP (Zhao et al. 2011).

Like many insects, YMW’s exoskeleton contains a substantial amount of chitin (Su et al. 2017; Li et al.
2017; Magalhdes et al. 2017; Gasco et al. 2018; Henry et al. 2018). Low-level dietary inclusion of chitin had
been reported to improve the immunomodulatory effects in fish (Hoffman et al. 1997; Kim and Rajapakse
2005; Lin et al. 2012). This could be due to that various cell surface receptors of chitin help to induce the
generation of cytokine, and chemokine and thus activate the innate immune cells (Schuhmann et al. 2003;
Fu et al. 2009; Ido et al. 2015; Henry 2018). Insect chitin also plays an essential role as a prebiotic, by
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promoting growth factors and/or bacterial counts of the gut (Olsen et al. 2006; Sankian et al. 2018). Askarian
et al. (2012) demonstrated that supplementation of chitin altered the structure of intestinal microbiota and
increased the abundance of Staphylococcus sp., Lactobacillus sp., Bacillus sp. and Acinetobacter sp. in
the gut of Atlantic salmon (Salmo salar L.). Some studies showed YMW diets could modulate microbiota,
and the dominant bacteria in the gut systems of sea bream, sea bass, rainbow trout, and shrimp (Choi et al.
2018; Gasco et al. 2018). However, high inclusion of YMW (> 25%) in gilthead sea bream (Sparus aurata)
indicated that ineffective in nutrients absorption, which in turn, causes unfavorable growth performance
and nutrient utilization (Piccolo et al. 2017). Ng et al. (2001) also reported that full substitution of YMW
(100%) in catfish, Clarias gariepinus reduced growth performance and protein utilization in the fish. While
moderate supplementation of YMW (< 25%) in dietary preparation could be benefiting the cultured species.
This clearly demonstrated in a study conducted on European sea bass (Dicentrarchus labrax) juveniles,
the authors found that supplementation of YMW (~1%) improved protein level, protein digestibility and
digestible EAAs in the fish (Ana et al. 2020). In another study, Dogankaya (2017) reported dietary FM
replacement at 25% by SW showed a better growth performance on O. mykiss fingerlings compared to 0%
and 50% of FM substitution, while 100% IM substitution harmed the fish overall performance. Thus, the
complete substitution of FM with YMW and SW may not be a perfect plan, despite some health benefits
exerted by these IMs.

Housefly (Musca domestica)

Housefly maggot is an emerging candidate for IM in aquaculture farming. In a recent study done on bullfrog
Rana catesbeiana, dietary inclusion of housefly maggot meal (HFMM) leads to enhanced activities of
SOD, CAT, and total antioxidant capacity (T-AOC) (Li et al. 2019).

Under oxidative stresses, most of the vertebrates produce enzymatic and non-enzymatic antioxidant
substances to protect themselves from these stresses. Therefore, antioxidant ability in the liver and intestine
is an important indication of the overall health status of the hosts. Wen et al. (2015) showed that the
increasing level of HFMM in Bagrid catfish, Pelteobagrus fulvidraco resulted in an enhancement of plasma
and hepatopancreas (exocrine pancreatic tissue which separated from the liver by a connecting tissue)
SOD activities (Wen et al. 2015). While feeding carp, Cyprinus carpio with HFMM containing diets could
increase CAT activity in the liver, but no changes occurred in the level of GST (Ogunji et al. 2011). Liu et
al. (2010) and Chao et al. (2012) also demonstrated that feeding L. vannamei with diets containing HFMM,
and incorporated with lecithin, chitosan, and vitamins could significantly boost up the serum activities of
SOD, AKP, ACP, peroxidase (POD), and MDA (Cao et al. 2012). Ming et al. (2013) found that adding
2.5% of HFMM to black carp, Mylopharyngodon piceus diet leads to an elevated level of serum LZM,
complement 3 and 4 (C3 and C4), GPx, AKP, SOD, CAT, and SOD, as well as CAT activities in the liver.
The contents of MDA in the serum and liver were reduced though. According to Liu et al. (2013), 4.2%
dietary HFMM significantly improved swim bladder inflation (SBI), serum activities of SOD, GPx, and
CAT, alongside the serum activities of SOD, GPx, and CAT. While, adding 5% dietary HFMM could
significantly improve the activities of hepatic SOD, GPx, and CAT as well as LZM, C3, and C4. Generally,
adding 4.2-5.0% HFMM to M. piceus diets could enhance the antioxidative capability and non-specific
immunity in the fish (Liu et al. 2013).

Incongruent with the previous studies, findings of Li et al. (2019) revealed that increasing the amount
of HFMM in bullfrog diets could enhance the activity of serum LZM. However, a study done by Lin and
Mui (2017) showed that LZM activity in Asian sea bass (Lates calcarifer) was suppressed when the fish
was fed with a diet containing 300 g kg'' HFMM. In crustacean, antibacterial peptide (ABPs) extracts from
HFMM improve some immune-related indicators in L. vannamei. The maximum levels of phagocytic rate
and hepatic LZM were observed when ABPs extracts were given at 3 g kg!, while, higher serum activities
of PO, POD, AKP, LZM, and T-AOC were reported with 2 — 3 g kg'! ABPs extracts (Chen et al. 2010).
These differences might be due to the type of crude HFMM and extracts used in different studies. In this
context, further investigation is needed to clarify the controversial roles of LZM activity, and its metabolic
pathway in fish and crustacean models.

Heat shock protein 70 (HSP70) gene expression is another stress-inducing indicator which influenced
by dietary composition. HSP70 helps to translate proteins, facilitate cellular or organellar transport of

.
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proteins, and to maintain protein homeostasis in cell levels (Hemre et al. 2004; Cellura et al. 2006). Li et al.
(2019) revealed when R. catesbeiana fed with HFMM, the expression of HSP70 in the liver was enhanced.
Similar results were observed in C. carpio, when the fish were treated with silkworm pupae (SWP) meal (Ji
et al. 2015) and defatted BSF (Li et al. 2017). Again, the related study in this area is still very scared, more
research is needed in HSP70 gene regulation in aquatic species.

In terms of hematological enhancement, Ido et al. (2015) showed that adding low levels of HFMM
in red sea bream (Pagrus major) diets improved peritoneal leukocyte phagocytic activity. This activated
innate immune system protected the fish against Edwardsiella tarda - a prevalent pathogenic agent in
fish species. The authors attributed this effect to the AMPs which include defensin, cecropin, attacin, and
diptericin. Adding 2.5% of HFMM in the M. piceus diet resulted in high resistance against A. hydrophila as
well as enhanced growth and antioxidant capacity (Ming et al. 2013). Okore et al. (2016) also demonstrated
that the inclusion of dietary HFMM at a high level (e.g. 30 — 45%) enhanced the total count of WBCs
(increased to 3.8x10* mm?) of African catfish (C. gariepinus). The elevation of WBCs will lead to immunity
enhancement and disease resistance in fish and animals (Akinwande et al. 2004).

Innate (non-specific) immunity is an immediate response of the specific immunity. It has an essential
role in the immune system of teleost (Anderson 1992; Ibrahem et al. 2010). Phagocytosis, for example,
has been recognized as one of the most substantial aspects of innate immunity in the defense system of
the host against pathogenic invaders (MacArthur and Fletcher 1985). Wang et al. (2017) demonstrated that
dietary replacement of HFMM at 180 g kg! showed a positive effect in flesh quality (e.g. higher water-
holding capacity and instrumental texture) and health status of O. niloticus, however, a higher level of
HFMM inclusion (>180 g kg') could suppress the innate immunity of tilapia, causing significantly lower
physiological performances in terms of survival rate, specific growth rate, weight gain, and also higher
feed conversion rate (FCR). A report by Ido et al. (2015), demonstrated that the fork length, body weight,
FCR, peritoneal leukocyte and phagocytic activity of red sea bream (Pagrus major) were improved after 6
months of feeding with a low level of HFMM. A recent study by Alofa et al. (2020) also showed that 20%
of FM could be substituted by 25% of HFMM in the diet of Nile tilapia without posting any adverse effects
on the growth performance and FCR. Like BSF and YMW mentioned early, partial replacement of HFMM
could promote health status in many aquatic species. However, the complete substitution of FM by HFMM
resulted in detrimental effects in some species, for instance, full replacement of FM by HFMM caused a
decrease in macrophage phagocytosis in the head kidney of O. niloticus (Wang et al. 2017).

Silkworm (Bombyx mori) pupae

Literatures showed that silkworm pupae (SWP) have been used as target IMs for some aquatic organisms,
including African catfish (Kurbanov et al. 2015), chum salmon (Akiyama et al. 1984), Nile tilapia (Salem
et al. 2008), common carp (Xu et al. 2018), rainbow trout (Shakoori et al. 2016), snakeskin Gourami
(Jintasataporn et al. 2011) and Pacific white shrimp (Rahimnejad et al. 2019). Evidence showed that
polysaccharides such as silkrose or dipterose, extracted from silkworm possess immunostimulatory effects
that could improve the health status of mammals and aquatic species (Motte et al. 2019). Replacing SWP
(68 — 90%) in Jian carp (C. carpio) diets had shown a reduction in the concentrations of plasma high-
density lipoprotein cholesterol (HDLc), low-density lipoprotein cholesterol (LDLc), and TCHO in fish (Ji
et al. 2015). These biochemical properties are some important indices to the stress-inducing factors. Some
authors claimed the immunostimulatory effects of IM is partly attributed to chitin (Su et al. 2017; Li et
al. 2017; Magalhaes et al. 2017; Gasco et al. 2018; Henry et al. 2018), which is predominantly found in
silkworm as in the form of chitosan (Paulino et al. 2006). The decreased concentrations of plasma TCHO
and triglyceride (TG) in the plasma and liver of Jian carp presumably induced by chitin, and chitosan (Xia
et al. 2011; Sankian et al. 2018). Chitin and its derivatives play a modulatory role in lipid metabolism
through influencing the enterohepatic cycle of the bile acid, routine digestion, and absorption of lipids, as
well as the process of generating fatty acids in the liver (Koide 1998; Xia et al. 2011).

The dietary inclusion of hydrolysates defatted SWP extracts (25%: 50%; SWP: FM) showed an
enhancement of serum SOD and CAT activities in mirror carp (Cyprinus carpio var. specularis) (Xu et al.
2018). Similarly, hepatic SOD activity and MDA content in C. carpio fed with diets containing 25 — 50% B.
mori chrysalis oil showed significant improvement after the feeding trials (Chen et al. 2017). Free radicals
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induce oxidative stress that can cause damage to tissues and cells. As mentioned earlier, serum SOD and CAT,
as the main protecting factors against oxidative stress, these enzymes maintain the levels of superoxide anions
(O,’) and hydrogen peroxide (H,0,) inside the cells by enhancing oxidation resistance in fish (Xu et al. 2018).
MDA is the products of a lipoxidation process, it contributes to the maintenance of homeostatic functions
by acting as biological markers in oxidative stress, and tissue damage (Mateos et al. 2005; Surapaneni and
Venkataramana 2007, Ji et al. 2015; Zhou et al. 2017). However, a high concentration of SWP (> 75%) in the
diet replacement could cause adverse effects to oxidative stress, and subsequently, leads to lipid peroxidation
damage to the hepatopancreas, and cause shrinkage of hepatopancreatic cells (Ji et al. 2015).

In general, aspartate aminotransferase (AST) and alanine aminotransferase (ALT) has a direct
relationship to hepatopancreatic damage and necrosis (Chen et al. 2017). In several studies on fish models,
SWP inclusion in dietary supplementation could improve hepatic AST and ALT and non-specific immunity
of mirror carp. SWP also showed positive protective effects against the fish liver’s cells (Zhang et al.
2013). Substitution of FM with SWP level up to 50%, showed a significant increase in serum AST and ALT
activities, meanwhile reducing serum glutathione (GLU) content and hepatic SOD activity in C. carpio (Ji
et al. 2012; Zhang et al. 2013; Ji et al. 2015). With that, the authors concluded that replacing 50% FM with
defatted SWP in the diets could improve the overall health status and growth performance of C. carpio.

The spleen is a major filtration organ of blood-borne antigens, it also plays an important function in
immunopoiesis in the finfish immune system. Indeed, the spleen index (SI) has a direct indication of the
immunity of fish (Ren et al. 2001). Replace FM with more than 40g kg fermented SWP meal mixture in
mirror carp diets could significantly increase SI level (Zhou et al. 2017), and protection against disease
WSSV in crayfish (Procambarus clarkia) (Wei and Xu 2005). This finding agreed with a previous study
done on mice, which suggesting spleen weight increment after the mice were treated with SWP diets (Nan
et al. 2013). However, increase the replacement levels of SWP in the diet may result in a reduction of MDA
in mirror carp (Zhou et al. 2017).

In contrast to MDA, dietary FM replacement (up to 70%) with SWP in C. carpio diets resulted in the
up regulation of hepatic HSP70 gene. HSP70 is an important indicator of disease occurrence de facto. This
protein is often expressed at a very low level in a normal condition, high expression of HSP70 indicates the
organism is under stresses caused by various factors such as pesticides, heavy metals, desiccation, diseases
and parasites (Cellura et al. 2006; I[jaiya and Eko 2009; Jesus et al. 2013).

A study on innate immunity of sea cucumber, Apostichopus japonicus revealed that replacing dietary
FM with 5% of silkworm meal slightly reduced phagocytosis, but enhanced LZM activity, while serum
AKP did not show any significant difference among the treatment groups (Sun et al. 2014). Following the
stimulation of phagocytic amoebocytes and O, could generate other oxidants with a noticeable level of
antimicrobial and cytotoxic functions in the animals (Coteur et al. 2002). AKP is an important component of
the lysosomal enzyme. It significantly affects the lysis of phagocytized foreign matters in the coelomocytes,
and enhance A4. japonicus resistance against pathogens, immune status, as well as cytothesis (Li 2007;
Wang et al. 2009; Zhang et al. 2010).

Another study on innate immunity of finfish, Shakoori et al. (2015) demonstrated that WBCs were
noticeably high in O. mykiss when treated with dietary supplementation of SWP. As the level of WBCs
increases, it would enhance the immune response towards the pathogens (Shakoori et al. 2015). In contrast,
the lowering of RBCs and HB indicate signs of anemia (Ijaiya and Eko 2009). According to Zhang et al.
(2019), peptidoglycan recognition proteins (PGRPs) in insects corresponding with the peptidoglycan (PGN)
in bacterial cell walls. PGRPs participate in immune modulation as well as the pathogen clearance process.
The authors also found that the presence of transmembrane protein, BmPGRP-S5 in B. mori larval hemocytes
exhibited some activities of phagocytosis towards E. coli and Bacillus megaterium. Generally, SWP shows
some promising results in immunity and oxidative stress enhancement, primarily due to the presence of AMPs
as well as chitin, which both stimulating the effect on macrophage activity (Taufek et al. 2016b; Li et al. 2019).

Other insects
Apart from the four main insect species discussed here, there is also a growing trend of research focusing

on the replacement of FM with a variety of IMs in aquaculture feeds. Various studies have been done on
other species as well (Table 1).
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As shown in Table 1, only a limited study emphasizing the effects of IM diets on the immune-related
responses or oxidative indices of fish (Reeta et al. 2010; Zhao et al. 2011; Taufek et al. 2016a; 2016b; Taufek
et al. 2018a; 2018b). As we discussed earlier, the stress level in mammals and fish is closely associated with
hematocrit percentage of packed cell volume (PCV), TLC, and HB (Ido et al. 2015; Nurin et al. 2018).
Reeta et al. (2010) showed some hematological markers in the immunity of C. batrachus including HB%,
PCV%, TLC, and complete blood count (CBC). This indicated that the dietary inclusion of grasshopper
(P. pictus) could enhance the immune system and protection against pathogens. Similarly, cricket meal
(CM) supplemented diets enhanced immunity and antioxidant in the African catfish. However, with high
dietary inclusion of CM, it could lower down the oxidative activity as well as WBC counts (Taufek et al.
2016b). Despite CM lowering oxidative activity and WBC counts, fish fed with 100% CM replacement diet
showed higher activity of GST without posting any negative effect on the growth parameters (Taufek et al.
2016b). GST plays a major role in detoxifying products of oxidative stress to some easily dischargeable
products, via catalyzing the conjugation of some metabolites and products of lipoperoxidation. In the same
study, the authors also demonstrated that CM could improve the immune response and protection against
A. hydrophila. The author ascribed the immunostimulatory effect of CM is possibly due to the presence of
antimicrobial activity of chitin, but not AMPs (Taufek et al. 2016b).

Conclusions

Various insect species have been explored as alternative feeds for cattle, poultry, swine, and fishes for the
past two decades. The trend is growing primarily due to substantial protein demand, and other nutritional
contents e.g. EFA and functional peptides. In this review, we have carried out comprehensive coverage by
highlighting the potential of IM as immunostimulatory agents, and health promoters in aquaculture. IM
was found effectively improving the immunological status of aquatic animals, including humoral immune
responses, immunocompetence, resistance against pathogens, immune genes expression, and antioxidant
responses.

Based on the literature, high dietary inclusion of IM in aquafeeds may lead to immunosuppression,
for example, phagocytic activity reduction. Therefore, complete FM replacement with IM in aquafeeds is
remaining controversial. However, we suggest that partial replacement of FM with IM could offer a superior
way to reduce the heavy dependence of FM in aquafeed manufacturing. On top of that, important substances
e.g. AMPs and chitin in IM could serve as functional ingredients, in which the immune-stimulating and
antioxidant properties could be fully explored to enhance the overall health status of the cultured species.
Moreover, the immune-stimulating and antioxidant properties of AMPs in the insects could offer a natural
alternative to synthetic drugs and antibiotics in aquaculture. In the effort of natural alternative exploitation,
more works of genetic-based study on screening and extracting AMPs genes in IM is required to understand
the roles of AMPs, and their effects on fish physiological and immunological indices. Field trial and in vivo
assessments are needed to verify the effectiveness of IM in disease suppression and management.

Future considerations and remarks

IM is an emerging protein source for various animal production industries. The potential of IM could

not be underestimated. However, the understanding of physiological and immunomodulatory effects in

aquaculture is still limited. Thus, it is important to explore IM from different biological aspects. Here, we
summarized a few proposed areas for future studies:

(i) Optimize the insect’s nutritional values through standard feeding regimes;

(i1) Explore the variety of insects that potentially can be used in aquafeed development;

(ii1) Understand the roles of chitin in immune induction and suppression. Further investigations are required
on the digestibility, toxicity, and nutritional contents of chitin, this will help to clarify the mechanism
of immunomodulation;

(iv) Investigate the adaptive immune response of subsequent generations, e.g. cultured species gaining
beneficial effects via IM administration may able to pass down genetic materials to their offspring,
which could then enhance overall immunity at the later stages;

(v) Optimize the production of insect mills; more research is needed to enhance the productivity of IMs to
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meet the market demands and to increase the cost-efficiency;

(vi) Study the possibility of disease transmission e.g. pathogenic bacteria, viruses, parasites, and fungus,
from unhealthy insects that used for aquafeed production. In other words, biosecurity of IM as a feed
ingredient should be strictly monitored,

(vii) Understand the mechanisms of action in AMPs, chitin and functional peptides on the immune stimulation
through advanced technologies e.g. gene expression studies, agglutination assays, complement fixation,
enzyme immunoassays, precipitation tests, Western blot tests, etc.;

(viii) Improve the downstream processing of IM through low-temperature drying, de-fattening, and
ensilaging.
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