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General introduction 

1.1. Potential alternative protein sources in aquafeeds 

Aquaculture plays a significant role in providing aquatic food production and nutrition security 
for the world population (Edwards et al., 2019; FAO, 2020b). The contribution of aquaculture to 
global seafood production was 48% in 2018 and is expected to reach 53% by 2030, outpacing that 
of capture fisheries (FAO, 2020b). The past twenty years have witnessed a substantial expansion of 
aquaculture industry regarding live weight production and cultured species diversity. Aquaculture 
production was recorded at 36 million metric tons (MT) in 1997, encompassing approximately 
300 cultivated species. By 2017, the output has climbed to 112 million MT, diversifying to around 
425 species (Naylor et al., 2021). Aquaculture has become the fastest expansion in the food-
producing sectors and is expected to play a central role in the global fish supply budget (Bene et 
al., 2015; FAO, 2020b; Kobayashi et al., 2015). Aquatic plants, algae, and molluscs were the most 
dominant contributors, accounting for almost 44% of overall aquaculture production in 2017, 
followed by freshwater fish (40%) (Naylor et al., 2021). The sector's fast growth by 2030 will 
be fuelled mainly by a steady increase in tilapia and shrimp production, as well as salmon, carp, 
catfish, and other freshwater species (Kobayashi et al., 2015). 

Farming of these key species required significant inputs of compound feeds. In 2018, the vast 
majority of aquaculture species were fed-specie, accounting for around 70% of the total; the 
remainder were non-fed species (FAO, 2020b). Among aquaculture species, salmon requires 
100% of fed inputs, whereas more than half of carp, tilapia catfish production was supplemented 
with compound feeds (Naylor et al., 2021). Fed aquaculture has transitioned from the reliance 
on by-products from agriculture for extensive and semi-intensive pond-based farming to pelleted 
feed for intensive techniques (Fry et al., 2016; Henriksson et al., 2021). In response to the rapid 
growth of aquaculture, aquafeed production increased more than 100% between 2000-2008, 
reaching 51.23 million MT in 2017, and an additional 21 million MT are expected to add to the 
current volume by 2025 (Tacon, 2020). The combination of various components, including marine 
sources, terrestrial crop products, animal by-products, and micronutrients, are commonly used in 
aquafeeds (Fry etal., 2016; Henriksson etal., 2021). Fishmeal derived from pelagic forage fish has 
been typically used in aquafeeds as an ideal protein source to satisfy nutrient requirements and 
palatability of farmed fish (Cottrell et al., 2020). It was estimated that a total of roughly 13 million 
MT of wild fish was used to obtain fishmeal and fish oil in aquafeed, and approximately 3 million 
MT of fishmeal was included to feed aquaculture species in 2017 (Naylor et al., 2021). Since 2000 
aquaculture has become a primary user of the global fishmeal budget, exceeding that destined 
for other animal-producing industries; salmon, marine fish, and shrimp are the leading consumers 
of fishmeal (Froehlich et al., 2018a; Jannathulla etal . , 2019). 

Since the 2000s, the rising demand for fishmeal for animal feed, in conjunction with a static 
supply of capture fisheries production, has resulted in a continuous surge in fishmeal prices on 
the global market (Naylor et al., 2021). In 2020, the price of fishmeal was about 1500 US dollars 
per MT, having more than quadrupled since the early 2000s and outpricing other terrestrial plant 
ingredients (IndexMundi, 2022). Approximately 90% of the worldwide marine fish resources have 
been fully exploited, and the maximum stock boundary will be reached in the following decades 
(El Abbadi et al., 2022; Froehlich et al., 2018a). Furthermore, using bycatch fish as feed may harm 
the marine ecosystem and biodiversity (Zhang et al., 2020). The development of aquaculture 
business to fulfil global seafood demand, accompanying greater aquafeed inputs, necessitates 
prudent management of marine protein sources to achieve long-term sustainability (Naylor et al., 
2000; Naylor et al., 2009). Aquaculture has been considered to significantly contribute to global 
food security by 2050 if reducing reliance on fishmeal and fish oil (Bene et al., 2015). Over the 
last two decades, feed formulation for aquaculture has effectively reduced the inclusion levels of 
these finite marine proteins, as illustrated by a continuous decrease in dietary fishmeal and fish oil 
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(Tacon et al., 2011; Tacon and Metian, 2008). Currently, the incorporation of fishmeal derived from 
the wild is less than 10% in the diet for aquaculture species (except for eel, with a current level of 
25%), and that off ish oil is less than 6%. Notably, wild-originated fish oil is no longer included in 
carp, catfish, and tilapia diets (Naylor et al., 2021). 

In order to satisfy the protein and lipid gap at the expense of marine sources in aquafeeds, 
alternative ingredients originating from terrestrial agriculture products have been increasingly 
used (Froehlich et al., 2018b; Tacon et al., 2011; Troell et al., 2014). Approximately 30 million 
MT of plant ingredients are currently used in aquafeeds, mostly soybean, rapeseed, maize, 
and wheat; by 2050, this figure might rise to nearly 91 million MT (Troell et al., 2014). These 
terrestrial ingredients have become the prevalent components in aquafeed more than other 
analogues (Tacon et al., 2011). Although such transition significantly lifts aquaculture from large 
dependence on marine fisheries resources (Liland et al., 2013) and boosts resilience to the 
global food system (Troell et al., 2014), the widespread use of plant ingredients may have 
consequences associated with the physiology of fed animals and environments. Plant-based 
diets have been shown to impair production performance and health status, as well as alter 
intestine morphology and gut microbiota of fed aquatic animals (Colombo, 2020). High dietary 
plant feedstuff in aquafeeds also generates significant fecal losses (Naylor et al., 2009) and has 
an indirect impact on environmental and human health by altering the nutritional properties of 
fish food (Fry et al., 2016). Furthermore, the environmental consequences of employing plant 
ingredients in aquafeeds, such as ecotoxicity, pressures on natural resources, and biodiversity, 
should be considered (Foley et al., 2011). 

Crop by-products and food-graded materials (e.g., wheat by-products, distillers' grains, peanut 
cake) contributed significantly to aquaculture feed input, in addition to plant feedstuff (Troell et 
al., 2014). Rendered animal products (e.g., meat and bone meal, poultry by-products, and blood 
meal) have also piqued the aquafeed industry's interest in filling the protein shortfall (Hua et 
al., 2019; Tacon et al., 2011). Consumer acceptance and EU legislation, on the other hand, may 
constrain their wide adoption in aquafeeds (Woodgate et al., 2022). Trimmings from fisheries 
and aquaculture are increasingly being used in aquafeeds (Olsen et al., 2014; Stevens et al., 
2018), thus reducing wild fisheries demand (Froehlich et al., 2018a). In 2017, over 8 million MT 
of trimming products were used in aquafeeds, with marine fish, salmon, and shrimp being the 
prevalent destinations (Naylor et al., 2021). The estimated share of these by-products to global 
fishmeal and fish oil was 25-30% in 2018 (FAO, 2020b). Recycling these side-stream materials 
into aquafeed has significantly contributed to the resilience of the global food system (Fraga-
Corral et al., 2022; Kusumowardani and Tjahjono, 2020). 

The high demand for aquafeeds, as well as the need for more environmentally sustainable 
performance of aquaculture in coming decades, have pushed the sector to investigate more 
potential materials to sustain the long-term growth of the aquatic food system (Bene et al., 2015; 
Cottrell et al., 2020; Tacon, 2019). Diversifying ingredient options may also help maintain the 
economic viability and flexibility of aquafeeds when the price of any commodity fluctuates (Hua 
et al., 2019; Troell et al., 2014). On the other hand, the single option is unlikely to be adequate 
to fill the protein deficit of aquafeed and satisfy the nutritional requirement of fed organisms; 
complementarity among innovative resources will offer more robust solutions (Estevez et al., 
2022; Ren et al., 2018; Turchini et al., 2019). Many ingredients have recently been proposed in 
the aquafeed shortlist, including insect meals, single-cell protein, macroalgae, food waste, among 
others; and it has been suggested that insect meals are preferable to others in supplying protein 
sources for future aquafeed (Cottrell et al., 2020; Gasco et al., 2020a; Hua et al., 2019). 
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General introduction 

1.2. Insect meals as potential alternatives to fishmeal in aquafeed 

Insect meals are superior in terms of nutritional composition and environmental performance. 
They contain good nutritional properties with high macronutrient content, such as protein and 
lipid (Makkar et al., 2014; Nogales Merida et al., 2019). Notably insect meals of black soldier fly 
(Hemetia illucens) contain a high concentration of lauric acids (CI2:0) - a saturated fatty acid 
with anti-microbial properties (Gasco et al., 2018; Gasco et al., 2021). In contrast, insect meals 
have a limited quantity of lysine and methionine and some minerals, such as calcium, which must 
be supplemented when incorporated into the diet of fish (Makkar et al., 2014). Furthermore, 
insect meals contain non-protein nitrogen, chitin, which modulates gut microbiota diversity and 
enhances the immunological response of fed organisms (Henry et al., 2018; Huyben et al., 2019). 
Regarding environmental concerns, the production of H. illucens requires less water and land 
input than plant ingredients of soy, pea, and whey concentrate (Smetana et al., 2019). When 
included in the diet for Icelandic Arctic char, H. illucens significantly reduced environmental 
impacts associated with acidification, eutrophication, carbon footprint (Smarason et al., 2017), 
and fecal phosphorus load (Weththasinghe et al., 2021). The use of insect meals in aquafeeds 
has an additional environmental advantage, as demonstrated by the fish in fish out ratio. Dietary 
insect meals significantly reduced this indicator in Siberian sturgeon (Acipenser boerii) farming 
(Rawski et al., 2020), implying that fewer marine wild fish was used to produce farmed fish. In 
consideration with circular economy principle, bioconversion of waste into insect meal biomass, 
subsequently used as feed ingredient could be a powerful approach to manage the waste and 
ensure sustainable food production (Fowles and Nansen, 2020; Gasco et al., 2020b). In contrast, 
the use of insect meals of Tenebrio molitor and H. illucens has been shown to increase nitrogen 
waste outputs and impart higher burdens on environmental indicators (Le Feon et al., 2019; 
Weththasinghe et al., 2021). 

Among a wide range of insect meals, H. illucens, T. milotor, and common house fly (Musca 
domestica) have received great attention from academia and private producers (Hua, 2021; 
Mastoraki et al., 2020). In general, insect meal can be included at as high as 25-30% in diets 
without compromising the growth performance of the fed organisms (Liland et al., 2021). This 
inclusion level, on the other hand, is insect species-specific (Hua, 2021). A recent review on using 
insect meal in animal, particularly aquatic animals, diets (Gasco et al., 2019) demonstrated that 
dietary insect meal significantly affects nutrient digestibility, which is attributed to the presence of 
chitin in insect meal. The meat quality of insect-fed organisms was significantly altered, particularly 
omega-3 content was decreased in insect-containing diets. According to this investigation, fish 
fed insect meal exhibited negligible or no change in sensory characteristics. The gut microbiota 
investigation is received interest from academia for aquatic animals fed dietary insect meal. 
Research has shown that dietary insect meals significantly enhance microbiota diversity and 
abundance (Foysal and Gupta, 2022; Huyben etal., 2019; Jozefiak et al., 2019). Many inefficiencies 
associated with nutritional aspects of insect meals, such as imbalanced amino acids, a lack of 
essential fatty acids, and the presence of an excessive amount of chitin, have been identified to 
impede their extensive inclusion in feed formulas (Liland et al., 2021), processing (defatting) and 
manipulating feeding substrates could be practical approaches to enhance nutrient availability 
of insect meals for aquatic animals (Basto et al., 2020; St-Hilaire et al., 2007). The economic 
aspect is another bottleneck that challenges the expansion of insect meal in fish diets. Arru et 
al. (2019) reported that incorporating insect meal ( I molitor) in the diet for European seabass 
increased the feed costs due to outprice of insect meal relative to fishmeal. A similar finding was 
reported for Siberian sturgeon fed dietary H. illucens (Rawski et al., 2020). On the other hand, 
considering insect meals in conjunction with resultant environmental advantages and fish health 
improvement could further promote their role in aquafeeds (Arru et al., 2019; Rawski et al., 2020). 
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Overall, while evidence from the literature supports the validity of fishmeal substitution with 
insect meal is valid, broader aspects remain under further scrutiny, particularly encompassing more 
fish species, insect species, and their derivates, as well as insights on nutrient complementarity 
among insect meals and other feed ingredients. The emphasis should also be laid on emergent 
traits, such as environmental benefits, meat traits, and effective microbiota modulations, among 
others, of aquaculture species fed dietary insect meals. 

1.3. Aquaculture and nutrition of Eurasian perch (Perca fluviatilis) and pikeperch 
(Sander lucioperca) 

Percid fish species, notably Eurasian or European perch (Perca fluviatilis) and pikeperch (Sander 
lucioperca), have the potential for aquaculture production in Europe in terms of delivering 
nutritious food items and market development (Policar et al., 2019). The production of perch 
and pikeperch, from wild capture and aquaculture, was estimated to be around 59 thousand MT 
in 2020, with the former accounting for more than 94%, and only a minor fraction was derived 
from farming (approximately 4 thousand MT) (FAO, 2020a). While the capture fisheries of perch 
and pikeperch have remained static since the 1990s (FAO, 2020a), farmed output has significantly 
increased (Fig. 1). Farmed-based pikeperch was documented at 50 MT in 1950, while the first 
data on Eurasian perch aquaculture was reported in 1993 in the Czech Republic with 12 MT. The 
output of both percid fishes has dramatically increased during the 2000s, and in 2020, pikeperch 
had reached 3074 MT, significantly above that of Eurasian perch (953 MT) (Fig. 1). Regarding 
production distribution, percid farming is mainly undertaken in Eurasian nations, but has expanded 
to African countries, such as Algeria and Tunisia, which contributed more than 200 MT pikeperch in 
2020. Switzerland and Russia are the major producers, accounting for about 90% of total Eurasian 
perch yields, while Kazakhstan and Uzbekistan contribute more than 50% of world pikeperch 
outputs (Fig. 1). 

Percid aquaculture is expected to pique the attention of a wide range of stakeholders and 
many farms will be established in Europe in the near future. Many challenges have been identified 
as needing to be addressed by the sector to assure future success, including feed for all stages 
of farmed fish, investments, reproduction programs, and marketplaces, among others (Overton 
et al., 2015). Feed is an important factor driving the success and benefit of any aquaculture 
practices. It is well adopted that feed costs account for 70-80% of the overall production cost for 
carnivorous fish in the recirculated aquaculture system (RAS) (Asiri and Chu, 2020; Hoerterer et 
al., 2022). The vast majority of perch and pikeperch production comes from RAS, using compound 
feeds (Bochert, 2020; European Commission, 2021; Hough, 2022; Wang et al., 2009). Despite the 
availability of commercial compound feeds developed for percid fish (such as Aller Aqua, Biomar, 
Le Gouessant Aquaculture), salmonid- and sturgeon-dedicated feeds are still extensively used in 
percid aquaculture (Bochert, 2020; Krol et al., 2021; Schafberg et al., 2018). 
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General introduction 

Figure 7. Aquaculture production of Eurasian perch (Perca fluviatilis) and pikeperch (Sander lucioperca) 
in 2020. Global distribution (a) and production over time series (b). The size of the symbols denotes 
production (MT). Data retrieved from FAO (2020a). 

Studies on the nutrient requirement of percid fish remain scarce all throughout the world. 
As elicited in Table 1, carnivorous fishes of perch and pikeperch require a high level of dietary 
nutrients. Dietary protein required by Eurasian perch and pikeperch varied from 47 -57% and 
43-55%, respectively, and is life-stage-dependent. Dietary lipid requirement for both fish 
species was reported to be as high as 17-19.3%; however, a low amount of lipid of 10% 
was also confirmed for pikeperch juvenile (Table 1). Kestemont et al. (2001) reported that 
dietary lipid of 12% also supports the growth performance of Eurasian perch. The prior study, 
investigating the effect of different commercial feeds on growth production and meat quality 
of Eurasian perch, found that Eurasian perch growth favours dietary protein levels greater 
than 50% (Bochert, 2020). 

A recent review suggested that amino acid requirements are comparable between perch 
and pikeperch as they have close amino acid profiles in the whole body (Geay and Kestemont, 
2015). Until recently, research on the amino acid requirement for perch and pikeperch has been 
universally limited. Langeland et al. (2014) suggested that Eurasian perch fed dietary lysine of 
1.83-2.43% dry matter resulted in better growth performance. Authors also predicted dietary 
essential amino acid requirements of this fish species, which provides a groundwork for future 
percid feed formulation. Given the scarce data on these key nutrients for percids, Geay and 
Kestemont (2015) reported that Eurasian perch and rainbow trout had relatively similar dietary 
requirements for leucine, threonine, and valine. Therefore, to achieve precise and suitable feed 
for percid fish, additional investigation into comprehensive nutritional requirements for these 
species is required. Meanwhile, the available information from literature specific to other 
percid relatives could provide valuable references. 

The investigation of carbohydrate requirement of percid fish is poorly reported, with the 
exception of a recent study encompassing pikeperch. Accordingly, the plausible levels of 
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carbohydrate ranged from 15 to 20% (Nyina-wamwiza et al., 2005). The study on carnivorous 
fish, Atlantic salmon (Salmo salar), revealed that 5-22% dietary starch supported growth 
performance; exceeding this range caused a detrimental effect (Hemre et al., 1993). 
Carbohydrates can promote the growth performance of carnivorous fish by avoiding amino 
acids from oxidative pathways (Hemre et al., 2002). 

Table 1. Nutrient requirements (% as fed) of Eurasian perch (Perca fluviatilis) and pikeperch (Sander lucioperca). 

Nutrient requirements* 
Common name Body weight (g) References 

Protein Lipid CHO 

Eurasian perch 2.9 43.6-56.5 Fiogbe et al., 1996 

35 46.6 16.3 Mathis e ta l . , 2003 

22.7 12 Kestemont et al., 2001 

34.2 19.3 Xu e ta l . , 2001 

Pikeperch 1.05 54.9 10 Schulz et al., 2007 

1.35-1.4 47 17 Schulz et al., 2008 

54 17 

51.1 43 10 Nyina-wamwiza et al., 2005 

16 

50 

15-20 

210 10 Zakes et al., 2004 

22.1 Molnär et al., 2006 

*The nutrient levels to which better growth performance offish was reported; CHO: carbohydrate. 

Mineral and vitamin requirements for percid fish are lacking in the literature. For many fish 
species, the study on micromineral availability received limited attention compared to macro
elements (Watanabe et al., 1997). In general, micro-and macro-minerals in the whole body 
and tissues of various fish species did not differ substantially (Antony Jesu Prabhu et al., 
2016). Recently, the mineral requirement of some aquatic animal species has been defined 
(Davis and Gatlin, 1996; NRC, 2011). On the other hand, data for some fish species could 
be predicted through methods described earlier (Antony Jesu Prabhu et al., 2016; Schwarz, 
1995; Shearer, 1995). It is worth noting that waterborne minerals occurred in many aquatic 
animals may change their dietary requirement (Antony Jesu Prabhu et al., 2016). A recent 
study indicated that dietary vitamin C and E supplementation enhanced growth performance 
and semen quality of yellow perch (Perca flavescens), a species belonging to the Perca genus 
(Lee and Dabrowski, 2004). However, the optimum level of vitamins in percid fish is missing 
from the literature. Therefore, more emphasis remained on a further investigation concerning 
minerals and vitamins requirements. 

Above all, the nutrition study on percid fish in general, particularly perch and pikeperch, has 
been left a gap in academia. The future progress in this area will be essential groundwork to 
develop suitable feed formulation to support the emergence of Eurasian percid aquaculture. 
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General introduction 

1.4. Alternative protein sources for Eurasian perch (Perca fluviatilis) and pikeperch 
(Sander lucioperca) and suitability of insect meals 

Since commercial feed targeted to percid fishes has been recently developed in response to 
the global rise of percid aquaculture. Exploring a broader spectrum of aquafeed ingredients 
may safeguard the aquaculture industry's sustainable growth, and preserve flexibility and cost-
effect in feed formulation (Naylor et al., 2009). While lipid replacement in perch and pikeperch 
diets has been thoroughly studied and described previously (Geay and Kestemont, 2015), the 
interest in alternative ingredients for fishmeal has received limited attention. Langeland et al. 
(2016) evaluated the nutrient digestibility of different protein-rich ingredients, including yeast 
(Saccharomyces cerevisiae), extracted yeast (S. cerevisiae), micro-fungus (Rhizopus oryzae), 
and mussel meal (Mytilus edulis) for use in Eurasian perch diets. The study demonstrated that 
all tested ingredients are efficiently digested by perch and that no significant difference in 
nutrient digestibility values was found across ingredients. Since nutritional composit ion and 
apparent digestibility of ingredients are essential evaluation before incorporating any ingredient 
into aquatic animal diets (Glencross et al., 2007), this study established framework for further 
feed formulation of Eurasian perch using novel ingredients. Recent study revealed possibility 
of substituting fishmeal and fish oil by innovative mix of algae-yeast in diets for pikeperch 
regarding feed palatability, growth performance, fish health and meat traits (Schafberg et al., 
2018, 2021). In details, the mixture of microorganism, including cyanobacterium (Arthrospira 
sp.), algae (Crypthecodinium cohnii) and yeast (Rhodotorula glutinis), was used at the expense 
of fishmeal and fish oil in diets. It was concluded that these novel ingredients in the mixture 
was not favourable for pikeperch, which is ascribed to limited capacity of pikeperch to digest cell 
wall in these ingredients. The authors suggested the further optimization of feed composition 
for pikeperch is warranted. Recently, many novel feed ingredients, including fish by-products, 
insect meals, animal processed protein, sing-cell protein, among others, have been proposed in 
the aquafeed shortlist to sustain high-pace aquaculture growth (Cottrell et al., 2020; Hua et al., 
2019; Naylor et al., 2009). Optimizing feed formulation for percid fishes based on alternative 
protein sources is essential for the future success of emerging-potential perch and pikeperch 
aquaculture. 

Prior works speculated the suitability of insect meals in diets for many fish species, attributing 
it to the natural feeding behaviour offish foraging on aquatic insects (Henry et al., 2015; Nogales 
Merida et al., 2019). Some aquatic invertebrates, especially insects, are found to be prevalent 
in the digestive tracts of pikeperch and perch in their natural habitats. These dominant insects 
belong to the orders Chironomidae, Ephemeroptera, and Trichoptera (Akin et al., 2011; Vasek 
et al., 2018). However, the shifting diets from aquatic to terrestrial insect feed components 
may confront issues connected with the acceptance of percid fish species, due to nutritional 
deficiency, such as the relatively lower essential fatty acids in the latter than in the former 
ones (Fontaneto et al., 2011). Therefore, an in vivo feeding trial is necessary to investigate the 
physiological response of percid fish to the incorporation of terrestrial insect meals. The evidence 
from a recent study revealed that although having no adverse effect on survival rate, a dietary 
mixture of insect meals, including cricket (Acheta domestica) and superworm (Zophobas moria), 
compromised growth performance and feed efficiency of Eurasian perch juvenile (Tilami et al., 
2020). These authors attributed this inefficiency to several factors, including the unpalatability 
of an insect-containing diet, and the presence of non-favourable components, oxidized fat, and 
chitin. That study also highlighted that dietary insect meals did not alter the fatty acid profile 
of fish fillets, with the exception of n-3 highly polyunsaturated fatty acids and linoleic acid 
(C18:2n-6), where insect-containing diet caused depletion of the former but elevation of the 
latter one compared to insect-free diet. It was further suggested that different combination of 
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insects should be warranted. This preliminary investigation underpinned important information 
on the use of insect as feed for percid fish, with emphasis placed not only on nutritional 
characteristics but also on palatability and anti-nutrient components. 

1.5. The objectives of the thesis 

The present thesis aims to provide a multidisciplinary investigation of the effect of 
insect meals on the physiological responses of Eurasian perch (P. fluviatilis) and pikeperch 
(S. lucioperca). In detail, the investigation included: 

1. Overview of the environmental consequence and production performance of aquaculture 
fish fed dietary insect meals. 

2. Effect of dietary black soldier fly (Hermetia illucens) and yellow mealworm (Tenebrio 
molitor) on growth performance, feed util ization, fillet quality of Eurasian perch. 

3. Gut microbiota, histomorphology, and antioxidant biomarkers of pikeperch fed dietary 
black soldier fly (H. illucens). 

4. Swimming capacity and physiological responses of Eurasian perch (P. fluviatilis) fed 
dietary yellow mealworm ( I molitor). 

5. An insight into the proportional contribution of feed ingredients to muscle construction 
of Eurasian perch (P. fluviatilis) with and without the inclusion of dietary yellow mealworm 
(T. molitor). 
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Abstract 
The present work employed a systemat ic rev iew and meta-analysis to quant i fy the 

overal l e f fec ts of var ious types of insect meal on special g rowth rate (SGR), feed con 

vers ion ratio (FCR) and protein e f f ic iency ratio (PER) of aquat ic animals. A total of 

107 studies publ ished f rom 1990 to 2 0 2 1 , target ing 23 f reshwater and 17 marine 

f ish species, employ ing 17 insect species as a replacement for f ishmeal , was c o m 

pi led. Overa l l , a s igni f icant ly higher Hedges ' g value for S G R and lower F C R was found 

in aquat ic animals fed d ie tary larval defat ted mea lworm Tenebrio molitor and pupal 

full-fat s i l kworm Bombyx mori compared w i th f ishmeal diet. The majori ty of d ietary 

insect meals had a negative l inear corre lat ion w i th Hedges ' g of g rowth per formance, 

except larval f ly Chrysomya megacephala, wh ich had a posi t ive l inear relat ionship, and 

of prepupal defat ted black sold ier f ly Hermetia Hlucens, wh ich had a negat ive quadrat ic 

relat ionship. Some insect meals, including G. bimaculatus, adult grasshoppers of Oxya 

fuscovittata and Zonocerus variegatus and larval full-fat Cirina butyrospermi, suppor ted 

adequate growth of aquat ic animals at plausible inclusion levels. A t as low as 2.2%, 

insect-der ived chit in suppor ted growth per formance and improved feed uti l izat ion 

of marine f ish species. In the quest to minimize f ishmeal in aquafeeds, insect meal 

holds enormous potent ial but is not the sole op t ion ; rather, integrat ing insect meal and 

nove l /convent iona l materials is more strategic. The present s tudy lays the ground

work for fu r ther mult id iscipl inary considerat ions for the ef fect ive use of insect meal 

as an alternat ive aquafeed protein w i th the goal of long-term sustainabil i ty. 

K E Y W O R D S 
ch i t in , g r o w t h p e r f o r m a n c e , insec t mea l , meta -ana lys is , susta inab i l i ty , sys temat i c r ev i ew 

1 | INTRODUCTION 

Blue f o o d s , c o m m o n l y k n o w n as aquat ic f o o d s de r i ved f r o m ma

r i ne / f r eshwa te r c a p t u r e or aquacu l t u re , 1 have p layed a s ign i f icant 

ro le in h u m a n c o n s u m p t i o n . In 2 0 1 8 , o f 178 mi l l ion t onnes of b lue 

f o o d s , app rox ima te l y 9 0 % w e r e d e s t i n e d fo r humans , the rema in 

ing 1 0 % w a s a l l oca ted for n o n - f o o d app l i ca t ions , ma in ly r educed 

f i shmea l and f ish o i l . 2 R is ing popu la t i on , w e a l t h d e v e l o p m e n t and 

pesca ta r ian -sh i f t ed behav iou rs wi l l d r i ve inc reas ing g lobal b lue f o o d 

d e m a n d in t he f o l l o w i n g d e c a d e s . 2 T h e top f ish c o n s u m i n g nat ions ' 

Rev Aquae. 2022;14:1637-1655. 

(e.g. C h i n a , India) d e m a n d wi l l near ly d o u b l e f r o m 8 0 . 7 mi l l ion t onnes 

to 1 5 4 . 6 mi l l ion t o n n e s b e t w e e n 2 0 1 5 and 2 0 5 0 . 1 G i v e n that c a p 

tu re f i sher ies , if app l y i ng techno log i ca l and inst i tu t ional i nnova t ions , 

might ach ieve m a x i m u m p r o d u c t i o n of 57.4 mi l l ion t onnes by 2 0 5 0 

(a 16% inc rease f r om the cu r ren t level ) , 3 t he g r o w i n g d e m a n d fo r 

global f i sh f o o d s wi l l be main ly met by aquacu l t u re p r o d u c t i o n . 4 

A q u a c u l t u r e has been the fas tes t -g row ing f o o d - p r o d u c i n g sector , 

w i t h an average annual g r o w t h rate of 5 . 3% in t he pe r iod 2 0 0 1 - 2 0 1 8 , 

the s e c t o r con t r i bu ted app rox ima te l y 4 6 % in 2 0 1 8 and wi l l r ise to 

5 0 % by 2 0 3 0 to t he g loba l b lue f o o d s b u d g e t . 2 W i t h i n aquacu l tu re , 

2022 John Wiley & Sons Australia, Ltd | 1637 wileyonlinelibrary.com/journal/raq 
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f ed aquacu l tu re , w h i c h p rov ided f a r m e d o rgan isms w i t h f o rmu la ted 

feeds o r w i t h p r o c e s s e d / n o n - p r o c e s s e d f i sh , has s ign i f i cant ly c o n 

t r i bu ted to annua l aquacu l tu re p r o d u c t i o n in 2 0 1 8 (69.5%) and out

p e r f o r m e d non - fed aquacu l tu re (cont r ibu ted 30 .5%) . 2 A q u a f e e d s for 

fed aquacu l tu re have t rad i t iona l ly re l ied o n mar ine resources and , 

nowadays , increas ing ly o n ter rest r ia l c rop i n g r e d i e n t s . 5 7 T h e c o n 

t i nuous g r o w t h of aquacu l tu re , as d r i ven by the r ise in b lue f o o d 

d e m a n d , wi l l a ccomp l i sh the r is ing d e m a n d fo r a q u a f e e d supply . 

T a c o n 8 es t ima ted that tota l a q u a f e e d p r o d u c t i o n used in 2 0 1 7 was 

5 1 . 2 3 mi l l ion t onnes and w o u l d reach app rox ima te l y 73 .15 mi l l ion 

t onnes in 2 0 2 5 , imp ly ing that a fi l l o f 2 2 mi l l ion t onnes wi l l be re

qu i red to s u p p o r t t he g lobal g r o w t h of aquacu l tu re by 2 0 2 5 . 

G i v e n that forage f ish f r om mar ine resources wi l l reach the i r e c o 

logical s tock b o u n d a r y by 2 0 3 7 , 9 fu r ther use of th is f in i te resource in 

aquacu l tu re is not long- term s u s t a i n a b l e , 1 0 and that in tens i f icat ion of 

terrestr ia l c rop p roduc t i on for aqua feed inputs cou ld raise concerns 

about env i ronmenta l burdens , such as arab le land use, wa te r use, de 

f o r e s t a t i o n , 1 1 1 2 search ing for a l ternat ive ingred ients for fu tu re aqua

cu l ture g row th is a pr ior i ty to ensure con t i nuous g row th of the sector . 

A m o n g a b road range of novel ingred ients d e v e l o p e d for fu tu re aqua

f eed inputs , insect meals exh ib i t the great feasib i l i ty of mee t ing the 

prote in requ i rements for aqua feeds in the c o m i n g d e c a d e s . 6 1 3 1 4 

Insect meals possess advan tageous proper t ies , such as favourab le 

nutr i t ional compos i t i on (mainly high prote in conten t and balanced 

amino ac id prof i les) , 1 5 heal th improvement for fed o r g a n i s m s , 1 6 and 

env i ronmenta l benef i ts of insect -conta in ing d iets assoc ia ted w i th e c o 

nomic f ish in f ish out , land use and sol id phosphorus was te compared 

w i th insect- f ree d i e t s , 1 7 the use of these insecta for aquat ic animals, 

there fore , has rece ived increasing interest f rom research and indus

trial pract i t ioners over last years. B y the end of 2019 , a total of 32 

pub l ished ar t ic les invest igat ing f ishmeal rep laced by insect meal was 

re t r i eved . 1 3 In the fo l l ow ing year, by app ly ing d i f ferent sc reen ing and 

search cr i ter ia, 8 4 and 91 re levant records we re comp i l ed , respec

t ively, by Tran et a l . 1 7 and Li land et a l . 1 8 A t the commerc ia l aspec t , 

for examp le in Europe , the p roduc t ion of insect prote in for feeds is 

pred ic ted to reach 6 0 , 0 0 0 tonnes by 2 0 2 5 and 2 0 0 , 0 0 0 tonnes by 

2030P Accord ing ly , t he share of insect meal ingred ients used in aqua

cul ture wil l reach 4 0 % by 2 0 3 0 , exceed ing that in pet f ood (30%) . 2 0 

A l t h o u g h s o m e narrat ive rev iews have s u m m a r i z e d the e f f ec t s 

of insec t mea ls as rep lacemen t for f i shmea l o n the p r o d u c t i o n per

f o r m a n c e 2 1 2 3 and f o u n d m ixed resu l ts o n fed o rgan isms , t he overa l l 

e f f i cacy of insec t meals , as we l l as the in terp lay of o the r exp lana to r y 

var iab les rather than insec t mea l inc lus ion level o n g r o w t h pa rame

ters , rema in f r a g m e n t e d . T h e r e f o r e , a quan t i ta t i ve a p p r o a c h is more 

appropr ia te to add ress m e n t i o n e d i ne f f i c i ency of the past qua l i ta 

t ive w o r k s . Recent ly , meta -ana lys is has been used to syn thes i ze the 

overa l l e f f e c t o f d ie ta ry insec t mea ls o n g r o w t h p e r f o r m a n c e and 

f eed ut i l i za t ion of aquacu l tu re s p e c i e s . 9 1 3 1 8 T h e t e n d e n c y to w h i c h 

the g r o w t h pa ramete rs v a r y w i t h the inc lus ion levels of insect meal 

was also e m p h a s i z e d . T h e s e w o r k s , o n the o the r hand , cons ide red 

insec t mea ls a gener i c c o n c e p t , desp i t e the fac t that insect meals 

va r ied great ly in te rms of l i fe s tage (e.g. la rvae, p r e p u p a , adult) and 

deg ree of t he de fa t t ed p rocess (full-fat, par t ia l de fa t and defat), 

p resence of ch i t i n , a m o n g o the rs . T h e s e f o r m s of insec t mea ls cou ld 

cause a subs tan t ia l d i s c r e p a n c y in nut r i t iona l c o m p o s i t i o n s b e t w e e n 

and w i t h i n insec t meal(s), w h i c h s u b s e q u e n t l y have a s ign i f i can t im

pact o n nu t r ien t d iges t ib i l i t y and g r o w t h p e r f o r m a n c e of e x a m i n e d 

o r g a n i s m s . 1 5 , 2 4 - 2 7 T h e r e f o r e , f ind ings f r om the past sys tema t i c re

v i ews cou ld rema in a m b i g u o u s or lead to a d i f fe ren t in te rp re ta t ion 

w h e n eva lua t i ng a spec i f i c t y p e of insec t mea l . 

In t he p resen t s tudy , w e c o m b i n e d sys tema t i c r ev i ew and me ta -

regress ion ana lys is to invest igate (i) cu r ren t s tud ies o n the use of in

sec t meal as rep lacemen t fo r f i shmea l in aquat ic an imal d ie ts ; (ii) the 

overal l e f f ec t o f var ious insect meal ca tegor ies o n the e f f ec t s ize of 

p r o d u c t i o n p e r f o r m a n c e (speci f ic g r o w t h rate, S G R ; f eed conve rs i on 

rat io, F C R and p ro te in e f f i c i ency rat io, PER) ; (iii) co r re la t i on b e t w e e n 

each insec t ca tego ry and p r o d u c t i o n paramete rs ; (iv) in te rac t i ve of 

mul t ip le exp lana to r y var iab les o n e f f ec t s izes ind ices ; and (v) e f fec t 

of i nsec t -de r i ved ch i t in levels o n e f f ec t s izes ind ices . Fu r the r d is

cuss ions w e r e b rough t to tack le cha l lenges that h inder the b roader 

adop t i on of insec t meal in aqua feeds . 

2 | MATERIALS AND METHODS 

2.1 | Literature search 

The P R I S M A (Pre fe r red Repo r t i ng Items fo r Sys tema t i c Rev iews 

and M e t a - A n a l y s e s ) g u i d e l i n e s 2 8 w a s used to c o m p i l e re levant lit

era ture f r om W e b of Sc i ence (1965 -2021 ) , P u b M e d (1975 -2021 ) 

and S c o p u s ( 1 9 7 0 - 2 0 2 1 ) unt i l 2 4 J u l y 2 0 2 1 (Figure 1). T h e f o l l ow ing 

search s t r ings in t he t i t le, k e y w o r d s , abs t rac t w e r e used to re t r ieve 

records: 

(" insect mea l " O R "Tenebrio molitor" O R " Insec ta " O R "Hermetia il

lucens" O R " M u s c o domestica" O R "Imbrasia belina" O R " C h i r o n o m i d s " 

O R "Gryllus bimaculatus" O R "Bombyx mori" O R "Oxya hyla hyla" O R 

"Zonocerus variegatus" O R "Zophobas morio" O R "China butyrospermi" 

O R "Gryllodes sigillatus" O R "Blatta lateralis" O R "Oxya fuscovittata" 

O R "Acheta domesticus" O R "Gryllus assimilis" O R "Termite") A N D 

("fish mea l " O R " f ishmeal" ) A N D (fish O R shr imp) A N D ("growth"). 

T h e s tud ies w e r e e l ig ib le for meta -ana lys is da tabase if t hey met 

the f o l l ow ing cr i te r ia : (i) i nsec t mea ls as an a l te rnat ive p ro te in sou rce 

for f i shmea l in d ie ts ; (ii) f o c u s s e d o n f ish and shr imp; (iii) o n e of the 

p roduc t i on p e r f o r m a n c e pa ramete rs w a s p resen ted : spec ia l g r o w t h 

rate (SGR, %/day) , f eed ing c o n v e r s i o n rat io (FCR) , p ro te in e f f i c i ency 

ratio (PER, %); (iv) p rov ide su f f i c ien t i n fo rma t ion o n inves t iga ted pa

rameters , such as m e a n , samp le s ize , t r ea tmen t e r ro r (s tandard dev i 

at ion [SD], s tanda rd e r ro r [SE]). T h e s tud ies w h i c h inves t iga ted m ixed 

insect mea ls or a m ix tu re of insec t mea ls vs . o the r p ro te in sou rces as 

a r ep lacemen t fo r f i shmea l w e r e not e l ig ib le for t he da tabase . 

2.2 | Data analysis 

Hedges ' g e f f ec t size (g) w a s ca lcu la ted as p rev ious l y d e s c r i b e d . 2 9 

T h e in f l uence of exp lana to r y var iab les ( f ishmeal leve l , f ish oi l leve l , 
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Records identified from 
databases (n = 533) 

Records identified from 
databases (n = 533) 

Records removed before screening: 

Duplicate records removed (n = 216) 
Records identified from 

databases (n = 533) 

Records after removing 
duplicates (n = 317) 

Reports sought for retrieval 
(n= 107) 

Reports assessed for 
eligibility 
(n= 107) 

Studies included in review 
(n= 107) 

Records excluded (n = 208): 

Reviews (n = 12) 
Irrelevant to the topic (n = 79) 
No growth data (n = 43) 
Insect meal is not the only variable (n = 10) 
Not fishmeal replacement (n = 19) 
Using liver/wet insects (n = 7) 
Not about fish/shrimp (n = 36) 
No diet formulation (n = 2) 
Not insect meal (n = 2) 

Special growth rate (n = 8 8) 

Feed conversion ratio (n - 78) 

Protein efficiency ratio (n = 59) 

F I G U R E 1 P R I S M A f l o w char t fo r e l ig ib le l i terature for meta-ana lys is da tabase 

t roph ic leve l , expe r imen ta l du ra t i on , ch i t in leve l , tempera tu re ) on 

Hedges ' g e f f e c t size was p e r f o r m e d w i t h mul t ip le l inear regress ion 

under t he A N C O V A f r amework . 

The e f fec t sizes of S G R , F C R and PER were compared across insect 

meal categor ies. A s data of Hedges ' g e f fec t sizes were highly skewed , 

the non-paramet r ic methods , K ruska l -Wa l l i s test and Dunn 's post hoc 

test w i th Bon fe r ron i co r rec t ion , we re appl ied for stat ist ical analysis. 

2.3 | Heterogeneity and publication bias 

A m o n g - s t u d y h e t e r o g e n e i t y w a s d e t e r m i n e d via I2 index. 

H e t e r o g e n e i t y is c o n s i d e r e d high and l o w if I2 i ndex is <50% and 

>50% r e s p e c t i v e l y . 3 0 To fu r the r invest igate s o u r c e of he te rogene i ty , 

analys is of cova r i ance ( A N C O V A ) was c o n d u c t e d to test in te rac t ive 

e f f ec t s of six po tent ia l exp lana to r y var iab les ( f ishmeal leve l , f ish oi l 

leve l , ch i t in leve l , t r oph i c leve l , expe r imen ta l du ra t i on and t e m p e r a 

ture) o n H e d g e s ' g e f f ec t s izes. 

Egger 's tes ts w e r e used to assess pub l i ca t ion bias. W h e n pub l i ca 

t ion bias was d e t e c t e d (p < 0.05) by Egger 's tes t , w e r e m o v e d out l ie rs 

and repo r ted resul ts f r om the out l ier - f ree test acco rd ing to t he prev i 

ous d e s c r i p t i o n . 3 1 Stat is t ica l s ign i f i cance was assumed w i th p < 0 .05 . 

A l l s ta t is t ica l ana lyses w e r e p e r f o r m e d us ing the R s ta t is t ica l 

package (Vers ion 1.4 .1103, R D e v e l o p m e n t C o r e T e a m 2 0 0 9 - 2 0 2 0 , 

avai lab le at www. r -p ro jec t . o rg / ) . 

3 | RESULTS 

3.1 | Overview of included database 

A tota l o f 107 s tud ies pub l i shed b e t w e e n 1 9 9 0 and 2 0 2 1 that ex

am ined the p r o d u c t i o n p e r f o r m a n c e of aquacu l tu re spec ies fed 

d ie ta ry insec t meals , w e r e e l ig ib le for the meta -ana lys is da tabase 

(Figure 2 , Tab le SI) . T h e n u m b e r of s tud ies w a s g rea tes t in Italy (15 

publ icat ions) , f o l l o w e d by C h i n a (13 publ icat ions) (F igure 2a). T h e ag

gregat ion i nc luded 17 insec t spec ies f r o m 6 o rde rs , w i t h b lack so l 

dier f ly (Hermetia illucens) r ece i v ing the m o s t in terest (44% of to ta l 

c o m p i l e d s tudies) , f o l l o w e d by ye l l ow m e a l w o r m (Tenebrio molitor) 

(24%); house f l y (Musco domestica) and s i l k w o r m (Bombyx mori) each 

con t r i bu ted 7% to the da tase t . For the f i rs t th ree m e n t i o n e d insec t 

spec ies , la rvae fu l l - fa t f o rm w a s c o m m o n l y u s e d , w h e r e a s p r e p u -

pal fu l l - fa t s i l k w o r m w a s main ly e m p l o y e d in t he l i terature. M o s t 

c r icket , g rasshopper , c o c k r o a c h and te rm i tes in t he adu l t s tage w i th 

de fa t ted - f ree p rocess w e r e used in pub l i ca t ions (Figure 2b). T h e 

major i ty of s t udy (60% of to ta l f ish hab i ta t invest igated) conve rged 

f r eshwa te r f i sh (23 spec ies , be long ing to 12 fami l ies), w h i l e t he re

main ing da ta (40%) f o c u s s e d o n mar ine f ish (17 spec ies of 14 fam i 

lies) (Figure 2c). In a recent d e c a d e , t he re w a s g r o w i n g a t ten t i on on 

the use of insect mea ls as an a l te rna t ive for f i shmea l in aquacu l tu re 

f i sh , as i l lus t ra ted by the s teady inc rease in t he n u m b e r of pub l i ca 

t ions (Figure 2d). 
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F I G U R E 2 O v e r v i e w of the dataset . (a) d i s t r i bu t ion of pub l i ca t ions by coun t r y , (b) d i s t r i bu t ion of pub l i ca t ions by insec t l ife s tages and 

deg rees of de fa t t i ng , (c) d i s t r i bu t ion of pub l i ca t ions by f i sh hab i ta t and fami l y and (d) cumu la t i ve n u m b e r of pub l i ca t ions by year 

G i v e n that d i f fe ren t l i fe s tages and deg rees of de fa t t i ng of insect 

meals are hypo thes i zed to have s ign i f i cant e f f ec t s o n fed o rgan isms 

regard ing g r o w t h ind ices , a c o m p r e h e n s i v e assessmen t of va r ious in

sec t mea l f o rms cou ld thus p rov ide usefu l i n fo rma t ion fo r t he insect 

p ro te in c h o i c e fo r t he aquacu l tu re sector . 

3.2 | Production performance of aquaculture 
species fed different insect meals 

3.2.1 | Overall effect size 

Inclusion of va r ious insec t mea ls in d ie t d i sp layed va r y i ng impac ts on 

the spec ia l g r o w t h rate (SGR) of fed o rgan isms (Figure 3). O n l y t w o 

insec t mea ls , T. molitor ( larvae [L], de fa t [DF]) and B. mori (pupae [P], 

fu l l - fat [FF]), s h o w e d a s ign i f i cant pos i t i ve e f f ec t o n S G R (p < 0 . 0 0 0 1 

and p = 0 .021 respec t ive ly ) . In con t ras t , c o m p a r e d w i th insec t - f ree 

g roups , m o s t insect mea l - con ta in ing d ie t s had a negat ive impac t on 

or d id not s ign i f i cant ly e n h a n c e H e d g e s ' g va lue of S G R of aquacu l 

tu re spec ies (Figure 3, Tab le S2). 

E f fec t of d ie ta ry insec t mea ls o n H e d g e s ' g va lue fo r F C R using 

meta-ana lys is w a s i l lus t ra ted in F igure 4 and Tab le S 3 . A m o n g 22 

insec t meal ca tegor ies inves t iga ted , 6 and 12 g roups d isp layed 

s ign i f icant increase (p < 0.05) and non-s ign i f i can t e f f ec t (p > 0.05) 

on F C R meta-ana lys is c o m p a r e d w i t h insec t - f ree d ie ts respec t ive ly . 

In con t ras t , t he inc lus ion of f ou r insec t f o rms , name ly B. mori (P-

FF), C . megacephala (L-FF), G . bimaculatus (A) and T. molitor (L-DF), 

s ign i f icant ly r educed F C R H e d g e s ' ^ (p < 0.05), imp ly ing be t te r feed 

ass imi la t ion . 

C o n c e r n i n g p ro te in e f f i c i ency rat io, ou r meta -ana lys i s f o u n d that 

aquat ic an ima ls rece i ved d ie ta ry B. mori (P-FF) and G . bimaculatus 

(A) had a s ign i f i cant pos i t i ve e f f ec t c o m p a r e d w i t h f i shmea l g roup 

(p < 0.05) (Figure 5 and Tab le S4). 

3.2.2 | Effect size comparison among insect 
meal categories 

A s t h e S G R e f fec t s izes we re le f t - skewed (skewness = - 0 . 5 6 3 ) , 

K r u s k a l - W a l l i s tes t w a s p e r f o r m e d . C o r r e s p o n d i n g l y , t he re w a s a 

s ign i f icant d i f f e rence in S G R e f f e c t s ize of aquacu l tu re spec ies fed 

d i f fe rent d ie ta ry insec t mea ls (p < 0 .0001) . A n i m a l s f e d w i t h d ie ta ry 

larval de fa t t ed m e a l w o r m T. molitor resu l ted in s ign i f i can t ly h igher 

Hedges ' g va lue for S G R than larval fu l l - fat w o r m Imbrasia belina 

(p < 0 .0001 ) , larval fu l l - fa t b lack so ld ie r f ly H . illucens (p < 0.01), 

and than p repupa l de fa t t ed b lack so ld ie r f ly H. illucens (p < 0 .0001) . 
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F I G U R E 3 Fo res t p lo t fo r H e d g e s ' g e f f ec t s ize (mean and 9 5 % con f iden t ia l interval) o f spec ia l g r o w t h rate (SGR). n ind ica tes the n u m b e r 

of s tud ies ; k is the n u m b e r of compa r i sons ( t reatment vs . con t ro l group). T h e let ters in the b racke ts ind icate l ife s tage (A, adul t ; L, la rvae; P, 

pupae ; Pr, p repupae) and fa t -p rocessed f o r m (DF, de fa t ; FF, ful l fat) o f insec t meals 

D ie ta ry pupa l fu l l - fat s i l k w o r m B. mori s ign i f i can t ly e n h a n c e d the 

g r o w t h of the fed o rgan ism c o m p a r e d w i th larval fu l l - fa t w o r m /. be

lina (p < 0.01). D i f f e ren t l i fe s tages and deg rees of de fa t t i ng w i th in 

insec t spec ies had negl ig ib le i n f l uence o n the S G R H e d g e s ' g e f fec t 

size of tes ted f ish (Figure 6). 

T h e K r u s k a l - W a l l i s tes t , f o l l ow ing Dunn ' s pos t hoc , revea led 

that f i sh fed d ie ta ry G . sigilatus (A) s ign i f i cant ly i m p r o v e d (lower) 

F C R e f fec t s ize than those fed H. illucens g roups and /. belina (L-FF) 

(p < 0.05). A s imi lar pa t te rn w a s o b s e r v e d for B. mori (P -FF) , w h i c h 

had s ign i f i can t ly l ower F C R H e d g e s ' g c o m p a r e d w i t h H . illucens (pre

pupae (Pr)-DF) and /. belina (L-FF) (p < 0.05) (Figure 7). 

Un l ike the a b o v e - m e n t i o n e d pa ramete rs , the e f f ec t size of P E R 

did not s ign i f i can t ly d i f fe r a m o n g insec t meal ca tego r ies (p > 0.05) 

(Figure 8). 

O u r meta -ana lys i s s t udy f o u n d that larval de fa t t ed y e l l o w mea l 

w o r m and pupa l fu l l - fa t s i l k w o r m are impo r tan t p ro te in sou rces as 

an a l te rna t ive to f i shmeal w h e n cons ide r i ng the g r o w t h p e r f o r m a n c e 

of ta rge ted aquacu l t u re spec ies a n d , t he re fo re , h in ted fu r the r f ocus 

o n prac t i ca l aqua feeds . 

3.3 | Meta-regression analysis 

3.3.1 | Correlation between insect meal level and 
effect size 

W h e n cons ide r i ng d ie ta ry insec t mea ls as c o n t i n u o u s var iab les and 

S G R as r e s p o n d e d o n e s in the me ta - reg ress ion mode ls , t he re was , 

in m o s t cases , a s ign i f i can t negat ive l inear co r re la t ion b e t w e e n in

sec t mea l admin is t ra t i on and S G R e f f e c t size (p < 0.05), w i t h the 

excep t i on of H. illucens (p repupae (Pr)-DF) and B. mori (P -FF) , w h e r e 

s ign i f icant quadra t i c (p = 0 . 0 0 8 , ad jus ted R-squared = 0.68) and 

cub ic (p = 0 . 0 4 3 , ad jus ted R-squared = 0.89) re la t ionsh ip , respec

t ively, w e r e f o u n d (Figure 9, Tab le S5). Acco rd i ng l y , inc lus ion of 

- 2 7 -



1642 
REVIEWS IN Aquaculture 

TRAN E T A L 

Significant decrease Wori-siflriifitar* effect • Signteanl increase 

ZuptiobJis mono (L-FF) (o = f, * • 1) 

Zoprtobas morio (L-DF) (n 2, k = ff) 

Zonocenis vanegalus (A) (n = 1, k • 4) 

Tenebno mobtor (L-FF) (n » i f K • « ) 

Tertefcfio moHcw (L-OF) (n • S, k • 23) 

Spodoptera Wforato (A) (n « T, * = *) 

Oxya hiscovtttata (A) (n = f, fc = 4) 

Musra (toniesto (L-FF) (n » f * « M> 

Macmtemw suljhyj.'jrius (A) (n • J, * = 4) 

Imbtasiabekia (L-FF) (n = ?, Jr = fl) 

Hermetia tucens (Ft-FF) (n • 5, * = JO) 

Wemiefta toicens (Ft-OF) [n = 3,k = 12) 

Htmete ifaceiu (L-FF) {n~ 19, k - 66) 

Htmetaitfucevu (L-DF)(u • (5, h = 4B) 

Grytus btmacutatus (A) (n • 3. k = 21 > 

Gryfodes stgiStatus (A) (n = f. k = ?) 

Cmna iuJyrospemw (L-FF) (n • 1, ft • 3) 

Ctaysomya megacephala (L-FF) (n = J, k = 

Ctaronomkfe (L-FF) (n • t. k • 2) 

Bombyx men (P FF) (n -r 6. h - )7) 

Bomb)* m«i (P-OF) (n = 1,k = 4) 

Blatta lateralis (A-FF) (n = f, * • f j 

I—•—I 

I- H 

o 
Hedge s'g value for FCR 

F I G U R E 4 Fo res t p lo t fo r H e d g e s ' g e f f ec t s ize (mean and 9 5 % con f iden t ia l interval) o f f eed c o n v e r s i o n rat io (FCR). n ind ica tes n u m b e r of 

s tud ies ; k is n u m b e r of c o m p a r i s o n s ( t reatment vs . con t ro l group). T h e le t ters in the bracke ts ind icate l ife s tage (A, adul t ; L, la rvae; P, pupae ; 

Pr, p repupae) and fa t -p rocessed f o rm (DF, de fa t ; FF, fu l l -defat) of insec t meals 

H. illucens (P r -DF) of app rox ima te l y 1 3 . 1 % cou ld benef i t aquacu l tu re 

spec ies in te rms of g r o w t h p e r f o r m a n c e c o m p a r e d w i th t he con t ro l 

g roup. Increasing levels o f B. mor/ (P-FF) up to 1 6 . 9 % resu l ted in a 

cons is ten t dec l i ne in f i sh g r o w t h , and fu r the r inc lus ion s h o w e d f luc

tua t ion in S G R of f e d spec ies , w h i c h requ i res sc ru t i ny as f e w data 

w a s repo r t ed for inc lus ion of mo re than 16 .9%. T h e e x c e p t i o n was 

also o b s e r v e d for C. megacephala (L-FF), w h e r e d ie ta ry inc lus ion 

s ign i f i cant ly e n h a n c e d H e d g e s ' g va lue fo r S G R (p = 0 .04 , ad jus ted 

R-squared = 0.85). It is w o r t h no t ing that the re w e r e th resho lds 

of d ie ta ry insec t meals to w h i c h e f f ec t s ize of S G R rema ined pos i 

t ive , o r in o the r w o r d s , c o m p a r a b l e w i t h t he re fe rence d ie ts . T h e s e 

insec ts i nc luded adu l ts o f G. bimaculatus ( th resho ld , 50.3%), Oxya 

fuscovittata (19.2%) and Zonocenis variegatus (15.1%) and larval fu l l -

fat Cirina butyrospermi (32.4%), b e y o n d t hese p laus ib le levels, an a d 

ve rse e f f ec t was o b s e r v e d (Figure 9, Tab le S5). 

Regard ing F C R e f fec t s ize , a s ign i f i cant pos i t i ve co r re la t i on w i th 

d ie ta ry H. illucens (Pr -DF) (p < 0 . 0 0 0 1 , ad jus ted R-squared = 0.85), 

and s ign i f i cant negat ive l inear w i t h d ie ta ry C. megacephala (L-FF) 

(p = 0 .04 , ad jus ted R-squared = 0.88) w a s f o u n d (Figure 9, Tab le S6). 

O u r reg ress ion ana lys is a lso f o u n d that d ie ta ry G. blacutalus (A) 

and C. megacephala (L-FF) s ign i f i cant ly co r re la ted w i t h P E R e f fec t 

size by pos i t i ve l inear mode ls (p = 0.019, ad jus ted R-squared = 0 .33 

and p = 0 .04 , ad jus ted R-squared = 0 .88 respect ive ly ) , w h e r e a s inc lu 

s ion of O. fuscovittata (A) s ign i f i can t ly r e d u c e d that va lue (p = 0 .015 , 

ad jus ted R-squared = 0.65) (F igure 9, Tab le S7). 

3.3.2 | Correlation between insect-derived chitin 
levels and effect size 

G i v e n that t he p resence of i nsec t -de r i ved ch i t in in d iet cou ld have 

va r y i ng resu l ts o n the g r o w t h p r o d u c t i o n of fed o rgan isms , a me ta -

regress ion ana lys is w a s p e r f o r m e d to de tec t the re la t ionsh ip be

t w e e n t hese var iab les . 
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F I G U R E 5 Fo res t p lo t fo r H e d g e s ' g e f f ec t s ize (mean and 9 5 % con f iden t ia l interval) o f p ro te in e f f i c i ency rat io (PER), n ind ica tes the 

number of s tud ies ; k is t he n u m b e r of c o m p a r i s o n s ( t reatment vs. con t ro l group). T h e le t te rs in t he b racke ts ind ica te l i fe s tage (A, adul t ; L, 

larvae; P, pupae ; Pr, p repupae) and fa t -p rocessed f o r m (DF, defa t ; FF, fu l l -defat ) o f insec t meals 

T h e r e w a s a s ta t is t ica l quadra t i c co r re la t i on b e t w e e n insect -

de r i ved ch i t in and S G R of mar ine f ish spec ies (p < 0 . 0 0 0 1 , ad jus ted 

R-squared = 0.92) and of t u rbo t Psetta maxima (p = 0 . 0 0 6 , ad jus ted 

R-squared = 0.99). D i e t a r y i nsec t -de r i ved ch i t in s ign i f i can t ly re

duced the e f f ec t s ize of S G R in o l ive f l o u n d e r Paralichthys olivaceus 

as d e m o n s t r a t e d by a negat ive l inear mode l (p = 0 .04 , ad jus ted R-

squa red = 0.86) (Figure 10, Tab le S8). B y th is means , it w a s ant ic

ipa ted that d ie ta ry i nsec t -de r i ved ch i t in of app rox ima te l y 1.25% 

and 1 . 6 0 - 1 . 7 5 % cou ld benef i t mar ine f i sh and tu rbo t aquacu l tu re , 

respec t i ve ly , regard ing g r o w t h pe r f o rmance . 

D ie ta ry ch i t in was s h o w n to be s ign i f i can t ly co r re la ted w i th 

F C R e f f e c t size for mar ine f i sh and tu rbo t , w h i c h is we l l f i t ted w i th 

pos i t i ve quadra t i c mode l s (p < 0 . 0 0 0 1 , ad jus ted R-squared = 0.97 

and p = 0 .024 , ad jus ted R-squared = 0 .95 respec t i ve ly ) (Figure 10, 

Table S8). Based o n t hese mode l s , t he o p t i m u m ch i t in leve ls , w h i c h 

y ie lded the l owes t F C R , w e r e p r e d i c t e d , respec t i ve ly , 1.9% and 2 . 2 % 

for mar ine f i sh and tu rbo t (Table S8). 

3.4 | Heterogeneity and publication bias 

Ana lys i s of he te rogene i t y (as ind ica ted by I2 values) revea led s igni f i 

cant b e t w e e n - s t u d y var ia t ion for S G R e f fec t s ize (I2 > 79.22%), F C R 

(I2 > 85 .28%) and P E R (I2 > 86 .53%) . Subg roup ana lys is ind ica ted 

s ign i f icant i n te rac t ion of exp lana to r y var iab les o n these e f f e c t s izes 

(Tables S 2 - S 4 ) . 

Pub l i ca t i on bias (Egger 's tes t , p < 0.01) w a s c o n f i r m e d in m o s t 

insec t mea l ca tego r ies fo r the e f f e c t s izes of S G R , F C R , P E R . A f t e r 

r e m o v i n g s t r o n g ou t l i e rs , t he o u t p u t s of me ta -ana l ys i s r ema ined 

va l id w h e n c o m p a r e d w i t h the non -ou t l i e r - r emova l resu l t s , w i t h the 

m inor e x c e p t i o n , Zophobas morio (L-DF) for S G R , w h i c h changed 

f r om s ign i f i cance (p = 0 .040) to n o n - s i g n i f i c a n c e (p = 0 .084) ; H . //-

lucens (L-DF) for F C R , c h a n g e d f r o m n o n - s i g n i f i c a n c e (p = 0.100) 

to s i gn i f i cance (p < 0 .0001 ) ; a n d M . domestica (L-FF), c h a n g e d to 

s ign i f i cance (p < 0 .0001 ) f r o m n o n - s i g n i f i c a n c e (p = 0.134) a f te r 

r e m o v i n g ou t l i e rs (Tables S 2 - S 4 ) . T h e r e f o r e , t he b ias a m o n g va r ious 
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F I G U R E 6 C o m p a r i s o n of S G R e f fec t s ize of d i f fe ren t insec t meal ca tegor ies . C o l o u r e d f i l led do ts are o b s e r v e d da ta po in ts . T h e lower 

and uppe r d a s h e d l ines rep resen ted the f i rs t quan t i le and th i rd quant i le . T h e b lack f i l led c i rc les d e n o t e out l ie rs . T h e b racke ts and " ' ind icate 

a s ign i f i cant d i f f e rence b e t w e e n insec t meals , w i t h "p < 0 .05 ; " p < 0 . 0 1 ; " * p < 0 .001 

s tud ies d id no t , in genera l , i n te r fe re w i t h the f i nd ings f r o m the pres

ent s tudy . 

Ana l ys i s of cova r i ance ( A N C O V A ) ind ica ted that inves t iga ted 

e f fec t s izes of S G R , F C R and P E R we re a f f ec ted by mul t ip le var i 

ab les, i nc lud ing f i shmea l leve l , f i sh oi l leve l , ch i t in leve l , t r oph i c level , 

expe r imen ta l du ra t ion and t empera tu re , ra ther than d ie ta ry insect 

meals a lone (Tables S 9 - S 1 1 ) . 

4 I DISCUSSION 

Insect meals have rece ived increas ing a t ten t ion f r om researchers and 

prac t i t ioners a round the g lobe as the f i l ler for aqua feed prote in gap 

in the c o m i n g d e c a d e s , 6 as e v i d e n c e d by the rap id r ise in t he number 

of pub l i ca t ions in recent years (Figure Id) and by the invo lvement 

of i nsec t -p roduced compan ies . A t a g lance, by 2019 , more than 4 0 

European en terpr ises have par t i c ipa ted in th is f ledg l ing indust ry , c o n 

t r ibu t ing approx ima te l y 6 0 0 0 t onnes of insect meal per y e a r . 3 2 So 

far, 17 insect meal spec ies ca tegor ized into 2 2 fo rms w i t h d i f fe rent 

life s tages and p rocessed mod i f i ca t ions have been invest igated as an 

a l ternat ive pro te in sou rce for many aquacu l tu re spec ies (Figure lb ,c ) . 

Desp i te th is, recent pro jects e m p l o y i n g a meta-ana lys is app roach 

have cons ide red insect meals a gener ic c o n c e p t wh i l e invest igat ing 

the i r e f f ec t s o n the p roduc t i on p e r f o r m a n c e of aquat ic animal spe-

c i e s . 9 , 1 3 , 1 8 In add i t i on , c o m p a r i n g the e f f ec t of va r ious insect meal 

spec ies or p rocessed fo rms o n aquat ic an imals remains universa l ly 

l i m i t e d . 2 7 , 3 3 - 3 7 T h e r e f o r e , t he present s tudy h igh l ighted the impor

tance of b reak ing d o w n insect meals in to indiv idual modera to rs ac

cord ing to the i r r epo r t ed fo rms f rom the l i terature, and of compar i ng 

the e f f ec t s izes of d i f fe rent insect meal ca tegor ies . Th is might s ig

n i f icant ly impac t fu tu re aqua feed research and prac t ice in te rms of 

o f fe r ing appropr ia te op t ions f r om n u m e r o u s avai lab le insect meals. 
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F I G U R E 7 C o m p a r i s o n of F C R e f f e c t s ize of d i f fe ren t insec t meal ca tegor ies . C o l o u r e d f i l led do ts are o b s e r v e d da ta po in ts . T h e lower 

and uppe r d a s h e d l ines rep resen ted the f i rs t quan t i le and th i rd quant i le . T h e b lack f i l led c i rc les d e n o t e out l ie rs . T h e b racke ts and " ' ind icate 

a s ign i f i cant d i f f e rence b e t w e e n insec t mea ls , w i t h "p < 0 .05 ; " p < 0 . 0 1 ; ***p < 0 .001 

O u r f ind ings d e m o n s t r a t e d the advan tages of subs t i tu t ing 

f i shmea l w i t h s o m e insec t spec ies in aquacu l tu re d ie ts regard ing 

g r o w t h p r o d u c t i o n and of i nsec t -de r i ved ch i t in for mar ine f i sh spe 

c ies. D i e t a r y T. molitor (L-DF) and B. mori (P-FF) imp roved H e d g e s ' 

g e f f ec t size of spec ia l g r o w t h rate (SGR), r educed f eed conve rs i on 

ratio (FCR) and to a lesser ex ten t , e n h a n c e d pro te in e f f i c i ency rat io 

(PER). T h e m e t a - c o m p a r i s o n of e f f ec t s izes s h o w e d the super io r i t y 

of t hese insect mea ls spec ies in te rms of S G R and F C R (Figures 7 

and 8). A l t h o u g h c r i cke t (Gryllus bimaculatus) (A) d id not s ign i f i cant ly 

a f fec t S G R , it s ign i f i can t ly r educed F C R and inc reased P E R of fed 

an imals c o m p a r e d w i th the insec t - f ree g roup . G i v e n the g loba l in 

c rease in t he use of insec t mea ls in aqua feeds , m o s t of the research 

has f o c u s s e d o n H. illucens, T. molitor and M . domestica6,13,35 (see 

a lso F igure l c ) . T h e s e spec ies have been a p p r o v e d by E u r o p e a n 

C o m m i s s i o n ( E U - 2 0 1 7 / 8 9 3 , 24 M a y 2017) for use in aqua feeds and 

8. mori is p r o p o s e d to be o n boa rd by the e n d of 2 0 2 1 . S i l k w o r m 

has been rece i ved inc reas ing in te res t f r o m aquacu l tu re nut r i t ion is ts 

s ince its f i rs t use in rohu (Labeo rohita) in 19 9 4 , 3 8 w i t h a compa rab le 

number of pub l i ca t ions w i t h M . domestica by J u l y 2021 (F igu re l c ) . 

O u r me ta - reg ress ion f o u n d a t h resho ld to w h i c h d ie ta ry H. illu

cens (P r -DF) cou ld y ie ld su rpassed g r o w t h ind ices c o m p a r e d w i t h the 

cont ro l g roup . T h e p laus ib le inc lus ion leve ls wh i l e re ta in ing e f f ec t 

size of S G R we re a lso repo r ted for G . bimaculatus (A), O. fuscovittata 

(A), Z . variegatus (A) and C . butyrospermi (L-FF), w i t h d ie ta ry G . bi

maculatus be ing the mos t p rom is ing , reach ing as high as 5 0 % . A n 

inc reas ing level o f larval fu l l - fat C. megacephala, o n the o the r hand , 

e n h a n c e d the e f f ec t s ize of S G R , P E R , and reduced F C R (Figure 9); 

th is re la t ionsh ip , howeve r , shou ld be in te rp re ted ca re fu l l y d u e to 

the smal l samp le s ize. G i v e n that insec t -der i ved ch i t in is cons i de red 

as an in f luent ia l f ac to r to g r o w t h ind ices of i nsec t - fed a n i m a l s , 3 9 , 4 0 

resul ts f r o m me ta - reg ress ion revea led that t he p resence of as low 

as 2 . 2 % ch i t in cou ld be benef ic ia l fo r mar ine f ish spec ies , inc lud ing 
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F I G U R E 8 C o m p a r i s o n of F C R e f fec t s ize of d i f fe ren t insec t meal ca tegor ies . C o l o u r e d f i l led do ts are o b s e r v e d da ta po in ts . T h e lower 

and uppe r d a s h e d l ines rep resen ted the f i rs t quan t i le and th i rd quant i le . T h e b lack f i l led c i rc les d e n o t e out l ie rs . T h e b racke ts and " ' ind icate 

a s ign i f i cant d i f f e rence b e t w e e n insec t meals , w i t h "p < 0 .05 ; " p < 0 . 0 1 ; ' " p < 0 .001 

P. maxima, seabass Dicentrarchus iabrax, and P. oiivaceus w i t h regard 

to p r o d u c t i o n p e r f o r m a n c e (Figure 10). 

A l t h o u g h the p resen t quan t i ta t i ve syn thes i s d i s c o v e r e d the 

s ign i f i cance of par t icu lar insec t mea ls o n H e d g e s ' g e f f e c t size of 

g r o w t h p e r f o r m a n c e of aqua t i c an imals , t he h igh he te rogene i t y 

and pub l i ca t ion bias w e r e d e t e c t e d for subg roup ana lys is . T h e high 

he te rogene i t y cou ld be a t t r i bu ted to t he d i ve rs i t y of e x a m i n e d f ish 

spec ies , f ish hab i ta t and f i sh f eed ing behav iou r a m o n g insec t ca te 

gor ies , as e l i c i ted in Tab les S 2 - S 4 . T h e covar ia tes , inc lud ing f i shmea l 

leve l , f i sh oi l leve l , ch i t in leve l , t roph ic leve l , expe r imen ta l du ra t ion 

and t empera tu re , are impo r tan t sou rces of he te rogene i t y , s ign i f i 

can t ly i n f l uenc ing H e d g e s ' g e f f e c t s izes (Table S9). Fu r t he rmore , 

t he d i s c r e p a n c y in f e e d i n g p ro toco ls , expe r imen ta l fac i l i t ies a m o n g 

s tud ies cou ld exp la in s ign i f i can t he te rogene i t y in t he p resen t 

s t u d y . 4 1 Regard ing pub l i ca t ion bias o b s e r v e d in all s u b - g r o u p ana l 

yses , the e f f ec t s izes (mean and 9 5 % con f iden t ia l interval) rema ined 

cons is ten t a f te r r e m o v i n g ou t l ie rs . T h e r e f o r e , th is i ne f f i c i ency did 

not a f fec t t he conc lus ions of t he p resen t s tudy. 

T h e e f f i c a c y of i nco rpo ra t i ng larval de fa t t ed T. molitor in aquat ic 

animal d ie ts regard ing g r o w t h p e r f o r m a n c e and feed u t i l i za t ion was 

c o n f i r m e d in many w o r k s 4 2 4 5 In con t ras t , t he inc lus ion of th is in

sec t meal adve rse l y a f f e c t e d S G R of P. oiivaceus.46 O v e r a l l , t he ef

fec t s ize was s ign i f i can t ly pos i t i ve in the p resen t s tudy , thus h in t ing 

fu r the r s t udy to f ocus o n the use of larval de fa t t ed T. molitor in aqua-

feeds . Th i s e f f i c i ency cou ld be exp la i ned by nut r i t iona l c o m p o s i t i o n 

and nut r ien t d iges t ib i l i t y p rope r t i es . T h e de fa t t ed p rocess is k n o w n 

to imp rove p ro te in con ten t , thus, am ino ac id pro f i le of larval T. moli

tor a n d , as a resul t , nu t r ien t d iges t ib i l i t y c o m p a r e d w i t h fu l l - fa t fo rm 

in D. Iabrax.27 T h e syn thes i zed da ta s h o w e d that p ro te in con ten ts 

of de fa t t ed T. molitor meal l ie w i th in the p ro te in in te rquar t i le range 

of f i shmea l (Figure SI ) and a m i n o ac id pro f i le w a s cons i s ten t w i th 

f i shmea l , as d e m o n s t r a t e d by s imi lar i ty c lus te r (Figure S2). Pro te in 
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digest ib i l i ty o f J. mo/ / tor -conta in ing d ie ts s h o w e d m ixed resu l ts f r om 

the l i terature. S o m e r e p o r t e d cons is ten t va lues , wh i l e o the rs f o u n d 

a s ign i f i cant ly lower , at subs tan t ia l i nc lus ion leve ls , c o m p a r e d w i th 

f i shmea l g roup for s o m e f ish s p e c i e s . 4 2 , 4 4 , 4 6 T h e low d ie t d igest ib i l i ty 

cou ld p robab l y lead to a de lay in t he g r o w t h p e r f o r m a n c e of t es ted 

f i sh . T h e nut r ien t d iges t ib i l i t y o f i nsec t - con ta in ing d ie ts was , on 

the o the r hand , s t rong ly i n f l uenced by ch i t in l e v e l s . 1 7 , 4 7 O u r me ta -

regress ion ind ica ted that inc reas ing i nsec t -de r i ved ch i t in levels had 

a de t r imen ta l e f f e c t o n the g r o w t h ind ices of aquat ic an imals . T h e r e 

was , howeve r , a t h resho ld to w h i c h the p resence of ch i t in bene f i t s 

t he o rgan i sm (Figure 10). T h e r e f o r e , nut r i t iona l ba lance and ch i t in 

levels cou ld be vi tal f ac to r s d r i v ing the e f f i cacy of insec t mea ls in 

animal d ie ts . 

Recent cons ide ra t i on of B. mori use in aqua feeds by the E U 

S tand ing C o m m i t t e e o n P lan ts , A n i m a l s , F o o d and F e e d , in c o m b i 

nat ion w i t h the e n v i r o n m e n t a l bene f i t s assoc ia ted w i t h less phos 

phorus w a s t e o u t p u t of s i l k w o r m - c o n t a i n i n g d ie ts c o m p a r e d w i th 

s i l kwo rm- f r ee d ie ts for aqua t i c a n i m a l s , 1 7 and cons ide rab l y l owe r 

pr ice than f i s h m e a l 4 8 , 4 9 cou l d be a spot l igh t fo r b roader insec t p ro

te in op t i ons in f i sh d ie ts . M o s t s tud ies inves t iga ted d ie ta ry ful l - fat 

B. mori in aquat ic an imal d ie ts exh ib i t ed su rpassed g r o w t h per for 

mance c o m p a r e d w i t h f i shmea l d i e t . 3 8 , 4 9 5 1 L i kew ise , J i e t al 4 8 doc 

umen ted that inc lus ion of 5 .7% or 5 0 % rep lacemen t f i shmea l by 

s i l kwo rm w a s r e c o m m e n d e d fo r juven i le J ian carp Cyprinus carpio, 

w h e r e a s h igher leve ls c o m p r o m i s e d f i sh g r o w t h . S ince the major i ty 

of s tud ies w e r e c o n d u c t e d o n cyp r i n id f i sh , it is a s s u m e d that pupa l 

s i l kwo rm in fu l l - fat f o rm is su i tab le in d iet fo r t hese f i sh . T h e nut r i 

t iona l c o m p o s i t i o n of pupa l s i l k w o r m w a s r e p o r t e d to be s imi lar to 

tha t of f i shmea l , in t e rms of p ro te in con ten t , a m i n o ac id pro f i le and 

a g o o d s o u r c e of o m e g a - 3 a - l ino len ic a c i d . 5 0 , 5 2 O n the o the r hand , 

s i l kwo rm con ta ins e c d y s t e r o i d , a g r o w t h - p r o m o t i n g factor , that im

proves p ro te in syn thes i s and t issue f o r m a t i o n . 5 3 Th i s su f f i c i ency 

cou ld con t r ibu te to the s ign i f i cant pos i t i ve e f f e c t of S G R , P E R and 

subsequen t l y reduce F C R of an imals fed d ie ta ry s i l k w o r m mea l . T h e 

me ta - reg ress ion ind ica ted an inverse co r re la t i on b e t w e e n d ie ta ry 

s i l k w o r m a n d H e d g e s ' g for S G R (Figure 9), w h i c h c o u l d be a t t r ibu ted 

to severa l f ac to rs , ma in ly l o w f eed in take d r i ven by l o w pa la tab i l i ty 

of s i l k w o r m , 4 8 as we l l as negat ive changes in phys ica l p rope r t i es of 

e x t r u d e d s i l k w o r m - c o n t a i n i n g d i e t s . 5 4 

C o m p a r a t i v e s tud ies assess ing the e f f e c t s of va r ious insect 

meals o n g r o w t h p e r f o r m a n c e of aqua t i c an ima ls have p i qued the 

cur ios i t y of researchers . T h e c o n s i s t e n c y of g r o w t h ind ices in c o m 

par ison to insec t - f ree d ie t o f r a i nbow t rou t Oncorhynchus mykiss 

f ed d ie ta ry fu l l - fat insec t meals , H. illucens, T. molitor, Gryllodes sig-

illatus, Blatta lateralis, M . domestica, as a r ep lacemen t for f i shmea l , 

was recen t l y d o c u m e n t e d . 3 6 , 5 5 , 5 6 A s imi lar f i nd ing w a s o b s e r v e d fo r 

S iber ian s t u rgeon Acipenser baerii f ed 1 5 % of fu l l - fat H. illucens, and 

T. molitor as subs t i t u t i on for f i s h m e a l . 3 3 T h e s e resu l ts sugges ted 

that at l o w or m o d e r a t e inc lus ion leve ls , fu l l - fa t insec t mea ls had no 

e f fec t o n p e r f o r m a n c e of f e d o rgan isms . A s far as de fa t t ed insect 

meals are c o n c e r n e d , M a s t o r a k i et a l . 3 5 f o u n d no s ign i f i cant di f fer

e n c e o n S G R of D. labrax f e d 3 0 % f i shmea l rep laced by de fa t t ed H. il

lucens, fu l l - fat T. molitor a n d M . domestica. O f a l l , p rev ious research 

s u p p o r t s t he cu r ren t meta -ana lys is f ind ings that fu l l - fa t insec t meals 

as we l l as de fa t t ed H. illucens resu l ted in compa rab le S G R , F C R and 

P E R w h e n inc luded in d ie ts fo r f ish spec ies (Figures 6 -8 ) . A l t h o u g h 
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F I G U R E 1 0 M e t a - r e g r e s s i o n analys is fo r d ie ta ry i nsec t -de r i ved ch i t in and the e f f ec t s ize of S G R , F C R . T h e co l ou red f i l led do ts and 

d iameters rep resen t mean and 9 5 % CI of the e f f ec t size 

t he c o m p a r i s o n a m o n g insec t meals , inc lud ing de fa t t ed J. molitor in 

f i sh p e r f o r m a n c e , is absen t f r o m the l i tera ture, t he super io r i t y of 

de fa t ted T. molitor ove r fu l l - fat H . illucens has b e e n e v i d e n c e d . For 

D. labrax, Bas to et a l . 2 7 r epo r t ed that larval de fa t t ed T. molitor had 

s ign i f i cant ly g reater nut r ient d iges t ib i l i t y than larval fu l l - fat H. il

lucens. G i v e n that nu t r ien t d iges t ib i l i t y largely a f fec ts g r o w t h per

f o r m a n c e of f i s h , 1 3 ou r da ta , t he re fo re , con f i rm the magn i tude of 

d i f fe rence in S G R e f fec t s ize of f ish fed d ie ta ry T. militor (L-DF) and 

H. illucens (L-FF) (Figure 6). T h e K r u s k a l - W a l l i s test f u r the r d e m o n 

s t ra ted that f i sh fed d ie ta ry /. belina meal had s ign i f i can t ly l ower S G R 

H e d g e s ' g t han e i ther B. mori (P-FF) and T. molitor (L-DF). Th is cou ld 

be exp la i ned in par t by the fac t that bo th s tud ies eva lua t ing d ie ta ry 

/. belina meal in ca t f i sh Clariasgariepinus a n d t i lapia Oreochromis mos-

sambicus s h o w e d l owe r g r o w t h than the con t ro l g r o u p , 5 7 , 5 8 w h e r e a s 

mul t ip le pos i t i ve changes w e r e o b s e r v e d for d ie ta ry B. mori (P-FF) 

and T. molitor (L-DF) as above d i scuss ion . C o n s e q u e n t l y , d i e t a r y / , be

lina exh ib i t ed a s ign i f i can t ly h igher F C R e f f e c t s ize than B. mori (P-FF) 

(Figure 7). 

The capac i t y of mar ine f ish to digest ch i t in var ies greatly. C o d Cadus 

morhua, ye l lowta i l k ingf ish Seriola quinqueradiata, Japanese eel Anguilla 

japonica, cob ia Rachycentron canadum and red sea bream Pagrus major 

s h o w e d high ch i t inase ac t i v i t y . 5 9 W h i l e P. maxima, A t lan t ic sa lmon 

Salmon salar and meagre Argyrosomus regius have a poo r capac i ty to 

digest ch i t in . O u r cor re la t ion mode ls revealed that P. maxima and 

marine f ish ( including D. labrax, P. olivaceus) (Figure 10) to lerated at low 

levels of d ie tary ch i t in . Th is p h e n o m e n o n was also obse rved in the 

low chi t in d igest ion group as proven in S. salar,47 w h e r e d ie tary chi t in 

level of as lower as 2 % cou ld susta in S G R , the e levated levels caused 

inverse corre la t ion. In contrast , the h igh-ch i t in-d igested group cou ld 

to lerate d ie tary chi t in levels at as high as 1 0 % w i thou t a f fec t ing g rowth 

per fo rmance for A. japonica, S. quinqueradiata,62 and 5% for G. morhua, 

and hal ibut H/ppog/ossus h/ppog/ossus. 4 7 A t the low d ie tary levels, chi t in 

plays an impor tant role in modu la t ing benef ic ia l gut microb io ta c o m 

p o s i t i o n 1 6 and ant iox idat ive e n z y m e , 6 3 thereby improv ing nutr ient d i 

gest ibi l i ty and heal th of hosts . The i r h igh inc lus ion levels, however , did 

not cor re la te w i th e levated chi t inase act iv i t ies in s o m e f ish s p e c i e s 6 2 

and led to lower nutr ient digest ibi l i ty, as prev ious ly d e m o n s t r a t e d , 1 7 , 4 7 

these authors con f i rmed that ch i t in impairs nutr ient d igest ib i l i ty of 

diets in many f ish spec ies . Th is inef f i cacy of chi t in cou ld be ascr ibed by 

reducing the d igesta transit t ime, the reby reduc ing the exposure t ime 

of food to d igest ive enzymes due to v iscos i ty of c h i t i n , 6 4 by interrupt

ing enzymes in the prox imal and middle intest ine involved in breaking 

d o w n pept ides into amino a c i d s , 6 5 and through b ind ing w i th lipid and 

bile acids, thereby hamper ing l ipid a b s o r p t i o n . 6 6 T h e poor nutr ient d i 

gest ibi l i ty at the presence of insect -der ived chi t in might be at t r ibuted 

to the ex t rus ion process. A l t h o u g h insect -conta in ing feeds have been 
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successfu l ly p roduced using the ex t rus ion techn ique , ex t ruded 

feeds have s o m e shor tcomings compared w i th insect- f ree d iets, such 

as reduced expans ion , s ink ing ve loc i ty and water stabi l i ty, wh i ch may 

adversely a f fec t nutr ient ava i l ab i l i t y . 6 0 , 6 9 

5 | INSECT MEAL SELECTION FOR 
FUTURE AQUAFEEDS 

A m o n g a w i d e range of insect meals invest igated in the present work 

target ing g rowth pe r fo rmance of var ious aquacul ture spec ies , larval 

de fa t ted T. molitor and pupal ful l- fat B. mori s h o w e d great potent ia l as 

an al ternat ive to f ishmeal in aquafeeds. In add i t ion , the interest shou ld 

be d rawn to prepupal de fa t ted H. illucens, larval ful l- fat C. megacephala, 

adul ts of G . bimaculatus, O. fuscovittata, Z. variegatus and larval ful l-fat 

C. butyrospermi as their d ie tary inc lus ion suppo r ted the g rowth of fed 

organisms similar to f ishmeal diet at plausible thresho lds , ranging f rom 

13 .1% to 5 0 . 3 % . O f these, H. illucens, T. molitor, B. mori and G . bimacula

tus, in descend ing order, have rece ived the mos t a t ten t ion f rom wor ld 

w ide . In cont rast , s tudy o n C. megacephala, O. fuscovittata, Z. variegatus 

and C. butyrospermi in diet for aquacu l tu re spec ies remained univer

sally l imi ted. There fo re , scrut iny is war ran ted to exp lo re their potent ia l 

use in aquafeeds. W e also acknow ledge that the present meta-analys is 

s tudy has l imitat ions regarding the degrees of nutr i t ional balance 

across exper imenta l d iets , the magni tude of de fa t t ing process and 

sample sizes a m o n g insect meal categor ies, due to in format ion scarce 

repor ted in the l i terature. For instance, w h e n emp loy ing larval ful l-fat 

H. illucens as a rep lacement for f i shmeal , on ly four of 18 publ icat ions 

suppl ied amino acids, wh i le the remainder did not cons ider this amino 

acid balance. O u r dataset revealed that lysine and meth ion ine were 

the most c o m m o n amino ac ids supp lemen ted in insect -conta in ing 

diets, fo l l owed by t r yp tophan , arginine, taur ine and threon ine, wh ich 

are the l imited nutr ients found in insect meals compared w i th f ish-

m e a l . 1 5 , 7 0 T h e publ icat ion bias in ou r meta-analys is encompassed these 

inef f ic iencies, as prev ious ly s ta ted. There fo re , insect meal op t ions and 

their d ie tary th resho ld for aquat ic animal d iets ident i f ied in the present 

s tudy remain val id. 

6 I TACKLING THE CHALLENGES 

T h e success fu l use of po tent ia l i nsec t mea ls in aqua feeds s h o u l d be 

a l igned w i t h s o c i o e c o n o m i c and env i r onmen ta l fac to rs , t he mos t 

impo r tan t of w h i c h are e c o n o m i c a s p e c t s , env i r onmen ta l c o n s e 

q u e n c e s and c o n s u m e r accep tance . 

Cur ren t l y , m o s t insec t mea ls w e r e mo re e x p e n s i v e than c o n v e n 

t ional p ro te in sou rces in an imal f e e d , thus e l ic i t ing less e c o n o m i c 

e f f i cacy w h i l e i nc lud ing in a q u a f e e d s . 7 1 7 4 T h e recent rev iew out

l ined the e c o n o m i c aspec t s of insec t f a rm ing has sugges ted that the 

in te rven t ions o n upsca l ing mass- rear ing fac i l i t ies and l ow-va lue f eed 

subst ra te u t i l i za t ion cou ld subs tan t ia l l y reduce opera t i ona l c o s t . 7 1 , 7 5 

T h e f o r m e r has been w i t n e s s e d w o r l d w i d e w i th the es tab l i shmen t 

of indust r ia l ope ra to r s in E u r o p e 7 6 and o the r p a r t s . 7 7 T h e ta rge ted 

p roduc t i on by 2 0 3 0 is e x p e c t e d to be 5 0 t imes as high as the cur ren t 

level , r each ing 5 0 0 , 0 0 0 tonnes , w i t h 4 0 % o r 2 0 0 , 0 0 0 t onnes des

t ined to a q u a f e e d . 7 8 T h e sec to r ' s e x p a n s i o n is a lso d r i ven by increas

ing in terest in us ing insec t mea l as func t i ona l p rope r t i es in f o o d and 

f e e d 7 9 (e.g. f eed pa la tab i l i t y e n h a n c e m e n t , 8 0 gut hea l th e f f e c t 8 1 ) , by 

the g r o w t h of n i che marke ts ( f ree- range a n i m a l s ) , 2 0 a m o n g o thers . 

O n c e g loba l insect p ro te in p r o d u c t i o n reaches half a mi l l ion t onnes 

by 2 0 3 0 , the t ime requ i red to d o u b l e v o l u m e wi l l be s ign i f i cant ly 

s h o r t e n e d , thus o n e mi l l ion t onnes is l ikely a c h i e v e d . 8 2 S i n c e the 

cos t of rear ing subs t ra tes is d e e m e d a vi tal issue in la rge-sca le in

sec t fa rm ing , u t i l i za t ion of s ide s t ream subs t ra tes and b y - p r o d u c t s 

cou ld b r ing cost - and e n v i r o n m e n t a l - e f f e c t i v e n e s s fo r insec t p ro te in 

p r o d u c t s 8 3 8 5 and el ic i t c i rcu la r e c o n o m y p e r s p e c t i v e . 8 6 8 8 G i v e n 

that the E u r o p e a n C o m m i s s i o n on l y au tho r i zes vege ta t i on or ig in as 

the subs t ra te for insec t f a rm ing , d i ve rs i f i ca t ion of subs t ra tes , such 

as f o o d w a s t e , b y - p r o d u c t s , cou ld fu r the r fac i l i ta te la rge-sca le farms 

and pr ice r e d u c t i o n . 2 0 For ins tance , the subs t ra te for H . illucens ac

c o u n t e d fo r 8 1 % - 9 0 % of tota l f a rm ing cos t s and inc reas ing use of 

b y - p r o d u c t s f r o m s a w d u s t in c o m b i n a t i o n w i th b r e w e r y spen t grain 

cons ide rab l y r e d u c e d the cos t o f rear ing, thus mo re i n c o m e gen 

e r a t i o n . 8 9 Rear ing c r i cke ts for an imal f eeds is on l y p ro f i t ab le w h e n 

w e e d s o r o rgan ic s ide s t reams are e m p l o y e d . 9 0 P r o d u c t i o n of H . il

lucens f e d b y - p r o d u c t s w a s mo re env i r onmen ta l l y e f f ec t i ve than 

plant- and an ima l -based s u b s t r a t e s . 9 1 T h e r e f o r e , e f f o r t s in upsca l ing 

rear ing fac i l i t ies and d e v e l o p i n g su i tab le subs t ra tes cou ld tu rn insect 

p ro te in mo re p r i ce - compe t i t i ve w i t h f i shmea l and s o y b e a n meal in 

the c o m i n g y e a r s 2 0 ( 2 0 2 3 6 or 2 0 3 0 8 2 ) . 

Important ly , d e v e l o p i n g insec t rear ing fac i l i t ies based o n loca l ly 

ava i lab le subs t ra tes , ad jacent to aquacu l tu re ope ra t i ons , d e e m s a 

s t ra teg ic m o v e to p r o d u c e cos t -e f f ec t i ve , i m p o r t - i n d e p e n d e n t and 

readi ly ava i lab le a q u a f e e d ingred ien ts . Th i s may requ i re fu r the r c o n 

s idera t ions in to i nves tmen t , log is t ics , leg is la t ion , a m o n g o the rs , but 

seems v iab le in spec i f i c geograph ica l s p e c t r u m 9 2 - 9 4 For ins tance, 

A s i a is the lead ing aquacu l t u re p roducer , a c c o u n t i n g fo r 9 2 % of 

g lobal p r o d u c t i o n in 2 0 1 7 , 5 and a large c o n s u m e r of a q u a f e e d s . 9 5 

Agr i cu l t u re and h u m a n ac t i v i t ies have gene ra ted a vas t v o l u m e of 

w a s t e and b y - p r o d u c t s . 9 6 , 9 7 T h e r e f o r e , insect mea l p ro te in , based on 

organ ic was te va lo r i za t i on , as an aqua feed ingred ient appears feas i 

ble fo r t he reg ion . S u c h b i o c o n v e r s i o n and b io t rans fo rma t i on y ie lded 

p romis ing resu l ts in A s i a and w o r l d w i d e . 9 2 , 9 8 , 9 9 Insect f a rm ing fo r an

imal f e e d is r is ing in th is reg ion , w i t h s o m e ope ra to r s es tab l i shed in 

India, Indones ia , M a l a y s i a , S ingapo re and V i e t n a m , pr imar i ly f ocus 

ing o n H . i l l u c e n s . 7 7 , 9 3 B. mori, G. bimaculatus and T. molitor fa rmings 

have ex i s ted for pet a n d f o o d p u r p o s e s . 1 0 0 Th is app l i ca t i on might 

secu re the sec to r ' s long- te rm d e v e l o p m e n t . 

Insect mea l s in a q u a c u l t u r e d i e t s s i gn i f i can t l y r e d u c e d fo rage 

f i sh f r o m mar ine e c o l o g y but en ta i l ed e n o r m o u s n i t r ogen w a s t e 

o u t p u t s . 1 7 T h e r e f o r e , t he f u r t h e r d e v e l o p m e n t of a q u a f e e d f o r m u 

las w i t h t h e i nc l us i on of po ten t i a l i n s e c t s , H . illucens, T. molitor and 

Z. variegatus s u g g e s t e d by t h e p r e s e n t r ev i ew , s h o u l d c o n s i d e r an 

add i t i ona l c o s t fo r ch i t i n d e g r a d a t i o n as th is n o n - p r o t e i n n i t r ogen 

c o m p o u n d i nd i r ec t l y c a u s e s s u c h i n e f f i c a c y . 6 0 , 1 0 1 Rec i r cu l a t i ng 

a q u a c u l t u r e s y s t e m s c o u l d be a su i t ab le o p t i o n fo r f a r m i n g f i sh fed 
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i n s e c t - c o n t a i n i n g d i e t s as so l i d w a s t e s are e f f e c t i v e l y r e m o v e d , 

t hus ma in ta i n i ng w a t e r qua l i t y . 5 A m o r e s u s t a i n a b l e a p p r o a c h to 

t a c k l e n i t r ogen w a s t e o u t p u t at t he a d d i t i o n of i nsec t i ng red i 

en ts c o u l d be c o m b i n i n g mu l t i p l e t r o p h i c s p e c i e s in t he f a r m i n g 

s y s t e m , s u c h as i n teg ra ted mu l t i - t r oph i c a q u a c u l t u r e s y s t e m s , 

p o l y c u l t u r e - b a s e d a q u a c u l t u r e and a q u a p o n i c s y s t e m . T h e r e b y , 

n i t r o g e n o u s loss f r o m t a r g e t e d - f e d s p e c i e s is r e ta i ned by ex

t r a c t i v e o r g a n i s m s . 1 0 2 1 0 3 T h i s a p p r o a c h c o u l d e n h a n c e c o n s u m e r 

p e r c e p t i o n a b o u t f i sh - f ed i nsec t mea ls ' sus ta inab i l i t y . C o m p a r e d 

w i t h t h e a b o v e - m e n t i o n e d i nsec t s p e c i e s , B. mori a p p e a r e d to be 

mo re e n v i r o n m e n t - e f f e c t i v e by r e d u c i n g n i t r o g e n o u s and p h o s 

pho rus w a s t e o u t p u t w h e n i n c l u d e d in a q u a f e e d s at t he e x p e n s e 

of f i s h m e a l . 1 7 In th is c o n t e x t , B. mori c o u l d be p r o m o t e d as an e n 

v i r o n m e n t a l l y f r i e n d l y i ng red ien t in a q u a f e e d and u s e d in o f f s h o r e 

aquacu l t u re to m in im i ze so l id w a s t e . 

G a i n i n g c o n s u m e r s ' a c c e p t a n c e of i n s e c t - f e d f i sh p r o d u c t s 

w i l l be t h e c r i t i ca l g a t e w a y fo r s u c c e s s f u l l y a d o p t i n g i n s e c t - b a s e d 

f e e d f o r a q u a c u l t u r e , t hus mass p r o d u c t i o n e x p a n s i o n . A recen t 

su rvey , o n a w o r l d w i d e s c a l e t a r g e t e d m o r e t h a n 2 4 0 0 c o n s u m e r s 

f r o m 71 c o u n t r i e s , has r e v e a l e d a p r o m i s i n g resu l t , w i t h 6 6 % of 

r e s p o n d e n t s w i l l i n g to ea t a n i m a l s / f i s h f e d i n s e c t - b a s e d d i e t s . 1 0 4 

S e v e r a l w o r k s f o c u s i n g o n W e s t e r n c o n s u m e r s a l so r e p o r t e d p o s i 

t i ve c o n s u m e r p e r c e p t i o n w i t h i n s e c t - f e d s e a f o o d p r o d u c t s . 1 0 5 , 1 0 6 

O n t h e o t h e r h a n d , t h e c o n s u m e r s ' p r e f e r e n c e fo r t h i s i n n o v a t i v e 

f o o d is d r i v e n by p r i c e a n d e n v i r o n m e n t a l p e r c e p t i o n . 1 0 7 1 0 9 O n c e 

t h e u p s c a l i n g mass p r o d u c t i o n is in p l a c e , t h e c o s t o f i n s e c t - b a s e d 

f e e d wi l l be m o r e p r i c e - c o m p e t i t i v e w i t h c o n v e n t i o n a l f e e d , thus 

tha t o f i n s e c t - f e d s e a f o o d . 1 0 5 , 1 1 0 T h e c a m p a i g n s a n d m a r k e t i n g f o 

c u s i n g o n the e n v i r o n m e n t a l b e n e f i t s of i n s e c t - f e d f i sh c o u l d p o 

ten t i a l l y sh i f t t h e c o n s u m e r ' s a w a r e n e s s in a p o s i t i v e d i r e c t i o n . 1 0 5 

T h e r e b y , b i o t r a n s f o r m a t i o n a n d b i o r e m e d i a t i o n us ing i n s e c t s f o r 

s e a f o o d p r o d u c t s in a c i r c u l a r e c o n o m y c o n c e p t , s u s t a i n a b i l i t y 

of i n s e c t - f e d f i sh in t h e m u l t i - t r o p h i c f i sh c u l t u r e s y s t e m , a m o n g 

o t h e r s , a re d e e m e d v a l u a b l e i n f o r m a t i o n fo r p r o m o t i n g i n s e c t - f e d 

s e a f o o d . 

7 | OUTLOOKS 

T h e p resen t meta -ana lys i s sugges ts e ight po tent ia l i nsec t mea ls for 

f u tu re aqua feeds c o n c e r n i n g the g r o w t h p e r f o r m a n c e of fed f ish. 

H o w e v e r , f u r the r cons ide ra t i on is n e e d e d to d e t e r m i n e the ex ten t to 

w h i c h such insec t mea ls might i ndeed be v iab le p ro te in sou rces fo r 

aqua feeds in t he c o m i n g years . 

F i rs t , the c o m b i n a t i o n of insec t meals and o the r p ro te in sou rces , 

ra ther than the f o r m e r a lone , cou ld po tent ia l l y fil l t he p ro te in gap 

and c o m p e n s a t e for l imi ted nut r ien ts . T h e ta rge ted p r o d u c t i o n of 

aggregate insec t meal by 2 0 3 0 ( 2 0 0 , 0 0 0 t onnes d e s t i n e d for a q u a -

f e e d 7 8 ) is m u c h l owe r than conven ien t i ng red ien ts cu r ren t l y used in 

a q u a f e e d s . 5 In con t ras t , nove l p ro te in sou rces for a q u a f e e d s have 

been recen t l y d e v e l o p e d w i th high nut r i t iona l va lues , sus ta inab i l i t y 

and s c a l a b i l i t y . 6 1 4 S u c h b lend has been p r o m o t e d fo r H. illucens, a 

t r y p t o p h a n de f i c i en t ingred ient , and B. mori, a t r yp tophan - r i ch one 

to p rese rve c o m p l e m e n t i n g nu t r ien ts in f ish f e e d . Severa l s tud ies 

inves t iga t ing a m ix tu re of insect mea ls w i t h te r res t r ia l /aqua t i c m a 

ter ia ls to rep lace f i shmea l in aquat ic an imal d ie ts a c h i e v e d c o m p a r a 

ble g r o w t h p e r f o r m a n c e but a h igher d e g r e e of s u s t a i n a b i l i t y . 1 1 1 1 1 4 

T h e m o s t popu la r c o m b i n i n g mater ia l in a q u a f e e d s w i t h insect mea l 

is pou l t r y b y - p r o d u c t s , 1 1 2 1 1 5 w h i c h are we l l a c c e p t e d by a w i d e 

range of f ish spec ies , cons ide rab l y cheap , and w i d e l y ava i lab le at a 

large supp l y v o l u m e (17 mi l l ion t onnes per y e a r 1 1 6 ) . 1 1 7 F i she ry and 

aquacu l tu re b y - p r o d u c t s are potent ia l cand ida tes to supp l y pro te in 

sou rces for a q u a f e e d . 6 In 2017 , app rox ima te l y 9 mi l l ion t o n n e s of 

t hese t r imming p r o d u c t s w e r e u s e d as f i shmea l and f ish oil in a q u a 

f eed w o r l d w i d e . 5 T h e share of t hese mater ia ls in t he g loba l p roduc 

t ion of f i shmea l ad f i sh oi l is e x p e c t e d to reach 3 4 % by 2 0 3 0 . 2 In 

add i t ion to ter rest r ia l p lant ingred ien ts w i d e l y used in a q u a f e e d s , 1 1 8 

pou l t ry and f i she ry b y - p r o d u c t s are l ikely to b e c o m e c o - c o m b i n a t i o n 

w i t h insect mea l regard ing p ro te in f i l lers , c o m p l e m e n t a r y nu t r ien ts , 

and the env i r onmen ta l bene f i t o f aqua feeds . Un l i ke t hose commer 

cial ly ava i lab le mater ia ls , t he c o m b i n a t i o n of mac ro - , m ic roa lgae and 

s ing le-ce l l p ro te in w i t h insec t mea ls in aquacu l tu re d ie ts s h o w e d an 

un favourab le g r o w t h rate c o m p a r e d w i th f i shmea l -based d i e t s . 1 1 9 

In add i t i on , f ac to rs assoc ia ted w i t h l o w p r o d u c t i o n v o l u m e , high 

cos t and unrea l is t i c sca lab i l i t y may hamper the i r w i d e a d o p t i o n in 

a q u a f e e d s . 6 , 9 

It is a lso cruc ia l to acqu i re c o m p r e h e n s i v e in fo rmat ion o n the 

qua l i ty of s e a f o o d fed i nsec t - con ta in ing d ie t , i nc lud ing s e n s o r y 

eva lua t ion , nut r i t iona l va lues , and o n gut m i c rob io ta mod i f i ca t i on 

t h rough meta -ana lys i s to exp lo re the e f f e c t o f potent ia l insect meals 

on e n d - p r o d u c t s and the i r bene f i t s to t he hos ts . 

8 CONCLUSIONS 

Emp loy ing a meta -ana lys is a p p r o a c h , w e inves t iga ted the overa l l ef

fec ts of spec i f i c t y p e s of insec t meal o n H e d g e s ' g e f f e c t s izes of 

g row th p e r f o r m a n c e , feed ut i l i za t ion and pro te in e f f i c i ency of a q 

uacu l tu re spec ies . T h e f i nd ings h igh l ighted the super io r i t y of t w o 

insec t meal f o rms , name ly larval de fa t t ed T. molitor and pupa l fu l l -

fat B. mori, ove r o the rs in t e rms of p r o d u c t i o n p e r f o r m a n c e ind ices. 

A l t h o u g h larval fu l l - fa t C. megacephala d id not exh ib i t a s ign i f icant 

favourab le in f luence o n S G R e f f e c t s ize , inc reas ing d ie ta ry inc lus ion 

i m p r o v e d the g r o w t h p e r f o r m a n c e of fed spec ies . T h e resul ts f rom 

our meta -ana lys is revea led that s o m e insec t mea ls cou ld suppo r t 

the g r o w t h p e r f o r m a n c e of aquacu l t u re spec ies at p laus ib le inc lu 

s ion levels, such as p repupa l d e f a t t e d H. /7/ucens ( th resho ld , 13.1%), 

adu l ts of G . bimaculatus (50.3%), O. fuscovittata (19.2%) and Z. var-

iegatus (15.1%) and larval fu l l - fat C. butyrospermi (32.4%). T h e resul ts 

also sugges ted the i m p o r t a n c e of cons ide r i ng insec t -de r i ved ch i t in 

levels in d ie t f o rmu la t i on for mar ine f i sh spec ies , espec ia l l y t hose 

w i th l imi ted ab i l i ty to d igest ch i t i n . Acco rd i ng l y , a l o w d ie ta ry sup 

p lemen t cou ld bene f i t t he hos ts regard ing p r o d u c t i o n p e r f o r m a n c e 

and hea l th s ta tus . D e s p i t e t he fac t that he te rogene i t y and pub l i ca 

t ion bias w e r e o b s e r v e d in the p resen t s tudy , t he f ind ings f r om our 

s tudy rema ined robus t a f ter t ak ing in to a c c o u n t a w i d e range of f ish 
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spec ies i nc luded in the subg roup ana lys is , t he mu l t ip le cova r i ances 

in f l uenc ing e f f ec t size and r e m o v i n g s t r ong out l ie rs . 

It is necessa ry to m o v e b e y o n d g r o w t h p e r f o r m a n c e eva lua t ion 

by exp lo r i ng add i t iona l bene f i t s of d ie ta ry insec t mea l fo r aquacu l 

tu re spec ies , s u c h as gut hea l th , immuno log i ca l s ta tus , d i ve rs i t y of 

gut m i c rob io ta , a m o n g o the rs , w h i c h can a rouse the a t ten t i on of 

aqua feed m a n u f a c t u r e r s and p rac t i t i oners . S imu l taneous ly , c a m 

paigns a n d marke t ing s t ra teg ies f o c u s i n g o n the env i r onmen ta l sus-

ta inab i l i t y of insec t meal p r o d u c t i o n and insec t - fed aquacu l tu re can 

br ing pos i t i ve pe rcep t i on f r om c o n s u m e r s , po ten t ia l l y lead ing to a 

shi f t in the i r p re fe rence t o w a r d s s e a f o o d fed insect mea l . T h e s e tar

ge ted users are key in t r igger ing inc reased d e m a n d for insec t mea l 

p ro te in , resu l t ing in upsca l ing p r o d u c t i o n fac i l i t ies , and even tua l l y 

p roduc ing cos t - compe t i t i ve p roduc t s , w h i c h cu r ren t l y is a s ign i f icant 

obs tac le imped ing the w i d e s p r e a d a d o p t i o n of th is i nnova t i ve f eed 

ingred ient . In th is con tex t , it is w o r t h w h i l e to inves t iga te mo re infor

mat ion o n the phys io log ica l r esponses and meat qua l i t y of aquacu l 

tu re spec ies fed insec t mea ls o n a meta -ana lys is basis . In add i t i on , 

the e n v i r o n m e n t a l bene f i t s of insec t meal and the i r use in aquacu l 

tu re s h o u l d be e x p l o r e d , inc lud ing the l ower natural r esou rce use 

of insect p r o d u c t i o n c o m p a r e d w i t h conven t i ona l p lant ingred ients , 

b io remed ia t i on app l i ca t i on for f ish f e d insec t meal in mu l t i - t roph ic 

aquacu l tu re sys tems , and va lo r i za t ion of l ow-va lue subs t ra tes v ia 

insec t b iomass as a p ro te in s o u r c e fo r a q u a f e e d in t he c i rcu lar e c o n 

o m y con tex t . O n c e such sc ru t i ny is w a r r a n t e d , t he f ind ings f r o m the 

p resen t s t udy cou ld p rov ide in fo rmat i ve and c red ib le r e c o m m e n d a 

t ions fo r va r ious s t akeho lde r s in se lec t i ng insec t mea ls for spec i f i c 

app l i ca t ions . 
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Abstract 
W e retr ieved data f rom var ious studies to investigate the consequences of insect 

meal p roduct ion and insect meal-based diets w i th respect to their env i ronmenta l im

pact, inc luding global warming potent ial , energy use, land use, water use, ac id i f icat ion, 

eut rophicat ion as wel l as to economic f ish- in f ish-out ratio and sol id waste output 

product ion. Analys is indicated that insect meals' p roduc t ion exer ted posit ive ef fects 

on land use but was associated wi th greater energy use and a larger ca rbon footpr int 

compared to convent ional protein sources. Subst i tu t ion of s i l kworm meal (Bombyx 

mori) meals for f ishmeal in aquat ic animal diets signi f icant ly reduced sol id phospho

rus waste compared to insect-free diets. In contrast , the inclusion of black soldier f ly 

(Hermetia Hlucens), housef ly (Musca domestica), mea lworm (Tenebrio molitor) and grass

hopper (Zonocerus variegatus) has led, in compar ison to insect-free diet, to greater 

sol id n i t rogen waste. Reduc ing the propor t ion of f ishmeal and, to a lesser extent f ish 

oi l , by var ious insect meals in aquat ic diet formulat ions signi f icant ly reduces eco 

nomic f ish- in f ish-out, indicat ing less marine forage f ish required per unit f ish y ie ld. 

The simulated data showed env i ronmenta l benef i t associated w i th land use of insect-

conta in ing aquafeeds compared to insect meal-free feeds, especia l ly insect species of 

M. domestica and T. molitor. In all, this s tudy suggested a t rade-of f of using insect meal 

as an aquafeed ingredient regarding env i ronmenta l consequence. Since insect meal 

has excel lent potent ial to supply protein for aquafeeds in the coming years, improve

ment in insect meal p roduct ion systems and nutr i t ional compos i t ion wil l be essential 

to make insect meal a sustainable aquafeed ingredient. 

K E Y W O R D S 
a l te rnat ive p ro te in , a q u a f e e d , e c o n o m i c f i sh- in f i sh -ou t , env i r onmen ta l sus ta inab i l i t y , i nsec t 

mea l , w a s t e o u t p u t 

1 | INTRODUCTION 

T h e con t r i bu t i on of aquacu l tu re to s e a f o o d p r o d u c t i o n has in 

c reased con t i nuous l y ove r t he past t w o d e c a d e s , reach ing 4 6 % in 

2 0 1 6 - 2 0 1 8 , up f r o m 2 5 . 7 % in 2 0 0 0 , w i t h an annua l g r o w t h rate of 

5 . 3% f rom 2 0 0 1 to 2 0 1 8 , su rpass ing that o f any o the r major f o o d 

p r o d u c t i o n s y s t e m . 1 T h e t r end is e x p e c t e d to con t i nue in response 

to inc reas ing w o r l d popu la t i on and h igher d e m a n d for s e a f o o d pro

t e i n . 2 T h e rap id g r o w t h of t he sec to r ra ises s ign i f i cant c o n c e r n s re

gard ing fo rage f ish s tock , natural resou rces , env i r onmen ta l issues 

and w a s t e g e n e r a t i o n . 3 5 A q u a f e e d is t he major f ac to r d r i v ing these 

c h a l l e n g e s . 2 , 6 1 0 Typ ica l ly , aqua feeds re ly largely o n f i shmea l /o i l de 

r ived f r om mar ine fo rage f ish a n d , to a lesser ex ten t , f r o m f i s h e r y / 

aquacu l tu re b y - p r o d u c t s , as p ro te in and l ip id s o u r c e s . 1 A q u a c u l t u r e 

Reviews in Aquaculture. 2022;14:237-251. wileyonlinelibrary.com/journal/raq ) 2021 John Wiley & Sons Australia, Ltd | 237 

-45-

mailto:hien.d@cmu.ac.th
http://wileyonlinelibrary.com/journal/raq


238 
REVIEWS IN Aquaculture 

Q U A N G T R A N E T A L 

has b e c o m e the largest c o n s u m e r of g loba l f i shmea l and f ish oi l p ro

d u c t i o n , a c c o u n t i n g fo r 6 8 % and 8 9 % r e s p e c t i v e l y . 1 1 W o r l d w i d e , 

w i l d f ish p r o d u c t i o n d e c r e a s e d by 2 6 . 5 % f rom 2 0 0 0 to 2 0 1 8 , 1 2 a f ter 

peak ing in 1 9 9 4 , 1 3 and wi l l reach eco log ica l l imi ts in 2 0 3 7 . 1 4 T h e 

use of b y - p r o d u c t s f r o m f i sher ies and aquacu l tu re in aqua feeds has 

inc reased but wi l l be insu f f i c ien t for p ro jec ted a q u a f e e d d e m a n d s 

by 2 0 5 0 . 1 4 A s a resul t , the g r o w i n g aquacu l t u re i ndus t r y wi l l f ace a 

severe issue of l imi ted f i s h m e a l / f i s h oi l supp ly , and f i shmea l / f i sh oi l 

rep lacement in aqua feeds is inev i tab le . 

E f fo r ts to r educe p r o p o r t i o n s of f i shmea l and f ish oi l in a q u a 

feeds ove r t he past t w o d e c a d e s 1 5 1 7 have led to t he inc reas ing in

c lus ion of p lan t -de r i ved i n g r e d i e n t s . 1 8 H o w e v e r , inc lus ion of t hese 

ingred ien ts in a q u a f e e d s , w i t h respec t to t he e n v i r o n m e n t , p laces 

greater p ressu re o n wa te r and land r e s o u r c e s , 1 8 - 2 1 and genera tes 

more w a s t e 3 , 2 2 c o m p a r e d to f i shmea l -based d ie ts . Mu l t i p l e a l te rna

t ive ingred ien ts for aqua feeds have b e e n inves t iga ted , a m o n g w h i c h 

insec t meal and f i sher ies b y - p r o d u c t s s h o w the grea tes t potent ia l to 

meet p ro te in requ i red for aqua feeds in t he c o m i n g d e c a d e s . 1 1 

Insect meal d raws inc reas ing in terest as an a l te rna t ive to f i sh 

meal in ter rest r ia l and aqua t i c an imal d ie ts b e c a u s e of its favourab le 

nut r i t ion p r o f i l e , 2 3 , 2 4 the feas ib i l i t y o f c o m m e r c i a l - s c a l e p r o d u c t i o n 

and c o n s u m e r a c c e p t a n c e . 1 1 , 2 5 Success fu l i nc lus ion of insec t meal 

in the p re fe rence to f i shmea l in f e e d has been wel l r e v i e w e d fo r 

many aqua t i c s p e c i e s . 2 6 3 0 Par t ia l r ep lacemen t of f i shmea l by b lack 

so ld ie r f ly (Hermetia illucens) in E u r o p e a n pe rch (Perca fluviatilis) d iet 

resu l ted in s ign i f i cant i m p r o v e m e n t of fo rage f ish input re la t ive to 

f a r m e d f ish p r o d u c t i o n (f ish-in f i sh -ou t ra t i o ) . 3 1 3 3 

P r o d u c t i o n of insec t mea l has been s h o w n to c o n s u m e less land 

and wa te r resources than d o e s s o y b e a n m e a l . 3 4 , 3 5 M e a l of the c o m 

m o n house f l y (Musco domestica) as part ia l r ep lacemen t fo r f i shmea l 

in t i lapia (Oreochromis niloticus) d ie ts exh ib i t ed a pos i t i ve e f fec t 

on wa te r env i r onmen ta l pa ramete rs c o m p a r e d to insect mea l - f ree 

d i e t s . 3 6 R e p o r t s of the env i r onmen ta l c o n s e q u e n c e s of insec t mea l -

based d ie ts c o m p a r e d to t h o s e of f i shmea l -based d ie ts fo r aqua t i c 

an imals are s c a r c e . 3 7 , 3 8 Le F e o n e t a l . 3 7 r e p o r t e d that inc lus ion of ye l 

l ow m e a l w o r m (Tenebrio molitor) in r a i n b o w t rou t (Oncorhynchus my-

kiss) f e e d r e d u c e d net p r imary p r o d u c t i o n use (in kg C , quan t i f y i ng 

the b io t ic r esou rce that is no t ava i lab le for o the r s y s t e m s anymore) , 

and ava i lab le wa te r rema in ing (in m 3 , cons ide r i ng the wa te r ava i l 

ab i l i ty in t he s tud ied area minus the wa te r requ i red by humans and 

aquat ic ecosys tems) , but d id not dec rease land use, ac id i f i ca t i on , e u -

t r oph i ca t i on , g loba l w a r m i n g potent ia l and ene rgy use c o m p a r e d to 

an insec t mea l - f ree d ie t . C o n v e r s e l y , an H. /7/ucens-based d ie t in arc t ic 

char (Salvelinus alpinus) resu l ted in r e d u c e d env i r onmen ta l impac ts , 

i nc lud ing ab io t ic d e p l e t i o n , ac id i f i ca t i on , e u t r o p h i c a t i o n , g loba l 

w a r m i n g po ten t ia l , h u m a n tox ic i t y a n d mar ine eco tox i c i t y c o m p a r e d 

to an insec t mea l - f ree d i e t . 3 8 D i e t a r y H . illucens in P. fluviatilis was 

repo r ted to requ i re cons ide rab l y less w a t e r than a f i shmea l -based 

diet , w h i l e inc reas ing g loba l w a r m i n g po ten t ia l , land d e m a n d and e n 

ergy u s e . 3 3 A b roader unde rs tand ing of t he env i r onmen ta l impac t of 

insec t meal and insec t mea l - based feeds in c o m b i n a t i o n w i t h the i r 

e f f ec t s o n f i sh p r o d u c t i o n (e.g. nu t r i t iona l p rope r t i es , g r o w t h , meat 

qual i ty) can in fo rm the c h o i c e of insec t mea l as a p ro te in s o u r c e fo r 

the sus ta inab i l i t y o f f u tu re aqua feeds . 

This rev iew a imed to cha rac te r i ze the env i r onmen ta l c o n s e 

quences of insect mea ls as a nu t r i t ion s o u r c e for aquat ic an imals . W e 

re t r ieved l i fe cyc le assessmen t s tud ies add ress ing the env i r onmen ta l 

impac t of va r ious insec t mea ls and c o m p a r e w i t h conven t i ona l a q u a -

f eed ingred ien ts . P e e r - r e v i e w e d pub l i ca t ions assess ing insec t mea l 

as r ep lacemen t for f i shmea l in aqua t i c an ima l d ie ts we re syn thes i zed 

to ca lcu la te e c o n o m i c F I F O rat io , so l id w a s t e o u t p u t and e n v i r o n 

menta l impac t ca tegor ies of i nsec t - con ta in ing f e e d re la t ive to f i sh 

meal ( insect- f ree) f e e d . W e suggest areas to e n h a n c e the e f f i c i ency 

and sus ta inab i l i t y o f insec t mea ls in aqua feeds . 

2 | METHODS 

2.1 | Database search and criteria 

T h e re levant l i terature w a s s e a r c h e d us ing on l i ne da tabases S c o p u s , 

W e b of S c i e n c e and G o o g l e scho la r in D e c e m b e r 2 0 2 0 . 

2.2 I Environmental impact of insect meal and 
other feed ingredients 

Life cyc le assessmen t analys is eva lua tes env i r onmen ta l impac ts of 

p roduc t s and sys tems t h roughou t the i r l i fe c y c l e . 3 9 Th is too l has 

been increas ing ly used in assess ing the env i r onmen ta l sus ta inab i l 

i ty o f aquacu l tu re s y s t e m s , 8 , 3 9 - 4 1 a q u a f e e d s , , 6 , 9 , 3 7 , 3 8 , 4 2 - 4 4 a q u a f e e d 

i n g r e d i e n t s . 4 5 T h e ta rge ted l i terature r e p o r t e d for l i fe cyc le assess

ment of insec t mea l p r o d u c t i o n w a s sea rched , us ing k e y w o r d s such 

as insect meal, LCA or Life Cycle Assessment, global warming potential, 

energy use. A tota l of 13 pub l i shed ar t ic les and o n e P h D thes is (from 

2 0 1 4 to 2020 ) w e r e c o m p i l e d (Table SI) . Env i ronmen ta l impac t cat

egor ies based o n l i fe cyc le assessmen t s tud ies i nc luded g lobal w a r m 

ing potent ia l (kg C 0 2 equ i va len t (eq.), ene rgy use (MJ) ; land use (m 2 a 

(arable land), wa te r use (m 3), ac id i f i ca t ion (g S 0 2 eq.) and e u t r o p h i c a 

t ion (g P Q 4 eq.). 

2.3 | Total solid waste and nitrogen and 
phosphorus waste 

T h e c o m b i n e d k e y w o r d s , for e x a m p l e insect meal, fish diets a n d di

gestibility w e r e used to sea rch pub l i ca t ions re levant to insec t mea l 

as rep lacemen t fo r f i shmea l in aquat ic an imal d ie ts and apparen t 

d igest ib i l i ty o f d r y mat ter , c r u d e p ro te in and p h o s p h o r u s . T h e lit

erature also con ta i ned i n fo rma t ion o n f eed ut i l i za t ion to ca lcu la te 

the f o l l ow ing : 

Tota l sol id w a s t e (TSW) = [feed ( D M ) c o n s u m e d x ( l - A D C DM) ] 

+was te feed ( D M ) 
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So l id n i t rogen w a s t e ( S N W ) o r so l id p h o s p h o r u s w a s t e 

(SPW) = [N or P c o n s u m e d x (1 - A D C of N or P)] + (N o r P of w a s t e 

feed) , w h e r e D M is d ry matter , N , P are n i t rogen and p h o s p h o r u s , 

respec t i ve ly , and A D C is appa ren t d iges t ib i l i t y coe f f i c ien t . 

Da ta d e r i v e d f r o m 2 7 p e e r - r e v i e w e d pub l i ca t ions ( f rom 1 9 9 0 to 

2020) w e r e c o m p i l e d to inves t iga te so l id w a s t e ou tpu t t rends cor

respond ing to insec t meal inc lus ion in a q u a f e e d s (Table S2). Insect 

meal r ep lacemen t levels fo r f i shmea l ranged 3 . 5 2 % - 5 0 . 8 0 % (IQR) 

w i t h 4 5 % e x p e r i m e n t s us ing H . /7/ucens, f o l l o w e d by T. monitor (22%), 

s i l kwo rm (Bombyx mori), M . domestica (11%) and o the r i nsec ts (7%). 

M o s t insec t meals we re fu l l - fa t p rocess ing (68% of to ta l o b s e r v e d in

sec t meals), wh i l e de fa t t ed and par t ia l de fa t t ed fo rms a c c o u n t e d fo r 

21 and 1 1 % respec t i ve ly . T h e ca lcu la ted so l id w a s t e o u t p u t va lues 

w e r e c o n v e r t e d to r esponse rat io r, r ep resen t i ng the rat io of m e a 

su red ind ices in expe r imen ta l and con t ro l g r o u p s , 4 6 w h i c h w a s e m 

p loyed in the meta -ana lys i s of insec t meal inc lus ion o n f i sh g r o w t h 

p e r f o r m a n c e . 3 0 O u r ana lyses w e r e cons t ra i ned to so l id w a s t e as

sessmen t on l y because of t he insu f f i c ien t n u m b e r of s tud ies re

po r ted d i sso l ved was te . 

w h e r e F C R is feed convers ion ratio, i is f ishmeal or f ish oil J is source of 

ingredient, Ft is p ropor t ion of f ishmeal or f ish oil in the d iet (%). 

EF f , is e m b o d i e d f ish in f i shmea l or f i sh o i l , w h i c h is d e p e n d e n t 

on raw f ish u s e d , that is: f ish spec ies , s ize and cap tu re s e a s o n . e F I F O 

ca lcu la t ion in ou r s t udy w a s based o n EF, da tabase of K o k et a l . 1 9 

dur ing 1 9 9 5 and 2 0 2 0 . 

S e v e n t a x o n o m i c g roups con t r i bu t i ng to e F I F O da ta w e r e cat

egor ized acco rd i ng to T a c o n and M e t i a n 3 2 (Table S3). To cons ide r 

w h e t h e r t he e F I F O of each t axon can m e e t g loba l p ro jec t ions , we 

ca lcu la ted e F I F O va lues p red i c ted for 2 0 2 5 and es t ima ted the f e a 

sible f i shmea l subs t i t u t i on level at w h i c h the p red i c ted e F I F O is o b 

ta ined . T h e p ro jec ted e F I F O for 2 0 2 5 of each t axon w a s ca lcu la ted 

based o n the a b o v e - m e n t i o n e d fo rmu la , in w h i c h e m b o d i e d f ish in 

f i shmea l and f ish oi l (EF ;) fo r 2 0 2 5 w a s 3 . 5 4 and 4 . 0 6 , r e s p e c t i v e l y , 1 9 

and F C R and the p r o p o r t i o n of f i shmea l , f i sh oi l in t he d iet for each 

t axon by 2 0 2 5 we re re t r ieved f r om T a c o n and M e t i a n . 1 6 , 3 2 

2.4.2 I Environmental impact categories of insect 
meal-based and insect meal-free diets 

2.4 | Economic fish-in fish-out ratio and 
environmental impact categories 

To be i nc luded in t hese ana lyses , expe r imen ta l s tud ies n e e d e d to (i) 

pe r fo rm o n aqua t i c an imals ; (ii) i nc lude at least o n e insec t mea l level 

as part ia l or tota l r ep lacemen t for f i shmea l ; (iii) p rov ide su f f i c ien t in

f o rma t i on o n f eed f o rmu la t i on , t he p r o p o r t i o n of each cons t i t u t i on , 

f eed c o n v e r s i o n rat io. S tud ies that assessed the m ix tu re of insect 

meals or insec t meal w i t h o the r c o m p o n e n t s as rep lacemen t for f i sh 

meal w e r e not c o n s i d e r e d . K e y w o r d s such as insect meal, fishmeal, 

replacement, fish, growth w e r e used in d i f fe ren t c o m b i n a t i o n s to get 

matches . A l t o g e t h e r 8 4 p e e r - r e v i e w e d ar t ic les ( from 1 9 9 0 to 2020) 

w e r e c o m p i l e d (Table S3). 

2.4.1 | Economic fish-in fish-out 

T h e rat io of fo rage f ish input to f a r m e d f ish p r o d u c t i o n ( f ish- in f i sh -

out) is c o n s i d e r e d a measu re of s u s t a i n a b i l i t y . 3 1 W e a d o p t e d the 

te rm ' e c o n o m i c f i sh- in f i sh -ou t rat io ' (eFIFO) f r o m K o k e t a l . , 1 9 based 

on e c o n o m i c o u t c o m e and is c o m m o n l y used in l i fe cyc le assess

ments . T h e ca l cu la t i on i nc luded da ta o n the use of f i sh by -p roduc t s , 

cu r ren t l y r e p o r t e d to c o m p r i s e 2 5 % - 3 5 % of g lobal f i shmea l and 

f ish oil p r o d u c t i o n , 1 a use fu l measu re w h e n es tab l i sh ing indus t ry 

pol icy. T h e e F I F O d i f fe rs f r o m conven t i ona l f i sh- in f i s h - o u t , 3 1 , 3 2 , 4 7 

w h i c h d id not al ign w i t h l i fe cyc le assessmen t , o m i t t e d f i sher ies by

p roduc t s f r om the c a l c u l a t i o n , 1 9 and was recogn ized as an ove res t i -

mat ion of w i l d f i sh used 4 7 and a f l a w e d c o n c e p t . 1 7 

TheeFIFOrat iowascalculatedbytheformula:eFIFO = F C R x £ ( F y x E F y ) 

Exper imen ta l d ie ts e x t r a c t e d f r om pub l i ca t ions (Table S3) w e r e used 

to eva lua te the env i r onmen ta l impac t s of a set o f s ix impac t ca tego 

ries, i nc lud ing g loba l w a r m i n g potent ia l (kg C 0 2 eq.), ac id i f i ca t ion (g 

S 0 2 eq.), eu t r oph i ca t i on (g P eq.), land use ( m 2 a eq.), e n e r g y use (MJ) 

and wa te r use (m 3 ) per kg of f eed based o n the env i r onmen ta l im

pact at t he plant gate da tabase of f e e d ing red ien ts gene ra ted by the 

G loba l F e e d L i fecyc le Inst i tute 4 8 W e l imi ted o u r da ta to pub l i ca t ions 

f ocus ing o n H . /7/ucens, T. molitor and M . domestica b e c a u s e of una

va i lab le l i fe cyc le assessmen t s tud ies o n o the r insec t spec ies . S ince 

the env i r onmen ta l impac t of ingred ien ts in the GFL I da tabase var ies 

w i t h l oca t ion , ave rage g loba l va lues w e r e used . T h e minera ls , add i 

t i ves and v i tamins used are c lass i f ied as 'Total minera ls , add i t i ves , 

v i tamins , at p l a n t / R E R M a s s S' in the GFL I da tabase . Env i ronmen ta l 

impac t va lues for each of t he t h ree insec t mea ls w e r e exp ressed as 

mean va lues for each insec t g roup (Table SI) . D u e to unava i lab le 

data o n wa te r use for t he p r o d u c t i o n of o n e kg of T. molitor mea l , we 

used the va lue of 4 . 3 m 3 requ i red for o n e kg f resh m e a l w o r m 4 9 w i t h 

an a s s u m p t i o n that t he d r y i n g p rocess of m e a l w o r m d id not requ i re 

add i t iona l w a t e r . 5 0 T h e env i r onmen ta l impac t ca tegor ies w e r e also 

c o n v e r t e d to r esponse rat io, as m e n t i o n e d prev ious ly . 

2.5 | Data analysis 

T h e raw da ta o n the env i r onmen ta l impac t of insect mea ls w e r e c a l 

cu la ted fo r t he in te rquar t i le range (IQR), f r om the f i rs t ( Q l ) to the 

th i rd (Q3) quar t i le , us ing the ' s u m m a r y ' f u n c t i o n . T h e re la t ionsh ip 

b e t w e e n f i shmea l r ep lacemen t w i t h insec t mea l a n d w a s t e ou tpu t 

was tes ted us ing the genera l i zed add i t i ve m o d e l ('gam') and the l in

ear m o d e l ('lm') f unc t i ons . A n a l y s e s of cova r i ance ( A N C O V A ) we re 

used to d e t e r m i n e the var ia t ion in w a s t e o u t p u t pa ramete rs . S t rong 

out l ier va lues ( Q l > 3 x IQR or Q 3 < 3 x IQR) w e r e e x c l u d e d f r om 
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t he da tase t to mi t igate he te rogene i t y . T h e s ign i f i can t co r re la t ions 

of e F I F O re lat ive to r ep lacemen t leve ls of f i shmea l w i t h insec t meal 

w e r e t es ted w i t h l inear and gam mode l s , and the ' A N O V A ' f unc t i on 

w a s used to c o m p a r e regress ion mode l s . A l l ana lyses w e r e per

f o r m e d us ing the R s tat is t ica l package (R D e v e l o p m e n t C o r e Team 

2 0 0 9 - 2 0 2 0 , ava i lab le at www. r -p ro jec t .o rg /1 . 

3 | RESULTS AND DISCUSSION 

3.1 | Environmental impact of insect meal 
production 

T h e env i r onmen ta l impac t of t h ree insec t m e a l s - H . illucens, T. molitor 

and M . d o m e s t / c o - w h i c h w e r e e x t r a c t e d f r o m the l i terature, and the 

in terquar t i le range (IQR), m e a n va lues we re summar i zed (Table SI) . 

Regard ing g loba l w a r m i n g potent ia l and e n e r g y use, the p r o d u c t i o n 

of t he inves t iga ted insec ts w a s compa rab le , wh i l e M . domestica re

qu i red less land use than d id T. molitor. 

Env i ronmen ta l impac t ca tegor ies of insec t mea ls and o the r c o n 

ven t iona l and nove l f e e d ingred ien ts used in aqua feeds are d e p i c t e d 

in F igure 1. T h e IQR base l ines of bu lked ingred ien ts are a lso pre

sen ted . Insect meal p r o d u c t i o n , a l ong w i th f i shmea l and s ing le-ce l l 

p ro te in , a p p e a r e d to be e f f i c ien t in te rms of land use. Land use of 

t hese ingred ien ts w a s f o u n d to be l owe r than the bu l ked Q l . Recen t 

research c o n f i r m e d be t te r land use e f f i c i ency of insec t mea ls (e.g. 

M . domestica,51 H. illucens,34,35 a n d , to a lesser ex ten t , T. molitor52) 

c o m p a r e d to s o y b e a n mea l . Th is sugges ts tha t t he p re fe rab le use of 

a l ternat ive a q u a f e e d ingred ien ts (e.g. insec t mea ls , s ing le-ce l l p ro

tein) to ter rest r ia l c rops c o n c e r n i n g natura l r esou rce c o n s e r v a t i o n . 

F ishmeal a p p e a r e d to have the l owes t impac t in all ca tegor ies , 

excep t e n e r g y use, w h e r e a s s o y b e a n mea l and p lant p ro te in we re 

ins tead c l osed to t he bu l ked Q l of ene rgy use (Figure 1). Si lva 

et a l . 4 5 a lso r e p o r t e d that s o y b e a n meal had l owe r e n e r g y use (fossil 

fuel) t han f i shmea l , w h i c h c o n f i r m e d the re l iabi l i ty o f t he p resen t 

comp i la t i on . 

Six ingred ien ts exh ib i t ed a g o o d f i t w i th in the bu lked IQR c o n 

cern ing g r e e n h o u s e emiss ions , t he e x c e p t i o n w a s mic roa lgae. 

Regard ing ene rgy use, insec t meals , m ic roa lgae and s ing le-ce l l p ro

te in ingred ien ts s h o w e d an i m m e n s e impac t , fa l l ing b e y o n d the 

bu lked Q 3 . Severa l s tud ies c o n f i r m e d the negat ive impac t of g loba l 

w a r m i n g potent ia l and e n e r g y use assoc ia ted w i t h insec t meal p ro 

duc t i on ve rsus that of f i shmea l and s o y b e a n m e a l s . 3 4 , 3 5 ' 5 1 , 5 2 A s imi lar 

pat tern w a s a lso o b s e r v e d fo r insect mea ls in te rms of w a t e r use 

and e u t r o p h i c a t i o n . W a t e r use of H . illucens mea l was compa rab le 

w i t h that of f i shmea l and less than that of p lant ingred ien ts and mi

c roa lgae, as r e v i e w e d by S m e t a n a et a l . 3 5 H o w e v e r , c o m p i l e d data 

s h o w e d a c o n t r a d i c t o r y pa t te rn (F igure 1), w h i c h cou ld be a t t r i bu ted 
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F I G U R E 1 Log va lues of env i r onmen ta l impac t ca tegor ies of insec t meals and o the r feed ingred ien ts per kg . B lack do t s are o b s e r v e d 

data po in ts . T h e lower and uppe r d a s h e d l ines rep resen ted the f i rs t quan t i le and th i rd quant i le of bu l ked ingred ien t da ta . Da ta sou rces : 

insec t mea ls (Table S I ) , f i s h m e a l 6 , 4 5 , 4 8 , 5 2 , 5 9 , 1 2 7 " 1 2 9 (number of o b s e r v a t i o n , n = 27) , s o y b e a n m e a l 3 4 , 4 5 , 4 8 , 5 0 , 5 2 , 1 2 6 , 1 2 9 1 3 5 (n = 27) and plant 

c o n c e n t r a t e , 6 , 4 8 , 5 0 , 5 9 , 1 3 6 1 3 8 m i c r o a l g a e 5 0 , 1 3 4 , 1 3 9 1 4 1 (n = 9), s ing le-ce l l p r o t e i n y 5 0 , 5 9 , 1 2 6 , 1 3 3 , 1 4 2 1 4 4 (n = 9) 
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to t he high wa te r use requ i red by house f l y p r o d u c t i o n (Table SI) . 

Rof fe is et a l . 5 3 r e p o r t e d the n e e d fo r ex t ra wa te r fo r m ix ing sub 

s t ra tes and k i l l ing f l ies (M . domestica). T h e high impac t of house 

f ly p r o d u c t i o n cou ld be exp la i ned by the geograph ica l c o n t e x t of 

the i r s t u d y 5 4 b e c a u s e a h igh pe rcen tage of wa te r w a s c o n s u m e d to 

mainta in fac i l i t y h y g i e n e . 5 5 F e e d for i nsec ts w a s the mos t s ign i f i 

cant d r iver fo r wa te r u s e , 5 6 espec ia l l y for t h o s e de r i ved f r om c rop 

p r o d u c t s 4 9 c o m m o n l y used for insec t rear ing (Table SI ) . Th i s cou ld 

f u r the r exp la in t he high impac t of insec t meal p r o d u c t i o n . G i v e n that 

mos t s tud ies c o m p i l e d in ou r r ev i ew w e r e p e r f o r m e d under smal l -

sca le fac i l i t ies , s y s t e m i m p r o v e m e n t cou ld imp rove wa te r use and 

o the r env i r onmen ta l ca tegor ies of insec t mea l p r o d u c t s . 5 5 - 5 7 Insect 

meal p r o d u c t i o n assoc ia ted w i t h ac id i f i ca t ion w a s h ighly he te roge

neous and par t l y d e e m e d in t he bu l ked IQR. W e a lso f o u n d exce l len t 

env i ronmen ta l p e r f o r m a n c e assoc ia ted w i th ac id i f i ca t ion in s ing le-

cel l p ro te in p r o d u c t i o n (Figure 1). 

O u r r ev i ew h igh l igh ted the high env i r onmen ta l impac t of nove l 

aqua feed p ro te in s o u r c e s , i nc lud ing insec t mea ls , m ic roa lgae and 

s ing le-ce l l p ro te in , c o m p a r e d to conven t i ona l a q u a f e e d ingred ients , 

espec ia l l y for g loba l w a r m i n g po ten t ia l , ene rgy and wa te r use. Th is 

cou ld be asc r i bed to the i nsu f f i c i ency of p r o d u c t i o n t e c h n o l o g y and 

p r o d u c t i o n s c a l a b i l i t y . 3 5 , 5 8 , 5 9 Insect p r o d u c t i o n upsca l i ng cou ld re

duce env i r onmen ta l impac t and c o n s e q u e n t l y c o m p e t e w i t h c o n 

ven t iona l i n g r e d i e n t s . 3 5 , 5 7 A m o n g t h o s e nove l a l te rna t ive a q u a f e e d 

ingred ien ts , insec t mea l has been sugges ted to be the best po tent ia l 

cand ida tes for imp rov ing p rocess ing t echn iques , cos t s and sca lab i l 

i t y . 1 1 M o r e o v e r , f eed for insec t rear ing was the largest con t r i bu to r 

to env i r onmen ta l impac t ca tego r ies (T. molitor,37,52 M . domestica51,53 

and H. / 7 / u c e n s 3 4 , 3 5 , 6 0 , 6 1 ) . T h e r e f o r e , sou rc i ng su i tab le subs t ra tes to 

f eed insec ts and e x p a n d i n g the e f f i c i ency of fac i l i t ies wi l l be cr i t ica l 

to imp rov ing the env i r onmen ta l bene f i t o f insec t meals . 

3.2 | Total solid waste, nitrogen and 
phosphorus waste 

T h e tota l so l id w a s t e and p h o s p h o r u s and n i t rogen w a s t e f r om a q 

uacu l tu re are cons i de red p r imary eu t r oph i ca t i on agents of aquat ic 

e c o s y s t e m s . M i n i m i z i n g these o u t p u t s t h rough d ie t f o rmu la t i on has 

been p r o p o s e d as a long- te rm s t ra tegy to ensu re env i ronmen ta l l y 

f r i end ly and sus ta inab le a q u a c u l t u r e . 3 , 5 

The re w a s no s ign i f i can t re la t ionsh ip b e t w e e n the f i shmea l re

p lacemen t level and tota l so l id w a s t e for all i nsec t mea ls (p = 0.597) 

as wel l as fo r ind iv idua l insec t mea ls (p > 0.05). D i e t a r y insec t meals 

compr i s i ng B. mori, H. illucens, M . domestica and T. molitor s ign i f i cant ly 

i nc reased so l id n i t rogen w a s t e (p < 0.05). A s ign i f i cant nega t i ve re

la t ionship w a s f o u n d b e t w e e n d ie ta ry B. mori and so l id p h o s p h o 

rus w a s t e (p < 0 .05 ; F igure 2 , Tab le S4). A N C O V A analys is s h o w e d 

a s ign i f i cant assoc ia t i on b e t w e e n nut r ien t d igest ib i l i ty (dry matter , 

F-va lue =24.75, p < 0 . 0 0 0 1 ; p ro te in , F-va lue =4.80, p = 0 . 0 3 2 ; phos 

phorus , F-va lue =7.19, p = 0.01) and ch i t in (F-va lue =5.98, p = 0.017) 

w i t h tota l so l id was te . Ch i t i n (F-va lue =6.78, p = 0.02), p ro te in d i 

gest ib i l i ty (F-va lue =13.57, p = 0 .002) , f i sh habi ta t (F-va lue =13.57, 

p = 0 .002) and insect spec ies (F-va lue =5.46, p = 0 .033) impar ted 

s ign i f icant var ia t ions in n i t rogen was te . So l id p h o s p h o r u s w a s t e was 

f o u n d to be s ign i f i can t ly i n f l uenced by the p h o s p h o r u s d iges t ib i l 

i ty (F-value =11.56, p = 0.011), d ie ta ry p h o s p h o r u s (F-va lue =8.49, 

p = 0 .002) and insec t spec ies (F-va lue =4.71, p = 0.045). 

A r e c e n t s t u d y by W e t h t h a s i n g h e et a l . 6 2 o n O. mykiss f e d fu l l -

fa t H . /7/ucens mea l c o n f i r m e d o u r f i n d i n g tha t t h e r e w a s a pos i t i ve 

c o r r e l a t i o n b e t w e e n d i e t a r y i nsec t mea l a n d t h e f aeca l e x c r e t i o n 

of n i t r o g e n . N i t r o g e n w a s t e l oad is d i r e c t l y l i nked to t h e appar 

ent p r o t e i n d i ges t i b i l i t y o f t he d ie t . D i g e s t i b i l i t y o f d i e t a r y p ro te in 

w a s r e p o r t e d to be a f f e c t e d by t h e p r e s e n c e of ch i t i n in i nsec t 

m e a l . 6 3 - 6 7 C h i t i n is no t d i ges t i b l e by m o n o g a s t r i c an ima ls , a n d it 

exh ib i t s a h igh p r o t e i n - b i n d i n g c a p a c i t y , w h i c h c o u l d impa i r p ro 

te in d i g e s t i o n . 6 4 C h i t i n m a y i n t e r f e r e w i t h l e u c i n e a m i n o p e p t i -

dase ac t i v i t y—a b r u s h b o r d e r e n z y m e tha t b reaks d o w n p e p t i d e s 

in to a m i n o ac ids in t h e p rox ima l a n d m i d d l e i n tes t i ne , w h e r e the 

ma jo r i t y o f p ro te i ns a re d i g e s t e d a n d a b s o r b e d . 6 8 G a s c o e t a l . 6 5 

r e p o r t e d tha t t he a s s u m e d 1.7% ch i t i n c o n t e n t of 3 6 % f i s h m e a l 

r e p l a c e m e n t by T. molitor mea l i m p r o v e d p r o t e i n d i ges t i b i l i t y c o m 

pared to an i n s e c t - f r e e d ie t in E u r o p e a n sea bass . T h i s c o u l d be 

a s s o c i a t e d w i t h the c h i t i n a s e tha t is p r e s e n t in s o m e m a r i n e s p e 

c ies tha t d e g r a d e c h i t i n , c o n s e q u e n t l y r e d u c i n g t h e d iges t i b i l i t y 

c o n s t r a i n t s of i n c l u d i n g i n s e c t m e a l . 6 9 - 7 2 A ra t io o f n o n - e s s e n t i a l -

t o - e s s e n t i a l a m i n o ac ids of <1.0 in m o s t i nsec t m e a l s 2 3 w a s k n o w n 

to nega t i ve l y a f f e c t p r o t e i n d iges t ib i l i t y . 

W e t h t h a s i n g h e et a l . 6 2 e v i d e n c e d r e d u c t i o n of faeca l p h o s p h o 

rus o u t p u t w i t h inc reas ing insec t meal inc lus ion in d ie ts of O. my

kiss, w h i c h w a s c o n f i r m e d in ou r comp i l a t i on . Th is cou ld resul t in a 

s ign i f icant ly l ower phospha te c o n c e n t r a t i o n (P - P 0 3 ~ ) in t he rear ing 

wa te r of f ish fed i nsec t -based d ie ts c o m p a r e d to insec t - f ree d ie ts , 

w h i c h w a s repo r t ed ear l ier for O. niloticus.36 T h e A N C O V A analys is 

in t he p resen t s t udy s h o w e d that t he so l id p h o s p h o r u s load is main ly 

a t t r ibu ted to f e e d d iges t ib i l i t y and p h o s p h o r u s con ten t , w h i c h is 

in a g r e e m e n t w i t h p rev ious w o r k . 3 S o m e s tud ies have c o n f i r m e d a 

pos i t ive re la t ionsh ip b e t w e e n d ie ta ry insec t mea ls and p h o s p h o r u s 

d igest ib i l i ty in aquat ic an imals . For e x a m p l e Rah imne jad et a l . 7 3 re

po r ted that t he p h o s p h o r u s d iges t ib i l i t y o f L vannamei w a s s igni f i 

can t ly e n h a n c e d by inc reas ing the inc lus ion level o f B. mori. A s imi lar 

f i nd ing w a s repo r t ed fo r bu l l f rogs (Rana catesbeiana) f ed d ie ta ry 

M . domestica m e a l . 6 6 It is l ikely tha t a h igher c a l c i u m - t o - p h o s p h o r u s 

rat io (Ca:P) and a h igher p h o s p h o r u s con ten t in f i shmea l c o m p a r e d to 

insec t meal cou ld impac t p h o s p h o r u s d i g e s t i b i l i t y . 6 6 , 7 3 For ins tance 

M . domestica meal has a l ower C a : P (0.29) and p h o s p h o r u s con ten t 

(1.60%) than f i shmea l (1 .56% and 2 . 7 9 % r e s p e c t i v e l y ) . 2 4 In con t ras t , 

the major p h o s p h o r u s f o rms , hyd roxyapa t i t e and t r i ca lc ium phos 

phate, in f i shmea l are not we l l u t i l ized by aquat ic a n i m a l s . 7 4 O u r f i nd 

ings sugges t that t he use of s i l k w o r m (B. mori) in aqua t i c an imal feeds 

cou ld r educe the p h o s p h o r u s load f r om aquacu l tu re . 

A c c e s s e d s t u d i e s e m p l o y e d d i f f e r e n t t e c h n i q u e s f o r p r o d u c 

ing e x p e r i m e n t a l d i e t s , f o r e x a m p l e m e a t g r i n d e r , 7 5 e x t r u d e r , 6 6 

resu l t i ng in v a r i a t i o n in p h y s i c o c h e m i c a l c o m p o s i t i o n , d iges t ib i l i t y . 

T h e e x t r u s i o n t e c h n i q u e c a n s i gn i f i can t l y i m p r o v e a q u a f e e d nu 

t r ien t d i ges t i b i l i t y a n d f e e d s t a b i l i t y 1 7 , 7 6 a n d is an e n v i r o n m e n t a l l y 
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F I G U R E 2 E f fec t o f insec t meals inc lus ion in aqua t i c an imal d ie ts o n to ta l so l id was te , n i t rogen was te and p h o s p h o r u s w a s t e c o m p a r e d 

to insec t m e a l - f r e e d ie ts . A s t e r i s k s ind ica te a s ign i f i can t l inear re la t ionsh ip b e t w e e n insec t meal and w a s t e o u t p u t ind ies (p < 0.05) 

f r i e n d l y p r o c e s s . T h e b r o a d e r a p p l i c a t i o n in a q u a f e e d p r o d u c 

t i on m a y r e d u c e w a s t e o u t p u t a n d e n h a n c e t h e p e r f o r m a n c e 

of t h e c u l t u r e d a n i m a l . F u r t h e r s t u d y is n e e d e d to c o n f i r m the 

b e n e f i t s o f d i e t a r y i nsec t mea l s in a q u a f e e d s o n w a t e r qua l i t y . 

M a n i p u l a t i o n of i nsec t mea l c o m p o s i t i o n , f o r e x a m p l e ch i t i n and 

nu t r i en t i m b a l a n c e , a n d i m p r o v e m e n t of f e e d m a n u f a c t u r i n g t e c h 

no logy , f e e d i n g s t r a t e g y c o u l d f u r t h e r b e n e f i t w a s t e o u t p u t f r o m 

i n s e c t - b a s e d a q u a f e e d s . 

3.3 Economic fish-in fish-out 

Globa l l y , app rox ima te l y 7 0 % of fo rage f i sh f r o m c a p t u r e f i sher ies is 

used in t he p r o d u c t i o n of an ima l f e e d , a large p r o p o r t i o n of w h i c h 

goes in to a q u a f e e d s in t he f o r m of r ende red f ish oi l and f i s h m e a l . 1 , 1 4 

U n d e r t he cu r ren t aquacu l tu re scenar io , th is f in i te resou rce wi l l be 

c lose to its eco log ica l l imi ts by 2 0 3 7 , 1 4 w h i c h , in c o m b i n a t i o n w i t h the 

c o n t i n u o u s r ise in t he marke t pr ice of t he r e n d e r e d p r o d u c t s , poses 

a cha l lenge to t he eve r -g row ing aquacu l t u re i n d u s t r y . 7 8 Reduc ing 

fo rage f i sh -de r i ved f i shmea l and f i sh oi l in aqua feeds is an e s s e n 

t ial s t ra tegy for t he long- te rm sus ta inab i l i t y o f f i she ry resou rces and 

aquacu l tu re o p e r a t i o n s . 7 9 T h e e F I F O has been c o n s i d e r e d a nove l 

and su i tab le p roxy for quan t i f y i ng f ish d e m a n d fo r aquacu l tu re pro

d u c t i o n based o n the e c o n o m i c a l l oca t ion p r inc ip le and sugges ts the 

i m p o r t a n c e of f in i te w i l d mar ine resou rces to mee t mar ine aqua feed 

i n g r e d i e n t s . 1 9 

O u r c o m p i l e d da ta c o m p r i s e d 13 insec t spec ies and f o u n d that 

rep lac ing f i shmea l w i t h these insect mea ls in aqua t i c an imal f eeds 

s tead i ly dec reases e F I F O in all taxa (Figure 3). C o m p a r i n g regress ion 

mode ls us ing A N O V A ind ica ted that l inear regress ion mode ls w e r e 

the bes t desc r i p t i on of t he re la t ionsh ip b e t w e e n insec t mea l re

p lacemen t and the eFI F O . T h e overa l l eFI F O of ca rp t axon fe l t l owe r 

than the Q l bu lked e F I F O of all t axa and rema ined l o w c o m p a r e d to 

that of o the r taxa (Figure 3). 

Subs tan t ia l or tota l r ep lacemen t of f i shmea l w i t h insec t meals 

cou ld r educe e F I F O to <1.0 in all t axa , sugges t i ng the potent ia l for 

insect mea ls to tu rn the aquacu l t u re i ndus t r y f r o m a net c o n s u m e r 

to a net p r o d u c e r of f i sh . Th i s is cons i s ten t w i t h the cu r ren t t r end in 

fo rage f ish use in aquacu l tu re , w h i c h p r o d u c e s th ree or f ou r t imes 

the n u m b e r of f i sh it c o n s u m e s . 1 9 

R e d u c t i o n in t he p r o p o r t i o n of f i shmea l and f i sh oi l in aqua feeds 

by i nc reas ing i nsec t mea l to m e e t p r e d i c t e d e F I F O by 2 0 2 5 seems 

feas ib le in all t a x a . Th i s requ i res a subs t i t u t i on of i nsec t mea ls for 

f i s h m e a l , f r o m 6 5 % (for sa lmon) to 9 3 % (for sh r imp and ti lapia) 

(F igure 3). S h r i m p , mar ine f i sh and s a l m o n are r e p o r t e d to be the 

h ighest c o n s u m e r s of f i shmea l a n d f i sh o i l . 3 2 T h e p r e d i c t e d e F I F O 

in 2 0 2 5 is 0 .3 , 0.6 and 0.7 fo r sh r imp , mar ine f i sh and s a l m o n , re

spec t i ve l y , necess i t a t i ng 9 3 % , 8 3 % and 6 5 % f i shmea l rep lace 

ment by i nsec t mea ls (F igure 3). Pan in i et a l . 8 0 and M o t t e et a l . 8 1 
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F I G U R E 3 Re la t ionsh ip b e t w e e n eFI F O and f i shmea l subs t i t u t i on by var ious insec t meals in cu l tu red f ish spec ies . T h e so l id l ines and do ts 

represent the mean va lues and o b s e r v e d da ta po in ts respec t i ve ly . Ho r i zon ta l d o t t e d l ines rep resen t p red i c ted e F I F O by 2 0 2 5 , and ver t ica l 

d o t t e d l ines ind ica te the t h resho ld of f i shmea l subs t i t u t i on by insec t meal at w h i c h p red i c ted e F I F O w o u l d be r eached . In t he ' e F I F O a m o n g 

taxa ' boxp lo t , the hor izon ta l dashed line rep resen ts the mean of bu lked e F i F O separa t ing the in terquar t i le range (the f i rs t and th i rd quart i le) 

of the bu lked e F I F O . C F , ca t f i sh ; M F , mar ine f i sh , Sa l , s a l m o n ; Shr, sh r imp ; T i l , t i lapia 

r e p o r t e d 1 0 0 % f i shmea l r e p l a c e m e n t by T. molitor w i t h o u t im 

pa i r ing the g r o w t h and f eed u t i l i za t ion of sh r imp . S imi la r pa t te rns 

w e r e c o n f i r m e d in t he mar ine f i sh , P. major82 and S. s a l a r . 8 3 , 8 4 T h e 

e F I F O in 2 0 2 5 of ca rp , ca t f i sh and t i lap ia g roups w a s p r e d i c t e d to 

be as l o w as 0.1 (F igure 3), m e a n i n g that d ie t s fo r t h o s e spec ies 

w o u l d i nc lude l o w leve ls of f i s h m e a l / f i s h oi l or no f i s h - d e r i v e d 

c o m p o n e n t s . G r o w t h rate and f e e d c o n v e r s i o n e f f i c i e n c y w e r e 

not nega t i ve l y a f f e c t e d w i t h f i s h m e a l / f i s h o i l - f ree d ie t s in c o m m o n 

carp (C. c a r p / o ) , 8 5 , 8 6 t i lap ia (O. m ' /o t / o i s ) 8 7 ' 8 8 a n d ca t f i sh (C. gariepi-

n u s ) . 8 9 T a c o n and M e t i a n 3 2 s t a t ed that f i sh oi l has not b e e n i nc l uded 

in f e e d s for ca rp s i nce 1 9 9 5 or for t i lap ia s i nce 2 0 0 7 , w h i c h wi l l 

c o n t i n u e to 2 0 3 0 as p ro jec ted by C o t t r e l l e t a l . . 9 0 H e r b i v o r o u s a n d / 

or o m n i v o r o u s f i sh , s u c h as ca rp and t i lap ia , are less sens i t i ve to 

d ie ta ry f i s h m e a l / f i s h oi l r e d u c t i o n t h a n c a r n i v o r o u s s p e c i e s . 9 1 C a r p 

w a s the largest a q u a f e e d c o n s u m e r in 2017 , w h i c h is a t r end that is 

l ikely to c o n t i n u e in t he c o m i n g y e a r s , 1 3 t he re fo re , t he s imu la t i on 

m o d e l 1 4 sugges ts tha t th is s e c t o r has the h ighes t po ten t ia l t o re

duce fo rage f i sh use by 2 0 5 0 . 

G l o b a l l y , r e d u c i n g f o r a g e f i sh d e m a n d fo r a q u a f e e d s w o u l d be 

m o r e e f f e c t i v e by l im i t i ng f i sh oi l t h a n f i s h m e a l 9 0 d u e to t h e l o w 

c o n v e r s i o n ra te f r o m w h o l e f i sh to f i sh oi l (5%) t h a n to f i s h m e a l 

( 2 2 . 5 % ) . 3 2 T h e ma jo r i t y o f g l oba l F O p r o d u c t i o n g o e s in to f e e d 

f o r s a l m o n i d s , m a r i n e f i sh a n d s h r i m p . 1 6 , 9 2 In a d d i t i o n to p r o v i d i n g 

p r o t e i n , i n s e c t mea l r e p r e s e n t s a po ten t i a l s o u r c e of fa t f o r a q u a 

c u l t u r e f e e d s . L ip id c o n t e n t va r i es a m o n g T. molitor ( 1 6 . 6 % - 4 0 . 3 % ) , 

H. illucens ( 1 1 . 3 % - 4 0 . 7 % ) , M . illucens ( 7 . 1 % - 2 5 . 3 % ) , 2 3 a n d is h igh ly 

d e p e n d e n t o n rea r i ng s u b s t r a t e a n d p r o c e s s i n g . 3 0 I nves t i ga t i on of 

i nsec t o i l as a l ip id s o u r c e fo r aqua t i c an ima l s is in i ts i n f a n c y and 

c u r r e n t l y l im i ted to c a r p , t r o u t a n d s a l m o n . 6 8 , 9 3 9 6 Insect f a t t y ac id 

p ro f i l es c o m p r i s e la rge p r o p o r t i o n s of s a t u r a t e d a n d m o n o u n s a t -

u ra ted F A s , o l e i c a c i d a n d neg l i g i b le leve ls of l o n g - c h a i n p o l y u n 

s a t u r a t e d F A s . 2 3 , 2 4 , 9 7 T h e lack of l o n g - c h a i n p o l y u n s a t u r a t e d F A s 

c o u l d l imi t use of i nsec t o i l as l ip id s o u r c e or r e p l a c e m e n t fo r f i sh 

oi l in n u t r i t i o n of a q u a t i c a n i m a l s , e s p e c i a l l y h i g h - v a l u e s p e c i e s . 

Insect mea ls and o i ls cou ld p lay an essent ia l ro le in c o n s e r v i n g 

f in i te fo rage f ish resou rces w h i l e m e e t i n g the inc reas ing d e m a n d 

fo r a q u a f e e d p ro te in / l i p i d sou rces . Th i s requ i res nut r i t iona l fo r t i 

f i c a t i o n . 9 8 B l end ing insec t meal or oi l w i t h o the r m a t e r i a l s 9 6 , 9 9 1 0 1 

or c o m p e n s a t i n g for de f i c ien t c o m p o n e n t s in i nsec t -based d ie ts , fo r 

examp le a m i n o a c i d s , 8 4 , 1 0 2 , 1 0 3 essent ia l F A s f r om mic roa lgae and 

s u p p l e m e n t i n g d iges t ive e n z y m e s 6 5 cou l d a l l ow the inc lus ion of 

h igher p r o p o r t i o n s of insect ing red ien ts , t hus reduc ing d e p e n d e n c e 

on mar ine f ish resources . 

3.4 I Environmental impact of insect meal-
based aquafeeds 

Feed p r o d u c t i o n is a key dr iver of t he e n v i r o n m e n t a l impac t of a q u a 

c u l t u r e , 1 0 and mod i f i ca t i on in f eed ingred ien ts is c o n s i d e r e d cr i t ica l 
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to reduc ing that b u r d e n . 4 3 S ince insec t mea l is recogn ized as a p o 

tent ia l p ro te in s o u r c e in a q u a f e e d 1 1 , 1 0 4 and a q u a f e e d p ro te in sou rces 

d i f fer in env i r onmen ta l i m p a c t 4 2 unde rs tand ing the env i r onmen ta l 

c o n s e q u e n c e s of insec t m e a l - and f i shmea l -based feeds is essent ia l 

to inc reas ing sus ta inab i l i t y o f aqua feeds . 

T h e re la t ionsh ip b e t w e e n f i shmea l r ep lacemen t level w i t h insect 

meal and e n v i r o n m e n t a l impac t in aqua feeds is d e p i c t e d in F igure 4 

and Tab le S 6 . T h e genera l i zed add i t i ve m o d e l d e m o n s t r a t e d a signif

icant inc rease in f i shmea l rep lacemen t level w i t h the inc reased e n 

v i r onmen ta l impac t of g loba l w a r m i n g po ten t ia l , ene rgy use, wa te r 

use, ac id i f i ca t ion and e u t r o p h i c a t i o n . A s imi lar pa t te rn w a s o b s e r v e d 

for land use w i t h l inear mode l s (Table S6), e x c e p t for M . domestica-

con ta i ned d ie ts . T h e resu l ts sugges ted that t he d ie ta ry house f l y 

(M. domestica) l inear ly r e d u c e d the e n v i r o n m e n t a l impac t assoc ia ted 

w i t h land use. O u r syn thes i s a lso e v i d e n c e d an e l ig ib le impac t c o n 

ce rn ing land use of a T. mo/ / tor -based d iet c o m p a r e d to a f i shmea l 

d iet , as i l lus t ra ted by a re la t ive ly l ow m o d e l s l ope (0 .002 ; Tab le S6). 

Fur ther sc ru t iny of t hese insec t mea ls in aqua feeds w i t h respec t to 

mi t igat ing env i r onmen ta l c o n s e q u e n c e s h in ts t o w a r d s p romis ing 

o u t c o m e s . 

Th is f i nd ing pr imar i ly re f l ec ts t he env i r onmen ta l p rope r t i es of 

insec t meal ve rsus f i shmea l , as p resen ted in F igure 1, b e c a u s e mos t 

impac t s w e r e in f l uenced by m o d i f y i n g the p r o p o r t i o n of insec t meal 

over f i shmea l . In add i t i on , the expe r imen ta l d ie ts in t he comp i l ed 

s tud ies (Table S3) w e r e f o rmu la ted o n an i sonut r ien t basis , in w h i c h 

changes in the p r o p o r t i o n of o the r ingred ien ts w e r e a lso made. 

T h e r e f o r e , to s o m e ex ten t , the d i f f e rences in env i r onmen ta l impac ts 

b e t w e e n insec t mea l - con ta i n i ng d ie ts and f i shmea l d ie t s cou ld a lso 

be in f l uenced by o the r c o m p o n e n t s , s u c h as plant ing red ien ts , w h i c h 

w e r e c o n s i d e r e d to have a s imi lar env i r onmen ta l p e r f o r m a n c e to 

f i s h m e a l / f i s h oi l 4 5 

R e p o r t e d e n v i r o n m e n t a l i m p a c t s a s s o c i a t e d w i t h i n s e c t m e a l 

in a q u a f e e d s a re s c a r c e , b u t i n c l u d e f e e d f o r p e r c h (P. fluviati-

l / 's), 3 3 r a i n b o w t r o u t (O. mykiss)37 a n d a r c t i c c h a r (S. o / p / n u s ) . 3 8 

Ste j ska l e t a l . 3 3 c o n f i r m e d t h e r e d u c t i o n o f w a t e r u s e a s s o c i a t e d 

w i t h H . illucens- c o m p a r e d to f i s h m e a l - b a s e d f e e d , w h i l e g l o b a l 

w a r m i n g p o t e n t i a l , l and u s e , e n e r g y u s e i n c r e a s e d . H o w e v e r , 

S m a r a s o n e t a l . 3 8 c o m p a r e d H . /7/ucens- a n d f i s h m e a l - b a s e d f e e d 

a s s o c i a t e d w i t h s e v e n i m p a c t c a t e g o r i e s a n d r e p o r t e d b e n e f i t s 

of H . /7/ucens i n c l u s i o n o n a b i o t i c d e p l e t i o n , a c i d i f i c a t i o n , e u t r o 

p h i c a t i o n , g l o b a l w a r m i n g p o t e n t i a l , h u m a n t o x i c i t y p o t e n t i a l a n d 

m a r i n e a q u a t i c e c o t o x i c i t y p o t e n t i a l , b u t w i t h a n e g a t i v e i m p a c t 

o n e n e r g y use . Le F e o n e t a l . 3 7 c o n f i r m e d m o r e e n o r m o u s i m 

p a c t s o f a c i d i f i c a t i o n , e u t r o p h i c a t i o n , g l o b a l w a r m i n g p o t e n t i a l , 

l and u s e a n d e n e r g y u s e a s s o c i a t e d w i t h T. m o / / t o r - c o m p a r e d to 

f i s h m e a l - b a s e d f e e d . T h e d i s c r e p a n c y in t h o s e r e s u l t s c o u l d be 

a t t r i b u t e d to d a t a s o u r c e a n d d i e t f o r m u l a m o d i f i c a t i o n w i t h a 

v a r i o u s s h a r e o f i n s e c t m e a l , f i s h m e a l a n d o t h e r i n g r e d i e n t s . W e 

s y n t h e s i z e d e n v i r o n m e n t a l i m p a c t d a t a f o r i n s e c t m e a l s f r o m 

u p - t o - d a t e l i fe c y c l e a s s e s s m e n t s t u d i e s (Tab le S I ) , w h i c h v a r i e d 

w i t h r e s p e c t to n u m e r o u s f a c t o r s , f o r e x a m p l e g r o w t h s u b s t r a t e , 

l o c a t i o n a n d s ize of f ac i l i t y . O u r s t u d y s u g g e s t e d e n v i r o n m e n t a l 
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b e n e f i t a s s o c i a t e d w i t h l a n d u s e o f M . domestica-, a n d to a l e s s e r 

e x t e n t T. m o / / t o r - c o n t a i n e d a q u a f e e d s . N o t a b l y , a q u a f e e d s a re 

f o r m u l a t e d f r o m m u l t i p l e c o m p o n e n t s , a n d t h u s w i t h r e g a r d to 

r e d u c i n g e n v i r o n m e n t a l i m p a c t s , i n s e c t m e a l p r o t e i n is p r o b a 

bly n o t a h o l i s t i c o p t i o n f o r t h i s p u r p o s e . D i e t m o d i f i c a t i o n by 

c o m b i n i n g i n s e c t m e a l a n d o t h e r e n v i r o n m e n t a l l y e f f i c i e n t i n 

g r e d i e n t s a n d f u r t h e r i m p r o v i n g e n v i r o n m e n t a l p e r f o r m a n c e as

s o c i a t e d w i t h i n s e c t m e a l p r o d u c t i o n c o u l d l o w e r e n v i r o n m e n t a l 

i m p a c t s . 

3.5 | Increasing environmental benefits of insect 
meals and insect meal-based diets 

3.5.1 | Improving nutritional value 

A s m e n t i o n e d , insect mea l possesses p rope r t i es assoc ia ted w i th 

sol id w a s t e o u t p u t and e F I F O that h inder its inc lus ion in a q u a 

feeds . L im i ta t ions re la ted to ch i t in con ten t and i nadequa te nut r i 

t iona l p ro f i les cou ld be a d d r e s s e d by man ipu la t ing subs t ra tes and 
• 11,26,30 

process ing . 

C h i t i n , o n e of n o n - p r o t e i n n i t r ogen c o m p o u n d f o u n d in t he c u 

t i c le of m o s t i nsec t s , is r e p o r t e d to exe r t a nega t i ve e f f e c t o n d ie t 

d iges t ib i l i t y and g r o w t h p e r f o r m a n c e of f e d o r g a n i s m s , 1 0 5 w h i l e 

a l o w p r o p o r t i o n of ch i t i n can i n d u c e i m m u n o l o g i c a l e f f e c t s and 

m ic rob io ta m o d u l a t i o n . 7 5 , 1 0 6 1 0 8 M a n i p u l a t i o n of ch i t i n c o n t e n t 

in i nsec t mea l p r o d u c t s to a t h r e s h o l d leve l tha t e n s u r e s a pos i 

t i ve r e s p o n s e in f e d s p e c i e s requ i res f u r t he r r e s e a r c h . C h i t i n can 

be eas i l y r e m o v e d by a lka l ine e x t r a c t i o n , 1 0 9 but th is may resu l t in 

high cos t as we l l as i ssues o f c h e m i c a l res idue a n d p o l l u t a n t s . 1 1 0 

S u p p l e m e n t a t i o n w i t h c h i t i n a s e / c h i t i n o l y t i c - p r o d u c i n g bac te r i a 

cou ld be a feas ib le a p p r o a c h to e n s u r e c o s t - e f f e c t i v e f e e d , r e d u c e 

the e n v i r o n m e n t a l i m p a c t of ch i t i n w a s t e and i n d u c e an i m m u n e 

r e s p o n s e to f e d f i s h . 1 1 0 

R e d u c t i o n of e F I F O in a q u a f e e d s by i n c l u s i o n o f i n s e c t m e a l 

r e q u i r e s s u b s t a n t i a l f i s h m e a l r e p l a c e m e n t w i t h o u t c o m p r o m i s i n g 

f i sh g r o w t h , w h i c h is c h i e f l y i n f l u e n c e d by n u t r i t i o n a l - b a l a n c e of 

e x p e r i m e n t a l d i e t s . 3 0 D e f i c i e n c y o f a m i n o a c i d s a n d f a t t y a c i d s 

of i n s e c t m e a l r e l a t i v e t o f i s h m e a l has b e e n r e p o r t e d , 2 3 , 2 4 a n d 

m a n i p u l a t i o n of t h o s e c o m p o n e n t s v ia r e a r i n g s u b s t r a t e s re

ma ins a c h a l l e n g e . 1 1 1 , 1 1 2 D e f a t t i n g c o u l d b e an e f f i c i e n t m e a n s 

of i m p r o v i n g a m i n o a c i d c o n t e n t , 1 1 3 b u t t h i s i n v o l v e s i n t e n s i v e 

e n e r g y u s e , w h i c h in t u r n i n c r e a s e s e n v i r o n m e n t a l i m p a c t a n d 

c o s t s . 2 6 , 3 4 , 5 2 , 1 1 4 It is m o r e e f f i c i e n t to c o m b i n e IM w i t h c o m 

p l e m e n t a r y r a w m a t e r i a l s 1 1 , 3 0 , 1 1 5 o r s u p p l e m e n t I M - b a s e d d i e t s 

w i t h a m i n o a c i d s . 8 3 

M a n u f a c t u r i n g t echn iques such as e x t r u s i o n cou ld be an e f fec

t ive means of e n h a n c i n g nu t r i t ion ut i l i za t ion of aqua feeds by the fed 

o r g a n i s m . 1 7 T h e su i tab i l i t y o f e x t r u d e d i nsec t - con ta ined aqua feeds 

has recen t l y been r e p o r t e d . 6 2 , 7 7 , 9 5 F e e d i n g p rac t i ces s h o u l d a lso a d 

dress m in im iz ing feed w a s t e and imp rov ing feed c o n v e r s i o n r a t i o , 3 , 5 

t he reby imp rove env i r onmen ta l impac ts . 
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3.6 I Reducing the environmental impact of 
insect meals 

Insect rear ing fac i l i t ies , i nc lud ing p r o d u c t i o n of insect f e e d , rear ing 

area and p rocess ing have been r e v i e w e d , 5 8 , 1 1 6 in th is s e c t i o n , w e fo-

cussed o n reduc ing i ne f f i c i ency of insect p r o d u c t i o n w i t h respec t to 

env i ronmen ta l issues. 

3.6.1 Insect feeds 

Feed p r o d u c t i o n for insec t is t he m o s t cr i t ica l aspec t of insec t meal 

p r o d u c t i o n w i t h respec t to the e n v i r o n m e n t . 3 7 , 5 6 Invest igat ing e n 

v i r onmen ta l a s p e c t s of subs t ra tes fo r insec t rear ing cou ld e n h a n c e 

the bene f i t s of insect mea l use in aqua feeds . S o m e insec t spec ies 

have e f f ec t i ve l y t r a n s f o r m e d o rgan ic w a s t e and manu re in to b io-

m a s s , 1 1 7 w h i c h cou ld par t ia l ly add ress g loba l w a s t e c o n c e r n s . F rom 

an e n v i r o n m e n t a l pe rspec t i ve , cu l tu re of H. illucens o n ca t t l e manure 

and mun ic ipa l w a s t e is supe r io r to us ing t rad i t iona l med ia such as 

ch i cken manu re and bee t pu lp , but compa ra t i ve to d is t i l ler 's gra ins 

w i t h so lub les ( D D G S ) . 1 1 8 Bava et a l . 6 1 r e p o r t e d lower env i r onmen ta l 

impac t of f a rm ing H. illucens o n maize d is t i l ler c o m p a r e d to hen d iet 

subs t ra tes . It was r e c o m m e n d e d that b r e w e r spen t subs t ra tes g e n 

era ted f r om s o r g h u m and bar ley w i t h s u p p l e m e n t a t i o n by b rewer ' s 

yeas t or b rewer ' s yeas t plus mo lasses are mo re su i tab le fo r H. /7/u-

cens rear ing w i t h respec t to imp rov ing p ro te in con ten t and miner

a l s . 1 1 9 H o u s e f l y (M . domestica) w a s f o u n d to th r i ve o n m a n u r e , 5 6 

w i t h ch i cken manure mo re env i r onmen ta l l y e f f i c ien t t han sheep 

m a n u r e . 5 3 Spen t gra in subs t ra tes ( fe rmented or heat-dr ied) o f fe r 

super io r g r e e n h o u s e gas em iss ion leve ls c o m p a r e d to c r o p - d e r i v e d 

f e e d for H. illucens.120 A t insec t rear ing o n an industr ia l sca le , Sca la 

et a l . 1 2 1 r e p o r t e d super io r o u t p u t of H . illucens rea red o n spen t gra ins 

than w i t h f ru i t subs t ra tes , sugges t i ng potent ia l o f spen t gra in fo r 

more sus ta inab le insect p roduc t i ve sys tems . 

Feed ing insec ts o n w a s t e f o o d s h o u l d be d o n e w i t h c a u t i o n , as 

it may c o m p e t e w i t h the b i o e n e r g y i ndus t r y in sou rc i ng mater ia l , in 

c reas ing the env i r onmen ta l i m p a c t . 5 1 T h e mos t e f f i c ien t so lu t i on is to 

sou rce surp lus o rgan ic subs t ra te and to use w a s t e mater ia l f r om in

sec t rear ing as fer t i l i zer o r in the b i o e n e r g y s e c t o r . 1 2 2 O r g a n i c was te 

and manu re subs t ra tes are not f avou rab le for T. molitor37,123 in te rm 

of g r o w t h p r o d u c t i o n (Table SI ) , w h i c h cou ld be a t t r i bu ted to l o w 

nut r ient va lues and h igh s ta rch c o n t e n t of t hese s u b s t r a t e s . 1 2 3 , 1 2 4 

H o w e v e r , T. molitor th r i ves o n m ix tu res such as d r ied b r e w i n g by

p roduc t s , de r i va t i ves of po ta to p rocess ing , D D G S , b y - p r o d u c t s of 

t he b io fue l indus t ry , l i ves tock f e e d s and p lan t -de r i ved p r o d u c t s . 3 7 , 5 6 

Dist i l ler 's d r ied gra ins w i t h so lub les are not s h o w n to be an ideal 

subs t ra te fo r T. molitor cu l tu re and resu l ted in a h igher e n v i r o n m e n 

tal b u r d e n c o m p a r e d to o the rs t e s t e d , w h i l e a m ix tu re of w h e a t bran 

and an imal f eeds is p r e f e r a b l e . 3 7 

In Eu rope , subs t ra tes used in insec t cu l tu re are regu la ted by 

Eu ropean C o m m i s s i o n regu la t ion 7 6 7 / 2 0 0 9 and 9 9 9 / 2 0 0 1 , w i t h 

non -au tho r i zed subs t ra tes inc lud ing separa ted d iges t ive t rac t c o n 

tent , manure , ca te r ing w a s t e and p r o c e s s e d an imal p ro te in , excep t 

f i shmea l . Regu la t ions 1 0 6 9 / 2 0 0 9 , 1 4 2 / 2 0 1 1 and 7 6 7 / 2 0 0 9 list au 

thor i zed p lan t -based subs t ra tes . E f fo r t shou ld f ocus o n iden t i f y ing 

the m o s t su i tab le au tho r i zed mater ia ls to l imit the env i r onmen ta l 

foo tp r in t o f insec t p roduc t s . Dis t i l le r 's d r ied gra in w i t h so lub les ap

pears to be the mos t p rom is ing cand ida te for bo th H. illucens and 

M . domestica p r o d u c t i o n , w h i l e l i ves tock f eed is op t ima l for T. mo

litor. To con f i rm th is , mo re research is n e e d e d to exp lo re potent ia l 

of t h o s e subs t ra tes o n p r o d u c t i o n ou tpu t , nut r i t iona l c o m p o s i t i o n 

of t he resu l t ing insec t mea l , e c o n o m i c feas ib i l i t y and env i r onmen ta l 

impact . 

It s h o u l d be taken in to cons ide ra t i on that t hese subs t ra tes are 

cur ren t l y used as f e e d in t he l i ves tock sec to r , and the i r d e m a n d for 

insec t p r o d u c t i o n cou ld lead to e leva te the g lobal p r i c e 5 7 a n d / o r 

inc rease d e m a n d for a l te rnat ive sou rces to f i l l t he p ro te in gap for 

o ther a n i m a l s . 3 5 T h e r e f o r e , c r i te r ia for insec t d ie t s s h o u l d c o m p l y 

w i t h cu r ren t regu la t ions and pr ior i t ize local sou rces to reduce cos t of 

t r a n s p o r t , 5 3 u t i l iz ing surp lus p r o d u c t i o n / s i d e s t reams or ingred ien ts 

that are not c o m p e t i t i v e w i t h o the r f a rm ing s e c t o r . 1 1 6 , 1 2 1 , 1 2 5 

3.6.2 | Insect rearing facilities 

It is n e c e s s a r y to des ign space -e f f i c i en t insec t rear ing p r o d u c t i o n 

fac i l i t ies to op t im ize land use, w h i c h is spec ies -spec i f i c . For ins tance 

the use of t h ree -d imens iona l c raw l i ng space des ign fo r ve r t i ca l 

c raw l ing , j ump ing , f l y ing insec t is p re fe rab le to t w o - d i m e n s i o n a l 

f lat spaces w h i c h cou ld y ie ld h igher p roduc t i v i t y per uni t a r e a . 1 1 6 

Expand ing p r o d u c t i o n ver t i ca l l y o r i nc reas ing use of mul t i leve l 

she lves or s tackab le boxes in insec t c o n s t r u c t i o n fac i l i t ies can fur

ther op t im ize land u s e . 3 7 , 5 1 , 1 1 6 

The largest po r t i on of e n e r g y use fo r insec t meal p r o d u c t i o n 

is assoc ia ted w i t h p rov id ing heat for insec t r e a r i n g 3 4 , 5 1 , 5 2 and dry 

i n g . 1 2 6 It may be ene rgy e f f i c ien t to instal l insect p r o d u c t i o n fac i l i t ies 

in an equator ia l c l i m a t e . 3 4 It has been sugges ted that r e n e w a b l e en 

ergy sou rces cou ld be a p rom is ing so lu t i on , po ten t ia l l y r educ ing the 

burden by app rox ima te l y 2 5 % . 3 5 T h e s a m e f i nd ing w a s repo r t ed by 

S a m u e l - F i t w i et a l 4 2 w h o s ta ted that a q u a f e e d p r o d u c t i o n s h o w e d 

lower env i r onmen ta l impac t w h e n us ing w i n d p o w e r c o m p a r e d to 

fossi l fue l sou rces . U s e of b y - p r o d u c t s of insec t mea l p r o d u c t i o n fo r 

anaerob ic d iges t ion and fer t i l i zer cou ld con t r i bu te to env i ronmen ta l 

c o n s e r v a t i o n . 5 1 T h e use of pho tovo l ta i c e n e r g y as an ene rgy sou rce 

for insec t meal p r o d u c t i o n is a lso a potent ia l o p t i o n . Th i s w a s app l ied 

in Italy, resu l t ing in a dec rease of 1 4 . 2 % in g lobal w a r m i n g po ten t ia l , 

19 .2% in ene rgy use and 1.8% in land u s e . 3 4 A d a p t a t i o n to ut i l ize re

sidual heat f r om nearby fac i l i t ies c o u l d cons ide rab l y r educe impact , 

sav ing 1247 kg C 0 2 e q . g loba l w a r m i n g po ten t ia l , 23 ,949 M J ene rgy 

use and 1 m 2 a land use per t on of insec t m e a l . 5 1 

Insect f a rm ing is unde rgo ing inc reas ing p r o d u c t i o n , 1 1 , 1 0 4 w h i c h 

cou ld o f fe r cons ide rab le env i r onmen ta l bene f i t s in g e n e r a l 1 2 5 and 

ene rgy use in p a r t i c u l a r 5 1 assoc ia ted w i t h insec t meal p r o d u c t s and 

insec t mea l -based aqua feeds . Fu r the r l ife cyc le assessmen t s tud ies 

shou ld f o c u s o n b roader p e r s p e c t i v e s of p r o d u c t i o n fac i l i t ies and 

loca t ion in c o m b i n a t i o n w i t h op t ima l insec t rear ing subs t ra tes . 
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4 I CONCLUSIONS 

O u r resul ts p rov ide insights into the env i ronmenta l impact of insect 

meal p roduc t i on and its use in aquafeeds . Insect meals of H . illucen, 

T. molitor and M . domestica are the least land use a m o n g convent iona l 

and novel aqua feed ingredients, wh i le together w i th a l ternat ive pro

te in sources , exer t an e n o r m o u s impact o n global wa rm ing po ten 

t ial , ene rgy use, wa te r use, ac id i f ica t ion and eu t roph ica t ion . D ie ta ry 

s i l kworm (B. mori) s igni f icant ly reduced faecal phosphorus was te , 

whereas inc lus ion of H. illucens, M . domestica, T. molitor and Z . var-

iegatus e leva ted faecal n i t rogen was te in compar i son w i th insect- f ree 

diets. Subs t i tu t ion of f ishmeal by insect meal a lso s igni f icant ly reduced 

economic f ish- in f ish-out , the mar ine f ish and w h o l e f ish d e m a n d for 

one unit of aquacu l tu re f ish p r o d u c e d . In add i t ion , f r om a life cyc le 

assessment perspec t i ve , insect meal s h o w s promis ing in terms of mit i 

gat ing the env i ronmenta l impac t of aqua feeds assoc ia ted w i th land 

use, especia l ly T. molitor and M . domestica insect spec ies . There fo re , 

our s tudy suggested the potent ia l o f insect meal for an aquacu l tu re 

indust ry to thr ive o n the l imi ted natural resources—agr icu l ture land, 

and to g row w i th less phosphorus load. Intensi fy ing industr ial insect 

fa rming w i th s tandard and energy-e f f i c ien t faci l i t ies and deve lop ing 

sui table insect -spec i f ic subst ra tes to address nutr i t ional compos i t i on 

and env i ronmenta l aspec ts wi l l be essent ia l for insect meal as a fu ture 

protein source supp ly for aquafeeds . W e also suggest that insect meal 

is not the so le so lu t ion for lower ing the env i ronmenta l impacts of f u 

ture aquafeeds . T h e comb ina t ion of mul t ip le a l ternat ive prote in and 

lipid sources in aqua feeds wi l l be strategic app roach for env i ronmenta l 

susta inabi l i ty of aquafeeds, thus aquacu l tu re sector. 
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Yellow mealworm (Tenebrio molitor) larvae meal (TM), one of the seven insect species approved for use in 

aquafeed in Europe, is a frequently investigated candidate for fish diets. This study aimed to investigate the 

effects of dietary defatted T M on production performance, serum biochemistry, nutrient digestibility, fillet traits, 

intestinal microbiota, and environmental impacts of perch (Perca fluviatilis). Four experimental diets, charac

terized by defatted T M inclusion levels of 0, 6.8,13.5 and 20.3%, respectively, or 0, 25, 50, and 7 5 % replacement 

for fishmeal on a w/w basis (TMO, T M 2 5 , T M 5 0 , and T M 7 5 , respectively), were fed to juvenile perch (body-

weight 20.81 ± 3.36 g, total length 117.7 ± 7.2 mm) (quadruplicated per diet) for 105 days. Inclusion levels of 

6.8% or 2 5 % fishmeal replacement by defatted T M did not show a significant effect on specific growth rate and 

feed conversion ratio, while further levels of 13.5 and 20.3%, or 50 and 7 5 % fishmeal replaced by defatted T M , 

respectively, displayed a significant delay in the former (P = 0.01), but increase in the latter indice (P — 0.04) 

compared to TMO diet. The aspartate aminotransferase activities in perch's serum increased with increasing 

dietary T M (P = 0.02). Protein digestibility of perch exhibited a negative correlation with dietary T M (P = 0.03). 

Dietary defatted T M did not, alter fillet composition of perch (P > 0.05) and modify diversity of fish gut 

microbiota (Chaol index, P = 0.742; Shannon index, P = 0.557; and observed species, P = 0.522), but signif

icantly reduced abundance of Lactobacillus (P = 0.04) and Streptococcus (P = 0.01). Diets containing more than 

6.8% T M generated a comparable amount of total solid waste and solid phosphorus waste as the TMO, whereas 

solid nitrogen waste significantly increased with elevated T M levels (P < 0.001). The estimated environmental 

impacts of perch fed T M 2 5 were comparable to TMO for global warming potential, acidification, and land use (P 

> 0.05), whereas T M 5 0 and T M 7 5 exerted heavier burdens on energy use, eutrophication, and water use than 

TMO (P < 0.001). Fishmeal replacement by T M significantly reduced the economic fish-in fish-out ratio (P < 

0.001). Results of this multidisciplinary study revealed important considerations for formulating diets with insect 

meals and their potential effects on fish performance and environmental impacts. 

1. Introduction 

The increasing use of alternative aquafeed ingredients for fishmeal 
(FM) and fish oil is necessary to ensure the sustainability of the aqua
culture sector (Cottrell et al., 2020). Terrestrial plants have become the 
most common alternative for aquafeeds (Tacon et al., 2011; Tacon and 
Metian, 2015). However, the limitations associated with specific unfa
vorable nutritional components (Gatlin et al., 2007), and the 

environmental consequences of product intensification, especially the 
increasing demand for arable land - the immense pressures on the planet 
(Foley et al., 2005; Foley et al., 2011), could hamper the expansion of 
terrestrial plant ingredients used in aquafeeds. Fishery and aquaculture 
by-products, together with insect meal, represent the most excellent 
protein sources to satisfy the aquafeed demand in the coming years (Hua 
et al., 2019; Gasco et al., 2020a). The share of fish by-products in the 
global production of F M has increased over the last few years and is 
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expected to reach 34% by 2030 (FAO, 2018). The supply of insect pro
tein to humans and feed use has been forecasted to reach approximately 
1.2 million tonnes by 2025 (Gasco et al., 2020a). Insect meals have 
become sustainable protein sources for livestock and aquaculture pro
duction due to their favorable nutritional profiles (Nogales-Merida et al., 
2019), health benefits for the fed organisms (Gasco et al., 2020c), lower 
environmental impacts associated with land and water resource demand 
than that of plant proteins (Smetana et al., 2019; Gasco et al., 2020b), 
and positive effects on the aquatic environment than an FM-based diet 
(Wang et al., 2017). 

Yellow mealworm (T. molitor) larvae meal, one of the seven insect 
species approved for use in aquafeed in Europe (European Commission, 
Regulation 2017/893), is a frequent candidate for use in fish diets 
(Gasco et al., 2016; Basto et al., 2020; Hua, 2021). The success of TM 
inclusion as a replacement for F M in aquatic animal diets without any 
detrimental impact on growth performance and feed efficiency, has been 
documented for the top FM consumers among aquaculture species. For 
example, 20.5-30.5% inclusion, or 100% FM replacement in shrimp, 
Litopenaeus vannamei (Panini et al., 2017; Motte et al., 2019), 20-25% 
inclusion, or 67-100% FM replacement in rainbow trout, Oncorhynchus 
mykiss (Belforti et al., 2015; Rema et al., 2019; Chemello et al., 2020). 
Dietary T M has been reported to affect the nutrient digestibility and 
meat quality of fed organisms to a great extent (Gasco et al., 2019); 
however, it did not modulate the bacterial community in the intestine of 
rainbow trout, Oncorhynchus. mykiss (Terova et al., 2021), or gilthead 
seabream, Spams aurata and European sea bass, Dicentrarchus labrax 
(Antonopoulou et al., 2019). 

Although aquafeed is a key contributor to environmental burdens, 
such as carbon footprint and waste output (e.g., total solid waste, solid 
nitrogen waste) of aquaculture system (Amirkolaie, 2011; Böhnes et al., 
2019), the investigation on the environmental impacts of TM inclusion 
in aquafeeds remains fragmentary (Le Feon et al., 2019). Moreover, 
aquaculture has become a dominant consumer of F M and fish oil derived 
from forage fish since the 2000s (Shepherd and Jackson, 2013). Inves
tigation into forage fish use to produce one unit of farmed fish, the fish-
in fish-out ratio (FIFO) (Tacon and Marc, 2008), could be considered an 
essential measure of sustainability (Naylor et al., 2009), especially for 
the alternative ingredients that are increasingly being used in aquafeeds, 
such as insect meal (Stejskal et al., 2020). Therefore, it is necessary to 
consider a broad spectrum of indicators whenever new aquafeed in
gredients are introduced. 

European perch (Perca fluviatilis) is a promising candidate for 
intensive aquaculture (Stejskal et al., 2011a). Globally, the aquaculture 
production of perch is on the rise, reaching 700 t in 2018 (FAO, 2020), 
and wil l become an established aquaculture sector in Europe, together 
with other percid fish species (Policar et al., 2019). In nature, aquatic 
insects are essential food sources for the ontogeny of Perca fluviatilis 
(Rezsu and Specziär, 2006). Therefore, the inclusion of TM into aqua
feeds for European perch, with minimal adverse effects on growth per
formance and physiology traits, is expected. This study aimed at 
investigating the effects of dietary T. molitor larvae meal, as a substitute 
for F M , on production performance, serum biochemistry, nutrient di
gestibility, meat quality, and intestinal microbiota of juvenile European 
perch. Moreover, the environmental impact indicators associated with 
dietary TM were also estimated. 

2. Materials and methods 

2.1. Ethics statement 

The experimental procedures were conformed with the European 
Community Directive (No. 2010/63/EU) and were authorized by the 
Czech Ministry of Health (No. MSMT-6744/2018-2) regarding the pro
tection of animals used for scientific purposes. 

Aquaculture 547 (2022) 737499 

2.2. Experimental facilities and procedures 

The experimental facilities and procedures were described elsewhere 
(Tran et al., 2021). Briefly, defatted mealworm T. molitor was obtained 
from a commercial source (NovoProtein, Fishag Edelhof GmbH, Wien, 
Austria). Four experimental diets, including one control insect-free diet 
(TM0), and three diets with defatted TM inclusion levels of 6.8,13.5 and 
20.3%, were formulated as replacements of F M on a w/w basis at 25, 50, 
and 75% (diets abbreviated as TM25, TM50, TM75, respectively). 
Yttrium oxide (Y 2 0 3 ) was added (0.5%) as an inert marker for nutrient 
digestibility evaluation. A l l the diets were produced, using a twin-screw 
extruder, by a commercial aquafeed manufacturer (Exot Hobby s.r.o, 
Černá v Pošumaví, Czech Republic). The main ingredients, proximate 
composition, and amino acid profiles of the defatted TM and the 
experimental diets are presented in Tables 1, 2, respectively. The 
experimental diets were formulated to meet the nutritional re
quirements of juvenile perch (Fiogbé et al., 2001; Xu et al., 2001; Fiogbé, 
2009). 

Perch juveniles were obtained from a commercial hatchery (Ana-
partner s.r.o, Prague, Czech Republic) and transported, in oxygenated 1 
m 3 tanks, to the Research Institute of Fish Culture and Hydrobiology. 
Fish were acclimated to the experimental facility for two weeks and 
were fed a commercial diet (Aller Aqua, Christiansfeld, Denmark). 

At the start of the experiment, eighty-two fish (bodyweight 20.81 ± 
3.36 g, total length 117.7 ± 7.2 mm; mean ± SD) were randomly 
assigned to each of sixteen black circular 180-L tanks (quadruplicated 
per diet) connected to a recirculating system (total volume 11,400 L). A 

Table 1 
Ingredients (%, as it) and proximate composition of defatted Tenebrio molitor 

larvae meal (TM) and experimental diets (Tran et al., 2021). 

Ingredients (%) Fishmeal T M Experimental diets 

TMO TM25 TM50 TM75 

Soybean concentrate 29.0 29.0 29.0 29.0 
Fishmeal 27.1 20.3 13.5 6.8 
T. molitor 0.0 6.8 13.5 20.3 
Soybean meal 14.5 14.5 14.5 14.5 
Corn flour 9.7 9.7 9.7 9.7 
Fish oil 7.7 7.7 7.7 7.7 
Rapeseed oil 5.8 5.8 5.8 5.8 
Methionine'1 0.8 0.8 0.8 0.8 
Lysine 0.5 0.5 0.5 0.5 
Valinec 0.2 0.2 0.2 0.2 
^Threonine1' 0.05 0.05 0.05 0.05 
Vitamins & minerals0 0.8 0.8 0.8 0.8 
Additives1 3.5 3.5 3.5 3.5 
Yttrium oxide (Y 2 0 3 ) 0.5 0.5 0.5 0.5 

Proximate composition (as it) 
Dry matter (%) 96.5 95.0 94.8 95.7 95.6 95.6 
Crude protein (%) 71.2 71.1 47.5 48.7 47.4 47.2 
Crude lipid (%) 7.9 8.5 16.3 13.9 15.6 17.0 
Ash (%) 14.0 7.1 8.9 9.0 8.3 7.6 
Fibre (%) 1.24 2.8 2.0 2.0 2.2 2.3 
Nitrogen-free extract 1.3 5.5 19.5 21.8 22.3 21.6 

Gross energy (Mj/kg)h 20.1 21.1 21.0 20.8 21.2 21.5 
Chitin1 

- 4.8 - 0.33 0.65 0.97 

a Adisseo, China. 
b Inner Mongolia Eppen Biotech Co., Ltd. 
c Ajinomoto Animal Nutrition Europe. 
d Ningxia Eppen Biotech, China. 
e Aminovitan Sak, Trouw Nutrition Biofaktory s.r.o, Czech Republic. 

Feed limestone (0.5%); Pentasodium triphosphate (Fosfa a.s, Czech Repub
lic). (0.5%) and binder (NutriBind, Adisseo, China) (2.5%). 

g Nitrogen-free extracts (NFE) = dry matter — (crude protein + crude lipid + 
ash + fibre). 

h Gross energy (MJ/kg) as gross energy content of protein (23.6 MJ/kg), lipid. 
(39.5 MJ/kg) and NFE (17.2 MJ/kg). 

1 Estimated from Basto et al., 2020 for defatted TM. 
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Table 2 
Amino acid profile (g/100 g of total amino acids) of yellow mealworm Tenebrio molitor larvae meal (TM) and experimental diets. 

TM Experimental diets Perch muscle % difference TM 

TM0 TM25 TM50 TM75 

Perch muscle 

TM25 TM50 TM75 

Indispensable amino acids 
Methionine 2.20 3.89 3.80 4.03 3.22 3.11 -2.38 3.50 -17.16 

Threonine 4.60 4.26 4.47 4.34 4.85 4.94 4.84 1.85 13.70 

Valine 5.04 5.06 5.05 5.07 4.81 6.30 -0.26 0.06 -4.99 

Isoleucine 3.69 4.26 4.21 4.14 4.07 5.13 -1.25 -2.75 -4.44 

Leucine 9.09 8.05 8.11 8.28 8.29 8.06 0.68 2.78 2.99 

Phenylalanine 3.94 4.50 4.58 4.59 4.43 4.49 1.87 2.15 -1.54 

Histidine 1.87 3.29 2.98 2.83 2.99 2.88 -9.52 -14.06 -9.21 

Lysine 7.18 8.26 8.11 7.35 7.82 8.83 -1.91 -11.02 -5.39 

Arginine 7.91 7.12 7.21 7.37 7.43 6.18 1.16 3.51 4.33 

Tryptophan 0.59 0.47 0.53 0.59 0.67 NA 13.17 25.30 42.97 

Dispensable amino acids 
Cysteine 2.61 1.21 1.47 1.73 1.67 0.58 21.50 42.91 37.57 

Aspartic acid 8.26 12.10 11.06 11.04 10.68 7.63 -8.59 -8.71 -11.76 

Serine 7.30 5.00 5.49 5.63 5.79 4.81 9.84 12.75 15.81 

Glutamic acid 18.24 17.88 18.22 18.28 18.65 14.10 1.91 2.23 4.30 

Proline 0.71 0.40 0.50 0.52 0.63 4.79 22.94 29.24 55.57 

Glycine 6.40 5.18 5.10 4.97 5.12 7.97 -1.59 -4.10 -1.21 

Alanine 5.83 5.41 5.24 5.19 5.10 6.56 -3.13 -4.02 -5.80 

Tyrosine 4.54 3.64 3.88 4.03 3.79 3.64 6.70 10.78 4.19 

Cumulative difference (%) 56.00 92.41 119.93 

% difference calculated as ( A A T M diet - AATMO)/AATMO * 100. Amino acids for perch muscle were retrieved from Fiogbe (2009). 

water inflow of 6.5 L/min, combined with in-tube stone aeration, 
created a constant rotational flow of 4.6 cm/s in each tank. The circular 
tanks contained funnel-like bottoms, which facilitate the collection of 
feces and any unconsumed feeds to be collected conventionally. The 
photoperiod (12 h:12 h, Light:Dark) and light intensity (58.6 lx) were 
held constant throughout the experimental period. Water temperature 
(22.44 ± 0.66 °C), pH (7.00 ± 0.29), oxygen saturation (80.41 ± 
8.02%), ammonia-N (0.28 ± 0.16 mg/L), and nitrite nitrogen (<0.45 
mg/L) parameters were maintained during the experiment as optimum 
levels for perch farming (Toner and Rougeot, 2008; Policar et al., 2019). 

Fish were fed five times daily, with an excessive amount, at 7.00, 
9.00, 11.00, 13.00, and 15.00 using automatic feeders (EHEIM Twins, 
Deizisau, Germany) for 105 days. Any unconsumed feed was removed 
fifteen minutes after each feeding and dried to determine the feed 
intake. Fish mortality was recorded daily in each experimental tank. 

2.3. Sample collection and calculations 

2.3.1. Growth performance 
The fish were inspected every three weeks and at the end of the 

experiment, following 24 h of feed deprivation, for the biometry 
(weight, total length) under a light anesthesia dose (50 mg/L) of tricaine 
methanesulfonate (MS222) (Sigma-Aldrich Chemicals, Missouri, USA) 
in order to minimize handling stress. The production performance 
indices, survival rate, and feed efficiency were calculated as follows: 

Survival rate (%) = 100 x the final number of fish/the initial number 
of fish 

Condition factor (CF) = 100 x (body weight (g)/total length3 (cm)) 
Weight gain (WG, g) = (W, — W J , where W, is the final wet weight, 

and Wi is the initial wet weight 
Specific growth rate (SGR, %/day) = [ ( l n W f - l n WJ/t] x 100, where 

t is the number of days 
Feed conversion ratio (FCR) = total feed fed (g)/WG (g) 
Protein efficiency ratio (PER) = WG (g)/dry protein intake (g) 
Daily feeding rate (DFR, % body weight/day) = [total dry feed intake 

(g) x 100]/[t x ((Wi + W f) x 0.5)] 

2.3.2. Digestibility trial 
Feces from each tank were collected from the 42nd day of the 

experiment to evaluate the apparent nutrient digestibility of the 

experimental diets. At that time, the morphometries of the fish fed the 
experimental diets were 42.2 ± 1.9 g (weight) and 146.2 ± 0.2 mm 
(total length) for TM0; 41.6 ± 1.4 g and 143.6 ± 0.3 mm for TM25; 37.9 
± 1.3 g and 141.2 ± 0.2 mm for TM50; 33.0 ± 0.7 g and 135.6 ± 0.2 mm 
for TM75. The feces were collected after the last feeding time (at 15.00) 
following unconsumed feed removal, by means of siphoning, and stored 
at — 20 °C until being analyzed. The apparent digestibility coefficients 
(ADC) of the dry matter, protein, lipid, ash, phosphorus, and fatty acids 
of the experimental diets were calculated according to the following 
equation (Cho and Slinger, 1979): 

ADC of nutrient (ADC, %) = 100 - (100 x (%Y 2 0 3 in d ie t /%Y 2 0 3 in 
feces) x (%Nutrient in feces/%Nutrient in diet)). 

2.3.3. Serum biochemistry 
A random sample of 3 fish/tank (n = 12 fish/group) was taken at the 

end of the feeding trial (105th day), following 24 h of starvation, and 
sacrificed by an overdose of anesthesia (MS222, 125 mg/L). Blood 
samples (approximately 1 mL) were collected from the caudal vein and 
centrifuged at 3000 xg at 4 °C for 10 min. The separated serum was 
frozen at —80 °C until further analysis. 

2.3.4. Organo-somatic indices and proximate fillet composition 
The liver, intestines, spleen, and viscera were removed immediately 

after blood sampling and weighed (and the length of intestine was 
measured) to calculate the organo-somatic indices. Skin-off fillets were 
sampled for fillet yield and stored at —20 °C for further proximate 
composition analysis. The organo-somatic indices were calculated with 
the following formulae: 

Hepatic somatic index (HSI, %) = 100 x liver weight (g)/body 
weight (g) 

Visceral somatic index (VSI, %) = 100 x viscera weight (g)/body 
weight (g) 

Spleen somatic index (SSI, %) = 100 x weight of spleen (g)/body 
weight (g) 

Intestine somatic index (ISI, %) = 100 x weight of intestine (g)/body 
weight (g) 

Mesenteric fat index (MSI, %) = 100 x (perivisceral fat weight/body 
weight) 

Relative gut length (RGL) = intestinal length (mm)/fish total length 
(mm) 

-65-



H Q . Tran etal 

Fillet yield (FY, %) = 100 x ((right fillet weight (g) + left fillet 
weight(g))/body weight (g) 

2.3.5. Microbiota 
At the end of the feeding trial, two fish per tank (n = 8 fish/diet 

group) were randomly taken and euthanized by means of overdose 
anesthesia (MS222, 125 mg/L). To ensure all the sampled fish had 
digesta throughout the intestinal tract, the fish were deprived of feeds 
12 h before the sampling time. The exterior of the fish was wiped with 
70% ethanol before opening the abdomen, the whole intestine was 
subsequently removed from the abdominal cavity from each fish and the 
digesta from the proximal to distal intestine was squeezed gently into a 
1.5 mL sterile Eppendorf and immediately stored at —80 °C for further 
analysis. 

2.3.6. Environmental impact indices 
The total solid waste (TSW), solid nitrogen waste (SNW), and solid 

phosphorus waste (SPW) were calculated as described by Bureau and 
Hua (2010). 

TSW = feed consumed x (1 - ADC of dry matter) 
SNW = feed consumed x Nitrogen content in diet x (1 - ADC of 

protein) 
SPW = feed consumed x Phosphorus content in diet x (1 - ADC of 

phosphorus) 
The simulated environmental impacts associated with one-kilogram 

farmed perch production were calculated as environmental impacts of 
the diet multiplied by the respective FCR. The environmental impacts of 
one kilogram diet were calculated using the life cycle assessment data
base generated by the Global Feed Lifecycle Institute (GFLI, 2021) as 
described by Quang Tran et al. (2021). Given that the environmental 
impact of ingredients in the GFLI database varies with location, average 
global values were used. The minerals, vitamins, additives and supple
mented amino acids in the present study are classified as 'Total minerals, 
additives, vitamins, at plant/RER Mass S' in the GFLI database. Due to 
unavailable data on water use for the production of one kg of T. molitor 
meal, we used the value of 4.3 m 3 required for one kg fresh mealworm 
(Miglietta et al., 2015) with an assumption that the drying process of 
mealworm did not require additional water (Tallentire et al., 2018). The 
six environmental impact categories comprise global warming potential 
(GWP, kg C 0 2 equivalent (eq.)), energy use (kg oil eq.), acidification (kg 
S 0 2 eq.), eutrophication (kg P eq.), land use (m 2 arable land (a.)) and 
water use (m 3). The impacts associated with feed production at the feed 
mill and fish farming phase were beyond the scope of the present study. 

The economic fish-in fish-out ratio (eFIFO), indicating the amount of 
fish used to produce one unit of farmed fish, was developed by Kok et al. 
(2020); it is based on an economic allocation commonly used in life 
cycle assessments. The formula used to calculate the eFIFO ratio is: 
eFIFO = FCR x I(Fi,j x EFiJ), where FCR is feed conversion ratio; Fi is 
the fraction of ingredient i in the feed (%); EFi is the embodied fish in 
ingredient i ; i , FM or FO; j is the source of the ingredient. The value of 
embodied fish in ingredient was taken from a 2021 database (Kok et al., 
2020). 

2.4. Analytical methods 

2.4.1. Chemical composition 
The defatted insect meal (T. molitor), experimental diets, feces, fillets 

were well homogenized and analyzed according to A O A C (2000) for dry 
matter (Method 934.01), crude ash (Method 942.05) and crude fibre 
(Method 985.29). Crude protein was determined, by means of the 
Kjeldahl method, using an automatic Kjeldahl System (Buchi, Flawil, 
Switzerland). The lipid and fatty acid profiles were determined as 
described by Mraz and Pickova (2009). The phosphorus content in the 
insect meal, diets and feces was determined using an inductively 
coupled plasma atomic emission spectrophotometer (ICPOES, Prodigy7, 
Leeman Labs, USA). Yttrium oxide (Y 2 0 3 ) in the diets and feces samples 
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were analyzed using inductively coupled plasma emission spectrometry 
(ICPOES) following digestion with nitric acid at 180 °C for 48 h. Amino 
acid profile of insect meal and diets was analyzed as described by Stej-
skal et al. (2019). 

2.4.2. Serum biochemistry 
Serum samples were determined using an Architect c4000 automatic 

analyzer (Abbott Laboratories, Abbott Park, Illinois, USA). The serum 
biochemical parameters included alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), total protein, glucose, cholesterol, 
triglyceride, and alkaline phosphatase (ALP). 

2.4.3. Gut microbiota 
DNA extraction and 16S rRNA amplicon target sequencing were 

performed according to the following procedures: 
Nucleic acid was extracted from the gut content (500 mg as the 

starting material). The total DNA was extracted from the samples using 
an RNeasy Power Microbiome KIT (Qiagen, Milan, Italy) according to 
the manufacturer's instructions. One microliter of RNase (Illumina Inc., 
San Diego, CA) was added to digest RNA in the DNA samples and 
incubated of 1 h at 37 °C. DNA was quantified using the NanoDrop and 
standardized at 5 ng/uL. 

DNA extracted directly from digesta samples was used to assess the 
microbiota by the amplification of the V3-V4 region of the 16S rRNA 
gene (Klindworth et al., 2013). The PCR products were purified ac
cording to the Illumina metagenomic standard procedure (Illumina Inc., 
San Diego, CA). Sequencing was performed with a MiSeq Illumina in
strument with V3 chemistry and 250 bp paired-end reads were gener
ated according to the manufacturer's instructions. 

2.5. Statistical analyses 

The obtained data were checked for normal distribution (Shapiro-
Wilks's test) and homogeneity of variances (Levene's test). A l l the sta
tistical analyses were performed using the R Statistic Package, R 
Development Core Team 2009-2021. 

Regression analyses were performed for all data results, except for 
nutritional compositions of experimental diets and ingredients, using a 
linear model ('lm' function) to evaluate the correlation between TM 
dose and data results. The best fit model was estimated using 'aov' 
function. One-way ANOVA was used to test the differences in environ
mental impacts, and body weight, total length over time. Tukey's post-
hoc test was used when appropriate. Differences were regarded as sig
nificant at P < 0.05. 

Paired-end reads were first joined by means of FLASH software (htt 
p://sourceforge.net/projects/flashpage) to default parameters for gut 
microbiota. The reads obtained after quality filtering (at Phred < Q20), 
using QIIME 2 software (v2018.11) (Caporaso et al., 2010) were 
analyzed by means of a recently described pipeline (Biasato et al., 2018). 
Picking the operational taxonomic units (OTUs) was performed at 97% 
of similarity, and taxonomy assignment was done by using the Green-
genesl6S rRNA gene database 2017 (http://greengenes.lbl.gov). The 
centroids sequence was then manually blasted to confirm the taxonomic 
assignment. The OTU table obtained with QIIME was rarefied at the 
lowest number of sequences and the higher taxonomy resolution genus 
or family was displayed. The vegan package of R (Dixon, 2003) was used 
to calculate the alpha diversity. The diversity indices and the OTU table 
were further analyzed using the pairwise comparisons from the Wil-
coxon rank-sum test to assess any differences between the diets. A dif
ference was considered significant at P < 0.05. Weighted UniFrac 
distance matrices and OTU tables were used to perform Adonis and 
Anosim statistical tests in the R environment. 
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3 . Results 

3.1. Growth performance 

The inclusion of defatted T. molitor larvae meal had a significant 
effect (P < 0.05) on body weight and total length of juvenile European 
perch over time (Fig. 1). Feeding perch with dietary TM did not affect 
survival (P = 0.32) and fillet yield (P = 0.37) after 105-day trial, but, at 
substantial inclusion levels (TM50 and TM75), significantly compro
mised weight gain (P = 0.04) and SGR (P = 0.01), and increased FCR (P 
= 0.04), DFR (P = 0.03) compared with TM0. A negative correlation 
between TM level and PER (P = 0.04) was also detected (Table 3, 
Table SI). 

There was a significant quadratic linear model between T M inclusion 
levels and fish growth indices (CF, WG, SGR, FCR) (P < 0.05). The model 
illustrated that these indices of perch fed TM25 were comparable to 
those fed TM0. Organo-somatic indies, VSI, HIS, MFI, ISI, RGL, SSI were 
TM inclusion independent (P > 0.05) (Table 3, Table SI). 

Serum biochemistry indices of perch did not differ among diet groups 
(P > 0.05), except AST activity which significantly elevated with 
increasing inclusion levels of T M (P = 0.02; Table 3). 

3.2. Apparent digestibility of experimental diets 

The protein digestibility of European perch was negatively affected 
by dietary defatted TM (P = 0.03), whereas digestibility of other nu
trients and fatty acids remained TM-dose independent (P > 0.05) 
(Table 4; Table S2). 
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3.3. Proximate composition fish fillet 

Feeding defatted TM levels did not alter the proximate composition 
and fatty acid profile of the perch fillets (P > 0.05). DHA, ranged from 
14.95% (TM50) to 18.18% (TM75) of the total fatty acids, was the 
second-largest constitute in perch fillets following oleic acid, and unaf
fected by administration of defatted TM (P > 0.05). The EPA share was 
meager (2.47-3.08% of the total fatty acids) and was consistent among 
diet groups (P > 0.05) (Table 5). 

3.4. Microbiota analysis 

After sequencing and quality filtering, 334,095 reads were obtained 
and used for further analysis with an average value of 12,661 reads/ 
sample. Analysis of the rarefactions and estimated sample coverage 
indicated a satisfactory coverage of all samples (median coverage value 
of 98%). No significant differences were observed for alpha diversity 
indices of Shannon (P = 0.557), observed species (P = 0.523), and 
Chaol (P = 0.741) (Fig. 2). 

The bacterial community in the perch intestine was mainly domi
nated by phyla Firmicutes (56-95%), Actinobacteria (4-34%), and 
Fusobacteria (0.1-22%) (Fig. 3A). The microbiota composition at the 
genus level (Fig. 3B) was mainly represented by Clostridium (52%, 87%, 
50 and 63% in TM0, TM25, TM50 and TM75, respectively), Mycobac
terium (33, 4, 31 and 9%), Lactobacillus (4, 3, 1 and 1%) and Ceto-
bacterium (1, 0.1, 9 and 22%). A minor OTUs fraction (below 0.2%) was 
composed of Enterobacteriaceae, Streptococcus, Candidatus, Chlamydia, 
Clavtbacter, Bacillus, Parachlamydiaceae, and Solirubrobacterales 
(Fig. 3B). 

The principal component analysis based on OTUs abundance showed 

• TWO »TM2S «TMiO E1TYI7S 
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Fig. 1. Body weight and total length of European perch (Perca fluviatilis) fed graded levels of yellow mealworm Tenebrio molitor larvae meal over time. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Table 3 
Production performance, feed efficiency, organo-somatic indices, and serum 
biochemistry of European perch (Perca fluviatilis) fed graded levels of yellow 
mealworm Tenebrio molitor larvae meal for 105 days. 

Item Experimental diets SEM P value 

TMO TM25 TM50 TM75 

Production parameters 
Survival (%) 99.09 99.09 98.48 98.78 0.21 NS 
CF 1.53 1.54 1.52 1.46 0.02 0.03 
WG(g) 57.56 57.14 46.48 30.59 2.90 0.04 
SGR (%/day) 1.26 1.26 1.12 0.86 0.04 0.01 
FCR 1.15 1.19 1.33 1.77 0.07 0.04 
PER 1.85 1.72 1.60 1.21 0.06 0.04 
DFR (% BW/day) 1.26 1.31 1.33 1.41 0.02 0.03 
Fillet yield (%) 38.50 39.79 38.22 37.42 0.40 NS 

Somatic indies 
VSI (%) 14.23 13.65 14.14 14.27 0.26 NS 
HSI (%) 1.53 1.53 1.65 1.58 0.05 NS 
MFI (%) 9.27 8.89 8.87 8.75 0.22 NS 
ISI (%) 0.75 0.73 0.84 0.87 0.03 NS 
RGL 0.58 0.61 0.60 0.56 0.01 NS 

SSI t%) 0.08 0.09 0.09 0.10 0.00 NS 

Serum biochemistry 
ALT (ukat/L) 0.29 0.33 0.30 0.36 0.01 NS 
AST (ukat/L) 0.62 1.29 1.48 2.04 0.19 0.02 
Glucose (mmol/L) 5.90 4.75 4.65 6.94 0.42 NS 

Cholesterol (mmol/L) 5.66 4.61 4.55 4.61 0.21 NS 
Triglycerides (mmol/L) 9.75 7.79 7.97 9.05 0.44 NS 
Total protein (g/L) 40.70 32.64 43.29 42.25 2.54 NS 
ALP (ukat/L) 0.43 0.37 0.40 0.49 0.02 NS 

SEM = Standard error of the mean (pooled); CF = condition factor; WG — weight 
gain; SGR = specific growth rate; FCR = feed conversion ratio; PER = protein 
efficiency ratio; DFR = daily feeding rate; VSI = visceral somatic index; HSI = 
hepatic somatic index; MFI = mesenteric fat index; ISI = intestine somatic index; 
RGL — relative gut length; SSI = spleen somatic index; ALT = alanine amino
transferase; AST = aspartate aminotransferase; ALP = alkaline phosphatase; NS 
= Not significant (P > 0.05). 

Table 4 
Nutrient digestibility (%) of European perch (Perca fluviatilis) fed graded levels 
of yellow mealworm Tenebrio molitor larvae meal for 105 days. 

Nutrients Experimental diets SEM P value 

TM0 TM25 TM50 TM75 

Dry matter 78.95 77.01 77.58 76.52 0.28 NS 
Crude protein 92.72 90.99 90.42 87.48 0.58 0.03 
Crude lipid 92.62 91.96 92.95 89.14 0.49 NS 
Phosphorus 45.93 36.26 38.24 37.76 1.46 NS 
Ash 41.98 38.14 40.11 38.30 0.61 NS 

Fatty acids 
C14:0 98.13 97.91 98.05 97.97 0.04 NS 
C16:0 96.81 96.09 96.10 96.33 0.10 NS 
C16:l 98.53 98.53 98.62 98.40 0.04 NS 
C18:ln9 97.90 97.79 97.93 97.71 0.03 NS 
C18:2n6 98.40 98.10 98.21 98.21 0.04 NS 
C18:3n3 98.90 98.70 98.84 98.15 0.09 NS 
C20:ln9 97.05 96.81 95.68 77.40 2.50 NS 
SFA 96.71 95.91 95.89 96.13 0.11 NS 
MUFA 97.76 97.77 97.88 97.60 0.03 NS 
PUFA 98.34 97.97 98.07 98.08 0.04 NS 
Zn3 98.99 98.70 98.83 98.65 0.04 NS 
Zn6 98.43 98.14 98.22 98.21 0.04 NS 
DHA 98.93 98.49 98.61 98.91 0.06 NS 
EPA 99.38 99.16 99.24 99.37 0.03 NS 

SEM = Standard error of the mean (pooled); EPA = eicosapentaenoic acid; DHA 
= docosahexaenoic acid; SFA = saturated fatty acids; MUFA = monounsaturated 
fatty acids; PUFA = polyunsaturated fatty acids; NS = Not significant (P > 0.05). 

no clear separation across diet groups. There was a significant negative 
relationship between TM addition and the abundance of Lactobacillus 
(linear model, P = 0.04, adjusted R-squared = 0.82) and Streptococcus 
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Table 5 
Fillet composition (% as wet basis) and fatty acid profile (% of total FA) of Eu
ropean perch (Perca fluviatilis) fed graded levels of yellow mealworm Tenebrio 

molitor larvae meal. 

Experimental diets 

TMO TM25 TM50 TM75 

SEM P value 

Moisture 79.04 77.70 77.93 76.99 0.35 NS 
Crude protein 22.25 22.74 22.55 22.0 0.25 NS 
Crude lipid 1.45 1.30 1.21 1.28 0.04 NS 
Ash 1.11 1.11 1.12 1.11 0.01 NS 

Fatty acid profile 
C14:0 1.59 1.62 1.37 1.53 0.05 NS 
C16:0 16.97 18.35 15.94 17.20 0.55 NS 
C16:l 4.54 5.09 4.50 4.87 0.18 NS 
C18:0 2.51 2.68 2.37 2.73 0.10 NS 
C18:ln9 32.58 31.44 27.39 29.69 1.16 NS 
C18:2n6 12.34 12.07 10.58 12.24 0.43 NS 
C18:3n3 2.84 2.66 2.15 2.37 0.11 NS 
C20:ln9 1.56 1.42 1.18 1.36 0.05 NS 
C20:5n3 (EPA) 3.06 3.08 2.47 3.03 0.12 NS 
C22:6n3 (DHA) 17.00 16.92 14.95 18.18 0.71 NS 
ESFA 22.34 23.87 20.76 22.67 0.71 NS 
EMUFA 39.97 38.92 34.34 38.66 1.33 NS 
EPUFA 37.61 37.13 44.83 38.47 1.98 NS 

SEM = Standard error of the mean (pooled); NS = Not significant (P > 0.05). 
Fatty acids with less than 1% total fatty acids in experimental diets (C10:0, 
C12:0, C13:0, C14:l, C15:0, C15:l, C17:0, C17:l, C16:3, C18:ln9 trans, 
C18:ln7, C18:2n6 trans, C18:3n6, C20:0, C21:0, C20:3n6, C20:3n3, C20:4n6, 
C22:0, C24:0, C24:ln9, C22:5n6) were not presented in the table but included in 
fatty acids group calculation. EPA = eicosapentaenoic acid; DHA = docosa
hexaenoic acid; SFA = saturated fatty acids; MUFA = monounsaturated fatty 
acids; PUFA = polyunsaturated fatty acids. 

(quadratic model, P = 0.01, adjusted R-squared = 0.99). 

3.5. Solid waste output and environmental impacts 

Dietary defatted TM significantly affected environmental impacts 
associated with TSW (P = 0.0002), SNW (P = 0.0001) and SPW (P = 
0.0008) (Table 6). TM75 showed a significant reduction in TSW (P = 
0.031), whereas feeding perch with TM25 inverted the pattern (P = 
0.005) compared with the control diet. SPW was not different among 
TM0, TM50 and TM75 (P > 0.05), but was significantly higher in TM25 
(P = 0.0008). Dietary defatted TM significantly increased SNW (P = 
0.0001) (Table 6). 

The eFIFO, ranged from 0.99-1.45, was significantly reduced with 
increasing levels of defatted TM (P < 0.001). Among the TM-containing 
groups, the ratio was less than one for the TM75 diet, whereas those of 
TM25, and TM50 were greater than 1 (1.19 and 1.07, respectively) 
(Table 6). 

As far as the environmental impacts associated with one kg farmed 
perch production are concerned, TM25 was comparable with TM0 for 
the global warming potential, acidification, and land use (P > 0.05). 
TM50 and TM75 exerted heavier burdens than the control diet on all the 
impact categories (P < 0.05). 

4. Discussion 

Insect meal has been considered the most promising raw material for 
the supply of protein sources in aquafeeds for the coming decades (Hua 
et al., 2019; Gasco et al., 2020a). A wide range of aquatic animals has 
been investigated for the possibility of including insect meals in their 
feeds (Henry et al., 2015; Gasco et al., 2019; Hua, 2021). European 
perch (P. fluviatilis) is a potential candidate for aquaculture diversifica
tion in Europe, and the intensive aquaculture of this species is taking off 
with increasing production volume over the last decades, reaching 
approximately 700 t in 2018 (FAO, 2020). The potential use of insect 
meal as an alternative protein source for perch was investigated by 
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Fig. 2. A lpha diversity measures of the intestinal microbiota of European perch fed graded levels of yellow mealworm Tenebrio molitor larvae meal. The black 'x' in 

the boxes represents the mean value, the horizontal line within the boxes represents the median separating interquartile range (upper quartile and lower quartile). 

The coloured circles and black circles represent observed data and outliers beyond the whiskers, respectively. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Mean relative abundance (%) of the bacterial community at phyla (A) and genus (B) levels in the intestine of European perch fed graded levels of yellow 

mealworm Tenebrio molitor larvae meal. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Stejskal et a l . (2020) , ind ica t ing that a 4 0 % inc lus ion leve l of b lack 
soldier fly (Hermetia illucens) was sui table for perch aquafeeds. Our study 
invest igated another insect mea l f requent ly used i n aquafeed research, 
ye l l ow m e a l w o r m (T. molitor) for European perch, and the outputs cou ld 
offer an add i t iona l prote in source for the cont inuous ly -growing perc id 
aquacul ture sector (Po l icar et a l . , 2019). 

4.1. Production performance, somatic indices and serum biochemistry 

In the present study, the cond i t ion factor (1 .46-1 .53) remained 
consistent among treatment groups and was s l ight ly h igher than the 
1.15-1.22 repor ted by Stejskal et a l . (2020) for perch fed d ietary b lack 
soldier fly {H. illucens). The surv iva l rate o f fish was h igh (>98%) i n al l 
treatments after a 105-day feeding tr ia l . The exper imenta l diets were 
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Table 6 
Solid waste output and environmental impacts associated with 1 kg production 
of European perch (Perca fluviatilis) fed graded levels of yellow mealworm 
Tenebrio molitor larvae meal for 105 days. 

Experimental diets SEM P value 

TMO TM25 TM50 TM75 

Solid waste output 
TSW (g) 1115b 1268a 1104b 1004° 52 0.0002 
SNW (g) 3 8 5 ° 497 a b 471 b 535a 30 0.0001 
SPW (gl 2860b 3514a 3038b 2660b 178 0.0008 

Environmental impacts associated with 1 kg perch production 
GWP (kg C 0 2 eq.) 3.00° 3.24° 4.01b 5.58a 0.27 <0.001 
Energy use (kg oil eq.) 0.35d 2.45° 5.29b 10.19a 0.96 <0.001 
Acidification (kg S 0 2 10.71° 11.94° 15.17b 21.65a 1.11 <0.001 

eqO 
Eutrophication (kg P 0.36d 1.54° 3.14b 5.94a 0.54 <0.001 

eq.) 
Land use (m2a) 2.40° 2.76° 3.60b 5.23a 0.29 <0.001 
Water use (m3) 0.03d 0.37° 0.82b 1.61" 0.15 <0.001 

Economic fish-in fish-out 
eFIFO 1.45a 1.19b 1.07 b ° 0.99° 0.05 <0.001 

SEM = Standard error of the mean (pooled); TSW = total solid waste; SNW = 
solid nitrogen waste; SPW = solid phosphorus waste; GWP = global warming 
potential, eFIFO = economic fish-in fish-out. 
Means with the same superscript letter in a same row are not significantly 
different (P > 0.05). 

well accepted by European perch as indicated by DFR, which was 
significantly higher in the TM-based diets than in the control group. 
Stejskal et al. (2020) also reported a comparable feeding rate for perch 
fed dietary defatted H. illucens. Similar findings were observed for 
rainbow trout (O. mykiss) (Chemello et al., 2020), red seabream (Pargus 
major) (Ido et al., 2019). On the contrary, Gasco et al. (2016) reported a 
significant reduction in feed intake for European sea bass (D. labrax) fed 
increasing full-fat T. molitor levels. These differences could be attributed 
to the different processing forms of the consumed insect meal, as 
defatted insect meal has been reported to improve the palatability of 
catfish {Clarias gariepinus) (Fasakin et al., 2003). 

In our study, growth performance of perch in the present study (SGR, 
ranged from 0.86-1.26) was consistent with published data (1.14-1.30) 
for perch fed dietary insect meal, H. illucens (Stejskal et al., 2020). 
Feeding perch with TM25 showed a consistent growth performance 
compared to the control diet, whereas higher replacement levels had 
detrimental effects. This phenomenon could be linked to the presence of 
chitin, which has been shown to affect the growth rate of fed organisms 
(Gasco et al., 2016; Weththasinghe et al., 2021). The compromising 
performance mechanism consists of a lowering of the energy availability 
and a reduction of the nutrient digestibility of fish (Ring0 et al., 2012). 
Defatted TM contained 4.63% chitin (Basto et al., 2020), and increasing 
dietary TM, therefore, corresponded to increasing the chitin levels in 
TM-containing diets (Table 1). Consequently, a reduction in nutrient 
digestibility of perch fed these diets relative was observed, compared to 
the control diet (Table 5). The limited ability of fish to utilize chitin as 
energy hampers fish growth when substantial FM replacements with 
insect meal (H. illucens) are introduced (Weththasinghe et al., 2021). 
Another nutritional factor that may impair fish performance is linked to 
a fatty acid deficiency (Henry et al., 2015). The declining EPA and DHA 
observed in our study as dietary defatted TM increased (Tran et al., 
2021) could evidence a growth delay. Although the amino acid of 
taurine was not measured in our study, it is known, at low availability, to 
compromise fish growth (Salze and Davis, 2015). Basto et al. (2020) 
found that defatted TM contains a lower content of this sulfonic acid 
than the full-fat form. As a result, increasing inclusion levels of defatted 
TM, accompanied by a reduction in taurine levels, could have hampered 
the performance of perch fed TM50 and TM75 in our study. 

Stejskal et al. (2020) reported that inclusion levels of up to 40% (or 

42% FM replacement) of defatted H. illucens in diets showed no adverse 
effect on the growth performance of perch compared to the insect-free 
diet. It is evidenced that dietary H. illucens is preferable to T. molitor 
for perch, in terms of growth rate. A study on European seabass 
(D. labrax) fed a diet with 30% F M replacement with TM and H. illucens 
meal also showed a superior growth and feed efficiency of the latter 
insect species compared to the former (Mastoraki et al., 2020). 

The present study found that organ-somatic indices were not affected 
by dietary T M, which is in agreement with the previous publications in 
which dietary TM was fed to blackspot seabream, Pagellus bogaraveo 
(Iaconisi et al., 2017) and mandarin fish, Siniperca schemed (Sankian 
et al., 2018). The HSI index, ranged from 1.53-1.65, was consistent with 
that of Stejskal et al. (2020), who reported an HSI of 1.21-1.76 in perch 
fed dietary H. illucens. However, VSI in our study, which varied between 
13.65 and 14.27, was higher than that reported for perch, which was 
8.79-10.56 (Xu et al., 2001); 7.30-9.81 (Kestemont et al., 2001) and 
2.79-3.06 (Stejskal et al., 2020). This discrepancy could be attributed to 
differences in fish size, dietary lipid content and mesenteric fat among 
trials. Our data on MFI (8.75-9.27) were comparable with those re
ported in perch (Blanchard et al., 2008). The SSI value is also in 
agreement with one reported earlier (Stejskal et al., 2020). The RGL in 
the present study ranged from 0.56 to 0.61 and is in agreement with that 
of carnivores (0.5-2.4) (Kramer and Bryant, 1995). Our RGL data did 
not differ among the experimental diets, which is in contrast with recent 
findings that have pointed out the significant effect of dietary insect 
meal (T. molitor) on RGL of trout, O. mykiss (Iaconisi et al., 2018) and 
seabream, Sparus aurata (Piccolo et al., 2017). Despite the adaptive 
plasticity of gut length to different food sources, perch might experience 
an initial reduction in their body conditions when consumed diet is 
changed (Olsson et al., 2007). This may be a reasonable explanation for 
the phenomenon observed in our study whereby the body weight and 
length of perch significantly reduced with increasing inclusion of TM 
while maintaining their RGL. 

The fillet yield in our study (37.42-39.79%) was slightly higher than 
the 34.87-36.68% reported for perch fed commercial feeds (Bochert, 
2020), but unaffected by dietary defatted T M, a result that is consistent 
with other publications, reporting the independence of fillet yield and 
insect meal dose (Piccolo et al., 2017; Iaconisi et al., 2018; Moutinho 
et al., 2020). 

Our study revealed that the serum biochemistry was unaffected by 
dietary insect meal (T. molitor), except for AST. The AST activities could 
be a proxy for stress-induced tissue damage (Velíšek et al., 2009). Song 
et al. (2018) reported that a low level of F M replacement by TM could 
induce liver damage as indicated by a significant increase in AST ac
tivities compared to the control group, thereby indirectly impairing the 
growth performance of gentian grouper (Epinephelus lanceolatus x Epi-
nephelus fuscoguttatus). In our study, perch fed TM75 showed a signifi
cantly lower growth rate than the other groups, which could be linked to 
stressors. Similarly, Iaconisi et al. (2017) evidenced a stress status of sea 
bream CP. bogaraveo) fed dietary TM. This pattern seemed to be too mild 
in the present study to induce severe mortality. 

4.2. Nutrient digestibility 

In this study, dietary defatted TM significantly affected nutrient di
gestibility of European perch, except for ash. A l l experimental diets 
resulted in high digestibility values for protein and lipid, whereas lower 
results were observed for ash and phosphorus (Table 5). In general, 
chitin in TM-containing diets could be responsible for the different levels 
of digestibility of perch. This substance could hinder nutrient di
gestibility by interfering with the digestive enzyme activities of other 
nutrients (Weththasinghe et al., 2021). Although many fish can produce 
the chitin-degrading enzyme, chitinase (Ring0 et al., 2012), it seems null 
in other fish species (Kroeckel et al., 2012; Guerreiro et al., 2021). The 
chitinase enzyme is presented in perch and is mainly excreted from the 
pancreas and, to a lesser extent, produced by intestinal bacteria (Craig, 
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2000). However, the animals' capacity to digest chitin remains partic
ularly low and tends to decline with increasing chitin levels (Olsen et al., 
2006; Khempaka et al., 2011). High fibre and chitin contents in TM-
containing diets (Table 1) could reduce the digesta transit time in the 
gastrointestinal tract, as confirmed in humans, chickens (Razdan and 
Pettersson, 1994) and fish (Olsen et al., 2006), thereby reducing the 
exposure time of food to digestive enzymes. 

In the present study, the observed declining lipid digestibility due to 
dietary insect meal (T. molitor) was consistent with previous findings 
(Piccolo et al., 2017; Belghit et al., 2018; Belghit et al., 2019; Weth-
thasinghe et al., 2021). Chitin has been reported to bind with lipid and 
bile in fish and mammals (Tharanathan and Kittur, 2003; Weththasinghe 
et al., 2021), thereby reducing lipid digestibility. Feeding chitin-
containing diet has been reported to numerically lower lipase activ
ities in meager (Argyrosomus regius) compared to the chitin-free diet 
(Guerreiro et al., 2021). These effects seem to be too mild to impair 
digestibility of TM25 and TM50 but does for TM75 in our study. The 
high fatty acid digestibility observed in our study is in agreement with 
those reported for Atlantic salmon (Salmo salar) (Lock et al., 2016; 
Belghit et al., 2019). 

Wang et al. (2017) reported phosphorus digestibility of tilapia 
(Oreochromis niloticus) fed dietary insect meal (Musca domestica) ranged 
from 89.21 to 92.41% and found the independence to Musca domestica 
inclusion. The phosphorus digestibility of whiteleg shrimp 
(I. vannamei), ranged from 31.4 to 76.4%, was insect meal (Bombyx 
(nori)-dose-dependent (Rahimnejad et al., 2019). Basto et al. (2020) 
reported that the phosphorus digestibility of seabass (D. labrax) fed 
diets, in which 20% protein diets were replaced by T. militor, H. illucens 
and locust meal, were in the 57.2-63.9% range. Our results 
(36.26-45.93%) were affected to a great extent by the dietary defatted 
TM. The stomach pH (Zhang et al., 2015) and dietary calcium to phos
phorous ratio (Rahimnejad et al., 2019) are known to influence phos
phorus digestibility of fish. Moreover, the capacity of fish to utilize 
phosphorous or bind phytate-phosphorus has been shown to vary a great 
deal from carnivores to omnivores (Kumar et al., 2012). 

4.3. Fillet composition 

The composition of perch fillets in the present study was similar to 
that of published data on perch fed commercial feeds (Bochert, 2020). 
The TM-dose independence of fillet traits was also in agreement with 
previous studies on seabream, P. bogaraveo (Iaconisi et al., 2017) and 
rainbow trout, O. mykiss (Iaconisi et al., 2018). The particularly low lipid 
content of fillet (1.20-1.45%) was similar to previous studies on wild 
and farmed perch (Kestemont et al., 2001; Xu and Kestemont, 2002; 
Mairesse et al., 2006; Orban et al., 2007; Stejskal et al., 2011b). 

Fillets of perch farmed in an intensive aquaculture system have been 
considered a valuable source of fatty acids, such as linoleic acid (LA), 
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) (Stejskal 
et al., 2011b). Our DHA and LA values were relatively higher than those 
found for wild and farmed perch in earlier studies, whereas EPA 
remained lower (Jankowska et al., 2010; Stejskal et al., 2011b). Greater 
bio-conversion of DHA than EPA, and peroxisomal p-oxidation synthesis 
of the former from the latter through intermediate product C24:6n — 3 
(Kestemont et al., 2001) could explain the discrepancies in the propor
tion of those FAs in the fillets in our study. We also observed a high LA in 
the fillets, which was consistent with the result of Xu and Kestemont 
(2002), who reported a ready accumulation of this fatty acid into fish 
tissues as a stored lipid. The low proportion of linolenic acid (C18:3n3) 
in the fillets as well as high proportions of DHA and EPA, relative to the 
respective diets, indicated the high capacity of elongation and desatu-
ration of C18:3n3 in perch, which was confirmed the previous findings 
(Xu and Kestemont, 2002; Blanchard et al., 2008). Our study indicated 
that palmitic acid (15.94-18.35%) and oleic acid (27.39-32.58%) were 
the predominant saturated and monounsaturated FAs, respectively, in 
fish fillets. A similar finding was reported for perch (Jankowska et al., 
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2010; Stejskal et al., 2011b) and other farmed fish (Testi et al., 2006). 

4.4. Gut microbiota 

In accordance with previous works on trout, Salmo trutta (Miko-
iajczak et al., 2020), rainbow trout, O. mykiss (Terova et al., 2021), 
seabream, S. aurata and European sea bass, D. labrax (Antonopoulou 
et al., 2019) fed dietary T M, our results showed the consistency of the 
bacterial diversity and richness of perch regardless of the diet groups. On 
the other hand, Antonopoulou et al. (2019) reported that administration 
of TM significantly altered the microbiota community of trout, O. mykiss. 
(Ghanbari et al., 2015). Therefore, the discrepancies among studies 
could be linked to fish physiology and nutritional availability of fish gut, 
which could be responsible for the dietary treatment effects on the 
microbiota population (Bolnick et al., 2014a). 

The most prevalent bacteria in intestine of perch fed experimental 
diets belonged to Firmicutes, Actinobacteria, and Fusobacteria phylums. 
The first two phylums were found abundant in rainbow trout, O. mykiss 
fed dietary insect meal, H. illucens (Huyben et al., 2019) and also in 
mealworm larvae, T. molitor (Stoops et al., 2016). Our sequencing data 
were aligned with the intestinal microbiota composition of perch and 
freshwater fish, which are dominated by Clostridium genus (Bolnick 
et al., 2014b; Romero et al., 2014). This shows that Clostridium spp. is a 
core species in the intestine of European perch. 

Contradictory results on the effect of dietary TM on the intestinal 
population of Lactobacillus spp. are present in the literature. Mikolajczak 
et al. (2020) highlighted a significant decrease in the concentration 
when fed S. trutta with 10% hydrolyzed TM administration compared 
with a FM-based diet. An opposite result was reported for O. mykiss 
(Terova et al., 2021), where an 0.2-fold increase was observed in a TM-
diet, compared to a FM-based one (Jozefiak et al., 2019). Jozefiak et al. 
(2019) found TM-dose independence pertaining to the count of this 
lactic acid-produced bacteria in Siberian sturgeon (Acipenser baerii). 
Such discrepancy could be ascribed to the nutrition status in the intes
tine of tested fish, as it has been well known that Lactobacillus group 
requires nutritious substrates to thrive (Havenaar and Huis In't Veld, 
1992). A reduction in the Lactobacillus genus in intestine of perch fed 
TM75 in present study could be linked to unfavorable status of perch 
intestine associated with the deficiency of certain amino acids, fatty acid 
(DHA, EPA), and with the presence of chitin. 

The Clostridium and Lactobacillus genera, which are among the 
prevalent species in this study, have been used as probiotics for fish 
(Ring0, 2020). Therefore, our results suggest the potential application of 
beneficial microorganisms isolated from the intestine of perch fed insect 
meal (T. molitor). 

Bacteria from the Mycobacterium genus were also found predominant 
in perch fed diet treatments. Moutinho et al. (2017) conducted a feeding 
trial on seabream (S. aurata) fed dietary meat bone meal as a replace
ment for FM and reported the existence of these bacteria in the intestine 
of specimens. Mycobacterium spp. are commonly known as the causative 
agent of mycobacteriosis syndromes in aquaculture species (Yanong 
et al., 2010) and have a zoonotic potential (Mrlik et al., 2012). Although 
many of Mycobacteria spp. were found to be present in the aquaculture 
systems in Czech Republic, the clinical pathogen, Mycobacterium mar-
mum, for humans and fish was absent (Beran et al., 2006). The high 
survival rate and absence of pathogenic syndromes of perch during the 
105-day feeding trial could confirm the benignity of these microorgan
isms in our systems. 

Previous studies on Perciformes fish, pikeperch {Sander lucioperca), 
largemouth bass (Micropterus salmoides) and bluegill (Lepomis macro-
chirus), reported the relatively high abundance of Cetobacterium genus 
and suggested the critical role of this genus in fish digestion (Larsen 
et al., 2014; Dulski et al., 2018). The sequencing results detected a 
prevalence of this genus across four diet treatments and, although the 
absence of any statistical difference, perch fed TM50 and TM75 tended 
to proliferate Cetobacteria relative to control and TM25 diets. The 
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replacement of 30% of F M by soybean meal was reported to significantly 
increased the abundance of Cetobacterium spp. in largemouth bass (He 
et al., 2020). These authors also suggested that the inclusion of plant 
ingredients in the diets of carnivorous fish could enhance the Ceto
bacterium genus's community, which is responsible for the production of 
cobalamin, fermented proteins and carbohydrates. 

Although established at a low relative abundance (<0.2%), we found 
a significant reduction in the population of Streptococcus genus in TM75 
compared to TMO diets. These bacteria were found to be present at a low 
abundance in the digestive tract of S. salar (0.6% of the culturable 
bacterial community) (Ring0 et al., 2000), O. mykiss (<0.01%) (Desai 
et al., 2012), and to be affected by dietary treatment (Merrifield et al., 
2014). Dietary fatty acids were confirmed to alter growth of intestinal 
bacteria, and linoleic acid, in particular, was shown to inhibit the 
growth of Lactobacillus spp. in the intestine of Arctic charr {Salvelinus 
alpinus) (Ring0, 1993). Gram-positive bacteria species were sensitive to 
dietary fatty acids, and a decrease in Streptococcus and Lactobacillus 
communities in TM75 group could be attributed to a significantly higher 
linoleic acid content in this diet than in the control group (Tran et al., 
2021). 

4.5. Environmental impacts 

In the present study, we investigated the environmental consequence 
of dietary insect meal (T. molitor) in perch aquafeeds, concerning solid 
waste output, environmental impact associated with one kg of perch 
produced, and eFIFO, which has been considered as an important proxy 
for environmental sustainability of aquaculture sector (Amirkolaie, 
2011; Bohnes et al., 2019; Kok et al., 2020). 

The dietary defatted T M in the present study did generally not affect 
solid waste outputs associated with phosphorus waste, except for TM25, 
although increased nitrogen waste was observed, compared to the FM 
diet. Therefore, replacement of FM with defatted TM in perch diets could 
be an essential way of ensuring environmental benefit associated with 
the waste output, which has remained a critical concern for the public 
(Cho and Bureau, 2001). The digestibility of diet has been considered 
the most critical issue driving the waste output of aquaculture practices 
(Amirkolaie, 2011). As previously mentioned, the presence of chitin is 
the factor that impairs nutrient digestibility of perch the most. Removing 
chitin components from insect meals (Henry et al., 2015), and supple
menting enzymes (Gasco et al., 2016) and probiotics containing 
chitinase-producing bacteria could be an effective way of improving 
digestibility of insect-containing diets for fed fish. Developing a suitable 
processing technique for aquafeeds could be considered for digestibility 
efficiency (Turchini et al., 2019), which has recently been achieved for 
extruding feeds containing insect meals (Irungu et al., 2018; Weththa-
singhe et al., 2021). 

As far as the environmental impacts associated with 1 kg of farmed 
perch production is concerned, our simulated data indicated consistency 
of TM25, compared to the control diet, regarding global warming po
tential, acidification, and land use, but increased impacts pertaining to 
energy use, eutrophication, and water use. These environmental con
sequences were mostly influenced by the proportion of insect meal 
(T. molitor) vs. fish meal and FCR in/of experimental diets. The higher 
environmental impact associated with insect meal production than FM 
(Salomone et al., 2017; Smetana et al., 2019; Quang Tran et al., 2021) 
and higher FCR in TM diets and FM diet (Table 3) in our study could be 
responsible for the aforementioned findings. Le Feon et al. (2019) 
confirmed greater impacts of acidification, eutrophication, GWP, land 
use, and energy use of TM-containing than insect-free feed for one kg 
trout produced. Stejskal et al. (2020) documented a reduction of water 
use associated with insect meal (H. illucens)- compared to F M feeds for 
perch, whereas GWP, land use and energy use increased. However, 
Smarason et al. (2017) compared H. illucens- and FM-based feed asso
ciated with seven impact categories, and reported benefits of insect meal 
inclusion on abiotic depletion, acidification, eutrophication, GWP, 
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human toxicity potential, and marine aquatic ecotoxicity potential, but a 
negative impact on energy use. 

The present study revealed that increasing inclusion levels of insect 
meal (T. molitor) in perch feeds significantly reduced eFIFO, indicating 
fewer marine forage fish required per unit fish produced. A substantial 
replacement of F M with defatted TM at 75% reduced eFIFO to as low as 
1, whereby the production of perch is a net producer of fish that is 
aligned with the current trends of most aquaculture species (Kok et al., 
2020). The observed reduction in eFIFO is consistent with data of Stej
skal et al. (2020), reporting a significant decrease in the FIFO ratio when 
dietary H. illucens increased. Our eFIFO data could be important infor
mation for percid aquaculture in order to move towards an established 
aquaculture sector in Europe (Policar et al., 2019). 

5. Conclusion 

The present study highlighted the possibility of using defatted insect 
meal (T. molitor) in the diets of European perch (P. fluviatilis), an 
emerging, potential aquaculture candidate in Europe. It is recom
mended, for future aquaculture of this species, including as low as 6.8% 
or 25% FM replacement by defatted yellow mealworm, which could 
benefit the sector with respect to growth performance and environ
mental consequences. Although a substantial replacement of FM by 
defatted TM did not show promising outcomes for all the aspects 
considered in the present study, in particular concerning the waste 
output perspective, this replacement could reduce the total solid load, 
phosphorus waste, and economic fish-in fish-out in the aquaculture of 
European perch. Our study also underlined the major bottleneck of a 
substantial inclusion of defatted insect meal (T. molitor) in fish diets, as 
nitrogen waste and environmental consequences associated with one 
unit of farmed perch produced. 
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European perch (Perca fluviatilis) fed dietary insect meal (Tenebrio molitor): 
From a stable isotope perspective 

A q u a c u l t u r e 

A<|iLncu)Tiire 545 (2021) 737265 

A q u a c u l t u r e 

Í L S E Y J E R jou rna l h o m e p a g e : w w ^ o l s c v i c r - c o m / l n c a T e / a q u a o u l i i i r e 

E u r o p e a n p e r c h (Perca fiuviaälis) f e d d i e t a r y i n s e c t m e a l (Tenebrio molitor): 
F r o m a s t a b l e i s o t o p e p e r s p e c t i v e 

H u n g Q n a n g T r a n ' 3 , M í k k o í í i l j u n e n H i e n V a n D o a n ' V l a s t i m i l S t e j s k a l " ' 

" Uiríversiiy ůfttnurh JTalícniJů Jn Ceski Htiáefavicc, fiirrjJry of Fisheries _uirJ nrúKťrian Ů/ Waters, Hcwth ttúfwnlún fítstůrck L"enr£růf" Aqtiaaiiinre QÍMÍ B r * í rw«ř j y Ů/ 
IlydfixviiDXSr /julftute vf Aq^rnaríínrr o n J Protection c / (ViiJrrs. Wrr Sadkerh í?30r 370 Ctf Crífcč Iřtrdpyorírr, Czech JtqfNíWtt 
** Hnivcr&iiy of Jyvä&kyia. Dennniiir.JM of Rtotatfcai anti fuiiitntftmcnuii ficitttet. FÍ5 Rox 3E, FI-^Oůl-4, Finland 
r -.'/rjfjjyf Huč tJnrnerníy, f'uciJiy Ajn^ruliure, i í ť j ju r f rn^c í řtrurjcuí nrwJ Agn-ri-r Eeamcei, tJkuiuar Mai iUJ i íK l , 'Jh_irJírjc_l 

cThinrjg Mni Uniwrnňiy^ Sňtnev. cmA Technnfngy R^.sf.nrrh InUiiiiJr, J. 1 ?? Hnay Krmu Jiří., ffjrjArp, Afuníig, ťlriírjr^g Mai SÜlflO, Thmisind 

A i t I I . L Ľ I N K O A B S T R A C T 

l i intvl CIÍMÍ 
Ferch 
Sríibk- isotope 
C u l m 
NLIIEÎ ĽII 
Pre port JOE 3] conu ibuiLoiL 

"•• I-• !"sI• • isotopcr Eu ia lys ia <MH\ Loitchirtitl In lEivnslt^ntc s l n l i l n isotoiv ratios [jf E:jirl>nii [r>'-lt"!j rnul nitrogen (fi1,IN), 
f t i G l - L m i i P [liKCTEiiHii^lEoii frtrtors of radion [A I SCI) :md u i l rugt tc i (iL"JN"j. Ikiyt^iii]! mixing models wert* pcrfnTTTic^L 
t-n JisHr.w rrlntiv-r rn nrriruil ion -af insert nirjil nnfl nlhrr ingrrdir;nLs Lu tlie develrjpnLeiil. of -issues uf Lurupeiin 
nerd] {Pcrca fiuviatdu}. ArrorcliiLjdy, four cxpcrmienla] FnrmiilaticirpS, characterized by the increasing inclusion 
levels uf yellow nieulwurni ITenvbrio niuJjJL'r) larvae meal ( T M ) i i t 0 , 6 . S , 1 3 . 5 and 2 0 , 3 % HS replacement for 
fidirneal at 0 {TM0}h 2 5 [TM25)t 50 (TM50) and 7 5 % ( T M 7 5 J , respectiveiy, were fed to juvenile percli (initial 
fondywe-i£hr, I 3.36 in n rprirrulrirftd nnnncnlrure s y s t e m for IC]]» dnys. 

filflCaiidfi,sW of IM were - 1 6 . 7 5 and 3,53%c.andsi£inficaiit]y di^hi^Li ished from other teffresrrUI and marina 
fcrd rnnipon^nts [fJ < (}.((!.]]. Inrlnsion of di^iriry "I'M Hid not iififon A 1 *C viiiuc in Lluud [Hid livtr {P > t>.0b) tjul 
riid rerlnrft m nimrli? (P < O.Orî  whfln*ns A 1 -"^ WJIK s i g n iff r :inT]y i n c r e a s e d with the i n c r e a s i n g inclusion kvcL o f 

TM in UKUPJ: *v 0.0S]. "Ihw^njwih afpercrti had a. s i g n i f i c a n t [ ic^ilivc: rc lE i l i cn iH l i ip wiLli din mnarlt: A i r , N . 
"[Tir -ciTintrLhiitiiin nf I 'M tn mitfrlr: + ]4.H%) WFIS m m p r j i h l r io its di-cliiry J i L i u s i u i ] [ 6 . 3 % ] in T M 2 5 bul 
ilcH]hLn in Lhi: IJICJCKJ ( 1 3 + T M Eip[jw]ird itj [̂ st̂ itia] iji&redienf Lncoiporated into liver, ai irs 
cuiilxibutiuii ivaa CHJUSLstent or Idgtier rJuui dietiiry iiirjljsioci (TM.L35: T 15.] v s . TMrjCt 31.1 + 1 4 . ° vs. 
13.5%] and. T M 7 5 : 29,4 ± 14.4 vs, 20.3%>. Tlie higlKT Liclusion levels of T M (more ihuab .B^)ditl mtl stw^le ics 
contribution to muscle, bloati, and liver (probability, < 0 . 9 5 ) but stgniflcfintJy decreased t h a t of f ishni^ in 
i i J ti^ues {PHK: "> 0 . 9 5 ) . Soy derived insnedientjs, suybed]L meal jnrl f̂>y p•ntrin, ivinrr Fin imprntnnt ingrrHirnt in 
the development of all tissues regardless of dietary TA1. 

Thf l prflpcpnt sriifly proviriprl inFLLfjhrfiLl infnrninTiflm on thf l r o l e -rjf viixioms diet cu j i Lp tmenL i Li perch tiasucsr 

wJticli coukl LuicL«rLi? further (L^veLopiiKiii of ftqiwifetd loniuJacioiis for CEhcrjfjiifr pc-î h farming [n Europe, 

1 . I n t r o d u c t i o n 

rjuropean perch [Ferca Jiuviatitis) been identified as the promising 
candidate for intensive aquae Lilturc with excellent nutritionfil value, 
(^prrinlly l>[̂ iin̂  icijil EJiHy Firidji and inc-rt^Lsici v jciFirki't drnmnd :'|-;li.;i I 
Hi al., 21)11" l i i i i w , L?01S; S[HJ*;L.H[ PI H | . n aOLSOhJ. Pnidiii 'tiiin of ntrr}] i_K 

oifiinLy relied on re-circnlating aqnaculture systems and followed an 
upward trend, reaching approximately 700 t in, 2018 { F A O , 2020). 
T(]J£t"lh^r wiLli DLIHT |JtTrid fi.sht'.^, pi'TL:li fEirmic:^ IIICDV-CJS [cnv;]rd» an 
established, a-qtiiifiillure setlttr in riurupe [t'olivtir el LIJ,, liOiy], hi perch 
fanning practice, salmon id aqiif/ifeedk and commercial perch feeds are 

commonly used (Itochei't, 2tt2Q}< These feeds l?CC0ĽnC erit[ea[ fot The 

success of perch aquactilturc with ncspccl to profit ability, mcitL quality 
traits and health status of farmed p^rcb (! ' n i i f i i ľ - i rLI_. ľ l>L l í } . Aqnafef^ds 
for carnivorous fish, including P. fíuvitiľiíi.'i, rH([iLÍrt» Ixiŝ l• prosi l i sciurres, 
fi-slnne-Eil trŕidiliii]iiilLy dcľriviTťl from marine fish resources CLan^elaud 

ľ L M L, ĽH l f i ) . HííWHvt+r^, lirniíed supply, continuous rise ÍE price, and 
LinsListainability of this marine-derived ingred ient (Nay lo r ct a l , 2 0 0 0 ; 

Foley et a l . F 2 0 1 1 ; Tacon ct al., 2011 ; Frm-hl i rh el n l . , 201f l p Kok c-i n l . r 

tmvt : [-liFillrn^nd ilu: efipauaicjii of ever-jíruwiiiK anuttcullure 
sector. Consequently, a nuinUer of alternatives aqtiafeed materials have 
been investigated. Among them, inJCCt mcíl ls i t l ld by-ptOdtlCtfi f rom 

"* Cnmr5pondini^ •urhnr. 
E mail address: litiTinqMnnjsir'fravjcw.cü C1I.Q. Tran), 

hllĽ*://doi.ors/iai016/j.nuLincullun:.2C>^l.V3/2bb 
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HQ. Tnm ctai 

fishery and aquaculture represent the most promising candidates to 
n n * ' l FiqiiFi(<M*i drniand c:vc:r the: next di*-;id[?F (I |mi rl n l . . 2019; Gnrt t-o 

eL al.. liljjrj). Along with (lie rise in production of by-products which will 
share approximately 35% global fishmeal production by 2030 fJ AO, 
2 0 t h e output of insect rural production is on the global rise and 
forecasted lo be prirccompclitivr. with fishmeal by 2023 [Hint ct ill,, 
2019). 

Many insert meals have been investigated as re placemen for fish
meal in aquatic animal diets, in which the black soldier My (Htmeria 

iWticens), common housefly {Mitsca domestica), iuid yellow mealworm 
(Tenebrio molitor) has drawn the mosl attention in the research 
et .il.. 2019; [•'abrikov et al., 2020; Mastoraki et al., 2020). Gasco et al. 
(21)1"), in their review, reported that dietary insert meals significantly 
influenced groivth performance, digestibility, and meal qualiLy, espe
cially the fatly acid profile of fed fish compared with insect free diels. A 
m4'[Fh-F]HFilysi.*i indicated LIIFII Ft nioderFUc inclusion level c]f in.s*'rt IIU'FLI 

was <-<;ii][.]:ir:iMi* witti rislinibvil diel in 1eT7ns of ̂ rmvlli pKrfciTuianct!, 
while effects of higher level on the growth rate of led fish were insect-
species-spccific (Una, 2021). Feeding European perch with 40% insect 
men] {U. rltin-cna) inclusion lew:ls did not affect growlli p r r u i r n i F h n c * : , 

ftwd nffirit-jiry Held hunialolo^irrd iudiees. bn t rnodifipd iHidv fal ty fteid 
profile and hepatic somatic index [Slejskal et al,, 2020]. Those investi
gated indices mainly reflect integrated impacts of formulated diet, 
wfiic fi roibxist ill dirfirrcjil ingredients, wln:nLFL* the critical role (if indi
vidual dimnrv cimqHments inroiTKim^'fl into fiini nnd their t i i H U f L i 

remained fragmentary (Yu el al., 2015; Cyrus et al., 2020). Under 
standing the importance of each ingredient in aquafeed formula to the 
development of particular tissues of fed organism could he informative 
for diet improvement, especially for new aquaculture specie* or raw 
materials. .Stable isotope analysis ronld be a suitable way to address the 
importance of these, individual ingredients. 

Stable isotope techniques have become a valuable lool lo investigate 
I lie dirt proportion of VFirions aqiial ir .̂ [H* irrn in [*-nlogi[-Fi] shidiiw ( P o s 1 , 

2002]. [Iwcenlly, [he list* of uitrn^Hib and carbon slablw i s o i o p H railed 
(o , ! >N and c. l , , C, respectively) and the Bayesian isotope mixing models 
(ParneJl et al.. 2013) has been employed in aquaculture nutrition 
re_scFirt:h lo eiplure further inrFi^bnI^ [[alt] llir r o i i t r i b n l k m of earti 
ingredient in diel formula 0? ihv cousin Let ion «1 particular limn 1!; 
(Ganiboa-Delgado and Le Vay. 2009; Enytdi et al., 2013; (Jamboa-Del-
gado ot al., 2013; Yu et al., 2015; Ganiboa-Delgado et al., 2016; Cyrus 
t-t Fit., 2020; NFIIIIHI el id., 2020). 

I his study ail ntd to investigate Hie effects of T, mutilar larvae meal as 
a replacement for fishmeal using stable isotopic values of different tis
sues by assessing diet-tissue isotopic discrimination factors, and 
modeling the conlribulion of a particular ingredient lo the growth of 
three tissues, 111 nod, liver and muscle, of juvenile perch. 

2. Materials and methods 

The experimental procedures were conformed to the European 
Communities Directive (No, 2010/G3/EU) and authorized by the Czech 
Ministry of Health (No. MSMT-674 4/2016-2) regarding the protection 
of animals used for scientific purposes. 

2.2. PxpeTimpntal facilities and jirnerAitrrji 

Experimental facilities and procedures of the present study were 
reported elsewhere (Tran et aL, 20.21). Jtricfly, four experimental diets, 
including x eonCTCJI diHi (TMO), acid three d i n l s wi l t iTM replac.HniHiil for 
fishmeal at 25, 50, and 75% (abbreviated diets as TM25, I M S O , T M 7 1 J ) . 
The main ingredients of experimental diets are presented in Table I. 

Each diet was fed I" quadruplicate 1S0-L tank groups held juvenile 
Kuropean parch (1 lodywv.l$ii: JO.Hl -r li.'.fa g] (H2 fish/tank], mmittcttsd 
in a r e e i r c L i l a t i n g system. Parameters included photoperiod (12 h'12 h L: 

AíumruliiaT Í 4 5 (302!) 73726Í 

table 1 
Ing red ien ts a n d p r o x i m a t e c o m p o s i t i o n o i f i s l u i i e a l , í<rrtpřinů rrroJinw l a r v a e m e a l , 
. ind o i p c r i r n r n t f l t riiets ( T m n el i l l . , 2 0 7 1 ) . 

Expc-rtiucnEal d i c l i 

PinliiLiRit T M T M n T M J ^ T M 5 0 

" A e i f i í m , tlilinn. 
h Iniirr Mimgcilii] F.]JIH:ÍI IÍÍOILTIL Co. ř Ltd. 
c Ajlnuniulu AjiiiiLLil NutrlL'un iiurupt, 
1 Nl[i;;xi<i Eppen Biotech, China. 
° Aniinovitan Sak̂  Trouw Nutrition R i o f c k t n i y s . r .ň , Cíjcch Rcpnhlír. 
' i'eed limestone [0,5%); ťeiitasocliiLni Eri]itinspN:*<e t>"cis:ía as, Owt i K^piili-

lic) (0.5%) and binder (NutriBiue. AFÍLSSEÍJ, ctiina) (3.0%). 
v- Nirrn^n frp* p]fh-ru7K (NFF.) = d r y m a t t e r - (crude protein + crude lipid — 

ash + fibre), 
ÍÍTCHK e n e r g y {MJ/kg] a* jrosf. e n e r g y cunt t ibL of p i u t e u i (23.6 MJ/kjX lipid 

C31} S M J A * ) FLEKJ N F F (17.2 MJ/lig). 
' LJsliiLiFited fiDin li;islu r l Fit. (2(>M) S i r riefilffert TM. 

I)), light iatensity SB.O Ix, water lempcralure 22.44 ± O.tiĚ °t;. pH 7.00 
I 0.29, oxygen saturation KO.41 + 8.02%, ammonia N 0.2S ± 0.1Ů mg/ 

L, and nitrite nitrogen <0,15 mg/L were, maintained tlinonghour 
experimental period. 

i'isli were f e d five times daily at 7,00. 9.00, 11.00, 13.00. and 1&.00 
with an excessive amount, using automatic feeders (EHE1M Twins, 
Lteizisau, Germany). Fifteen Ejiiniileri Itillciwiu^ i'iLrii feeding, Linciin 
s timed feed was (lushed from the funnel-like tank bottom and dried to 
Hcli-nnini- fra:rl ÍFIIFIIH:. Fi.s}] mortality in each tank was recorded daily, 

2.3. Sample collection and faíťt i í i i f řoí l í 

Afler 10^ days, following 21 h starvation, fish front each tank were 
inspected Tor biometry, and thermal growth coefficient (TGC) was 
calculated with the formula: TGC = [(Yif,/1 - W L

l / 3 ) / (T * 0) * 1000, 
Where Wf and Wi are final and initial weight (g), respectively, and T ami 
t are water temperature f/C) and experimental duration (105 days), 
respectively. 

Subsequently, three fish fiom each tank ( 1 2 fish/diet group) were 
randomly selected and sacrificed with an overdose (125 mg/L) Trieaine 
methanesiilfnnate (MS222, Sigma-Aldrich Chemicals, St Louis, H O , 
I ISA). Appro* i mainly 1 [ i l l , l l l o t j d , Fntd smnlL p i c ^ t : [if liver a n d dorsFfl 
muscle were sampled. 

Experimental diets, ingredients, F ind perch's tissues were froeze-
dricd ( A l p l i i i 2—4 I.SCplm, M F i r t i n C h r i s t Gi*firi[:rlr[H:kiiLii]gsFinlFigi:n 

< riciliH, < ) s L e n i d « acn Har/ , C;eriita[]y) and ^ n i u r i d t u a Hne. powder usiri£ 
an agate mortar and [>estle. '['he samples were subsequently analyzed f o r 

lngnMtit.il Ls (s/kgj 
soybean caaiceiuLate i w 1W JSU 2V<J 
Fi^ icurn l J í l 3ns [.•35 6Ů 
'rcncijfio muliwr - ni ! 13S 203 
Soybean meal 145- 145 145 I4S 

9 / Í 7 w ?y 
Fisl i t i t n 77 77 77 
ItapESMd 'J'i :/y •.'J- •JB 

r, (1 a Í! 
Lřystor1 5 'J 

Vjl l i l ic 1 ' 2 2 s > 

t T l u w n i n e 0.5 0.5 as o.s 
Vi tami iu & mincTois 8 n s :: 

Addit ives •n; 40 AC 

I 'rnxLmiit^ r a n i p n a i t i c n (dry hAsis] 
Dry mnl[f[ 'l.n.O 1-1 .H 1.1.7 tJb.fi 
O-JiJi- yKtrci l l (%] 7ÍS 71.1 I.'.:, 4 3 . 7 4 7 . 4 4 7 . a 
U d í MpiJ (S4l ;\' ;:.:> 16.3 13.9 17J0 
Ash r » 11.D 7.1 S.9 9.0 7.6 
f l i ne (%) 1,21 2J3 2.0 2J0 2.2 2.3 
Ntrnopen f lee e i tmer .>. 1̂  i';..) 31 Q 3J .3 31.& 

(%}" 
[ j ioss energy (Mj/kgi:" VII1 21.1 21,0 10.9 21.2 21.5 
Chit in- - - 0.S3 0.9? 
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European perch (Perca fluviatilis) fed dietary insect meal (Tenebrio molitor): 
From a stable isotope perspective 

HQ. Tran ctal. 

stable isotope ratios according to procedures described by KLI jL inen et al. 
(2020). Rriefly, sip proximately O -H S E i r n o l e WEES | ir [ : | )Fir[ 'c i i[ i t i n E:nps 
(D1057 Elemental Microaiiulysis, Okehaniplon, U K ) and analysed at the 
University of Jyvaskyla (Jyvaskyla, Finland) using a Thermo rinuigan 
DELTA^^AdvaTiMgo mass spectrometer (Thermo Electron Corporation, 
Wallham. MA, USA) connected to a FiashEA 1112 Elemental Analyzer, 
Northern pike (l̂ 'sox- lurius) tissue and birch leaves (IJenvm penduln) were 
used as internal standards. The results were presented as standard 6 

notation (6 [ 3 C, 6 I b N J as parts per thousand [KM] differences from trie 
international standard. The percentage of carbon (%C), nilrogen content 
(%JM), unci C:N ratio (by weight) of samples were also derived from 
analysis. 

Stable isotopes of carton in animal tissue ate l 3 C depleted with tlic 
presence of lipid central in I he samples (.foil el nl.. !i(l07). Therefore, 
o ' V values offish tissues (except for muscle) were correcled according 
tO K i l j i n t n ] <:L EL].(2LT0E>I wluv] llm f^:N r s i l i c n f spE7<-iE]i*7]ts is g r o a l E T 1 b;in 
3.5 (Si;i l i n e r e l raI__. 2<)! o), H i i f i c i 1 J CL v a l i n e * of i n ^ r e d i e E i t s and diets w e r e , 
corrected as described previously (i'l^r , ; | . 2W?1, diet to tissue 
discrimination factors ( A | 5 N and A | 3 C j were calculated as follows: AX 
- 5X, i ! l u l . S X « , where X - nr S , E N . 

K H y H s i n i t m [ v [ n ^ m o d e . ] f r n i T i e w o r k (j'anaell i'[ ill., 2 tJ l '0 ' , ] IEIH .^rm/rpr 

packageofK environment ( • n . ' :•:! '0 was employed to estimate the 
contribution of feed Ingredients to tissues of European perch. The mix
ing model c-in;:JHj•.• L11;.-, simnir p a c k a g e l i f ts recently ];E-CH ns i 'd 1c] c s t i m E i t o 
I t i e pmporlionul e o i i l r i b n l i o n o f f e e d i n g r e d i e n t s If9 THLEIIKJW troi.i1 try 
tissue (Mellon et a I.. 202<i)_ We performed Markov Chain Monte Carlo 
(MCMC) methods in the simmr package (Pamcl! et al.. 2010) by nirtning 
lor 100,000 iterations, 10,000 bum i n rale, 100 thinning, and -1 chains. 
Hie model ennve thence was eon fi rmed u si ng Ge linan-R Lib i n d gnost i as 
[Gelman and Rubin, 1 9 9 2 ) . Due to the comparable isotopk ratios of soy 
protein and soybean mcnl (Table 2), we combined them as one source as 
previously recommended (Phillips el nl., 2005), Other sources in the 
m o d e l c o n s i s t E " d of f i s h m e a l , TM E m d t o r n mE^Fi l . The r o ] i l r i l ) L i l iE>Ei a( 

ingredients williin d.iH1 groups and e.?*eti iii^re.dient ^CTCJJK die.t / r o i i f i s 

was compared, using the "compare groups" and "compare sources" 
function, respectively, in simmr package, The probability value (Puic) 
f m E i i rEkETipEir isEiu f E i i u t i E m s i s c cirirud[:r[:d EI sigi]it]E:FIIII r l i f f i -n - i i [ : [ - w i t h 
P B 1 U > C]."H [ M M ™ HE, 2011; S a u l HUH el al., 211 id). 

The mixing model assumes that the isotopic equilibrium of consumer 
tissue and its diets is reached (Gamboa-Delgado and Le Vay, 20O9). 
R^rriil publications on FIEJIIFIILC spE:Hcs hswr rE:[Hirtc:d [IIFU the: m u s E ' l c 
was in isotopic equilibrium wiJi its Teed ingredients witliiu 1 0 WJ days 
(Table '.$). Hi nod and liver were reported to be faster than muscle in 
reflecting isotopic. ratios of diet (Phillips and Eldridge. 2006). Therefore, 
our 103-days feeding trial orpereh was long enough for feed ingredients 
to isotopieally equilihrate with perch tissues. 

The estimation of isotopieally distinct feed components: to the fish 
tissues using the isotonic mixing models requires corrected ingredient to 
tissue discrimination factors (Gambua Delgado nnd Le Vay, 2009; Par 
nell et.il., 2010).The values for perch s tissue ( A ^ C C * , ) and A1SN(%>)) 

T n h l c 2 
S-:;IIIIL' i> O l U p i 1 I'll [J(K, E:EIHIOIL a :u 1 E i i t roge i i ( N ) « n j ( pEj ( r : tCiü] i o f riiEiin iEh— 

F l^ l l lL^Ü T M Sr>y iLit^il t '>i n S E M 
• i •-. -. • I 

s,:V; 16.7b 1 ' 2 S , i l J 12.11" 

2.11b1 

n.Yi" 1 l . ( j 0 h 'j \ 
13.37" 11.40* 1-13* 

t N 4,2a 1 ' 3.05 1 ' -1 L41' 40.9S" 
i irLü 

Dirfrr^nt sii[>[TKLTi]>K inilLc;Hr Fii^uifirHiEkk fEiJTcrcuct̂  for ä | ] i T i l i c Toym. S\.\\, 
sLuudaid ermr I>1"JIKUJL 

/if luurutj i i iT J 4 5 (202U 737265 

was calculated according to Caul et al, (2009) : A 1 3 C - - 0 . 2 4 9 a 

c ^ f W ^ i ™ ! " * A 7 7 - A l i f J - n 2 f l l " S ^ N i i i n t J i B L t I ^ ^ 7 9 (for 
muscle); i , 3 C = 0 .77 i U . 3 0 and A 1 E i N = 1.61 ± U . 3 4 [fur liver), and 
A 1 3 L - 1 . 0 ± 0 . 1 and A L : T J - 1 . 3 ± 0 , 2 for blood according to M.;ik^ 
ct al. 1 2LJ I I.I j, reporting for leopard coral grouper (Pleftropomii? leap 
ardi;s), the same Pcrci formes order as perch in present study. The 
ingredient la tissue discrimination factors u s e d in the mixing model are 
presented in Table A. 

2.4- Slcilinlinil f iFj frJyms 

Data were checked for normal distribution (Shapiro-Wilts's test) and 
homogeneity nf variances (Levene's test). The correlation between 
tJxplanalciry v^trMlnV* (dittl-must-le d i .^Exini iEi ; i l JEIEI of T i L l r o ^ e s ] s u i d [-ELJ--
bon) and I (JC offish were tested IIMIÎ  Jm fuucliuu. ANUVA wus used to 
test the differences, followed b y Tukey's post-hoc test, when appro
priate. All statistical analyses were performed using rtic R Statistic 
Package, R Devclopmcnl Cure Team 2 0 0 0 - 2 0 2 1 . Differences were 
regarded as significant al P < 0 , 0 5 , 

a. Results 

TheTC-C ot European p e r r h exhibited n significant difference among 
diet lr«.ilmerits a f t H r a l l lS-r lEiy f iMMdi i ig I n E i l . Pish ii:<\ T M O ; i n f i T M 2 5 

showed highest THJt; ( 0 . ( J 5 ^ t ) - 0 ^ « n r i t).f>B + 0 . 1 ) 3 , m K a n + stundarri 
deviation, respectively), which is significantly higher than that of T'MLJO 

( O . S f i + 0 . 0 1 ) i i t i d T M 7 5 { 0 . 4 J ± 0 . 0 1 ) (P < 0 , 0 5 ) , 

1N»I»PH ralitK of i n H L n feed iiigrrdirt]!.^ n.srd i n {Txperifnentril I• • •-• L• -.:-
lations were significantly different ( P < 0 . O 5 ) , except soy protein and 
soy meal (Table 2). Cafboil isotope S 1 3 C did not differ among experi 
menial diets {P > 0 . 0 5 ) , while increasing niplaeement levels of f L s l i n n e a l 

b y T M significantly reduce o I 5 N value ( P < O.OE) ( f i ; : . L ) . 

Fishmeal replacement hy T M significantly reduced £ i t 5 N vahres (P < 
0 . 0 0 ) In all tissues but increased o 1 J C values in muscle and blood (P 
0 . 0 5 ) , o l 3 C in liver remained insect-dose independent (P > 0 . 0 5 ] 

(1'ig. 1). Muscle wii.f m«re enriched in 1 I s N than in blood ;md liver. The 
enrichment of 1 3 C was ainre pronounced in liver than blood and fillet 
C -,- ). 

Diet-tissue discrimination factor, i 1 3 <: Ln N c j u d (o .54 tl.fiS^o) ^ n d 

l i v e r ( 2 . 6 S - 3 . S S % o ) Eif Rnmj](-;iD perch were not significantly affected by 
diel^ry t n » l m « n l K (f > (l.l)S). However, A ' ^ C i n muscle was signifi
cantly lower in T^l-containing diets IIIEITI T M O (P n.Oli). European 
perch fed with each of the four n x p e m i i H i i l H l d i ^ l s jdiciwed IIEĴ IIHT d i e t -
t i . w n e riixE-rinuEifLliEJUS i n Uvcr than other tissues (P < 0 . 0 5 ) . Uietary 
I ' M si^EutlE:HE]1 ly iiiE-rc-HKe>d dLscrimination of A l j N in all tissues of Eu
ropean perch (P 0 . 0 5 ) . Musck of pcrth en h i bite:! highcsl A l h N <imong 
other tissues (P < 0.05) (Fi£. 2 ) . 

The correlnlion lest imlicated that there was a significant linear 
relationship between diet muscle A 1 S N and TGC of perrh ( T G C = - 0 . 0 3 

A^N • 0 .57, P < 0 . 0 0 0 1 , adjusted R squared = 0 . 8 L 3 . Fst.itistie: 7 4 . 0 5 ) , 

Wllilc tlicrc was no SignitJcatll correlation between TGC :rnd A t 3 C in 
muscle {P - 0.16, adjusted R-squared - 0 . 0 7 , F statistic: 2.15). 

After correcting for ingredient-tissue discrimination factor, the iso
topic values of three tissues fell within mixing polygons mapped out by 
four main ingredients (fig, 3), providing a sound basis for mixing 
models, and all important feedstuff were well incorporated in the model. 
Muscle values tended to fall tlii-wly CEJ SEJV iii^redienis, while it iEi .se Etf 
liver did to the center of the mixing polygons. 

there was considerable variability in diet contribution estimates of 
the simmr model outputs among tissues and across diet treatments 
(Tables ryl, 1 i^. ^ ). RH/aTriill^ mi[KE-II-: dE:vE : lc]pai]E"iU , soy il l^^^dL^^Elt.•J WE:r<: 
predicted to contribute most ( 6 3 . b 3 ( 1 . 3 % , jnean values) over other feed 
ingredients in all tissues (Purr > 0 . 9 5 ) (Fig. 4, Table S I ) . The contribu
t i o n of .soy WEES a l s o notably h i g h e r IIIEIEI i t s pmpurl [ o n ( 4 3 . 5 % ) i n 
e K p E ' r i m p n t H l d i K L s ("InbU1 1 ) . AK H x p e . e l e d , i n c r K n ^ i ] ! ^ r^pl^E'emenL of 
fishmeal with 'I'M significantly r e d L i c e r l the contribution of ffslmneal 
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Table 3 
Time, (days) for feed iii£reríienis reach isocopic • •= i • =! 1 •: - • -11 in muscJeoŕ aquatic aniinaJs h i tlie litera tme. 

Ingred ients Spec ies Life stajne Isotonic e q u i l i b r i u m {days) Reference 

Midi i iKiiL 2-=l i 11:": I • T- •}>< -f, K1 i.v • - i.-. :-. PouLlatYiie 2 2 Ma i t i l l ex. RocLit el •]-. 2 0 1 U 
Pi •.' iť iral 
1-Ísh !LI•! Shr imp ( i . vaiui am ri) (-"ostlarvae ::j Ľ amb tu Del iaci o tt aJ. r 201-4 
P m i l l i y lii"-|3Eiicluľľr* 
: 1 1 : i ÄJubiiLi í£, rTínrJtTŕrjrJ) PQKLliirv:ic r j uveu i l r ľ l Giutibthn-DrLgJcto ami L r Vny. 3000 
Sny coiíLTiilraic 
iľ-li n ical Cutlísh ífrfíTÍcifiis piiTíriľnu] 30 Garrúi F ú n c i d . . 2C10 
PciiLi i y by • pro J u r i s 
l^Lxluiiirul Lii'.lľi:-,h {ŕ. rurapums] 1 .'i •>:j E i i f i d L c i i l . . 2 0 l 3 
íľí>ťH ILIŕíll 
FLshimrjil CírCíisJ] (í. ^r irprrats) 2C Eny id i . 2012 
Soybean IBEMJ 
F i i l i nwiit Ju-b'rtiil* y.i 7.1 MIH r[ n ľ , 20 J ň 
:ni i :•. ;:IÍ 
=•••.•••! . ,• .1 
Coin= 1 • i: -- -: •: i • = • 1 
FLsli m-c-Jil Ra inbow trouí (OwfAffiyrrrfiNS mykiss) FLnfteriins BťllrJU] vl *iL, 200ÍI 
l-'ish meal ftainbow irouL ft?. myrtisT} Kiy Náhon ei .-1 . 
í-JC>I • i vltali-ii [iiHb;il 

Rrt l dnim (Szkmmps oceHcrtíB) 1 Btufcl ciml Ikd l . 2000 
.Sorkpyc salmon {f5. n ŕ r t a j 40 *ík: in> i-i a|., 3001i 

Fish ručal Ti bpii"! {OnoĹhjvmú lúlctitus) Fry H í.hi.ii :m.l Gn , Pn.'M'i 
S-uybeíui m-mJ 

J'able 4 
l l i s r r i m i T u i t i n n factor (%0 of frrri ingrrrlirnts nnrl tissnrvi of p r r r h lined i n the. 
BľWFRinn m i x i n g n in r le l . 

Ingred ienr hli. i í.: Ingred ienr 

A 1 : t a , a c A 1 S N A " c 

FLiGiJiiir.nl 3,91 ± L . 5 0 ± 0 . 7 7 ± L J . l.D ± 
11.02 U .01 (•.:vi u.:w D.2 O 1 

S.4ÍI + 2.R0 + 

0 (1/ n OÍ 
ii J.IJÍS : - 0 . 3 9 + 

o (in n OS 
T. moliDar 4.B9 ± niti • 

íl.03 n.oi> 

IPmc > 0 . 9 5 ) lull did not elevate Ihnl (if I h i : Jailer (P B T C < 0 . 9 S ) 

(T^IIIH I'IIH Hs l i in^ le t i [:[>i][Til>iitinn [ i f ihsss H n [ m H l - d ^ r i v H [ i 
gredieiits in muscle was considerably lower than their dietary inclusion 
levels. Except for T M 0 , corn meal nppc-arcd to be a less important 
in^n:liLc:]i1 in p fn l i mmrlc: EI.S iL.̂  [•[}r]Lribii1 ion rciniiini'd \nw (.^.7-fi.fi%l 
regardless of dietary I'M (Pnlc < 0.95) [ \ 4 , J-sible S I ) . 

The development of liver nf perch fed '['MO received the most si;>-
nificnnr coiitribtitioit from corn meal i 3,5%) and significantly 
higher than fiihmciil [ 3 0 . 5 ± 3 , 6 % ) find suy (3 .1 = 1 ,4%) (PRJC > 0 . 9 5 ) 

(tig. A, Table S I ) , I'M mnde up ItiK.fRcond Issrgesl proportion lo perch 
liver ( 2 S . 4 - ; n .1 %), followinji soy [IVlS-^tiS^), and there is no sig
nificant difference in the contribution of these ingredients across TM-
containing tlicts [fun: < 0 , 0 5 ) . In similarity lo muscle tissue, 
increasing replaceniRiir ftohmeal by I'M accompanied statistical rcriuc 
lion in proportional contribution of the former to rtercti liver (Pflfc > 
11.̂ 5), yet nonstatistical evidence for the latter (Pssc < U.95). l"he share 
of com niejil to the perch liver's growth ( 1 0 . 6 - 1 8 . 7 % ) was comparable 
with firai[m:al FLcriKir. T M - c o n l F i i i i i i i ^ rliE:1 N. 

fishmeal, in the absence of dietary insect meal, was assimilated in 
the blood of perch ( 4 5 . 5 ± 4 . 2 % ) significandy more than that of soy 
(3 f l .7 + 1 . 8 % ) and corn inii]l {23.9 + .li.2%) (P f l I f V > 0.95). In llir TM-
[^]n[aiiii[]g di^l.s Irn^ilnipiits, vxjy had a j i imm«[]Sd r[inlri1]Litii]Ti (> f̂c ̂ * 
U.yjj), followed by fishmeal. T M , together with corn meal, remained a 
minor contributor to blood composition of perch fed with TMO, TM25 
Eii]ri TMr>0, hill wliilr (ifi will: TryI7^, T M and lislnnrnl ciî f>L;!y<:d ;ici 
equal ['onlribnlion [I'lfn; • i).^ri), 

1. DJSCIISSIOTI 

This was the first Study ÍIIVHJSÍÍ^^IÍII^ ÍMiliapii signal urt"; and pni-
portional contribution of feed components to tissues of fish fed experi-
nu'iitiil ľ<ir[]ti]la1 ioiiN WIKTI: fishmeal wai partially substittited by insect 
mťal. lI iH slndy jirtivided i[.\i^hlful findingr+ cm [IIE: imporlEinci: of 
particular ingredients to the conslnn-iion nf pHrch 1i^K^lH^, -A r^uli un
derlies the effects of diet treatments on the production performance and. 
milrient riwiiniLiI urn in ffirinid perch, The outputs could offer an addi
tional protein source choice for the ftLHiro stowing pcrcid aqtiaeitltttcc 
sertor (Po l i ca r et a l . , 2 0 1 9 ; Stejskal et a l . , 2020 ; Tran el a l . , 2021) . Our 
findings highlighted that there was a ne^ativR correlation ljetween diet 
muscle A 1 5 N and fish growth performance. Insect meal (T. raofiior) 
seemed not. (itvorable for perch muscle and Wood a* its contribution to 
growth of these tissues was disproportional w i t h increasing inclusion 
levels, In contrast, the share of T M in [be liver remained signifkanl in 
perch fed TMconlaining diets. The present study also pro|>osed helpful 
information ľor Ihe ecologicEil study of perch. Accordingly, a non-lethal 
sample of blood could 1M useful [issue lor investigating lood sources iind, 
to a lesser extent, trophic position. 

For isotope modeling purpose, dietary Mnirc fv jchtuild ol>r:-hd• i 
distinct ÍMIIIOJH: values. T M exhibited distinguishable isotope ratios 
mnirjEHred In fcliiTifi^l and plant ingredients, In farming practice, 
I", niofitor is the primary consumer of varions plant substrates (• :ÍI 
Ortiz e t a l , 2016) and therefor:: [ric>r[:c:[irirlu:d in 1 E *N ;ind l a C f roa i those 
diirt\ ( I l cN in i u t i d Eps le in , l t 7 t i , l y S l ) . Tliia could explain a signifi-
ranlly higher uitrcigFiKinii eutopic signature of T"M than soy and corn 
meal, which are classified as primary producers. On the other hand, 
fjshiiical derived from marine catch enriches a substantial l i N trom 
marine food sources (Kusehe a l , 20IB). 

Isotopic values of tested [issues strongly reflected those o f respective 
diets, especially for rt^N, wh i le f>13C was slightly modified across tissues 
Irorn respective diets. Dicl-lissuc A I Ä r í for liver (mnged. 1 . 8 - 2 . 8 4 % a } 

and muscle ( 2 , 9 7 - - 1 , i i 3 % t ) in [he present study was similar lo an 
empirical study on Totonbd macdinialdi fed compound feeds under 
controlled conditions ( 2 , S ^ , 9 % i and 1 . 2 - 4 . 4 % r , , res actively) (7apata 

et a l , , 2015). Vo l l a i re et al, C H W 7 J reported that i | J i N of 2 . 8 S % « was 
observed in muscle of perch fed commercial feed, which is in our re 
[Hirlnd rriri^K, hill in liver (Cl.ŕjŕi%{i) vt'Aa slightly lower than the 

1, BU ^.8 - l ^ observed i n the present study. ttegarding die t-ti ssue A 1 ' ' Ľ i n 
muscle and liver, our results, ranged 0 , 4 7 - 0 . 7 4 % ( and 2.55-3,35%o, 
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Fig. 1. Isoropie signatures (o 1 3C and ft15N) of fillet, liver, and blood of European perch red four experimental diets. [Jala were present as mean _L SE>. Different 
lowercase.1: nnrf nppprrnsps within the riKstie group irwlirnte significant fl inferences [n 61 HC nncl o 1 n N v.ilu«, resperrivHy. 

respectively, indicalcd relatively lower than published da La (4.02%oaml 
'SA1%c, respectively) (Vollaire el ill., 2007). The discrepancies could tie 
due to several factors, including Food quality (e.g., protein quality, di 
ctary isotopic values. C / N L physiological status of tested atiiin.il*. and 
diet kinetic cflects (Vollaire el al,, 20Q7; Kadyc el a l , 2020; Zhou and 
Gil, 2020), 

The present study also investigated diet Mood discrimination values 
fur both isutopic si^jialures and found in ihe raii)(e of 1,90 3.00°4o for 
A , S N and for A i n C , which is in consent with Clierel et al. 
(211011) for enprive penguins fed fish, and with the published review 
(C^iul d al., 2001) fur mammals. Cant Hi al. (200*1) indicalH.d lineal ive 
relationships between diet-tissue discrimination and respective dietary 
isotopic values, This was particularly found in our study where the 
highest 5 | 5 N value in TMO resulted in narrow discrimination of A | ! * N in 
somatic (issues, a similar pliemiijiHricm wa.1; ohsprynd fur o ' 3 f • 
values in tissues of perch fed TM25. While fish fed low dietary isotopes 
led to enlarge discrimination values. Moreover, the protein quality of 
diets strongly influenced nitrogen stable isotope incorporation, thereby 
A I 5 N discrimination (VHI-.T-I ,-: .,1 i^j.d; Kudye el ;il„ 2<>2(>). In the 
present study, the high uirrngeii diet tissue isofopic differences in all 
soma tie tissues associated with increasing dietary T M could he due to 
the presence of ebi I in, which was reported to impair proleindigcslibilily 
in insect containing diets {t..<m: PI al.. 20 MO. 'This evidence could also 
explain the negative relationship between growth performance as indi 
cated by TtiCJ of perch and nitrogenous diet-muscle discrimination, 
which is in agreemenl with earlier publics linns (Trueman el al., 200J; 
HellTHii et ill., 20OT; Iefebvre and Dubois, 2016). 

In comparison ivilli blood and liver in perch fed the same diet, 
muscle was found to be the most fractionated in diet-tissue nitrogen, 
which rnnrurs with previous studies (Fuziiki et al., 20(15; Mnlpir-n-Ou-
?.l_uis Hi al., a i l ^ ; Xia el al., 2tli:t; Mulian Hi ah, Ztllh; /apata ft al., 
201 <j), ("he discrepancy in AJ""N amon£ tissues could be ascribed to a 

higher uceiunuliilion of heavier isotope in muscle than other tissues 
(fjnmboa Delgadoel al,, 2020), mere essential amino acids contained in 
the latter than in the former tissues (Mohan et al„ 2016), and typical 
traits of nittscle relative to other tissues in fish (Pinnegiir and Polunin, 

The higher diet tissue A I 3 C in liver than other tissues regardless of 
dietary I'M observed in our study was in agreement with previously 
published work (Piunegar suid Polunin, 1550), DeNiro and Epstein 
( suggested that the niagnilndenf i-arbim dmriiiiiiialiuu primarily 
relied on tissue's biochemical fractions (lipid, protein and tarbohy-
dralH) I,iv«r nf pHrch contained a greater proportion of lipid and 
glycogen than other tissues (Vfjll.-.trv.' i i i l . Jili.t7), which could explain 
the high departure of f>'"*C in pen-It liver from rt^pcctivi: dii:ls in the 
proncnt study. Our mixing model indicated that liver of perch received a 
tii^li pnijKinioual eiintTihiilion from I'M and com meal, which are 
distinguished From FM and soy ingredients, the main contributors to 
blood and muscle. In addition, we applied rarhon mUupic mmer l ieHi 
(Kiljunen et al,, 200b; Skinner et al,, 2016) for liver tissue, as lipid 
synthesis in this (issue depleted the heavy carbon isotope at the expense 
of the lighter one (lleNiro and Epstein, L'l7w), Uvis consequently leads to 
the convergence of hyiC in liver, and thereby of 4 , S C . Our study, 
therefore, implicated thai blood and muscle, bill not liver, are suitable 
tissues for cvahuiting Lhe diet source since it was weekly 1 3 C enriched. 
Whereas muscle was particularly enriched in l i M , rather rhan liver and 
blood thereby this tissue will be useful For determining the trophic 
levels of perch (Caul J'L Liui)'1). The present sludy also found that 
fei 'ding iu.'tei-t-ruTilaming d i d * resnlLed in significantly lower dicl-liver 
i 1 : 5 ( J than insect-free diet did, whieh einild IHI linked lo dk*l quality, 
thereby fish catabolized fatty acid storage in the 1 - lC-depleted form 
(Marion ct al., 202Q). 

l1m prpjiPiU study prctvidnd i lis Ills iiiU] llie iiinirjutral it HI [if 
different ingredients into fish tissues with the presence or absence of 

-83 -

http://atiiin.il*


l/.rj, Tnm ctal. /iqum-ulViirr 5« (202i) 7Í726Í 

i 

• 

• i m 

(1 
« 1 

t ivn 

F i g . 2. D i s r r im inn r t n r ] f f l f tn rs , A 1 *C. ( le f t ) i i nd A ^ ' N ( r i g h t ) o f F . i i r o p m n p e r c h ' s t i ssues nnrl r x p r r i m c n T F i l riicrs. T h e b l a c k ' V represents m e n n v i i i u c . T h e h o r i z o n t a l 
liEiE? i n s i de e a c h b o x p l u l r«pre.™i]1£ Lhe n i H l i n n r«p: i rn [LE]g l h« i n t e r q u a r t i l e rn[]gE>. O i lTc re iu I tnvcr CLISEIS w i t t i i i i t i ssue g . ranp indicate SEKJUU"E:ELE]L EliffiTejLre a c m s a d i d 
t n c c t m c n t i ( P < U.UFj). T h e red as te r isks w i t h i n d ie t g r o u p i n d i c a t e s i g n i f i c a n t difference (P Cl.OLi] c o m p a r e d t o t h e o i l i e r n'sarini- ( F u r i c i l t r u i - e t i i l i o n u f l J i e r e t 

crca ic ra Lo c o l o u r i n l i t is f i gu re l e g e n d , the rcurlrT is- rcfcmiEi Ui Elic: ivel> v e x s i o E ! o f t h i s a r t i c l e . ) 

insect meal £T. mofitor). The simnir package, a stnble isotope mixing 
model w i th in El Baytsiinn IraEnewurk, IIFEK been used EJE 1|EC erohigira] 
sludy and HEjnaeiiltur^ i i i i l r i c i e E i l o ť s l i m u L t * I1EH pmpEErtional coEtlr ihu-

tion of ingredients to fish tissue (Nation et ah, 2 0 2 0 ) . Outputs of the 
mixing model arc highly sensitive and require precise values of 
i n g r r d Í Ľ ľ i i l - 1 issue d isc r im ina t ion f a c U i r (Phi l l ips and f i r e g j ; . 2011 I ). hi I he 

prpMPiil s L u d v , E n ^ r e d i e u l - m n s c l e d i .wr imi j iH l inn fa el E Ers WHTTH eo i rw l t^d 

accordi]ig to the decision diagram described by Caul el al. ( 2 0 0 9 ) . A 
similar approach was reported earlier while estimate ingredient 
contribution to lissuc of cobia ÍR, rtinurinin) (Zhou et al., 201 t>J. A pre
vious study (iVahun el a J,. 2 ( 1 2 0 ) recommended using different carbon 
and nitrogen discrimination factors in muscle for animal—/plant-
derived ingredients. The distinction of our discrimination factors in 
muscle Tor animal and plnnl feedstuff, thcrelbrCj fits that ass iunp l ion . Ml 
stable isotope values of perch tissues laid within t h e mixing polygons, 
indicaring t h e sound reliability of simmr Rayesian mixing model. Over
all, the model output showed that soy components, including soy protein 
and soybean meal, significantly contributed to all tissues, regardless of 
dielEEry TAfl, Indeed, ttmsE: ingrEľdicEils W I M C iEi r ludcd ill a .significEEnt 

prEiportioEi EE] all Hxp^iiTEWEilal d i e r x (4;5.LVWi). The praviiEEUi stEidy e v i 

denced that ingredients with a h igh d ietary propor t ion commonly 
accompanied a high contribution to sea cucumber due to opportunist ic 

ingest ion (VII el :il_, 2 0 1 5 ) . O IL [hp. oLher liaEEd, h igh [H-ÍJIHÍEE iEilakn wa.s 

documented to increase protein synthesis in vertebrates (Tsahar et al,, 
2 0 0 3 ) . 

Perch fed T M inclusion in d i e t received a malehing contribu
t ion to ]TIEISE:1H (7.7 +- ľ i .Klč i ) , bu t [lie S i c i l i an ! i n i i o f TM i n t h i i i LÍSSIĽH d id 

not proportionally increase with its higher inclusion in T M 5 G and I'M 75 

diets, A similar pattern regarding disproportion between dietary inclu
sion iind predicted contribution of T M in blood a n d liver was observed, 
ill is phenomenon could he attributed to the presence of polysaccharides 

fraction, namely chitin (Tabli: 1 ) and the limited ability of perch to 
degmde I his rum-protein nitrugen component (Lang eland et aL. 2 0 1 6 ) . 

T'lip earlinr sLEidy (Vu MI al_. L H J J 5 J has indicated that higher cellulose, 
one of polysaccharides fraction, and low c-ellukEsc activities in tint 
digestive- tract impaired seaweed (.svir^mirjinj jVjunljFr îu) utili^aliEju l iy 

sen CE LHEi niliETi-. Tin' unchanged contribution of T M to muscle, despite 
ir icrpasvd difiary inelnsinn, could also be linked to amino acid defi
ciency (Gamboa-Lielgado and l.e Vay, 2011*}). Tin* EEIEUEIO acid pmhile Ejf 

insect meal of 7". moiiror was tdnnd to be im balanced, as indicated by the 
essential to non-cssenlial amino acid ratio, being less than I (Nrtgales 
Merida et al.. 2 0 1 9 ) . 

Muscle has been confirmed to re flee 1 Ihe majority of isolopic com
positions in Whole-body fish (/.linn el al.. 2 0 1 6 ) . Therefore, the growlh 
of perch fed dietary groups could be closely linked to the proportional 
contribution of individual ingredients to muscle. Perch feri T M 2 5 , con
sisting of 4 5 3% soy ingredients and 6.8% T M , equivalent !o propor
tional contribution to muscle of 79,9 ± 1 . 5 % and 7.7 ± 3.3%, 
respectively, supported growth nf pen-h rel alive tu TMO. 11 iippeain l o b e 

apparent tiiFil I lie EiulritinnEil ['OJlipleuEent rElimny; ill/rcJdiE*ElCK in TMjn 
yielded romparatilp nEilritinnal compositioais, e.g., fatty acid profile 
(i'ran et al., 2 0 2 1 ) , with TMU, thereby supporting the performance of 
perch, The higher administration nf T M accompanying lower fislimeal 
coihlr i l jul inn In ETELEsele, rHSEiltEid in grc:wlll dolnv of liwc"!! ErEinipared wiltl 
I M-free diet. Soy protein has been known to be methionine and lysine 
deficient (_Li ct al,, 2 0 1 5 ) , which can affect protein synthesis in fish 
muscle, thereby depressing fish growth (Abimomd et al 2014) . This 
snggesli; that soy, TM and com meal could not cover the nutritional 
requirements of perch at the lower fishmeal availability. 

Liver of perch tended to assimilate a large amount of corn meal [6b, 4 
± 3.3%) In the absence of TM, despite low dietary inclusion level (9.7%) 
and was significantly higher Mian that of fishmeal and soy, Lipid and 
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• I M D • r aw • I M » •turn 
Fig. 3. Jsospnrc plots of o L J C nnri stgnonircs of four feed ingredients iind 
tissue.1: (nmrrle (A), liver (B) and blood fC)) of F.uropenn perch feel for expert 
menial diets. 

glycogen were found the lie more abundant in liver than other tissues in 
perch (Vo l l a i re el a l . . 2 0 0 7 ) , which are resulted from glucose production 
(ghiconcugenesis) and lipid synthesis {lipogencsis), with amino acids arc 
the primary source of carbon (Ral lantyne. 2 U 0 I J . F.arlier studies have 
observed [IIH iriipurlaul ruin of serine, glyrine rind alanine, lenrine, and 
valine in these synthesis processes (]-'iviich c-l al., 1 9 S 1 ; Henderson and 

Sargent, 1 9 S 1 ; Li et a l . , 2 0 0 9 ) . Although com meal provided a compa
rable carbon quantity with fishmeal, the former contained a relatively 
higher content of the abuvenieiiLiuned essential amino acids than lite 
latter ingredient {A[-Gaby 1 'WU; A l l a n et a l , . 2 0 0 0 ; Hera th et a l . . 2 0 1 b; 

Moreno-Arias et al., 2 0 1 R J . Our result may elucidate the hi^hrr incor
poration of corn meal than lishmeal in perch liver. TM represented a 
significant contribution to the composition of perch liver and higher 
compared to its dietary inclusion. This suggests the important role o f T M 
in liver function, which may attribute to its carbon source and some 
amino acids necessary for the synthesis of biochemical fraclions. In 

addition, fatty acids, especially oleic and linoleic, which are presented at 
approxintFitely ó f j % IOIFII fFilty Firids i n defatted T M observed it] tint 

present study [ I ran el a l , . 'Hi21), have been reported to be easily 
incorporated or act as an essential precursor for desatn ration and 
elongation of fatty acid products (Xu et aL. 2001; Xa and Kestemont, 

2002) , The disproportion between higher inclusion levels of TM i ind its 
conlri bill ion to liver con Id be explained by the deficiency o f highly 
poly unsaturated fatty acids such as Dl iA and LP A, found in defatted I'M 
(Noga lcs Mcr ie la et a l „ 201% Tr i in et al. r 2021) . The high dietary insect 
mciil was evidenced to induce lipid pcroxidalion and hepatic damage t Li 

et a l . , 2017) . 

Unlikely in uscle and liver extracted from the lethal specimens, illood 
has recently gained attention as a non-lethal sampling approach for bulk 
stable isotope analyses. 'ľhe transport of amino acids derived from di
etary protein plays an essential Function in blood of fish (liar1-1 el al., 
2tl 121) r i n d protein WEDS round al a grenl prcj|H]r1 ion i n t l i e Mood [if p r r r h 

(Vel ixek et a l . , 'JtKjyj Tra i l t'l i l l . , Lt(ILtl). "ľliereŕore, prolein cmile.nl, 
particularly amino acids, of individual ingredients underlie the relative 
contribution to b lood composition, The present study indicated that 
ŕfcrí 11111.E-F11 _ jit 11 LET E i h s e j i c e (if i rmi 'L r n e E i l , i • i í • u p IT'.."; -ľ- 4 . 2 % s l i E i r e , 

followed by Noy mid coTiimeal I n lite bhiod rojii|M]silio!i of [ l en l i . I'll e 
superior amino acid profile o f fishmeal over soy couid demonstrate this 
phenomenon {Nogules-Mcrida et ;it J ' H 1 ' ) . However, soy ingredients 
surpassed fishmeal in terms of relative contribution to blood of perch, at 

I i n - presence iaf i n ^ e c l meal, tt i s s p e n dated [li:i1 ihe romliinal inn [if 
insect meal and soy Ingredient at an appropriate ratio could stimulate 
the utilization of the latter in b lood circulation. The encouragement of 
soy products in the blood o f perch cotilíl be linked to the availability of 
specific a m i n o acids. Leucine and phenylalanine iimino acids are known 
to boost the assimilation and synthesis of protein in animal tissues 
(Gamboa Delsartcr et a l . , 2020) , which was found to he abundant in soy-
derived ingredients (Deng el a l , . 200t>) and insert meal ÍT. moiítori 
(Nogi i lcs-Mér id i i et id . , 2019) . The limited essential amino acids o f T M P 

es[iecial]y lysine aiui methionine, cm lid he the reason that impairs the 
higher incorporation of I ' M into hi unci tjf pert b . 

5. Conclusion 

The present Study indicated llial yellow mealworm (TunrJina mnlilnr) 
hirvEie [iieal liEid distinct istiiopic siguatiues from fish meal. C 3 tsoy-
derivKd i[ i i !r«diHii l-;j and plant ingredients { c o m meal), which can be 
employed in further studies u s i n g i . w l c i j i i e mixing mttdel.^. For EIEJLIÍL-
Cljltl jrc and ecological S t u d i e s , diet-ti^-up dijoriiTiiriatiEin u( nitnij^Hii 

run ld lx' ii v i ih i i i l i l i : proxy In evaluate the protein quality of aquafeeds. 
trophic: level invtislij^alion and the performance of fed organisms 
whereby muscle is a preferable tissue. In ranlrasl, blood a n d muscle 
should he considered important tissues for exploring diet sources for 
European perch, 

An inclusion level of 6.8% or 25% fishmeal replacement with insect 
mení [T. moíiíŕw) is recommended in diets for perch to ensure production 
pcrroi l l ia i lCC and liver health. The further inclusion did not encourage 
i Is relative contribution to the development o f three tissues {muscle, 
liver and blood), thereby impairing growth production. T M appeared to 
lie less critical to the construction of iruisclc and b lood as its dietary 
inclusion was disprc-portionally com:In led wi Ih the rc lati vc eon tribution 
to these tissues. The role of TM was significant in liver hy providing 
rarhon source and important ť a l ty arid, s n c b x\ ULHK: and linoleic- arid?;, 
but substantial inclusion uf'I'M may induce liver damage For perch, The 
present study's findings revealed that the presence of non-nitrogen 
protein, rhitin were eritiral factors affecting nutritional assimilation of 

i n s e c t meal i n the growth of pereli l i - t^nr and lliiil [ l i e u u l r i l i i j 11; i J U-
complement among feed ingredients coidd be an important consider
ation for future feed formulation for perch farming. Our study also 
hinted FIL further riLudierí t o [ ' o m b i i i e p n l r n l i i i l iriMirl i[]gr[:di[:n1s, or ID 

s u p f i l e i T i e u l i[i í íHct-cc]ntai[iÍT]g ďwm with e l t i l inase- f i r í íd i ieHd b n e E H r i a lo 
enhance the benefits of insect meals in aquafeeds. 
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CHAPTER 6 

HOW DOES PIKEPERCH Sander lucioperca RESPOND TO DIETARY INSECT MEAL 
Hermetiaillucens? INVESTIGATION ON GUTMICROBIOTA, HISTOMORPHOLOGY, 
AND ANTIOXIDANT BIOMARKERS 

Tran, H.Q., Prokešová, M., Zare, M., Gebauer, T., Elia, A.C., Colombino, E., Ferrocino, I., Caimi, 
C , Gai, R, Gasco, L. and Stejskal, V., 2021. How does pikeperch Sander lucioperca respond to 
dietary insect meal Hermetia illucens? Investigation on gut microbiota, histomorphology, and 
antioxidant biomarkers. Frontiers in Marine Science 8, 680942. 
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H o w D o e s P i k e p e r c h S a n d e r 

l u c i o p e r c a R e s p o n d t o D i e t a r y I n s e c t 
M e a l H e r m e t i a i l l u c e n s ? 

I n v e s t i g a t i o n o n G u t M i c r o b i o t a , 
H i s t o m o r p h o l o g y , a n d A n t i o x i d a n t 
B i o m a r k e r s 
Hung Quang Tran1, Markéta Prokešová1, Mahyar Zare1, Tatyana Gebauer1, 

Antonia Concetta Elia2, Elena Colombino3, Mario Ferrocino4, Christian Caimi4, 

Francesco Gai5, Laura Gasco4* and Vlastimil Stejskal1 

' University of South Bohemia in České Budějovice, Faculty of Fisheries and Protection of Waters, South Bohemian 
Research Center of Aquaculture and Biodiversity of Hydrocenoses, Institute of Aquaculture and Protection of Waters, 
České Budějovice, Czechia,2 Department of Chemistry, Biology and Biotechnology, University of Perugia, Perugia, Italy, 
3 Department of Veterinary Science, University of Torino, Turin, Italy,4 Department of Agricultural, Forest and Food Sciences, 
University of Torino, Turin, Italy,5 Institute of Sciences of Food Production, National Research Council, Turin, Italy 

Effects of feeding dietary defatted black soldier fly (Hermetia illucens) larvae meal (HI) 
on intestine microbiota, and on histomorphology, oxidative enzyme activities in liver and 
intestine of pikeperch (Sander lucioperca) were investigated. Four isoproteic (45% crude 
protein) and isolipidic (18% ether extract) diets were formulated to include 0% (CO), 
9% (HI9), 18% (HI18) and 36% (HI36) of HI as replacement for fishmeal at 0, 25, 50, 
and 100%, respectively, and were fed to triplicate groups of juvenile pikeperch (initial 
body weight, 68.7 ± 7 . 1 g) for 84 days. No adverse effects were detected on the 
intestine of pikeperch fed diet groups, in terms of histomorphology (P > 0.05), while 
fish fed free or low levels of HI (< 9% in diet) showed significant liver degeneration 
(P < 0.05). Dietary HI significantly affected the oxidative enzyme activities of catalase 
and glutathione peroxidase in the liver, and glutathione S-transferase in the intestine 
(P < 0.05), while activity of superoxide dismutase in both liver and intestine was Hl-dose 
independent (P > 0.05). Feeding Hl-containing diets positively modulated the richness 
and diversity of intestinal microbiota, especially for HI18 group (P < 0.05). Inclusion 
HI up to 18% (50% fishmeal replacement) in pikeperch diets increased abundance of 
Clostridium, Oceanobacillus, Bacteroides, and Faecalibacterium genera, whereas the 
predominant bacterium, Cetobacterium was found in control and HI36 groups. This 
study reveals the potential of HI as an immune and health booster for juvenile pikeperch. 

Keywords: pikeperch, alternative ingredient, Hermetia illucens, microbiota, histomorphology, antioxidative 

INTRODUCTION 

A q u a c u l t u r e is t he l a rges t g l o b a l c o n s u m e r o f fishmeal p r o d u c t i o n , a c c o u n t i n g f o r 6 8 - 7 3 % 

( S h e p h e r d a n d J a c k s o n , 2 0 1 3 ; T a c o n a n d M e t i a n , 2 0 1 5 ) . F i s h m e a l is m a i n l y d e r i v e d f r o m m a r i n e 

c a p t u r e fisheries ( 7 0 % i n 2 0 1 8 ) ( F A O , 2 0 2 0 a ) , w h i c h h a s r e a c h e d a p l a t e a u s i n c e the 2 0 0 0 s 

( S h e p h e r d a n d J a c k s o n , 2 0 1 3 ) a n d h a s b e e n p r o j e c t e d t ha t t he e c o l o g i c a l l i m i t s o f s t o c k w i l l be 
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r e a c h e d b y 2 0 3 7 ( F r o e h l i c h et a l . , 2 0 1 8 a ) . T h e r e f o r e , t he 

c u r r e n t fastest g r o w t h o f a q u a c u l t u r e i n f o o d - p r o d u c i n g sec to r s 

( F A O , 2 0 2 0 a ) a n d t h e c o n t i n u o u s i n c r e a s i n g t r e n d , r e q u i r e s the 

d e v e l o p m e n t o f n o v e l a q u a f e e d i n g r e d i e n t s . T e r r e s t r i a l c r o p s 

h a v e b e e n u s e d i n a q u a f e e d s m o r e t h a n o t h e r a l t e r n a t i v e s u n t i l 

r e c e n t ( T a c o n et a l . , 2 0 1 1 ; T a c o n a n d M e t i a n , 2015 ) a n d , b y 2 0 5 0 , 

t he u s e o f these feeds tu f fs i n a q u a c u l t u r e w i l l r i s e to t w i c e the 

c u r r e n t l e v e l i n a b u s i n e s s - a s - u s u a l s c e n a r i o , r e a c h i n g 91 m i l l i o n 

t o n n e s ( F r o e h l i c h et a l . , 2 0 1 8 b ) . H o w e v e r , c r o p - b a s e d feeds f o r 

a q u a t i c a n i m a l s i n t r o d u c e c o n c e r n s r e g a r d i n g t h e i r n u t r i t i o n a l 

p r o p e r t i e s a n d e n v i r o n m e n t a l c o n s e q u e n c e s . A n u n b a l a n c e d 

essen t i a l a m i n o a c i d p r o f i l e , l o w p a l a t a b i l i t y , a n d t h e p r e s e n c e 

o f a n t i - n u t r i t i o n a l s u b s t a n c e s c o u l d i m p a i r t h e i r i n c l u s i o n i n 

a q u a f e e d s ( G a t l i n et a l . , 2 0 0 7 ) . M o r e o v e r , t he e x p a n s i o n a n d 

i n t e n s i f i c a t i o n o f t he p r o d u c t i o n o f t e r r e s t r i a l c r o p s w i l l l e a d 

to t r e m e n d o u s e n v i r o n m e n t a l b u r d e n s p e r t a i n i n g to c l i m a t e 

c h a n g e , b i o d i v e r s i t y l o s s , a n d i n c r e a s i n g d e m a n d f o r a r a b l e l a n d 

a n d w a t e r . A m o n g s u c h b u r d e n s , l a n d use is c o n s i d e r e d t h e o n e 

t ha t e n t a i l s t he g rea tes t p r e s s u r e s o n the p l a n e t ( F o l e y et a l . , 2 0 0 5 , 

2 0 1 1 ; B o i s s y et a l . , 2 0 1 1 ) . B e y o n d t e r r e s t r i a l p l a n t i n g r e d i e n t s , 

fishery b y - p r o d u c t s a n d i n s e c t m e a l s h a v e s h o w n the greates t 

p o t e n t i a l t o be p r o t e i n - s u p p l i e d to a q u a f e e d s i n the c o m i n g yea rs 

( H u a et a l . , 2 0 1 9 ; G a s c o et a l . , 2 0 2 0 a ) . A l t h o u g h a p p r o x i m a t e l y 

3 4 % o f the w o r l d s fishmeal p r o d u c t i o n w i l l be d e r i v e d f r o m fish 

b y - p r o d u c t s b y 2 0 3 0 ( F A O , 2 0 2 0 a ) , t h i s p o t e n t i a l p r o t e i n s o u r c e 

w i l l s t i l l n o t be a b l e to m e e t t h e p r o j e c t e d a q u a f e e d d e m a n d b y 

2 0 5 0 ( F r o e h l i c h et a l . , 2 0 1 8 a ) . T h e e f f i c i e n c y o f i n s e c t m e a l as a 

f u t u r e a q u a f e e d i n g r e d i e n t h a s a l r e a d y b e e n i d e n t i f i e d , e s p e c i a l l y 

c o n c e r n i n g t he f e a s i b i l i t y o f c o s t s , s c a l a b i l i t y , a n d p r o c e s s i n g 

t e c h n o l o g y ( H u a et a l . , 2 0 1 9 ) . G l o b a l l y , i n s e c t p r o d u c t i o n i s o n 

the r i se , a n d w i l l r e a c h a p p r o x i m a t e l y 1.2 m i l l i o n t o n n e s b y 

2 0 2 5 a n d b e c o m e p r i c e - c o m p e t i t i v e w i t h fishmeal b y 2 0 2 3 ( H u a 

et a l . , 2 0 1 9 ; G a s c o et a l . , 2 0 2 0 a ) . I n a d d i t i o n , t h e d e v e l o p m e n t 

o f p r o d u c t i o n f ac i l i t i es a n d p r o c e s s i n g t e c h n i q u e s w o u l d h e l p 

to i m p r o v e t h e e n v i r o n m e n t a l p e r f o r m a n c e o f i n s e c t m e a l as a 

s u s t a i n a b l e a q u a f e e d i n g r e d i e n t ( v a n H u i s a n d O o n i n c x , 2 0 1 7 ) . 

T h e use o f s e v e n i n s e c t s p e c i e s ( t w o f l i es , t w o m e a l w o r m s , 

a n d t h r e e c r i c k e t spec ies ) i n fish d i e t s h a s b e e n a u t h o r i s e d b y 

the E u r o p e a n C o m m i s s i o n ( R e g u l a t i o n N o . 2 0 1 7 / 8 9 3 ) . A m o n g 

these s p e c i e s , b l a c k s o l d i e r f l y (Hemertia illucens), w h i c h b e l o n g s 

to t he D i p t e r a o r d e r , h a s r e c e i v e d t he m o s t r e s e a r c h i n t e r e s t 

( H u a , 2 0 2 1 ) . Hemertia illucens l a r v a e m e a l possesses i m p o r t a n t 

n u t r i t i o n a l p r o f i l e s , e s p e c i a l l y a m i n o a c i d p r o f i l e w h i c h i s c l ose 

to t ha t o f fishmeal ( N o g a l e s - M e r i d a et a l . , 2 0 1 9 ) . A s fa r as 

e n v i r o n m e n t a l i m p a c t i s c o n c e r n e d , H. illucens p r o d u c t i o n , i f 

o b t a i n e d u s i n g n o n - v a l o r i s e d s u b s t r a t e s , e n t a i l s s i g n i f i c a n t l y less 

a r a b l e l a n d a n d w a t e r u s e t h a n s o y b e a n m e a l ( S m e t a n a et a l . , 

2 0 1 9 ; G a s c o et a l . , 2 0 2 0 b ) . M o r e o v e r , H. illucens m e a l - c o n t a i n i n g 

d ie t s h a v e s h o w n l o w e r e n v i r o n m e n t a l i m p a c t s a s s o c i a t e d 

w i t h a b i o t i c d e p l e t i o n , a c i d i f i c a t i o n p o t e n t i a l , e u t r o p h i c a t i o n 

p o t e n t i a l , c l i m a t e c h a n g e , h u m a n t o x i c i t y p o t e n t i a l , a n d m a r i n e 

a q u a t i c e c o t o x i c i t y p o t e n t i a l f o r A r c t i c c h a r (Salvelinus alpinus) 

( S m a r a s o n et a l . , 2017 ) a n d l o w e r w a t e r u s e f o r E u r o p e a n 

p e r c h (Perca fluviatilis) (S te j ska l et a l . , 2 0 2 0 ) t h a n i n s e c t -

f ree d ie t s . 

T h e s u b s t i t u t i o n o f fishmeal w i t h H. illucens m e a l i n a q u a f e e d s 

f o r t h e l a rges t fishmeal c o n s u m e r s h a s a l r e a d y b e e n i n v e s t i g a t e d , 
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a n d s u b s t i t u t i o n l eve l s h a v e b e e n a c h i e v e d tha t d o n o t d e l a y 

g r o w t h p r o d u c t i o n o f t he tes ted s p e c i e s , i n c l u d i n g , w h i t e l e g 

s h r i m p (Litopenaeus vannamei) ( 6 0 % p l a u s i b l e s u b s t i t u t i o n ) 

( C u m m i n s et a l . , 2 0 1 7 ) , A t l a n t i c s a l m o n (Salmon salar) ( 8 5 -

100%) ( L o c k et a l . , 2 0 1 6 ; B e l g h i t et a l . , 2 0 1 8 , 2 0 1 9 ) , E u r o p e a n 

seabass (Dicentrarchus labrax) (45%) ( M a g a l h a e s et a l . , 2 0 1 7 ) , 

b a r r a m u n d i (Lates calcarifer) (50%) ( K a t y a et a l . , 2 0 1 7 ) , a n d 

r a i n b o w t r o u t (Oncorhynchus mykiss) (45%) (Sea ley et a l . , 2 0 1 1 ; 

R e n n a et a l . , 2 0 1 7 ; D u m a s et a l . , 2 0 1 8 ) . I n a d d i t i o n , d i e t a r y 

H. illucens m e a l h a s b e e n p r o v e d to m o d u l a t e b a c t e r i a l d i v e r s i t y 

a n d r i c h n e s s , w h i c h p l a y e s s e n t i a l r o l e s i n n u t r i t i o n , i m m u n o l o g y , 

a n d h e a l t h s ta tus o f fish, s u c h as r a i n b o w t r o u t (O. mykiss) 

( B r u n i et a l . , 2 0 1 8 ; H u y b e n et a l . , 2 0 1 9 ; R i m o l d i et a l . , 2 0 1 9 ; 

T e r o v a et a l . , 2 0 1 9 ; R i m o l d i et a l . , 2 0 2 1 ) , a n d z e b r a f i s h (Danio 

rerio) ( Z a r a n t o n i e l l o et a l . , 2 0 2 0 b ) . T h e gu t h e a l t h b e n e f i t o f 

i n s e c t - f e d fish h a s b e e n c o n f i r m e d t o be s u i t a b l e f o r s p e c i e s t ha t 

n a t u r a l l y f e e d o n i n s e c t ( A n t o n o p o u l o u et a l . , 2 0 1 9 ; G a s c o et a l . , 

2 0 2 0 c ) . 

P i k e p e r c h (Sander lucioperca) i s o n e o f t he m a i n p e r c i d 

spec ies t ha t h a s d r a w n a grea t d e a l o f a t t e n t i o n i n a q u a c u l t u r e 

( S c h u l z et a l . , 2 0 0 6 ) . A q u a c u l t u r e p r o d u c t i o n o f p i k e p e r c h 

r e a c h e d 1557 t o n n e s i n 2 0 1 8 , w h i c h w a s d o u b l e d t ha t o f 

2 0 0 9 (750 t o n n e s ) ( F A O , 2 0 2 0 b ) , a n d h a s m a i n l y b e e n 

e s t a b l i s h e d i n i n t e n s i v e r e c i r c u l a t i o n s y s t e m s ( D a l s g a a r d et a l . , 

2 0 1 3 ) . H o w e v e r , p i k e p e r c h a n d o t h e r p e r c i d fish h a v e so 

fa r r e c e i v e d v e r y l i t t l e a t t e n t i o n f r o m f e e d m a n u f a c t u r e r s 

( B o c h e r t , 2 0 2 0 ) . A l t h o u g h s o m e c o m m e r c i a l a q u a f e e d s f o r 

p e r c i d s h a v e b e c o m e a v a i l a b l e , s a l m o n i d s - t a r g e t e d feeds are 

m o r e w i d e l y u s e d i n p r a c t i c e (S te j ska l et a l . , 2 0 1 6 ) . S i n c e 

E u r o p e a n p i k e p e r c h a q u a c u l t u r e i s m o v i n g t o w a r d a n e s t a b l i s h e d 

f r e s h w a t e r a q u a c u l t u r e s e c t o r ( P o l i c a r et a l . , 2 0 1 9 ) , i t w i l l 

be n e c e s s a r y to d e v e l o p s u i t a b l e a n d s u s t a i n a b l e feeds f o r 

a f o r e m e n t i o n e d sec to r . D i e t a r y p r o t e i n r e q u i r e m e n t s o f at leas t 

4 3 % h a v e b e e n r e p o r t e d f o r a p p r o p r i a t e g r o w t h p e r f o r m a n c e 

a n d f e e d u t i l i z a t i o n o f p i k e p e r c h fingerling ( N y i n a - W a m w i z a 

et a l . , 2 0 0 5 ) . I n t h e n a t u r e , a q u a t i c i n s e c t s , i.e., l a r v a e o f l a k e 

f l ies (Chironomidae) ( D i p t e r a o r d e r ) , p l a y a n i m p o r t a n t r o l e 

as f o o d s o u r c e s f o r t he e a r l y o n t o g e n e t i c s tages o f p i k e p e r c h 

( V i n n i et a l . , 2 0 0 9 ; G i n t e r et a l . , 2 0 1 1 ; K a s h i n s k a y a et a l . , 

2 0 1 8 ; H u u s k o n e n et a l . , 2 0 1 9 ) . T h e r e f o r e , t he use o f H. illuces 

l a r v a e m e a l h a s b e e n h y p o t h e s i s e d to be s u i t a b l e f o r p i k e p e r c h 

a q u a c u l t u r e . T h e a i m o f p r e s e n t s t u d y i s to i n v e s t i g a t e the 

ef fects o f d i e t a r y d e f a t t e d b l a c k s o l d i e r f l y (H. illucens) ( H I ) 

o n t he d i e t s o f j u v e n i l e p i k e p e r c h (S. lucioperca) o n i n t e s t i n a l 

m i c r o b i o t a , h i s t o m o r p h o l o g y , a n d o x i d a t i v e e n z y m e ac t i v i t i es . 

T h e o u t p u t s c o u l d p r o v i d e i n f o r m a t i o n i n t h e c h o i c e o f a n 

a l t e r n a t i v e a q u a f e e d i n g r e d i e n t f o r t he e m e r g i n g p e r c i d f a r m i n g 

i n d u s t r y i n E u r o p e . 

MATERIALS AND METHODS 

Ethics Statement 
T h e e x p e r i m e n t a l p r o c e d u r e s w e r e p e r f o r m e d u n d e r E u r o p e a n 

C o m m u n i t i e s D i r e c t i v e ( N o . 2 0 1 0 / 6 3 / E U ) o n the p r o t e c t i o n o f 

a n i m a l s u s e d f o r s c i e n t i f i c p u r p o s e s a n d h a v e b e e n a p p r o v e d b y 

t h e C z e c h M i n i s t r y o f H e a l t h ( M S M T - 6 7 4 4 / 2 0 1 8 - 2 ) . 
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Tran et al 

Experimental Diets, Rearing Facilities, 
and Feeding Procedures 
T h e f e e d i n g t r i a l w a s c o n d u c t e d at t he w e t l a b o r a t o r y o f the 

F a c u l t y o f F i s h e r i e s a n d P r o t e c t i o n o f W a t e r s , U n i v e r s i t y 

o f S o u t h B o h e m i a i n České B u d ě j o v i c e , C z e c h R e p u b l i c . 

D e f a t t e d H I w a s o b t a i n e d f r o m a c o m m e r c i a l s o u r c e ( H e r m e t i a 

G e s c h á f t s f u h r u n g s G m b H , B a r u t h / M a r k , G e r m a n y ) . F o u r 

i s o p r o t e i c ( a p p r o x i m a t e l y 4 5 % c r u d e p r o t e i n ) a n d i s o l i p i d i c 

( a p p r o x i m a t e l y 1 8 % e t h e r ex t rac t ) d i e t s w e r e f o r m u l a t e d , 

c o m p r i s i n g o n e fishmeal-based d i e t ( C O ) a n d t h r e e o t h e r d ie t s , 

w h e r e H I w a s i n c l u d e d at 9 % ( H I 9 ) , 1 8 % ( H I 1 8 ) , a n d 3 6 % 

( H I 3 6 ) t o r e p l a c e fishmeal at 2 5 , 50 , a n d 1 0 0 % , r e s p e c t i v e l y 

( T a b l e 1) . E x p e r i m e n t a l d i e t s w e r e p r e p a r e d b y a c o m m e r c i a l 

f e e d p r o d u c e r ( E x o t H o b b y s . r .o . , Č e r n á v P o š u m a v í , C z e c h 

R e p u b l i c ) u s i n g a d u a l - s c r e w e x t r u d e r ( S a i b a i n u o , C h i n a ) . 

C h e m i c a l c o m p o s i t i o n o f H I a n d e x p e r i m e n t a l d i e t s as w e l l fa t ty 

a c i d ( F A ) c o m p o s i t i o n o f e x p e r i m e n t a l d i e t s a re r e p o r t e d i n 

T a b l e s 1, 2, r e s p e c t i v e l y . 

TABLE 1 | Ingredients and proximate composition of experimental diets. 

Ingredients (g/kg, as it) H l a CO HI9 HI18 HI36 

Fishmeal b 300 225 150 0 

HI - 90 180 360 

Soybean protein concentrate 75 75 75 75 

Corn gluten meal 170 170 170 170 

Soybean meal 150 150 150 150 

Wheat meal 80 65 50 20 

Merigel 60 60 60 60 

Fish oil 60 60 60 60 

Soybean oil 60 60 60 60 

Vitamin mixturec 10 10 10 10 

Mineral mistured 10 10 10 10 

DL-Methionine 7 7 7 7 

L-Lysine B 8 8 8 

Celite® 10 10 10 10 

Proximate composition 

Dry matter (g/100g) 91.0 94.3 94.9 94.5 94.8 

Crude protein (g/1 OOg) 54.5 44.8 45.2 44.7 45.1 

Ether extract (g/1 OOg) 8.5 18.9 18.2 18.9 17.4 

Ash (g/1 OOg) 7.6 8.7 8.6 8.1 7.4 

Chitin (g/100g)e 5.34 - 0.47 0.97 1.93 

Nitrogen-free extract (g/1 OOg)' 24.06 27.60 27.53 27.33 28.17 

Gross energy (MJ/kg) 20.20 21.05 20.36 20.32 21.06 

^Defatted Hermetia illucens larvae meal; bPurchased from Corpesca S.A. 
(Santiago, Chile). Proximate composition (g/100g, as fed basis): 91.3 dry matter; 
65.8 crude protein; 9.4 ether extract; and 15.5 ash; "Vitamin mixture (IU ormg kg~1 

diet): DL-a tocopherol acetate, 60 IU; sodium menadione bisulphate, 5 mg; retinyl 
acetate, 15,000 IU; DL-cholecalciferol, 3000 IU; thiamin, 15 mg; riboflavin, 30 mg; 
pyridoxine, 15mg;B12, 0.05 mg; nicotinic acid, 175 mg; folic acid, 500 mg; inositol, 
1000 mg; biotin, 2.5 mg; calcium panthotenate, 50 mg (purchased from Granda 
Zootecnici S.r.l., Cuneo, Italy); dMineral mixture (g or mg kg"1 diet): dicalcium 
phosphate, 500 g; calcium carbonate, 215 g; sodium salt 40, g; potassium 
chloride, 90 g; magnesium chloride, 124 g; magnesium carbonate, 124 g; iron 
sulphate, 20 g; zinc sulphate, 4 g; copper sulphate, 3 g; potassium iodide, 4 mg; 
cobalt sulphate, 20 mg; manganese sulphate, 3 g; sodium fluoride, 1 g (purchased 
from Granda Zootecnici S.r.l., Cuneo, Italy); "Estimated as described by Finke 
(2007); 'Calculated as 100- (CP + EE + Ash + Chitin). 
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T h e f e e d i n g e x p e r i m e n t w a s c o n d u c t e d i n a r e c i r c u l a t i o n 

a q u a c u l t u r e s y s t e m ( to ta l v o l u m e 1 1 4 0 0 L ) , c o n s i s t i n g o f 

fifteen 2 5 0 - L r o u n d c o n i c a l p l a s t i c t a n k s ( b l a c k w a l l s , w h i t e 

b o t t o m ) c o n n e c t e d to a m e c h a n i c a l d r u m filter ( A E M 15, A E M -

P r o d u c t s V . O . F . , L i e n d e n , N e t h e r l a n d s ) , s e d i m e n t a t i o n t a n k s 

( t o ta l v o l u m e 2 6 0 0 1), a se r ies o f filtration s e c t i o n s ( B i o a k v a c i t 

P P I 1 0 ) , a n d a m o v i n g b e d b i o - f i l t e r ( v o l u m e 4 7 0 0 1, m e d i a 

B T 1 0 R a t z A q u a & P o l y m e r T e c h n i k , R e m s c h e i d , G e r m a n y ) , 

u n d e r c o n t r o l l e d r e a r i n g c o n d i t i o n s , w i t h w a t e r t e m p e r a t u r e o f 

23.1 ± 1 .0°C, p h o t o p e r i o d o f 1 2 h l i g h t - 1 2 h d a r k , l i g h t i n t e n s i t y 

o f 2 0 - 3 5 L u x , o x y g e n s a t u r a t i o n o f 98 .4 ± 1 5 . 2 % , a n d p H o f 

6 .98 ± 0 .28 . M o r e o v e r , t he c o n c e n t r a t i o n o f n i t r i t e - N , n i t r a t e - N , 

a n d a m m o n i a - N c o n c e n t r a t i o n w e r e m a i n t a i n e d at 0 .42 ± 0 .24, 

48 .8 ± 2 1 . 3 , a n d 1.89 ± 0 .58 m g / 1 , r e s p e c t i v e l y . 

T h e p r e p a r e d d i e t s w e r e f e d to t r i p l i c a t e g r o u p s o f j u v e n i l e 

p i k e p e r c h ( i n i t i a l b o d y w e i g h t 68 .7 ± 7.1 g , w i t h 50 i n d i v i d u a l s 

p e r t a n k ) f o r 84 d a y s . A c o m b i n e d f e e d i n g p r o t o c o l o f f o u r m e a l s 

p e r d a y , p r o v i d e d at 0 7 . 0 0 , 0 9 . 0 0 , 11 .00 , 13 .00 , b y a u t o m a t i c 

feeders ( E H E I M T w i n s , D e i z i s a u , G e r m a n y ) , a n d o n e h a n d 

f e e d i n g , at 15 .00 w a s a d o p t e d d u r i n g the t r i a l . A n y u n c o n s u m e d 

feeds w e r e c o l l e c t e d b y s i p h o n i n g a n d d r i e d i n a n o v e n to 

c a l c u l a t e t h e exac t f e e d i n t a k e . 

Sampling Procedures 
Fish Biometry 
A t the s tar t a n d t h e e n d o f t he f e e d i n g t r i a l , fish w e r e i n d i v i d u a l l y 

w e i g h e d t o c a l c u l a t e w e i g h t g a i n ( W G ) a n d f e e d c o n v e r s i o n r a t i o 

( F C R ) : 

W G (g) = final b o d y w e i g h t - i n i t i a l b o d y w e i g h t 

F C R = t o t a l f e e d s u p p l i e d (g, D r y M a t t e r ) / W G 

Antioxidative Enzyme and Histo-Morphological 
Analysis 
A f t e r 84 d a y s o f t h e e x p e r i m e n t , a t o t a l o f 4 5 fish (3 

i n d i v i d u a l s / t a n k ) w e r e r a n d o m l y s a m p l e d , a f te r 2 4 h o f f e e d 

d e p r i v a t i o n , a n d w e r e e u t h a n i s e d b y m e a n s o f o v e r d o s e 

a n a e s t h e s i a ( M S 2 2 2 , 1 2 5 mg/1 ) . 

D i s s e c t e d l i v e r s a n d i n t e s t i n e s f r o m 15 fish/group w e r e s t o r e d 

at — 8 0 ° C f o r f u r t h e r a n t i o x i d a t i v e e n z y m e a n a l y s i s . A s i m i l a r 

n u m b e r o f s a m p l e s , t a k e n f r o m a n o t h e r 15 fish/group, w e r e 

fixed b y i m m e r s i o n i n a 1 0 % b u f f e r e d f o r m a l i n s o l u t i o n f o r 

h i s t o - m o r p h o l o g i c a l a n a l y s i s . 

Intestinal Microbiota 
A t t h e e n d o f t h e e x p e r i m e n t , t h r e e fish w e r e r a n d o m l y 

t a k e n f r o m e a c h t a n k a n d e u t h a n i s e d b y m e a n s o f o v e r d o s e 

a n a e s t h e s i a ( M S 2 2 2 , 125 mg /1 ) . I n o r d e r to e n s u r e t ha t a l l 

s a m p l e d fish h a d d i g e s t a t h r o u g h o u t t he i n t e s t i n a l t rac t , 

fish w e r e d e p r i v e d o f f eeds 12 h p r i o r t o s a m p l i n g t i m e . 

F i s h e x t e r i o r w a s w i p e d w i t h 7 0 % e t h a n o l b e f o r e a b d o m e n 

w a s o p e n e d , w h o l e i n t e s t i n e f r o m e a c h fish w a s r e m o v e d 

f r o m t h e a b d o m i n a l c a v i t y a n d d i g e s t a f r o m p r o x i m a l 

t o d i s t a l i n t e s t i n e w a s s q u e e z e d g e n t l y i n t o a 1.5 m l 

a s e p t i c E p p e n d o r f a n d i m m e d i a t e l y s t o r e d at — 8 0 ° C f o r 

f u r t h e r a n a l y s i s . 
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Analytical Methods 
Diet Chemical Composition 
A n a l y s i s o f H I d e f a t t e d m e a l a n d e x p e r i m e n t a l d i e t s f o r d r y 

ma t te r , c r u d e p r o t e i n , c r u d e l i p i d , a s h , a n d fa t t y a c i d s ( F A s ) 

w e r e p e r f o r m e d as d e s c r i b e d e l s e w h e r e ( T r a n et a l . , 2 0 2 1 ) . G r o s s 

e n e r g y w a s d e t e r m i n e d b y m e a n o f a c a l o r i m e t r i c b o m b ( I K A 

C 7 0 0 0 , S t u f e n , G e r m a n y ) . 

Oxidative Stress in Livers and Intestines 
O x i d a t i v e s t ress b i o m a r k e r s w e r e e v a l u a t e d i n l i v e r a n d i n t e s t i n e 

o f e a c h fish s a m p l e b y m e a n s o f s p e c t r o p h o t o m e t e r a n a l y s i s 

( V a r i a n C a r y s p e c t r o p h o t o m e t e r , S a n t a C l a r a , C A , U n i t e d States) 

as p r e v i o u s l y d e s c r i b e d b y E l i a et a l . (2018) . B r i e f l y , s u p e r o x i d e 

d i s m u t a s e ( S O D ) a c t i v i t y w a s m e a s u r e d i n 50 m M N a 2 C 0 3 , 

p H 10, 0.1 m M E D T A , 5 0 0 m M c y t o c h r o m e C , a n d 1 m M 

h y p o x a n t h i n e a n d x a n t h i n e o x i d a s e . R e d u c t i o n o f c y t o c h r o m e 

C b y the x a n t h i n e / h y p o x a n t h i n e s y s t e m w a s m e a s u r e d v e r s u s a 

s t a n d a r d c u r v e o f S O D u n i t s at 5 5 0 n m . C a t a l a s e ( C A T ) a c t i v i t y 

w a s m e a s u r e d as t h e d e c r e a s e i n a b s o r b a n c e at 2 4 0 n m d u e 

to t h e c o n s u m p t i o n o f H2O2. T h e assay w a s p e r f o r m e d i n a n 

N a H 2 P 0 4 + N a 2 H P 0 4 b u f f e r (100 m M , p H 7) a n d 12 m M H 2 0 2 . 

G l u t a t h i o n e p e r o x i d a s e ( S e G P x s ) a c t i v i t i e s w e r e m e a s u r e d b y 

f o l l o w i n g the o x i d a t i o n o f N A D P H at 3 4 0 n m a n d u s i n g 0.6 m M 

H 2 0 2 o r 0.8 m M c u m e n e h y d r o p e r o x i d e s ( tot G P x ) as subs t ra tes . 

G l u t a t h i o n e S - t r a n s f e r a s e ( G S T ) w a s m e a s u r e d at 3 4 0 n m u s i n g 

as a s u b s t r a t e l - c h l o r o - 2 , 4 - d i n i t r o b e n z e n e ( C D N B ) . 

Histo-Morphological Analysis of Intestine and Liver 
S a m p l e s o f t h e a n t e r i o r i n t e s t i n e w e r e e x c i s e d a n d f l u s h e d w i t h 

a 0 . 9 % s a l i n e s o l u t i o n to r e m o v e a l l t h e c o n t e n t . T h e c o l l e c t e d 

s a m p l e s w e r e fixed i n a 1 0 % b u f f e r e d f o r m a l i n s o l u t i o n , r o u t i n e l y 

e m b e d d e d i n p a r a f f i n w a x b l o c k s , s e c t i o n e d at a 5 u .m t h i c k n e s s , 

m o u n t e d o n t o g lass s l i d e s a n d s t a i n e d w i t h H a e m a t o x y l i n & 

E o s i n ( H E ) . O n e s l i d e p e r i n t e s t i n a l s e g m e n t w a s e x a m i n e d 

b y m e a n s o f l i g h t m i c r o s c o p y a n d c a p t u r e d w i t h a N i k o n D S -

F i l d i g i t a l c a m e r a , c o u p l e d t o a Z e i s s A x i o p h o t m i c r o s c o p e , 

u s i n g a 2.5 x o b j e c t i v e l e n s . N I S - E l e m e n t s F s o f t w a r e w a s u s e d 

t o c a p t u r e i m a g e s . 

M o r p h o m e t r i c a n a l y s i s w a s p e r f o r m e d u s i n g I m a g e ® - P r o P l u s 

s o f t w a r e o n t e n w e l l - o r i e n t e d a n d i n t a c t v i l l i . T h e e v a l u a t e d 

m o r p h o m e t r i c i n d i c e s w e r e v i l l i h e i g h t ( f r o m the v i l l u s t i p to 

s u b m u c o s a ) a n d v i l l i w i d t h (ac ross the base o f t he v i l l u s , b u t n o t 

i n c l u d i n g the b r u s h b o r d e r ) . 

T h e o b s e r v e d h i s t o p a t h o l o g i c a l findings w e r e e v a l u a t e d i n a l l 

t h e o r g a n s , u s i n g a s e m i - q u a n t i t a t i v e s c o r i n g s y s t e m as f o l l o w s : 

absen t ( s c o r e = 0 ) , m i l d ( s c o r e = 1), m o d e r a t e ( s c o r e = 2 ) , a n d 

severe ( s c o r e = 3) . H i s t o p a t h o l o g i c a l findings i n i n t e s t i n e w e r e 

assessed s e p a r a t e l y f o r e a c h s e g m e n t f o r m u c o s a ( i n f l a m m a t o r y 

i n f i l t r a tes ) a n d s u b m u c o s a [ i n f l a m m a t o r y i n f i l t r a t e s a n d G u t -

A s s o c i a t e d L y m p h o i d T i s s u e ( G A L T ) a c t i v a t i o n ] . T h e t o t a l s c o r e 

o f e a c h gu t s e g m e n t w a s o b t a i n e d b y a d d i n g t o t h e m u c o s a 

a n d s u b m u c o s a s c o r e s . A l l t h e s l i d e s w e r e b l i n d a s s e s s e d b y 

t w o i n d e p e n d e n t o b s e r v e r s , a n d a n y d i s c o r d a n t cases w e r e r e 

e x a m i n e d , u s i n g a m u l t i - h e a d m i c r o s c o p e , u n t i l u n a n i m o u s 

c o n s e n s u s w a s r e a c h e d . 

Microbiome Analysis 
DNA Extraction and 16S rRNA Amplicon Target 
Sequencing 
N u c l e i c a c i d w a s e x t r a c t e d f r o m the i n t e s t i n e c o n t e n t (500 m g as 

s t a r t i n g m a t e r i a l s ) . T o t a l D N A f r o m the s a m p l e s w a s e x t r a c t e d 

u s i n g a R N e a s y P o w e r M i c r o b i o m e K I T ( Q i a g e n , M i l a n , I ta l y ) , 

a c c o r d i n g t o t h e m a n u f a c t u r e r s i n s t r u c t i o n s . O n e m i c r o l i t r e o f 

R N a s e ( I l l u m i n a I n c , S a n D i e g o , C A , U n i t e d States) w a s a d d e d to 

TABLE 21 Fatty acid (FA) composition (as mg/g total FAs) of experimental diets. 

*FAs Experimental diets 

C O HI9 HI18 HI36 

C12:0 0.4 ± 0 a 16.1 ± 0.3 b 25.7 ± 0.7C 61.8 ± 3.4 d 

C14:0 17.2 ± 0.1 a 20.1 ± 0 .1 b 21.2 ± 0.1 d 27.5 ± 0.7 d 

C16:0 102.7 ± 0.5 a 106.8 ± 0 . 3 b 105.2 ± 1.6b 106.2 ± 0 . 9 b 

C16:1 23.7 ± 0 a 23.9 ± 0 * 24.0 ± 0 .1 b 24.1 ± 0 .1 b 

C18:0 29.9 ± 0.2 30.2 ± 0 . 3 30.3 ± 1.7 28.1 ± 0.2 

C18:1n9 2 0 1 . 3 ± 0 . 8 d 196 ± 0.2 b 195.6 ± 0 . 3 b 188.5 ± 0 . 9 a 

C18:1n7 206.2 ± 3.5 b 196 ± 0.2 a 197.9 ± 3.8 a 194.5 ± 0.9 a 

C18:2n6 257.6 ± 0.9 d 254.1 ± 0 . 4 C 251 ± 1.8b 241.8 ± 1.0a 

C18:3n3 38.9 ± 0.2C 37.3 ± 0 b 37 ± 0.2 b 34.3 ± 0.2 a 

C20:1n9 33.0 ± 0.3 d 31.2 ± 0 .1 b 3 1 . 0 ± 0 . 2 b 27.5 ± 0.1 a 

C20:5n3 (EPA) 3.20 ± 0.01 d 3 . 1 0 ± 0 . 0 1 d 3 . 0 0 ± 0 . 0 1 b 2.60 ± 0.01 a 

C22:6n3 (DHA) 48.2 ± 0.5 d 45.5 ± 0.2 C 39.1 ± 0.2 b 26.7 ± 0.5 a 

2 > 3 9 1 . 4 ± 0 . 7 d 86.9 ± 0.3 d 80.1 ± 0 . 4 b 64.4 ± 0.6 a 

2 > 6 268.1 ± 1.0d 264 ± 0.5 d 259.8 ± 1.8b 248.3 ± 1.0a 

Z S F A 164.6 ± 0.9 a 190.6 ± 0.7 b 200 ± 4.4 C 239.5 ± 4.4 d 

£MUFA 470.9 ± 2.5 d 453.6 ± 0 .3 b 454.8 ± 3.6 b 440.2 ± 1.9a 

£PUFA 360 ± 1.7d 351.4 ± 0.7C 340.4 ± 2.2 b 316.0 ± 4.9 a 

'Only FAs > 10 mg/g total FAs (except for EPA) are presented; Different letters denote significant differences among the experimental groups (P < 0.05). 
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d i ges t t h e R N A i n t h e D N A s a m p l e s f o r a n i n c u b a t i o n p e r i o d o f 

1 h at 37° C . D N A w a s q u a n t i f i e d u s i n g Q u b i t d s a n d s t a n d a r d i s e d 

at 5 n g / u . 1. 

D N A e x t r a c t e d d i r e c t l y f r o m d i g e s t a s a m p l e s w a s u s e d to 

assess t h e m i c r o b i o t a , t h r o u g h a m p l i f i c a t i o n o f t he V 3 - V 4 r e g i o n 

o f t h e 16S r R N A g e n e ( K l i n d w o r t h et a l . , 2 0 1 2 ) . T h e P C R 

p r o d u c t s w e r e p u r i f i e d a c c o r d i n g to t he I l l u m i n a m e t a g e n o m i c 

s t a n d a r d p r o c e d u r e ( I l l u m i n a I n c , S a n D i e g o , C A , U n i t e d Sta tes) . 

S e q u e n c i n g w a s p e r f o r m e d w i t h a n M i S e q I l l u m i n a i n s t r u m e n t , 

w i t h V 3 c h e m i s t r y , a n d 2 5 0 b p p a i r e d - e n d r e a d s w e r e g e n e r a t e d 

a c c o r d i n g to t he m a n u f a c t u r e r s i n s t r u c t i o n s . 

Statistical Analysis 
A l l d a t a f o r a n t i o x i d a t i v e e n z y m e a c t i v i t i e s w e r e t es ted f o r 

h o m o g e n e i t y o f v a r i a n c e u s i n g C o c h r a n , H a r t l e y , B a r t l e t t 

test. T h e ef fects o f d i e t o n o x i d a t i v e s t ress i n d i f f e r e n t 

o r g a n s w e r e a n a l y s e d sepa ra te l y , b y m e a n s o f o n e - w a y 

A N O V A , f o l l o w e d b y T u k e y test. S t a t i s t i c a l a n a l y s e s w e r e 

p e r f o r m e d u s i n g S T A T I S T I C A 12 .0 , w i t h P - v a l u e < 0 .05 as the 

s i g n i f i c a n t d i f f e r e n c e . 

R a w r e a d s o f m i c r o b i o t a w e r e first j o i n e d , a f te r s e q u e n c i n g , 

u s i n g F L A S H s o f t w a r e ( M a g o c a n d S a l z b e r g , 2 0 1 1 ) , w i t h d e f a u l t 

p a r a m e t e r s , a n d w e r e filtered, u s i n g Q I I M E 1.9.0 s o f t w a r e 

a n d the p i p e l i n e as r e c e n t l y d e s c r i b e d ( B i a s a t o et a l . , 2 0 1 8 ) . 

B r i e f l y , s h o r t e r r e a d s ( < 3 0 0 b p ) w e r e d i s c a r d e d , u s i n g P r i n s e q . 

U S E A R C H s o f t w a r e ( v e r s i o n 8.1) w a s u s e d f o r c h i m e r a filtering, 

a n d t h e O p e r a t i o n a l T a x o n o m i c U n i t s ( O T U s ) w e r e p i c k e d , 

at a t h r e s h o l d o f 9 7 % s i m i l a r i t y , u s i n g U C L U S T a l g o r i t h m s . 

T a x o n o m y w a s a s s i g n e d a g a i n s t 16S r R N A f r o m G r e e n g e n e s . T h e 

O T U tab le w a s r a r e f i e d at 10 ,144 s e q u e n c e s / s a m p l e . T h e O T U 

tab le d i s p l a y s the h i g h e s t t a x o n o m y r e s o l u t i o n t ha t w a s r e a c h e d . 

W h e n the t a x o n o m y a s s i g n m e n t w a s n o t ab le t o r e a c h t h e g e n u s 

l e v e l , t he f a m i l y o r p h y l a w e r e d i s p l a y e d . R s o f t w a r e w a s u s e d 

to c a l c u l a t e t h e a l p h a d i v e r s i t y , w h i l e W e i g h t e d a n d U n w e i g h t e d 

U n i F r a c d i s t a n c e m a t r i x a n d O T U s tab le w e r e u s e d to find 

d i f f e r e n c e s b e t w e e n s a m p l e s , u s i n g p e r m u t a t i o n a l m u l t i v a r i a t e 

a n a l y s i s o f v a r i a n c e ( A n o s i m ) a n d a n a l y s i s o f s i m i l a r i t y ( A d o n i s ) 

s ta t i s t i ca l test , c o n s i d e r i n g the s a m e f u n c t i o n i n R e n v i r o n m e n t . 

P a i r w i s e W i l c o x o n test w e r e u s e d to d e t e r m i n e a n y s i g n i f i c a n t 

d i f f e r e n c e s i n a l p h a d i v e r s i t y o r O T U a b u n d a n c e as a f u n c t i o n 

o f d i e t a r y i n s e c t m e a l . P r i n c i p a l c o m p o n e n t a n a l y s i s ( P C A ) 

w e r e p l o t t e d , u s i n g the dudi.pca f u n c t i o n , t h r o u g h the made4 

p a c k a g e o f R e n v i r o n m e n t . N o n - n o r m a l l y d i s t r i b u t e d v a r i a b l e s 

w e r e p r e s e n t e d as m e d i a n v a l u e s ( i n t e r q u a r t i l e r a n g e , I R ) , a n d 

b o x p l o t s r e p r e s e n t e d the i n t e r q u a r t i l e r a n g e b e t w e e n the first 

a n d the t h i r d q u a r t i l e , w i t h t h e e r r o r b a r s s h o w i n g the l o w e s t a n d 

t h e h i g h e s t v a l u e . P a i r w i s e K r u s k a l - W a l l i s tests w e r e u s e d t o find 

a n y s i g n i f i c a n t d i f f e r e n c e s i n m i c r o b i a l t a x a a b u n d a n c e a c c o r d i n g 

t o t he d i e t a r y t r e a t m e n t . P - v a l u e s w e r e a d j u s t e d f o r m u l t i p l e 

t e s t i n g , a n d a fa lse d i s c o v e r y ra te ( F D R ) < 0 .05 w a s c o n s i d e r e d as 

s i g n i f i c a n t . T h e d a t a g e n e r a t e d f r o m s e q u e n c i n g w e r e d e p o s i t e d 

i n t he N C B I S e q u e n c e R e a d A r c h i v e ( S R A ) a n d a re a v a i l a b l e 

u n d e r t he B i o P r o j e c t A c c e s s i o n N u m b e r P R J N A 7 0 4 2 3 7 . 

G r a p h P a d P r i s m ® s o f t w a r e ( v e r s i o n 8.0) w a s u s e d to p e r f o r m 

s ta t i s t i ca l a n a l y s i s , f o r h i s t o - m o r p h o m e t r i c a l i n v e s t i g a t i o n s . T h e 

S h a p i r o - W i l k test w a s u s e d t o test t he n o r m a l i t y o f t he d a t a 

d i s t r i b u t i o n b e f o r e s t a t i s t i c a l a n a l y s e s . D a t a w e r e d e s c r i b e d 

b y m e a n a n d s t a n d a r d d e v i a t i o n ( S D ) , o r m e d i a n a n d I R 

d e p e n d i n g o n d a t a d i s t r i b u t i o n . B i v a r i a t e a n a l y s i s w a s p e r f o r m e d , 

b y m e a n s o f o n e w a y - A N O V A o r K r u s k a l l W a l l i s tes ts , to 

c o m p a r e the i n t e s t i n e m o r p h o l o g y a n d o r g a n s h i s t o p a t h o l o g y 

a m o n g d i f f e r e n t d i e t g r o u p s . P - v a l u e s < 0 .05 w e r e c o n s i d e r e d 

s t a t i s t i c a l l y s i g n i f i c a n t . 

RESULTS 

Diet Composition and Growth 
Production of Pikeperch 
F o r m u l a t e d d i e t s h a d a s i m i l a r p r o x i m a t e c o m p o s i t i o n , e x c e p t 

f o r c h i t i n w h i c h i n c r e a s e d w i t h the i n c r e a s e o f H I i n c l u s i o n 

( T a b l e 1). T h e i n c l u s i o n o f d i e t a r y H I s i g n i f i c a n t l y a l t e r e d 

t h e F A p r o f i l e o f e x p e r i m e n t a l d i e t s . A s r e g a r d s s a t u r a t e d 

F A s ( S E A ) , l a u r i c ( C 1 2 : 0 ) , m y r i s t i c ( C 1 4 : 0 ) , a n d p a l m i t i c a c i d 

( C 1 6 : 0 ) s i g n i f i c a n t l y i n c r e a s e d w i t h t h e i n c r e a s e o f H I i n c l u s i o n 

(P < 0 .05 ) . M o n o u n s a t u r a t e d F A s ( M U F A ) , d o m i n a t e d b y 

p a l m i t o l e i c a c i d ( C 1 6 : l ) , C 1 8 : l n 9 a n d C 1 8 : l n 7 , w e r e f o u n d to be 

s i g n i f i c a n t l y h i g h e r i n C O t h a n H 3 6 (P < 0 .05 ) , w h i l e M U F A s 

TABLE 31 Growth performances and histopathological traits divided by diet groups 

Growth performances 

Weight gain (g), mean (SD) 

FCR, mean (SD) 

Anterior gut 

Villi height (mm), mean (SD) 

Villi width (mm), mean (SD) 

Inflammation, median (IR) 

Liver 

Degeneration, median (IR) 

Inflammation 

C O 

85.3 a (24.1) 

1.27b (0.06) 

0.31 (0.07) 

0.03 (0.005) 

0.00 (0.0-0.5) 

3.00 a (3.0-3.0) 

Absence of alterations 

Experimental diets 

HI9 

84.8 a (23.7) 

1.28b (0.07) 

0.32 (0.07) 

0.03 (0.006) 

0.00(0.0-0.3) 

3.00 a (2.0-3.0) 

HI18 

83.2 a (26.4) 

1.29 b (0.03) 

0.29 (0.05) 

0.03 (0.008) 

0.00 (0.0-0.5) 

2.50 b (1.0-3.0) 

HI36 

62.8" (18.3) 

1.81 a (0.15) 

0.28 (0.07) 

0.11 (0.34) 

0.00(0.0-0.5) 

2.50 b (1.0-3.0) 

P-value 

<0.001 

<0.001 

0.979 

0.065 

0.967 

SD, standard deviation; FCR, feed conversion ratio; IR, interquartile range. Values in the same row not sharing common superscript letter are significantly different. 
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i n H 9 a n d H 1 8 r e m a i n e d c o m p a r a b l e (P > 0 .05 ) . I n c r e a s i n g 

i n c l u s i o n l e v e l o f H I s i g n i f i c a n t l y r e d u c e d p o l y u n s a t u r a t e d F A s 

( P U F A ) (P < 0 .05) . A s i m i l a r t r e n d w a s o b s e r v e d f o r E P A , D H A , 

l i n o l e i c a c i d , a l p h a - l i n o l e n i c a c i d (P < 0 .05) ( T a b l e 2). 

A t t he e n d o f t he f e e d i n g t r i a l , W G i n fish f e d H I 3 6 (62 .8 , m e a n 

v a l u e ) w a s s i g n i f i c a n t l y l o w e r t h a n t he c o n t r o l g r o u p (85 .3 g) 

(P < 0 .05 ) , w h e r e a s p i k e p e r c h f e d H I 9 (84.8 g) a n d H I 1 8 (83.2 g) 

d i d n o t s h o w s i g n i f i c a n t d i f f e r e n c e w i t h C O (P > 0 .05) . F C R o f 

the C O g r o u p (1.27) w a s c o m p a r a b l e w i t h tha t o f H I 9 (1.28) a n d 

H I 1 8 (1.29) (P > 0 .05 ) , b u t s i g n i f i c a n t l y l o w e r t h a n H I 3 6 (1 .81) 

(P < 0 . 0 5 ) ( T a b l e 3). 

Oxidative Stress in Liver and Intestine 
T h e resu l t s o f o x i d a t i v e b i o m a r k e r s , S O D , C A T , S e G P x , a n d G S T , 

i n l i v e r a n d i n t e s t i n e o f p i k e p e r c h f e d e x p e r i m e n t a l d i e t s are 

d e p i c t e d i n F i g u r e 1. D i e t a r y H I d i d n o t a l t e r t h e S O D a c t i v i t i e s i n 

e i t h e r l i v e r o r i n t e s t i n e , C A T a c t i v i t i e s i n l i ve r , S e G P x a c t i v i t i e s i n 

i n t e s t i n e , o r G S T a c t i v i t i e s i n l i v e r o f p i k e p e r c h (P > 0.05). N o 

s i g n i f i c a n t d i f f e r e n c e w a s o b s e r v e d a c r o s s e x p e r i m e n t a l g r o u p s 

(P > 0.05) f o r l i ve r , as r e g a r d s C A T a c t i v i t i e s , w h e r e a s t h i s 

b i o m a r k e r w a s s i g n i f i c a n t l y l o w e r i n H I 18 a n d H I 3 6 t h a n i n H I 9 

(P < 0 .05 ) , b u t r e m a i n e d s i m i l a r t o C O (P > 0 .05) i n i n t e s t i n e . 

E v e n i f d i d n o t d i f f e r f r o m t h e C O g r o u p , a m o n g fish f e d H I -

c o n t a i n i n g d ie t s , H I 9 p r o d u c e d h i g h e s t S e G P x a c t i v i t y i n l i v e r 

(P < 0 .05 ) , w h i l e t h e l o w e s t a c t i v i t y w a s f o u n d i n H I 3 6 g r o u p 

(P < 0 .05) . A s i g n i f i c a n t i n c r e a s e i n t he G S T c o n c e n t r a t i o n 

w a s o b s e r v e d i n i n t e s t i n e o f p i k e p e r c h f e d H i - c o n t a i n i n g d ie t s , 

c o m p a r e d t o C O (P < 0 .05) . O f t h e d i f f e r e n t i n s e c t - f e d g r o u p s , 

H I 9 s h o w e d a h i g h e r G S T t h a n H I 1 8 (P < 0 .05 ) , w h i l e H I 3 6 w a s 

r e m a i n e d i n t e r m e d i a t e p o s i t i o n . 

Histo-Morphology 
D a t a r e g a r d i n g h i s t o p a t h o l o g i c a l e v a l u a t i o n a r e r e p o r t e d i n 

T a b l e 3. O n l y f e w d i f f e r e n c e s w e r e o b s e r v e d f o r m o r p h o m e t r y 

a n d h i s t o p a t h o l o g y o f i n t e s t i n e a m o n g d ie t g r o u p s . A l t h o u g h 

t h e r e w a s n o s i g n i f i c a n t d i f f e r e n c e , a t r e n d c o u l d be o b s e r v e d 

(P = 0 .065) w i t h H I 3 6 g r o u p r e c o r d i n g w i d e r v i l l i t h a n the 

o t h e r g r o u p s . T h u s , d i e t a r y H I i n c l u s i o n d i d n o t i n d u c e a n y 

s i g n i f i c a n t m o r p h o l o g i c a l c h a n g e s i n t h e p i k e p e r c h i n t e s t i n e , 

t h e r e b y s u g g e s t i n g n o n e g a t i v e i n f l u e n c e o f s u c h d i e t a r y H I o n 

the p h y s i o l o g i c a l d e v e l o p m e n t o f i n t e s t i n e . 

M i l d t o severe m u l t i f o c a l t o d i f f use l i v e r v a c u o l a r d e g e n e r a t i o n 

w a s r e c o r d e d i n a l l t r e a t m e n t s , a n d i t w a s f o u n d to be g rea te r 

i n C O a n d H I 9 g r o u p t h a n i n t he H I 18 a n d H I 3 6 o n e s . D i e t a r y 

H I d i d n o t s h o w a n y e v i d e n c e o f i n f l a m m a t i o n o f t h e l i v e r o f 

p i k e p e r c h ( T a b l e 3 a n d F i g u r e 2). 

Microbiota 
T h e t o t a l n u m b e r o f h i g h - q u a l i t y p a i r e d - e n d s e q u e n c e s o b t a i n e d 

f r o m 16S r R N A s e q u e n c i n g r e a c h e d 1.916.822 r a w reads . A f t e r 

t he filtering, 1 .295.693 r e a d s p a s s e d the filters a p p l i e d b y Q I I M E , 

w i t h a m e d i a n v a l u e o f 3 7 . 5 5 9 ± 15 .565 r e a d s / s a m p l e , a n d a m e a n 

s e q u e n c e l e n g t h o f 4 4 3 b p . T h e r a r e f a c t i o n a n a l y s i s a n d G o o d s 

c o v e r a g e , e x p r e s s e d as a m e d i a n p e r c e n t a g e ( 9 7 % ) , a l s o i n d i c a t e d 

s a t i s f a c t o r y c o v e r a g e o f a l l s a m p l e s . 

T h e r e s u l t o f t he O T U s a n a l y s i s s h o w e d tha t t h e r e w a s n o 

s i g n i f i c a n t d i f f e r e n c e i n S h a n n o n i n d e x (P > 0 .05) a m o n g d ie t 

Frontiers in Marine Science | www.frontiersin.org 6 

Pikeperch Fed Defatted Insect Meal 

g r o u p s , w h i l e a l p h a - d i v e r s i t y o f i n t e s t i n a l b a c t e r i a , a s s o c i a t e d 

w i t h C h a o l a n d o b s e r v e d O T U s , i n fish f e d H I 18 s i g n i f i c a n t l y 

i n c r e a s e d r e l a t i ve to C O d i e t (P < 0 .05) ( F i g u r e 3). 

A d o n i s a n d A n o s i m s ta t i s t i ca l tests , b a s e d o n w e i g h t e d 

a n d o n u n w e i g h t e d U n i F r a c d i s t a n c e m a t r i x u s i n g t he O T U s 

tab le , s h o w e d s i g n i f i c a n t d i f f e r e n c e s b e t w e e n d i e t g r o u p s as a 

a d m i n i s t r a t i o n o f H I (P < 0 .002) . T h e s e d i f f e r e n c e s w e r e a l so 

o b s e r v e d w h e n t he P C A p l o t w a s p r o d u c e d at a g e n u s l e v e l 

( F i g u r e 4) . It w a s a l s o p o s s i b l e t o o b s e r v e a c e r t a i n d e g r e e o f 

s e p a r a t i o n , f o l l o w i n g d i e t g r o u p s . M i c r o b i o t a o f C O d i e t w a s n e a r 

t o t he i n s e c t m e a l i n c l u s i o n o f 9 % , w h i l e t h e m i c r o b i o t a o f fish f e d 

w i t h 18 a n d 3 6 % o f H I w a s w e l l s e p a r a t e d ( F i g u r e 4) . 

T h e d o m i n a n t O T U s , a t t he p h y l a l e v e l , w e r e Firmicutes 

( m e a n v a l u e s , 4 5 - 7 5 % ) , r e g a r d l e s s to d i e t a r y H I . P e r c h 

f e d C O d i e t w a s e n r i c h e d w i t h Proteobacteria ( 2 6 % ) , w h i l e 

Bacteroidetes ( 7 - 1 3 % ) w a s t h e p r e v a l e n t p h y l a i n fish f e d H I -

c o n t a i n i n g d ie ts . A s a resu l t , Clostridiaceae, Enterococcaceae, a n d 

Bacillaceae w e r e f o u n d t o be the p r e d o m i n a n t f a m i l i e s a c r o s s 

fish f e d d i e t g r o u p s . Clostridium, Acetobacter, Cetobacterium, 

Plesiomonas, Acetobacter, Peptostreptococcaceae, Bacteroides, a n d 
Oceanobacillus w e r e , at t h e g e n u s l e v e l , t he m o s t a b u n d a n t g e n e r a 

f o u n d i n i n t e s t i n e o f p e r c h c o n s i d e r e d i n o u r s t u d y ( F i g u r e 5). 

D i e t a r y H I p o s i t i v e l y a f f e c t e d r e l a t i ve a b u n d a n c e o f a l m o s t 

O T U s , c o m p a r e d w i t h C O ( F D R < 0 .05) , e x c e p t e d f o r Bacillus, 

Burkholderia, a n d Sporosarcina, w h i c h w e r e d o m i n a n t i n t h e C O 

g r o u p ( F i g u r e 6 ) . 

DISCUSSION 

Oxidative Enzymes 
R e a c t i v e o x y g e n s p e c i e s ( R O S ) is t he p r o d u c t i o n o f a e r o b i c 

m e t a b o l i s m p r o c e s s e s , i n c l u d i n g s u p e r o x i d e , h y d r o g e n p e r o x i d e , 

a n d l i p i d p e r o x i d e s ( B u e t l e r et a l . , 2 0 0 4 ) . E x c e s s i v e R O S 

c o m p o u n d s c a u s e c e l l u l a r a n d t i s sue d a m a g e s ( R o s a et a l . , 

2 0 0 8 ) . T h e b a l a n c e o f R O S p r o d u c t i o n e n s u r e s t h e n o r m a l 

p h y s i c a l f u n c t i o n o f a n y o r g a n i s m a n d is r e g u l a t e d b y a n t i o x i d a n t 

s y s t e m s ( R o s a et a l . , 2 0 0 8 ) i n v o l v i n g t w o m e c h a n i s m s , (i) 

e n z y m e s t ha t r e m o v e R O S , i n c l u d i n g S O D , C A T , a n d S e G P x ; 

a n d ( i i ) a n t i o x i d a t i v e c o m p o u n d s , i.e., a s c o r b a t e , g l u t a t h i o n e , 

s c a v e n g e f ree r a d i c a l s ( P a s s i et a l . , 2 0 0 2 ) . A n t i o x i d a t i v e e n z y m e 

a c t i v i t i e s w e r e d o c u m e n t e d to be t i s s u e - s p e c i f i c i n p i k e p e r c h , 

a n d l i v e r w a s the m o s t s e n s i t i v e o r g a n t o t h e d i e t m a n i p u l a t i o n 

u n d e r r e c i r c u l a t i n g a q u a c u l t u r e s y s t e m ( P o l i c a r et a l . , 2 0 1 6 ) . 

I n t he case o f d e t o x i f i c a t i o n i n t h e i n t e s t i n e , h o w e v e r , c e r t a i n 

e n z y m e s s u c h as S O D w e r e k n o w n to p l a y a v i t a l r o l e ( T a n g 

et a l . , 2 0 1 3 ) . T h i s s t u d y i n d i c a t e s t ha t i n l i v e r o f p i k e p e r c h 

d i e t a r y H I d i d n o t a l t e r t h e S O D , C A T , o r G S T o x i d a t i v e 

e n z y m e s , w h i l e s i g n i f i c a n t l y r e d u c e d S e G P x a c t i v i t y , a r e s u l t 

t ha t i s i n a g r e e m e n t w i t h t h o s e o f p r e v i o u s s t u d y ( E l i a et a l . , 

2 0 1 8 ) , w h o p e r f o r m e d a t r i a l o n r a i n b o w t r o u t f e d d i e t a r y 

H I . T h e s i g n i f i c a n t r e d u c t i o n i n t he c a t a l y t i c S e G P x e f f i c i e n c y 

i n l i v e r o f p i k e p e r c h f e d d i e t a r y H I c o u l d b e e x p l a i n e d b y 

t h e p r e s e n c e o f c h i t i n ( E l i a et a l . , 2 0 1 8 ) . I n d e e d , i n c r e a s i n g 

i n c l u s i o n l eve l s o f H I i n c r e a s e d c h i t i n l e v e l s i n d i e t s ( T a b l e 1) . 

I n a d d i t i o n , d e c l i n i n g i n S e G P x a c t i v i t i e s , as a r e s u l t o f i n c r e a s i n g 

d i e t a r y H I , c o u l d be a t t r i b u t e d t o d i f f e r e n t d i e t a r y P U F A l eve l s 
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FIGURE 1 | Oxidative biomarkers in liver and intestine of pikeperch (Sander lucioperca) fed experimental diets. Values are presented as means ± standard deviation 
Means with different letters are significantly different (P < 0.05) from each other. 

( T a b l e 2), w h i c h a r e h i g h l y s u s c e p t i b l e to o x i d a t i o n . I n fac t , F A h y d r o p e r o x i d e s a n d h y d r o g e n p e r o x i d e , w i l l be a l so h i g h 

T o c h e r et a l . (2002) r e p o r t e d t ha t a h i g h d i e t a r y P U F A c o n t e n t ( P a s s i et a l . , 2 0 0 2 ) . 

i n c r e a s e d l i p i d p e r o x i d a t i o n i n fish t i s sues , a n d c o n s e q u e n t l y t h e T h e p r e s e n t s t u d y i n d i c a t e s t ha t t h e C A T a c t i v i t y i n 

S e G P x e n z y m e a c t i v i t y i n v o l v e d i n r e d u c i n g p e r o x i d e s , i n c l u d i n g i n t e s t i n e o f p i k e p e r c h w a s s i g n i f i c a n t l y h i g h e r f o r H I 9 t h a n 
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F I G U R E 21 Histopathological alteration of liver of pikeperch considered in the present study. (A) Normal liver, Haematoxylin & Eosin (H-e) stain, 40x magnification 
for HI36 diet. (B ) Mild and multifocal vacuolar degeneration (grade 1), H-e, 40x magnification, for H118 diet. ( C ) Moderate and multifocal vacuolar degeneration 
(grade 2), H-e, 40x magnification, for the HI9 diet. (D ) Severe and diffuse vacuolar degeneration (grade 3), H-e, 40x magnification, for CO diet. 

for H I 1 8 a n d H I 3 6 g r o u p s . A s i m i l a r p h e n o m e n o n w a s 

r e p o r t e d f o r C A T a c t i v i t y i n t he i n t e s t i n e o f r a i n b o w t r o u t 

f e d i n s e c t m e a l (T . molitor), w h e r e a s u b s t i t u t i o n l e v e l o f 

2 5 % fishmeal d i s p l a y e d h i g h e r a c t i v i t y t h a n t he 5 0 % l e v e l 

( H e n r y et a l . , 2 0 1 8 a ) . T h e C A T a n d S e G P x a c t i v i t i e s i n t he 

p r e s e n t s t u d y w e r e s i m i l a r f o r C O a n d H I 9 , a n d l o w e r t h a n 

f o r H I 1 8 , H I 3 6 g r o u p s . T h i s r esu l t i n d i c a t e s t ha t s u b s t a n t i a l 

s u b s t i t u t i o n o f f i s h m e a l w i t h H I r e d u c e d a n t i o x i d a n t e n z y m e 

ac t i v i t i e s i n p i k e p e r c h . T h i s i s i n l i n e w i t h a p r e v i o u s 

finding p e r t a i n i n g to r a i n b o w t r o u t ( O . mykiss) ( E l i a et a l . , 

2 0 1 8 ) . T h e d e c l i n e o f these b i o m a r k e r s i n H I 1 8 a n d H I 3 6 

g r o u p s c o u l d be r e l a t e d to a n i m b a l a n c e b e t w e e n R O S 

p r o d u c t i o n a n d a n t i o x i d a n t c a p a c i t y . A s u i t a b l e c o n c e n t r a t i o n 

o f a n t i o x i d a n t s , s u c h as c h i t i n a n d o t h e r b i o a c t i v e c o m p o u n d s 

( N g o a n d K i m , 2 0 1 4 ) , m a y s u p p o r t a n t i o x i d a n t e n z y m e 

ac t i v i t i e s i n H I 9 c o m p a r e d to t he o t h e r H i - c o n t a i n e d d ie t s 

( H e n r y et a l . , 2 0 1 8 a ) . 

G l u t a t h i o n e S - t r a n s f e r a s e p l a y s a n e s s e n t i a l r o l e i n s c a v e n g i n g 

f ree r a d i c a l s a n d x e n o b i o t i c s d e t o x i f i c a t i o n ( A k s n e s a n d N j a a , 

1 9 8 1 ; L i et a l . , 2 0 1 0 ) . I n c r e a s e d g l u t a t h i o n e S - t r a n s f e r a s e a c t i v i t y 

i n i n t e s t i n e , b u t n o t l i ve r , w a s o b s e r v e d a c r o s s d i e t g r o u p s i n 

the p r e s e n t s t u d y ( F i g u r e 1 ) , t h u s i m p l i c a t i n g tha t s o m e o f the 

c o m p o u n d s i n H I m a y h a v e s t i m u l a t e d t he b i o t r a n s f o r m a t i o n 

p a t h w a y i n i n t e s t i n e o f p i k e p e r c h , w h i c h w a s a l so f o u n d i n 

l i v e r o f t i l a p i a (Oreochromis niloticus) f e d c r i c k e t - b a s e d feeds 

( O g u n j i et a l . , 2 0 0 7 ) . I n fact , i n s e c t m e a l s m a y c o n t a i n h a r m f u l 

s u b s t a n c e s , i.e., h e a v y m e t a l s a n d p e s t i c i d e s ( v a n d e r S p i e g e l et a l . , 

2 0 1 3 ) . T h e a b s e n c e o f a n a l t e r a t i o n o f the h e p a t i c G S T ac t i v i t i e s 

a f te r a d m i n i s t r a t i o n o f H I c o u l d be the r e s u l t o f f a c t o r s o t h e r 

t h a n x e n o b i o t i c s ( C o l l i e r a n d V a r a n a s i , 1991) o r t i s s u e - s p e c i f i c 

r e s p o n s e ( M a r t i n e z - A l v a r e z et a l . , 2 0 0 5 ) . 

W e a l s o o b s e r v e d n u m e r i c a l l y h i g h e r o x i d a t i v e b i o m a r k e r s 

i n l i v e r o f p i k e p e r c h t h a n i n i n t e s t i n e ( F i g u r e 1) , w h i c h w a s i n 

a g r e e m e n t w i t h r e c e n t findings ( P o l i c a r et a l . , 2 0 1 6 ) , r e p o r t i n g 

t ha t l i v e r w a s o n e o f t h e m o s t s u s c e p t i b l e t i ssue i n r e s p o n s e to 

a r t i f i c i a l n u t r i t i o n a n d c o n t r o l l e d c o n d i t i o n s . 

Histo-Morphology 
D i e t a r y H I i n o u r s t u d y d i d n o t i n d u c e a n y m o r p h o l o g i c a l 

o r i n f l a m m a t o r y c h a n g e s i n t he i n t e s t i n e o f p i k e p e r c h , a 

resu l t t ha t i s i n a g r e e m e n t w i t h p r e v i o u s s t u d i e s c o n d u c t e d 

o n d i f f e r e n t fish s p e c i e s f e d d i e t a r y i n s e c t m e a l s ( E l i a et a l . , 

2 0 1 8 ; Z a r a n t o n i e l l o et a l . , 2 0 1 9 ; Z a r a n t o n i e l l o et a l . , 2 0 2 0 a ) . T h e 

a b s e n c e o f i n t e s t i n a l a n d h e p a t i c i n f l a m m a t i o n c o u l d be l i n k e d 

t o a n t i - i n f l a m m a t o r y p r o p e r t i e s r e g u l a t e d b y d i e t a r y s a t u r a t e d 

fa t t y a c i d s c o n t e n t , e s p e c i a l l y l a u r i c a c i d ( C 1 2 : 0 ) a n d c h i t i n 
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FIGURE 31 Boxplots showing the alpha diversity rarefaction index across experimental diets. The boxes represent the interquartile range (IR) between the first and 
third quartiles, and the line inside the boxes represents the median. Whiskers denote the lowest and the highest values within 1.56 IR from the first and third 
quartiles, respectively. Circles represent outliers beyond the whiskers. Different superscripts within boxplot indicate significant differences 

c o m p o n e n t ( H e n r y et a l . , 2 0 1 8 b ; V a r g a s - A b u n d e z et a l . , 2 0 1 9 ; 

Z a r a n t o n i e l l o et a l . , 2 0 1 9 ; G a s c o et a l . , 2 0 2 0 b , c ) w h i c h w e r e f o u n d 

to be p a r t i c u l a r l y h i g h i n H I a n d H i - c o n t a i n i n g d i e t s i n the 

p r e s e n t s t u d y . A l t h o u g h t h e r e w e r e n o s i g n i f i c a n t d i f f e r e n c e s (at 

P - v a l u e < 0 .05) , t h e v i l l i w e r e m o r e e x p a n d e d i n the H I 3 6 g r o u p 

t h a n i n t he o t h e r g r o u p s ( T a b l e 3), a n d t h i s w a s a t t r i b u t e d to 

the p r e s e n c e o f c h i t i n . C h i t i n c o u l d s t i m u l a t e t he g r o w t h o f v i l l i 

t h i c k n e s s i n t i l a p i a ( O . niloticus), p r o b a b l y d u e to i t s v i s c o s i t y 

a n d w a t e r h o l d i n g c a p a c i t y ( K i h a r a a n d S a k a t a , 1997 ) . C h i t i n a l so 

i n d u c e d the p r o d u c t i o n o f s h o r t - c h a i n fa t t y a c i d s , s u c h as aceta te , 

p r o p i o n a t e a n d n - b u t y r a t e , a n d n - b u t y r a t e i n p a r t i c u l a r w a s 

o b s e r v e d i n i n t e s t i n e o f t i l a p i a ( K i h a r a a n d S a k a t a , 1997 ) , t h e r e b y 

i n c r e a s i n g i n t e s t i n a l h i s t o - m o r p h o l o g y o f fish, e .g . , v i l l i l e n g t h 

a n d w e i g h t ( D a w o o d , 2 0 2 1 ) . T h e l a r g e q u a n t i t y o f Paenibacillus 

g e n u s i n i n t e s t i n a l d i g e s t a o f fish f e d H I 3 6 ( F i g u r e 6 ) c o u l d 

act as a p r o b i o t i c f o r a q u a t i c a n i m a l s p e c i e s ( M i d h u n et a l , 

2 0 1 7 ; C h e n et a l . , 2 0 1 9 ; A m o a h et a l . , 2 0 2 0 ) , c o n s e q u e n t l y 

e n h a n c i n g i n t e s t i n a l h e a l t h i n d i c e s , i n c l u d i n g h i s t o m o r p h o l o g y 

( D a w o o d , 2 0 2 1 ) . 

I n c o n t r a s t t o r e c e n t findings, w h i c h r e p o r t e d tha t a n 

i n c r e a s i n g i n c l u s i o n o f i n s e c t m e a l s i n d u c e d a h i g h e r d e g r e e 

o f h e p a t i c v a c u o l i z a t i o n d e g e n e r a t i o n i n fish ( L i et a l . , 2 0 1 7 ; 

Z a r a n t o n i e l l o et a l . , 2 0 1 9 ) , t he p r e s e n t s t u d y i n d i c a t e s tha t f e e d i n g 

p i k e p e r c h w i t h < 9 % H I c a u s e d m o r e seve re h e p a t i c d e g e n e r a t i o n 

t h a n 18 o r 3 6 % d i d ( T a b l e 3), w h i c h c o u l d be r e l a t e d to a fa t t y 

l i v e r s ta tus . S c h u l z et a l . (2005) r e p o r t e d tha t a l o w l e v e l o f 

p a l m i t i c a c i d ( C 1 6 : 0 ) y i e l d e d a h i g h e r h e p a t i c l i p i d c o n t e n t . I n the 

p r e s e n t s t u d y , t he s i g n i f i c a n t l y l o w e r p a l m i t i c a c i d i n t he c o n t r o l 

g r o u p t h a n i n t he H i - c o n t a i n i n g g r o u p s c o u l d p a r t l y e x p l a i n 

t h e h e p a t o c e l l u l a r v a c u o l i z a t i o n p h e n o m e n o n . T h e m e c h a n i s m 

t o w h i c h p a l m i t i c a c i d a f f e c t i n g h e p a t i c t i ssues r e m a i n e d t o be 

e l u c i d a t e d . H o w e v e r , t h i s F A p r o m o t e s h e p a t o c y t e p r o l i f e r a t i o n 

( W a n g et a l . , 2011 ) a n d possess a n t i - i n f l a m m a t o r y a n d a n t i v i r a l 

ef fects ( L i b r a n - P e r e z et a l . , 2 0 1 9 ) . O n t h e o t h e r h a n d , t he h i g h 

c o n t e n t o f d i e t a r y l a u r i c a c i d ( C 1 2 : 0 ) , h i g h o x i d a t i o n a n d l o w 

t i s sue d e p o s i t i o n , w a s f o u n d to d e c r e a s e l i v e r l i p i d s t o r a g e i n 

f r e s h w a t e r A t l a n t i c s a l m o n ( B e l g h i t et a l . , 2 0 1 9 ) . T h i s c o u l d 

e x p l a i n t h e r e d u c t i o n i n t he a d i p o s e l i v e r i n p i k e p e r c h f e d H I 18 

a n d H I 3 6 , c o m p a r e d t o t h e c o n t r o l a n d H I 9 d i e t s ( T a b l e 3). 

T w o F A s , l i n o l e i c a n d o l e i c a c i d s , w e r e c o n f i r m e d t o i n d u c e 

t h e o c c u r r e n c e o f h e p a t i c s tea tos i s i n sea b r e a m (Sparus aurata) 

( C a b a l l e r o et a l . , 2 0 0 4 ) . M o r e o v e r , o w i n g to l a r g e m o l e c u l a r 

w e i g h t , o l e i c a c i d c o u l d p r o d u c e a l a r g e l i p i d d r o p l e t w h i l e 

i n r u s h h e p a t o c y t e ( B r a d b u r y , 2 0 0 6 ) . T h e s e F A s w e r e f o u n d to 
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FIGURE 41 Microbiota composition (PCA plots) in intestine of pikeperch (Sander lucioperca) fed experimental diets. 
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FIGURE 51 Relative abundance (%) of the OTUs in the intestine of pikeperch fed experimental diets at phyla (A), family (B), and genus (C) level. Only bacteria with 
an overall abundance of > 1 % and > 0.5% at phylum and family/genus level, respectively, were presented. The bacteria were pool as "Others," when lower than 
aforementioned abundance. 

be s i g n i f i c a n t l y h i g h e r i n C O t h a n i n H I 1 8 , H I 3 6 ( T a b l e 2 ) , d o c o s a h e x a e n o i c a c i d ( D H A ) a re k n o w n t o a n i n h i b i t o r o f l i p i d 

w h i c h c o u l d i n d i c a t e seve re s tea tos i s i n l i v e r s o f t h e f o r m e r a c c u m u l a t i o n i n l i v e r s o f sea b r e a m (S. aurata) ( C a b a l l e r o et a l . , 

g r o u p ( T a b l e 3 ) . H i g h i n t a k e s o f e i c o s a p e n t a e n o i c a c i d ( E P A ) a n d 2 0 0 4 ) . T h e r e f o r e , t h e c h a n g e i n t he p e r c e n t a g e o f t he d i f f e r e n t 
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FIGURE 61 Boxplots showing the relative abundance at the genus level of the OTUs in the intestine of perch fed experimental diets. Means with different letters are 
significantly different (FDR < 0.05) from each other 

F A s i n the e x p e r i m e n t a l d i e t s , d u e to the i n c l u s i o n o f H I , c o u l d 

f u r t h e r e x p l a i n t he s e v e r i t y o f h e p a t i c v a c u o l i z a t i o n d e g e n e r a t i o n 

o b s e r v e d i n p e r c h f e d C O a n d H 9 d ie ts . 

Microbiota 
T h e p r e s e n t s t u d y r e v e a l s t ha t d i e t a r y H I e n h a n c e d m i c r o b i a l 

b i o d i v e r s i t y i n d i c e s i n i n t e s t i n e o f p i k e p e r c h , c o m p a r e d w i t h 

i n s e c t - f r e e d ie t , a resu l t t ha t i s i n l i n e w i t h r e c e n t findings o n 

r a i n b o w t r o u t ( B r u n i et a l . , 2 0 1 8 ; H u y b e n et a l . , 2 0 1 9 ; R i m o l d i 

et a l . , 2 0 1 9 ; T e r o v a et a l . , 2 0 1 9 ) , t h e r e b y c o n t r i b u t i n g t o gu t h e a l t h 

a n d h e a l t h s ta tus o f t h e hos t . 

I n a g r e e m e n t w i t h p r e v i o u s s t u d i e s o n i n t e s t i n a l m i c r o b i o t a o f 

p e r c i d fish a n d f r e s h w a t e r s p e c i e s , t he p r e s e n t s t u d y r e v e a l s tha t 

Firmicutes, Proteobacteria, Bacteroidetes w e r e t he m o s t d o m i n a n t 

p h y l a i n t h e i n t e s t i n e o f p i k e p e r c h , r e g a r d l e s s o f the H I i n c l u s i o n 

l e v e l ( L i et a l . , 2 0 1 4 ; K a s h i n s k a y a et a l . , 2 0 1 8 ; T e r o v a et a l . , 2 0 1 9 ) . 

O u r r esu l t s s h o w a n a b u n d a n c e o f Clostridium g e n u s i n 

fish f e d H I 9 a n d H I 1 8 , w h i c h w a s e v e n g r e a t e r t h a n t h o s e f e d 

C O a n d H I 3 6 . M e m b e r s o f t h e Clostridium g e n u s a re c o m m o n 

e f fec t i ve m i c r o o r g a n i s m u s e d as p r o b i o t i c s i n a q u a c u l t u r e 

( N a y a k , 2 0 1 0 a , b ) . Clostridium butyricum h a s b e e n s h o w n to 

p o s s e s s a p a t h o g e n i c i n h i b i t i o n c a p a c i t y i n f a r m e d fishes ( P a n 

et a l . , 2 0 0 8 a , b ; G a o et a l . , 2 0 1 3 ) , i m p r o v e f e e d e f f i c i e n c y i n 

s h r i m p ( D u a n et a l . , 2 0 1 7 ; L i et a l . , 2 0 1 9 ) , a n d t o be s u i t a b l e 

f o r u s e as p r o b i o t i c s i n f a r m e d fish ( H a i , 2 0 1 5 ; Z o r r i e h z a h r a 

et a l . , 2 0 1 6 ) . T h e g r e a t e r p r e v a l e n c e o f Clostridium a n d o t h e r 

p r o b i o t i c - u s e d b a c t e r i a i n H I 9 , s u c h as Lactobaccillus a n d 

Bacillus g e n e r a , t h a n i n H I 3 6 , c o u l d e x p l a i n t he d i f f e r e n c e i n 

f e e d c o n v e r s i o n r a t i o b e t w e e n these d i e t s i n p r e s e n t s t u d y . 

T h e Bacteroides a n d Clostridium g e n e r a a re k n o w n to be the 

m a i n t a x a i n v o l v e d i n p r o d u c t i o n o f fa t t y a c i d s a n d v i t a m i n s 

( B a l c d z a r et a l . , 2 0 0 6 ) . T h e a b u n d a n t p r e s e n c e o f these t a x a 

c o u l d p a r t i a l l y c o m p e n s a t e f o r n u t r i t i o n a l i n s u f f i c i e n c i e s i n H I -

c o n t a i n i n g d i e t s , a n d c o n s e q u e n t l y r e s u l t e d i n a c o m p a r a b l e 

g r o w t h ra te a m o n g c o n t r o l , H I 9 a n d H I 18 d ie t s , ye t t he of fset m a y 

be n o t e f f i c i en t f o r H I 3 6 g r o u p . 
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It i s w o r t h n o t i n g t ha t Cetobacterium, t he m o s t p r e d o m i n a n t 

b a c t e r i u m i n i n t e s t i n e o f n a t u r a l p i k e p e r c h ( K a s h i n s k a y a et a l . , 

2018 ) a n d o t h e r f r e s h w a t e r fish ( L a r s e n et a l . , 2 0 1 4 ) , w a s 

d e t e c t e d i n o u r c a p t i v e p i k e p e r c h f e d d i e t a r y H I . S i m i l a r 

findings w e r e a l so o b s e r v e d i n r a i n b o w t r o u t ( E t y e m e z a n d 

B a l c d z a r , 2 0 1 5 ) , c o m m o n c a r p ( v a n K e s s e l et a l . , 2 0 1 1 ) , a n d 

g i a n t a r a p a i m a ( R a m i r e z et a l . , 2 0 1 8 ) f e d c o m m e r c i a l a q u a f e e d s . 

It s e e m s r e l e v a n t tha t Cetobacterium i s a m o n g t h e c o r e 

b a c t e r i a i n p i k e p e r c h . 

I nsec t m e a l , i n g e n e r a l , i s a c h i t i n - r i c h i n g r e d i e n t . T h e 

d e g r a d a t i o n a n d d i g e s t i o n o f t h i s s u b s t a n c e r e q u i r e b i n a r y 

e n z y m e s , i n c l u d i n g c h i t i n a s e a n d ß — N — a c e t y l g l u c o s a m i n i d a s e , 

a n d i n v o l v e v a r i o u s m i c r o b a c t e r i a d e r i v e d f r o m d i g e s t i v e t rac t 

o f fish w i t h a c h i t i n a s e - p r o d u c e d c a p a c i t y ( R a y et a l . , 2 0 1 2 ; 

R i n g o et a l . , 2 0 1 2 ) . A m o n g these c h i t i n - d e g r a d e d b a c t e r i a , the 

Plesiomonas a n d Bacillus g e n u s w e r e d e t e c t e d a c r o s s t r e a t m e n t 

g r o u p s at a p a r t i c u l a r l y l o w a b u n d a n c e ( F i g u r e 4) . T h i s finding 

i m p l i c a t e s t ha t p i k e p e r c h m a y n o t be ab le t o d e g r a d e c h i t i n . 

A l i m i t e d p r e s e n c e o f c h i t i n a s e - p r o d u c i n g b a c t e r i a w a s a lso 

o b s e r v e d i n r a i n b o w t r o u t ( B r u n i et a l . , 2 0 1 8 ; H u y b e n et a l . , 2 0 1 9 ; 

R i m o l d i et a l . , 2 0 1 9 ; T e r o v a et a l . , 2019 ) a n d t h i s m a y h e l p to 

e x p l a i n t he l o w o r a b s e n t c h i t i n d i g e s t i b i l i t y i n t h i s s p e c i e s (St-

H i l a i r e et a l . , 2 0 0 7 ; H e n r y et a l . , 2 0 1 5 ; R e n n a et a l . , 2 0 1 7 ; C a i m i 

et a l . , 2 0 2 0 ) . 

I n c o n c l u s i o n , H I , f e d as a p a r t i a l o r t o t a l r e p l a c e m e n t o f 

fishmeal d i d n o t i n d u c e a n y i n f l a m m a t i o n o f l i v e r o r i n t e s t i n e , 

o r a n y i n t e s t i n e d e g e n e r a t i o n , b u t d i d s h o w s i g n s o f severe 

h e p a t i c s tea tos is o f p i k e p e r c h f e d C O a n d H I 9 g r o u p s . D i e t a r y 

H I p r o m o t e s a n t i o x i d a t i v e e n z y m e a c t i v i t i e s o f C A T , G P x a n d 

G S T , b u t n o t o f S O D , i n l i v e r a n d , to a lesse r e x t e n t , i n 

i n t e s t i n e o f p i k e p e r c h . T h e i n c l u s i o n o f H I u p to 1 8 % o r 5 0 % 

fishmeal r e p l a c e m e n t i n p i k e p e r c h d i e t s i n c r e a s e d a b u n d a n c e o f 

Clostridium, Oceanobacillus, Bacteroides, a n d Faecalibacterium, 
w h e r e a s t h e p r e d o m i n a n t b a c t e r i u m , Cetobacterium w a s f o u n d 

i n t he c o n t r o l a n d H I 3 6 g r o u p s . B e c a u s e o f t he a b s e n c e o f 

i n f l a m m a t i o n i n t i ssues , t he e v o l u t i o n o f a n t i o x i d a t i v e e n z y m e , 
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Does dietary Tenebrio molitor affect swimming capacity, energy use, 
and physiological responses of European perch Perca fluviatilis? 
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OíiyXW] íi>J]3HLI]UCÍL>ll 
Cast of Transport 
ťhyí iolasLcal response 

W e nssessfifl swimming ennnriry, ňnp.rjřy e.x perní i n i r e , a n d phyftiolngiritl responses n f E u r r i n c j i n pcrch (Pfnr.fi  
r3ijvjVj;j'Jj.-r} led four inraiilragejiens a n d i soene rge t i c ditus containing yellow i r i e n l v J o m i ('fen i . n: . ir) l a r vae 
meal At O, 2 5 . 50, and 75í í substitution far risli me.il (abbreviated diets, TMO, TM25, JM50, »nd TM75J. Hadi diel 
wns fed to miíid.mplicřitc g r n n p o f peren, (ínitifit hifimetrtcs, b o d y weight 2<}.al + 'A.'iii létal Length 1 1 . / ' / -
D.72 cm) for t m [ lays. AI d i e Ip.rni inal of f e e d i n g LrLaL following 24 ll slarvaiion. eighty Jisti ( 2 0 lish/dict Rronp) 
were individually selected for swimming pcrfonnrincc tests, which w e n : c u n d u c L e u in 4110 L eucEused swij Lu l l ing 
[ u m i c l wiih velocity increased from 5 cm/s in 2 cin/s increment? every uO s. Exercised fi&h, fish experienced 
awi]iL[]]iiiK testa, ELnd nun exercised fish, fish nut involved i n s w i n L i n i n g Ipsts WPTP, at the s . w l i m p , s/ implpri for 
senim biochemistry, muscle traits, Whole-body of non-exercised fish were also analyzed for proximate compo
sition nnri t a t l y .ICLLI pmfilp. 

Critical swimming speed CU^nt, cm/s and body leugtli/s), oxygen consumption (MO^ jna/ks/li), una energy 
cost o f transport (COT, J/kg/in) of perch did not d i f f e r among diet [ rea i i i ie i iUL HxercLsed |K*rrl] n igp i i f i can i l y 
increased s e r u m glucose nnd c o r l i s n l c o m p a r e d tn nnn-exrreiscd tnsli. iubstiLudon o f I]£:|IJ]LL:U1 by 1". H iuEL iw lo rvue 
tw.\\ irLcJucEHl sigLhifie^nt eliangei; in : is|Kiri:htť a i u i ncL rans i t i r asF across tfcauncnr groups, lactate aehydro^enase 
in TMU and LTVT/ÍJ, K 1 concentration in fish feel TM/tj, and muscle wu te r c^ntcjit in TM50 uf exercised cu i i LU iued 
to non exercised perrli, Oleic arid uf whole tnu ly fsli lind a significant linear earielatioji with the critical 
swi i iLLi i i i iK apeed o f CurupeniL ptrcti. Since fislt s w i n u L i i n x LielLuvÚjt is nn inrficaror ef íinimni ivclfřirc^ o u r findings 
sussest that dietary insect meals could ensttre the welfare of famietl fisli. 

1 . I n t r o d u c t i o n 

The rontintimifl growrh of aquaniltnre industry as a rxmserjiicncc of 
incTiHasicig j^lLilial .wafocid demand ha.1; j^r^ssLir^d atpiafHEid inj^rrtlitiiil 
inputs, which traditionally rely on finite marine fish for dietary protein 
sources ( I r oeh l i ch et a l . , 2013 ; F A O , 2D20). Insect meal possesses 
CKEenlial properties, namely good nutritional content, environ menial 
su ifahilily, CLiiisiLineraccp.planc^, .scalability, and [irite coiTi[wtilitnt, and 
thereby has been identified as the greatest potential as protein sources 
for aejtiafeeds over the next decades ( i l u a et a l . , 2010 ; CVasro et al., 
2020b ; Oasco e l a l . . 2020a}, Among seven insect species (two Hits, two 
worms, and ihree crickels) approved for use in aquafeeds by the Euro 
pean Commission (Regulation 2 0 1 7 / 0 9 3 , 24 May 2017) , black soldier 
fly (Hetnetia niveau), common housefly (iUtisrn domes'jca), and yellow 

mealworm (Vienebrio moiitorl have received the most interests of 
research (Mastoraki et al., 2020; Una. 2021). 

The use of T. matirnr larvae meal Cl'M) in fish feed has been inves
tigated «xtfnsiv«ly_ Sn ii.il anl ial replacement of fishmeal by I'M without 
detrimental impact on growth performance or feed conversion ratio has 
been reported, for example, red sera bream (Pn^rris nmyor) (lflOHi SILII-
s l i l n l i L i L i ) (Idct L:1 al,. 2019), whilHffj L i h r i n i j i (J .noprmi t f rLS wiimiimei] 

(1011%) ( r Jac i i n i ei a l . , M17), African catfish (Ciarios jariepirtus) (BU'Mi ) 

(Ng et at., 201)1), yellow catfish [I'<i&e.ol>agnis fulvittravo) (75%) [Sti et nl., 
2017), and rainbow trout (Oncor/rync'uis myJcisj) (67%) (rlelforli cl ill., 
2li I"), Dietary T M has been shown to alter fish immune responses (Su 
et al,, 2017; Henry et al., 201 Bb; Henry et a!., 201 fin; Sankinn et al., 
ZOlfi; Song et al.. 20US), gut inierobiora diversity (Anlonnpouloti etal. , 
201 0; Jozcrink et al., 2019) and meal traits, including fatly acid prolilc, 

* C n m p s p n n d i n ^ m i thn r . 

E mail address: s te j ska lĚ f l rov . i c i t . cz (V. Stejskal), 

l u l p s : , ' / d u i . o r g , ' I 0 . 1 U ] b / i . n q u ! k c i i l l i L i c . 2 0 2 1 .VKbe II) 
Heceiveri 19 Scptcmher 2020; Received in revised form 5 March 2t)21; Arcepted 7 March 2021 
Available online 13 Maich 2021 
QOH-e i8ů /Č Í 2021 Published b y Elsevier E.V. 

- 7 7 7 -

http://www.c/$i;v/t!r-CC%3err/!lacs:%3ci/atius)%3czutiurf
http://Pfnr.fi
http://me.il
http://ii.il


HQ. Tnm ctai 

in rn.ind.ann fish {Smipcrca scherzen) (Saiikinn et -JIÍJÍÍ), rainbow 
iTiinl (lie Iii irr. i cl rd., 2015- laciní ÍM cl ill.. 2f)]!>), P- bogSFäytO flatoniisi 
el al., 2017), Nile litapia {.CTeudirumis ndvlkits) (Sstiichiiis-Muros el aL, 
15.»*i.• 'Land European sea bass [Uicejiírarcfiiu; fanrur)(tíasco et a l , 201 rj). 
Consequently, these alterations may influence the physiology of insect 
meal-fed aquatic animals. Swimming performance and metabolic ac
tivity assessment are considered important proxy for ihe physiological 
traits of fishes (-Mien et al.. 2021). The former variable is commonly 
assessed via critical swimming speed [UotO (bivii, i'"-I), while oxygen 
constrmption (MOa) is Ihe measurement of I he latter, and of othtT 
melalhc end points, such us cost of Iransport (COT), the energy cost to 
transport unit of hody mass over one unit of distance (McPliee and .tanz, 
2014}. Those variables arc sensitive indicators of physiological stress 
(Brett, 1072). diclaty nulrilion (Marios-Siterm n't a!,. 201 x). and meal 
trait alteration of fish (1 tammer, 1995; McKenzie el al,, l W U ; Wagner 
Et ill-. 2004; Clii!teller cl nl., 20tlť>)_ In pitrliculaT, mu-.cle fcilly F i r i d 
profile. WHK repnrLed to affect swimming performance of Atlantic Xfllmgr 
(iaírao sciar) [McKenzie et al.. 1 9 y e ; Wagner et al., 2001), European 
sea bass (Oiíuelier IT. nl., 2uij(i), and Arctic charr (SalWinus atfnmis) 
(Pel 1r nail m el ill., 20 L 0). In uddil ion, the. fled-growing of ac|iiřiccilliirtL }I;LS 
placed the importance cjf irilrodiicicig new farmed candidates and animal 
welfare, physiological indicators of swimming performance and meta
bolic rate are, therefore, beneficial for aquaculture guidelines, such as 
itystcm design, toward.-* better growth, health, and welfare (\1iirtan 
et al.. 2012; Allen et al., 2021). 

liurope.iii pereh (PercaßuvialUis) is a novel candidate for aquaculture 
diversification in Europe and, along with other pete ids fish species, will 
promptly become an established aquaculture sector in Europe (Ptiliear 
el al.. 201 <i). Fillers of intensively cultured perch have excellent iintri 
tional value, particularly beneficial fatty acids (fltriska! cl 21) I I ) . 

Dietary insect meal [Hermetic; itiwrens) was reported to significantly 
modify meal quality, especially the fatty acid profile oi European perch 
relative I» iiiiierl-fxr.o dici (Sic .,k;:l el al., 2ÍJ2Í.'), which could aller the 
above-mentioned physiological indicators, these indicators become 
more critical for grow-out production of percids mainly held in re
circulated aquaculture system (RAS), which i i moving towards 
optimal operation sy.sli-rr (Rleenfeldl et a l , 2015; Polic ar tit al., 2019), 

Ilms fur, Ihe measure, of swimming performance, nieLnhiitic ad ivilieji 
of insect meal-fed European perch could provide useful information for 
the future farming practice of percid fish, especially RAS designed sys
tem Find for oilier i usee I-fed fish species. The goal of itie. přecení sliniy 
was to determine critical swimming speed, oxygen eousumptioii, cost of 
transport, and physiological response of European perch fed dietary 
defatted mealworm 7". moil for larvae meal. We also explored predictable 
factors which may influence the swimming performance of European 
perch. 

2. Materials and methods 

21. Flfiii.n x1iitr.T7n:nt 

The experimental procedures were performed under guidelines of 
the European Communities Directive (No. 2010/63/EU) on the protec
tion of animals used for scientific purposes and have been approved by 
Ihe (iH'ti Ministry of Haallh (MSM~J~ 6711/"Jt)lfi Í). 

2.2. Jbq>prim(*ntM dieJs 

Defatted 'I'M was obtained from a commercial source (NovoProtein, 
FISH Ai l EnF.UIOF nmbfl, Wien, Austria). Nutritional composition and 
fatty acid |JOIIMH ol TM are presumed in Tables I. fa. 

tour isonitrogenous and isoenergetic diets were formulated, with the 
control diet (TMO) containing fishmeal as the main protein source and 
Ihrer d LI:1N with T M liiTVřu: MI list it ulr/ri. fcir I i "Ť :: i: 11 •;! I 25, íifl,. FHIÍI 7S% 

TMňlJj "1"M7S) i-h1 1). 1'IIH fxpHnriiHiilHl (WvAx wtfr-E* fir[HÍLH't*f1 
at the [iXGT HOUÉJY s.r.o., Czech Itepuhhc, using a commercial fwin-
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Table 1 
liigrediejirs ai]fi proKiniate compositioji of 'i'eiiebha molitor larvae nieaL and 
rrpcnnirnriil dirts. 

Fiíhmcnil T M TWO TM2Ü T M M TM7& 

Soybean ccniccmraTC 29 ,0 29.0 MJ.a 
Fishmeal 27 .1 S0.3 15.5 6 -e 
unebne jjieltrer 0.(1 £-3 i:i.L, 20.^ 
SLIYIJL'IICI IHL'ill l l . i i 14.S H.5 14.5 

k J »III 1 1 >l 1 S.T »,T 9.7 Ii./ 

Msl i oil I:I i - 7 1.! / . / 
FKi jw^ed uil b.D 5.0 5 .S 
Methionine O.fi (i.n 0.A II.f. 

CS Ii.,-. 
V.n 1 mc C-.2 n.3 :}.? 0.3 
L-Tl t rcoi i inc ' 0 .05 OJOS 0.05 0,05 

Iii: ' K i lt. U.B O.l! •.:s 
Addit ives' A.Ů 4 .0 4.0 4 .0 

Proximate cwnpoiilion l<lry ÍJOřLíJ 
Dry inn Lire 1%) « . 5 95.0 94,8 9S.7 95.5 95. rj 

i:. 71 .1 fi.i 17.S 13."/ 17.2 
C i m l r l ip id [WJ 7 .« 0 ^ If. 1 I.'-I 15.S 17.0 

1 :.(> VA 8.9 st.o S.3 / . ( ! 
r i lne(4fc] 1.71 A n ř_7 
Ni i rogcn- f rcc cutraci La :,.!) 1 9 , i 21. a 22.3 21.6 

l f ] 
CíLHJcc e i ie isy t31f/ks> :' 20.1 21.1 21.0 so.a 31.3 21. i 

1 Adissec, China 
l i u m r Muiijuiibi tppen B i u t u d i (Jo.p Ltd. 

' Ajiiicimnlo A i i i n i i i l VnLrili(5]i rilirO|>e. 
^ \ : . : I . | ipen Itiolerl], riling. 
L' AiiiLiiovtuut Suk, "iruuw Nutrition Biofaklury a.r.o, Czech Reuabtic. 
1 Feed limestone [0,5%); P c i i t a K i d u u i i i triphosphate (l:osfa a,s, Czech Itepuh-

lic) (0.5%) and tjinder (NutriBind, AriLlspo, Chinn) (3.0W). 
1 Nitioseii-free extracts (NFE) = dry mailer - (mule protein + cnnle lipid -

nsh j fibre). 
'' tlrĉ FS energy (MJ/kg) ai; gros^ energy cocilent of protein (2 .̂6 MJ/kg), li|]i(L 

(39.5 MJ/kg> and Ni t [17,2 MJAs)-

screw extruder (Saibainuo, China). All finely grounded ingredients 
were mixed in a feed mixer HLJ-700/C: (Kaibainuo, China), followed by 
add ing oil and water lo form a mixture, subsequently extruded with 2-
mni diFiniolrr pctlels. Temperature during the extrusion process 
ranged 10ft "C. 

2 . . 'f. I*\xlr rjxrif retrrifj^ ftir.ilrt 

European perch juventles were obtained hy aFlif1[:ial prnpa^alion 
(AiiiipFirliicr, Prague, Cyrech Republic) and transported in oxygenated 1 
m 3 tanks lo ihe Itesean-li Institute of Fish Culttue and Hydrobiology. 
fish underwent two weeks ofadnptnlioo lo the experimental facility and 

were fed a commercial diet. 
Eighty-two fish (body weight 20.SI I 3.36 g, total length 11.77 I 

0,72 cm) were randomly assigned to each of sixteen black circular IfiO L 
tanks (four per diet) connected in RAS. Water i n f low Of 6.5 L /min in 
combination With Stone aeration created a constant clockwise flow of 
4,6 cm/s. Other parameters included photoperiort of 12 h:12 h [light: 
dark), light intensity 58.6 IK, water temperature 22.44 I 0.66 "C, plf 
7.00 : 0.29, oxygen satu rati oil 80,41 ± 9,02%, ammonia N 0,28 ± 0 , 1 6 
mg/L, nitrite nitrogen <0.45 mg /L . 

Fish were Ted daily al 7,00, 9.00, 11.00, Ki.CK), and 15.00 using 
automatic feeders (FJIFIM Twins, Dei/i^au, fierniany) for 119 days. 
Unconsumed feed was removed after each feeding and dried to calculate 
daily feed intake. 

2.1. Swimming cxperimenr 

Al the conclusion of rearing, evaluation of swimming fierfomianc^ 
was conducted in a 10 L40 >; 10 x lOcin swimming tunnet respirometer 
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(Loligo systems, Tjcic, Denmark) submerged in a buffer tank that was 
rimnt*"Led In an EHrralrd tcmpcralLinr:-rE)EilmllE:d 100 I. n^servoir tank 
allowing continuous water exchange. To ensure adequate diisolved 
oxygen concentration during swimming performance testing, the 
swimming chamber was connected to a buffer tank via a flush pump (20 
L/min, Ebcim GmbH, Dcizisau, Germany), Throughout the swimming 
I rial, dissolved oxygen remained above 70%, ensuring aLifficienl oxygen 
during swimming test (Hammer, 1995; Tudorache et al., 2f)0H; Thomas 
and Janz , 2011). Dissolved oxygen and temperature in the swimming 
chamber were continuously recorded, using a fibrcoptic oxygen probe 
and u temperature probe connected to a Wilrox 1 (Loligo Systems, Tjele, 
Denmark). Water temperature was maintained at 23 > 0.15 "C and light 
intensity at - GO Lx at the surface of the swimming system. Because of 
the sensitivity of perch to external stressors (Jentoil cl n i , 2005: Lan-
geland el a h , . : " • •), ih** system was covered by black plastic sheeting to 
prE:veEU distLErhsmce I m E i i swTOEEEidEEigs. Tin 1 sys lem WEES CEi[iEiE:t-|[:d IEJ 
A Li to ll+w [iC1 s< E0 WEEEP f I olif^o systEJET]s, TJHIH, ]>**EirEiark) ItE Ercmtrnl a n d 

record water velocity and dissolved oxygen in the swimming chamber. 

Eighty fish (20 fish/diet group) were used in swimming tests 
i E E l l o w i n g 24 h without feeding. Fish wc.ru? sch:eled rol EE t i c i EEE 11 v a i n o i E g 

l i iHl treEEl ETICEll EE HS H HJEETEI End pElTeVSElLllsly (WiHg I EHT E'L EH I . . ^ . O O l ) 111 ElOEli-

mize time differences and fmy potential additional growth among 
groups. 

Pish WE-IE: l ight ly EEiErsllicti-jicd wi th MS 222 (50 mg/l.) h mid Imdy 
w e i g l i l WEEEE EEifEESEErnd [El ihtJ EiEEarHwl O.tll £ and total length, w id th , a n d 

depth to the nearest 0.01 cm (Table 2). Individual fish were immediately 
transferred to the swimming tunnel and acclimated to test conditions for 
30 mins with water Now velocity of 5 cm/s, which cltEsely approximated 
that of the rearing tank. 

At the start of the swimming test, the tunnel was completely closed 
(no water exchange with thestirrottnding bath). The initial velocity was 
set al 5 cm/s and increased in 2 cm/s increments every 60 s until fatigue. 
The smal l EEicremoEils nl VCIEN i1y ELEId ILEEU: in OEEC prfi1ncE>l WITC KE:I ICE 
m i j i E E n i z H stress o f tested f L s b . A similar p m l E H ' o l has IEE*PEL CE EEI dEleted by 

Peterson [197-1}. The swimming test was terminated when the fish 
remained at the rear grid for more than 10 s. 

Cri1iE_EEl -SWEjOEning speed 0f r J , t , cm /s) WEES CFELE~Iiliit E:d EE(:E-ording lei 
Brvtl [ 1 9 6 4 ) : 

Utrif = U m s i +- (T m M / ' T j J 1 , H , n , ,T ] * Ujnterv.Ti), where U r r , ! ! is highest ve
locity recorded at fatigue (em/s); U i „ 1 P „ 3 l is velocity interval (2 cm/s); 
T m i r is' s[jent lEEne Eit ffit [JJI LE-rl vcliEEaty; ELrsd TjnEi-rvnl is I he IEEEIC i it I E7i~v ELI 

(()t) s). 
Oxygen consumption (MG 2 , mg/kg/h) was calculated as. 
MQj = ( lOi l .a - [OsluJ * (V/t) * U / B W ) . where |0 , ] l f p is oxygen 

concentration al the slarl of the swimming lest (mg Oa/L), lOaJn is 
oxygen concentration at the terminal of the swimming test (fish fatigue) 
(mg O2/L); V is volume of swi mining chamber minus volume offish (L). 
In fish. 1 kg is equivalent to 1 L (Boldsen et al.. 2013); t = t l - ro (hours); 
BW, body weight 

Cost of transport (Ctyr, J /kg /m) was calculated as described by 
M c P h e e and J a n z (2014). 

COT = (t\l0 2 * H ^ / U ^ L m . where oxycaloric value ol 14,1 J /mj ; 0^ 
U , „ L i : 1 is corresponding swimming speed (m/s). 

t a b l e 2 

Morphometries (Mean ± SD, n - 20/j>roup) of European perch fed experimental 
Elicls for 119 c lnys Eistrtl i n I IK- swÍEEsniÍE]g pcrfíirEEEEi Eire Inst. 

HoHy wr igf i t g Ttil.iL Longlh cm rnnai t icHi E"nrEm-; 

1 Mi l i51.I I t 9.iS!>" li i.-u) • n . M ' l . C j • tl.OEi 
T M ? S EVE.a? i ln.a,'!" 18,19 ± 0-72* •+ O i l 
T M M 82.85 i I f J . H " 1B.U3 ±0.G0" 1.11 ( i .K i 
TM7S yn .yn : a .o i h ]7.]r, • n_.ŤEih O J 1 

Different superscripts within a column indicate significant difference at P 
o.nr.. 
i C o E E d i r i u n f a c l u r - (Body w e i g h l / t u l a i JCEUJIJ]1) x 100. 

/ifluurutaiiT 539 (2021) 736610 

2.5. SamptiTig procedures 

After u 119-day feeding trial fish nol used fur swiiuiuing teats, 
hereafter non-exercised fish, and fish experienced swimming tests t i l l 

fatigue, hereafter exercised fish, were sampled as following procedures: 
Twelve non-excrciscd fish [12 fish/diet group) and exi^rciscd lish (20 

fish/diet group) were euthanized using an overdose of 125 mg/L ( • 
fulietal., 201 "•) MS2H2. Approximate 1 inLof blood WEIS drawn from the 
caudal vein and ectitriftigcd at 3O0Q RPM for 10 min with obtained 
serum was held al —30 "C for farther analysis. Subsequently, those lish 
were dissected fur sissay of post mortem pi I and waler content, i'ish 
muscle was assessed for pi I using Testo 206 pi I 2 (Testo Inc., Lenzkirch, 
Germany) inserting into muscle, then scale-off muscle was ground in a 
mincer O K A Mill A l l Basic, Slaufcn, Gcrmtuiy), subsequently oven-
dried (105 "Cl I o constanl weight for water content. 

FEjrty-EMgbl EiEiE]-E^VE:rE-isEid lish {12 f i .s l i /gmEEp) ivtTe I EEIECEI E LE Ed sli>n -d 

al —211 ° t : for siEhHťt[iEEij]t HTIHIVSÍH uf whcilti-h[Edy príix i CTEH if 

composition. 

2.6. Chemical and biochemical anafyses 

pE^:d SELEiEples w e n ' MiLEily groiEEid (1KA Mill A l l REBSÍC, SIEEIEICEI, 
Germany) and analysed for dry maUir fAOAt:, n. 934.01), cmsdB prsilHĚn 
fAOAd, n, 9tl4,13), crude fibre b y the tienneberg -Stohmann method 
(AOAC, n. 920.Ů6) , and ash content ÍAOAC, n. 942,05) according to 
fAOAC, 2n0f l ) . l jpid and iatty Eicid |irofiÍE-s in Imlh d ie ls Esnd wluiSe-lxidy 
fish were determined according to the melhodology described by .Mriiz 
and Pickova (2009) . 

Serum biochcmicnl piímnu^Eers and blood ions (Na + , K + , Cl~) were 
analyzed using an aulo analyzer Architect c4000 (Abboll Liiboralurics, 
Illinois, t,"SA) with commercial reagenI kits [Abbott Diagnostics, Illinois, 
USA). Cortisol concentration was analyzed using n reagent kit and 
aulomalcd imniunc-analyicrlmrnulite2n0u XPi (Siemens Healrhineers, 
Siemenst Healthcare Gmbll , lirlangcn, Germany). 

2.7. HftLtixlicat analyses 

A l l Statistical analyses Win: performed using the R Statistic Package; 
K Development Core Team 2009-2019, available at \w. t:. i | • i'-. j • :!.••.;; . 
All data were assessed for normality Using Shaplro-WillC test and hO-
EiiiEijtiEEťily o f var iaEnn IESÍEIJJ levene's test, Effect offish weight, length. 
Width, depth on critical swimming speed, oxygen consumption, and cost 
of transport was tested with C l o v a r i a E i c E ? A n a l y s i s {ANt:nvA), aEid EEEE 
sigEi i f i iEEEit iEEl'liEeEEce L U i i i i , (weight: ť-stařistic = 0.S5, P-wiIue = 0.36; 
IHEEKIII: 0 . 7 5 , C).:i9; wirilh: o . t lů , 0.5G; depth: 1,49, 0,23); MOj. (weight: 
2.97, O.oy; length: 0.34, 0.94, widlh: 2.1), 0.16; deplh: 1.56, 0,22), COT 

(weight: 0,77, 0,03; length: 0.7.1, o.:i9; w id th : o.54 ; 0 . 3 7 ; dHpih: (i.:s(i, 

O.R7)l was f E i u n d . Sign i Ilea l i t differences i n swimming speed, oxygen 
miEuiEmption, CIEEJI o f i r a E i s j i o r t , blood biochemistry, meat traits, diet 
composition among diet treatments were verified using one-way 
ANOVA followed Ttlttey'S honestly significanl difference (USD) ;is a 
post hoe test, when appropriate. Student's 1 tests were used to test sig 
nificani differences in bhwid biochemistry, muscle traits between exer
cised and non-exercised groups. Correlation matrix analysis with respect 
to critical swimming speed was performed on ggcorrplot' package 
(Kassambara, 2011). Correlation between nulrilional com pus si ion (of 
diets, fish muscle, ami wh ole bod y fi sh) vs. I JCT[T as well as between M02, 
COT vs, U C I L t were assessed with linear models using '1m' function, 
Significantly differences were considered at P < 0.05. 

3. R e s u l t s 

3.1. fish growth and proximate composition 

AP.Hr a 119-day fť^diiEj; trial, TLKII ÍE»d pE 3ri E: Lei El a I d i H t K had a 
similar survival rate, ranged 9S.4H-99.09%. Morphometries offish used 
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in swimming tests is shown in Table 1. European perch fed TM75 
shoii'id significantly lower grciwlii performanc c ill Fin oilier I r c i U i u o n t 

groups (P < Ü.031. Although fish grow ill was i in paired when T. muitlur 
larvae meal was substituted For 75% of fishmeal. condition factor did not 
differ among dietary treatments (P > 0,05). Feed conversion ratio 
significantly higher in fish fed TM75 diet (1.77) than does TMO {1.1 S), 
T IM25 (1.19), and TMSO (1.33) (standard error of the mean, 0.07). 

I'M con la ined a Iii gh amo tint of monoi msatu ra led consti tute of ale ic 
acid, accounting for 35,10% total fatty acids, while possessed low levels 
of essential fatly acids, docosnhexacnoic acid (DHA) (0.01%) and cico-
sapenlaenoie acid (UFA) (0.01%) (T;ili|sJ -*), Replacemenl fishmeal by 
'I'M significantly increased oleic acid (OA), liuoleic acid ( L A ) , and 
decreased EPA, DHA [P < 0.05) i l l ' (}. 

There was no significant difference ( P > 0,05) on proximale 
composition of whole body perch fed experimental diets, except for 
moisture, J i K i l l ic F t r i d , and tci lFi l saturated f rL l l y acids (Table *l). 
Keedicig perch with 50% f i s h meal replaced b y T M residiert in signifi
cantly higher moisture content compared to the fish meal group (P < 
0.05) and significantly reduced C l o : 0 and total SFA ( P < 0.05). (See 
Tu hie S.) 

Water eoiitenl M i l d prl were l icit statistically differenl in holh spee-
imen groups across diet treatments (P > 0.05) (Table S). 

X2. Swimming [lerformance 

Critical swimming speed, both in cm/s and BL/s , did not differ across 
I r e i i tEnon t grcji i|i.s (P > O.Oli) (I i;.:. 1 ) . Ttie V F i h i e s ol llnjc In 1 bo p r e s e n t 

study were 100/1 cin/s (interquartile range, 97.42 117.23) and 5.91 
BL/s (5,43-0.19). 

3.3. Oxygen comnmption arid ctwt of transport 

No significant fli (Terence on MO^antl CX7T across tliel [realm en Is was 
found (P > O.05). There was a positive quadratic relationship (P < 
0.001, F = 36.01, adjusted R-squarc = 0.47) for oxygen consumption 
and respected critical swimming speed. In contrast, negative quadratic 
model (P < 0.001, P 109.5, adjusted R square - 0.81) was observed 
f u r cusl cif Iranspcirt (l ;ig. 2 ) . 

3.4. Physiological responses 

Scrum biochemistry indices of exercised and non-exercised fish fed 

T a b l e .1 

Tat ty L i t id c u i L i j j u i i l i o n ( a s FL pecteuCLise u f lu l [ i l JuLLy a d d ) o f l i s l u L i e a l , de fa t ted Twtdbr\u wjul i tur Jiu v i le IIICFL! Find e x j j e r i m e i i t n l d i e t s . 

F i s l i m t i l 1 '.1 > IM2! j CM SO T M 7 5 S E M 

CI 4:0 .'.'I 1 *.) 1 I i / 1.57 1.1" 1.1 .-
CI 6:0 r<.o ao.fjo '1 :1<. •J 18 8.<1H •>. 11 i : .n/ 
C l t q l 3.11b 3.01 3.DC 1-94 1,9« 0.02 
C I S * :i 3 'j EH 2.57 2 j ' J 2 . » D.03 
f J I S i l i i a f t j A ) :i 1 as . 10 « . 7 7 

Cl t l :?[ i f i (Wä 1.] 2.Y0S IV. M ' 17.43* 17.50 1 ' 18.B9 0.12 
C16;3[i3 <LNA) 0.2 (1 CJtl (5.1* li 07 6.2S 4.31 0 51 
C K l i l n s l n.li D . M a.oi? D J * 

CaOlSaJ M.I rj.tH S . .M" 2,y}' : . i s r 2 . t » ' 0.06 
C22:4n3 t D H A ) 10.1 II f:| 4.ZG 3 . % f c 3 . i "s r a . z 3 r 0 4 J 
SI A I S J b 1 4 * 2 I.I.'J J 0.13 
H U M A.:'.. SiS.'JÜ liH./O J3.0Ü : .3. t3 i l i a 0.35 
F U F A 3 - ' 31.69 31 ,E l 31.01 M . 9 0 0.45 
•i :i .; I.V 1 .cn> 1 S.A, m . e / 12.00 ».6a 0.S7 
ii ft 3 7 S.i.bO l a . r i ^ 1 

l M 4 k 1S.1S 1 ' 30J01 0.17 
FLl 'A/SI '71 l.OB D./7 1 !.<J 1.™ 1 J H 1.71 0.O4 
11 3/11 6 111." 11.01 D./ l I l .d/ 0.11 D.Ö3 

" h.:i ITJMI rl" n l . f^ l lM) (P7on( imn( • f , r n r n p n s L f i n n d r y m i i t t r r ) ^ r rnH t : p r o t r i n : 7 3 % ^ r t h r r rx lT i i f ' t : f ish: n i l i ^ r n - L T c : ^ ^Jt t rnrr : 0LR%). Fni"ry nHrts w i t h lr."is 

itki-ki: 1 % [{H:HI f a l l y a c i d s i n C>Kperilnc>]i[»] ilieM ( C 1 0 : 0 n (112:0, CM\:Q, CI A:\r C I 5 : 0 , C I S : ! , (117:0, C 1 7 : 1 , C l f > : 3 t C l B i l c i ^ i r i i i s , < : iH : l r . 7 , C I S 2 n d c ra i i i , C l 3 3 n d , 

(J21LU, C 2 U : 3 n & 7 C 2 0 : 3 n J p ^ U : 4 n b p C 2 4 : U ? C 2 4 : l n ' J ? C 2 2 Lr iGI rvcrc n o t p resen ted in the t a b i c but i n c l u d e d i n fatty ac ids g r o u p c a l c u l a t i o n . L N A : 

li[|[)lc[tic Eirit l; S F A ; sijtiiTalesL fiiEly ncicds, M U F A ; inocicj i in^iLLLir i i i rd f i i i l y Etrkks; PUFA; iraLyuusnLuritCccI f i i i t y HICLLIH, DJN I nrcr inci i i iK. n\u\ |JCM,]WI flijiruLi.rd r r r o r cjf l l i c 

nieaik (SEM) . M t i u i i : i n J i e KIUHC- r i rA' WJLIL d i Q e r e n l suptrar j j ' i j j l i let icrs. d i H t r sigLiiIwraiiLiy [P < 0 .05} . 
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Who- ie -body composdr fon as w-ei w e t g l i t ) a n d fa t ty a c i d p r o f i l e (as a pe r -

c c r t r t ^ ^ ° f Totfi l fa r ry a c i d ) f>f Fjirnpr-jan p r r r h Per^n ^FdvinnVw fed r j i p r r i m r n r n L 

d.irt[s: for 1 1 9 {I: iy£. 

TM0 TM2TJ T M 5 0 TM7S S E M 

<S6Mf 67.3- / H , J ea.ai" 0.3;/ 
Crude |Mote in 19,66 19.71 I9.Ö2 1S-.07 0.24 
Crude l ip id 11-65 11.57 19.55 1 1.S0 0.24 

:i..iii 3 . 2 / \i *\'} 0-10 

fatty QLitf prcjf!t 
C 1 * : 0 14.43" 1 ' 15.0*" 13.25 1 ' 1) 33 
f:n. 1 b.3D 7.SI 7.16 (>.;::i 0 .17 
C.in:0 1.31 1.70 1.74 (;.:.'•> 0,04 
C I S s l s f l 14 ,0 / 4 a . io 41.52 39.00 0.92 
cie:2nt; 14.74 14.5« 15.07 15.14 4-11 
c:ifl:3n3 J .Q3 3.7& M Q 3.1fj 0 .25 

CaO:Sn3 1EPA] 1 J B 1.7* l . K i i * 0.07 
C-J2:tina (UHA1 6.77 II •>.';;i 0.3Ä 
si- i 19 oa ,* , 3f i .11 n M M : 17. H h O.lfi 

i 2 , 2 1 S I . M bO.70 47.10 1,19 
PtffA S7.S7 2.' 31 ss.et 35,23 
n-3 II.;:-' I I in l i . ö lO.WU 0.110 

I6.no ls.sra l f i .31 J4 .S3 l.M 
PLTFA/SeA 1.4« 1.34 1.46 2,22 0,17 
n s/n t> wt 0.73 0.75 0.04 

t-'ntry A c i d s with less I r ian 1% torn I fatty rtcids in C K p c r i m c nml flirts ((110:0. 
C.12:Q, m:0, C14:1, C15:fl, CI 5:1, C17:0, CI7:t, Clfe3, CIS : tnO trans, 
C 1 8 : l u / , ClB:2iit. tranii, ClU:^n4, C20:0, C21:0. C20:3u&. C20:3n3, C20:4n6, 
C22:0, 024:0,024:111^^221511?])»™! nor p r cseu rcd in rherablebut included Lt 
TEILL> FLcids group CFLlcuLatiuil. Datn are means anr l jKm lpd st. inrtnrd errnr nf Ihe 

mean (SEM). Means in the SAine row with different saperscript letters differ 
s i g n i f i r a n r l y [P < tt05), 

experimcnial diets were found insect meal-dose independent (P u 0.05), 
exce.pl senim CI where exercised fish (ed T M 7 ! J showed significantly 
higher concentration than does control group (P < 0,05) (liji- -i). 

The fatigued swimmers significantly increased senim AST, glucose, 
and Cortisol regardless of dietary treatment compared to non-swim mers 
(i> < 0.O5), This was also observed for serum K 1 eonecntration in TM&0 
(P < 0.05). FxiTrised fish fed TM0 and TM75 also significandy elevated 
LDH serum activities relative to n on-exercised specimens (P < 0,05), 
while this pattern was not siguifii am in T1V125 and TMSO grtnifis (P > 
0,05). 

F.xi^rt ised fisb significiiritly increased muscle water content 
compared with non-exercised fish fed TM50 {P < 0.05). 

http://I6.no
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1 able 5 
Muscle properties of exercised = 48) and jion-exeictsed (n : 

pcreh fnd T. malitar Inrvne mfiil diets. Dfltn nrr menu -f SD. 
^6) Lurc-peaii 

Variable 

T M r j 

Ntm exercised - 0.0-1 
PjeFTiMiLr fi.77 • o.os 

waif r <onisi>t 
Wmt-cxercj&ftf 74.44 r 
BnrcJidrf 74.76 -

0.16 
C.&4 

(p.VI ^ 0.0& 
fi.73 O.K.' 

71.27 ± 0.36 
71i.i3 • I-OS 

ft.77 ± O.IM 
6.71S I O.L11 

74,72 ± 0.54" 
7b.fi 1 T O.Ii=l° 

0.5(1 ^ U.01 
6.73 | n.io 

7 3 . » ± I.OS 

S u p e r s c r i p t s i [ idknee s i g m f i r n n l [ i i f l e r r i i c cs fcctivcci] c x r r c i i w l mitt n n n 

P i e r t i s e d p e r c l i w i l i i i i ] a d i e t g ruu J ( F < O.ot))-

Fiy. I. Crilicul swimming spued (U r n r r mi/s uiid BLA) of HurupcEtu perch 
{Pirco. fluviatHis) fed experimental diets, "the black 'x" in boxes represents the 
m e a n value, t h e lmr iy innlEi l Liniĉ  wilhiit boxes represents mcdiim Hi:]wirjiliu^ 
ULLerqiiELrLile range (upper q jE t r l i l e a n d Luwer quarliJe). 

3,5. Uvneialion malnx belwzen nulfiliunuifactvn umi crititoJ sivimmuK; 
speed 

A significant correlation in both diet arid whole body composition 
relative to swimming performance was observed (lug- ty- Three factors 
t h a t i n f l u e n c e d the perch's swimming p c r f o n r i a n e e in the present stttdy 
included DHA, E P A , and MUFA matrixes. There was a negative linear 
correlation hetween DMA and L J n L [ (estimated correlation — 0,913, P — 
0.04), similar model was found EPA (estimated correlation = -0.96, P 
= 0,04}. While Uen'i increased linearly with increasing dietary M U F A 

(estimated correlation — 0,96, P — 0.0-1). No significant relationship 

go 100 2 0 40 

Swimming speed (%Ucrit) 

Fig, 2. Oxygen consumprion (M(J3> juj/ks/li) and cost of transport [COT, J / 
kg/li] willi itsfjctt to critical swimming speed of Fnropran prreh {Pwc.n fiu-
viafnlis) fed experimental diets. 

among other dietary composition (protein, lipid, gross energy) on crit
ical swimming speed CP O.0E). We found a significant and strung linear 
correlation between oleic acid in whole-body fish and swimming ca
pacity (estimated ccinre.laliini — -0.98, P — 0.02]. Other whole-body 
proximate composition did not significantly influence fish swimming 
(P •> 0.05) (Fig, 4). 

4. D i sc i iKs im i 

As a part of many published works investigating ihe effects of insect 
meals as Ihe alternative protein source in diets for aquatic animals, our 
work contributed findings on swimming performance, metabolism rate, 
cost of transport of Uuroneau perch, which was insect meal levers in
dependent. This e o L t t d \'n: an important implication f o r future percid 
acputculturc gearing towards established iiquucnlture sector in Europe 
(Pnlicar el al.. 2019), since swimming performance of fish represents a 
useful indicator of farmed fish welfare (M;n tins al.. 2012], the tisc of 
insect meals in auuafeeds could benefit future aquaculture industry in 
term o f animal welfare. We also explored insights on dietary and fish 
rcimiKisi l ion farlnrs wliirh mnld influent: swimming cappieity of fish 
wild found t h a i ta l ly Meids r a t h e r lliau [itber m a r m m i l r i e n C s in die!* and 

fish body significantly was the significant influencers, 
In accordance with our results, previous stndies have confirmed that 

dietary pmlein siimrees did [Hit a f f e c t swimming capacity (Wilsnu et al., 
2007; thai et al„ 201M, cost of transport [Wilson et al.. 2007), and 
oxygen consumption (Gerile and Pirhonen. 2017) offish. Known as a 
l<>:i<.:-:1i:ua[iec migrant ^f:i":ie.^. P. (U:vh.*li}>* e>;bibi:r^. LiL^h '.\viiu ini ny. 
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MUFA- • 
S F A -

LA' M 9 -1 

OA-

E R A ' -o.as 

OHA- • -0.96 

Lipid-

PrOlein-

Ucrit- -OS6 -0.96 

CufridlalkHi 
I 1.0 

I 
D.5 

3 0 

-D.5 

Whole-body fish 

MUFA 

BFA 

LA 

OA 

EPA 

DHA 

Lipid 

Protein 

Ucrit -0.98 

Fig. 4. Correlation niarrix between critical swimming speed ami iiittritiortal composition of diet, whole body fish. The red and blue boxes indicate significantly 
negative and positive correlations, respectively. (For interpretation of the references to colour in this figure legend, the runner k referred ro the vjeh version nf 
tliiK article J 

relativu to critical swimming speed, in our study bias also been reported 
earlier in fish species (Brett, 19&4; Thomas and Janz. 2011; Van et a l , 
2013; M c P h c c and J a n z . 2014; M a r t o s S i t c h a c t a l . , 2019; R u b i o - G r a c i a 

et al., 2020). In any case, oxygen consumption increased with the ve
locity acceleration of the, swimmer in response to current flow drag 
(Ma itos -S i ten a et ^ 1, 201;i)- This demonstrates that pe rch tended to take 
up more o x y g e n when swimming against the higher water How while 
using less energy to transport one unit of budy mass over one unit of 
distance, 'llie relationship between U i r t t and MO;, in our study was well 
deserihed hy a positive quadratic model, to which oxygen consumption 
of perch sharply rocketed until reaching approximately 7 0 - 8 0 % U{n< 

and then slightly increased till fatigue, This is a common trend for many 
fishes to experience .<;w i mutiny exercise FIS there was a shift I • • i •' nercihic 
to anaerobic energy use HI [his critical swimming speed |>niri1 (Webb, 
1971; Moves and West, 1995; Burgetz et al.. lySE). 

During aerobic swimming, fish generate energy from triglyceride 
raliilmlisni up tci JIIHIIU ň 0 % CTM LC-FI] swimming 'p ivd, while E inncrc i l in

activities initialed, fuelling glycogen from glycogenosis through 
glucose, subsequently transited through circulation and distributed to 
targeted tissues (I Jammer, 1595; Moves and West. I n»)Fj), Therefore, the 
measure ní I riglyrerides and gluruse i a serum could provide n useful 
explanation of how perch mediates energy during their swimming ex 
ercise. We found the concentration of triglycerides in serum was 
consistent in non-exercised fish as w e l l as in exercised groups, a similar 
pattern was also observed for glucose, This could explain similar 
swimming capacity of perch fed dietary insect meal. In addition, the 
high swimming capacity of fish across diet groups could also be attrib
uted to continuous exposure to mild water velocity ol 4.6 c m / i for 119 
days of experimental fish, as this form of training hat] a posilive effect on 
Unit (Hammer, 1W)5). 

At the dietary level, our matrix analysis indicated that critical 
swimming speed is dietary protein, lipid independent (lig, 4). The 
si i id i rs cm like effeel of protein Fknd lipid jionree.s cin swimming crkpFicily 
strongly supported our findings (Wilson el al., 2,007; llegan et al.. 201U; 
(Jerile and Pirhonen, LÍ017). We also highlighted that dietary fatty acids, 
particularly DUA, FPA, and monnnnsntii rated fatty arids, rather than 
[ilher jnacm-niurienls, significantly affected F.iiropean perch swimming 

performance. This is consistent wiLli a previous-si ndy on AilFinlic salmon 
(McKenzie et al., 1998). The negative relationship of dietary u-S f U K A 

relative to s w i m m i n g Speed it) our study is unexpected and contradicts 
with the result from Wagner ct al. (SCO'S I. In fact, diet-mediated alter
ations in the fatty acid composition of fish were documented to signif
icantly affect physiological performance, including critical swimming 
capaci ty inscabass [Chatelierei al.. 20fi<i). patty acid composition offish 
generally mirrors thai of diet (Tuirhini <•[ al.. 200 fi), but the extent to 

which this occurs depends on the number or factors, The present study, 
however, found slightly modified D i l A , EPA, and some MUl'A consli 
titles or whole-body hsh from the respective diet (T.ihles '.'>. -1). This was 
because Huropean perch exhibited a high eanaeity of biosynthesis o f 

DMA from FPA and C l f i precursors (Xu et a l , S0U1; Xu and Kestejiiont. 
2002). Consequently, a [•tuisiderablc increase in DHA, and a remarked 
decrease in HPA and linolenic at id in whulc-budy pereh c i i m p F i r e d ID 
respective diets (. :': :', were [itiserveri. MeKpn/.ie fl M]. (199^} 
suggested IIIFII 1R carbon im.sahirated fatty acids were responsible for 
altering the swimming capacity of salmon. '. >u: correlation analysis 
indicated that oleic acid Strongly influenced eierrise iictivilies [ i f Fu-
ropean perch, following a negative correlation, which is in H g r e e m e i u 

willi the finding of Warner el al. (2004). Accordingly, oleic acid may, in 
combination with other fatty acids, impair carnitine palmifoyl trans
ferase activities - the enzyme enhancing fatty acid metabolism in Ihc red 
muscle {Wagner et al.. 2004J, 

Pish after exposure lo exhaustive exercise or stressors, regulated 
assortment of physiological changes involving primary, secondary, and 
tertiary response (Bar ron. 2002). The primary response was the eleva
tion of Cortisol level from the head kidney into bluod. while the second 
response resulted in alienation in blond chemistry, tissue composition, 
icin c oneenlrations, and increased g Incense, rmrl the whole - lmdy organ
ism per formance was referred to as the third response (Eissa and Wang, 
2010), As expected, exercised perch in our study showed nearly double 
glimose Fkikd leu-f[i ld I In: ccirliscil cmureulTal inn of i ion-ojter[- iscd perch 
(Pig. J5). The previous studies <JJI perch P. jhtvialdis following atule stress 
also reported significant elevation of these products (Acerete et a l , 

2004; .Irntnft et a l , 200.ri). Cnrtisnl levels of non-exercised perch in our 
smdy ( interquart i le, 46.9 Hn . f i ) wertH coniparalile w i t h the 4S n ^ / m l . 

7 

- 7 7 7 -

http://Hn.fi


Ír, 13. Trail rtal. 
(124 rrimol/L) reported by Accrete ct a l . (2004) and relatively higher 
IIBFICI lhc IJÍÎ FII l [ : v r l in ÍEsli (IIFSTIIHE, 2002) . Tliis s u jí^csls I h c l i i g l i SILS-
eepl ibilily of European perch with stressors and low capacity of accli-
matiiation. Increase glucose concentration in blood excreted from the 
liver is .1 typical stress response of fish to source fuel energy during 
exercise (Moves and W c s l , 1993). 

Ľlfictrolyle NŤI1 was consistent across diel IreaLmenis and within fish 
treatment group, while K 1 in fish fed TM75 diet was significantly 
increased in exercised compared to non-exercised fish. Increased po
tassium roncentrillion has been recorded in exercised rainbow trout, 
possibly resulting from loss of K Írom swimming involved muscles 
during depolarization, whir h replaces K' with PJMi, and subsequent K 1 

take-up by erythrocytes (Nie lsen a n d Lykkcboe , 1092; W icks et a l . , 

20o2), This elevation could idso he related, to decreased blood pH and 
oxygen pressure (f.'naani el a l , , 2*311) and osmoregulatory dysfunction 
(huiinpoor n a l . , 2ul7). Wc: al.se> o l i s c r v E ľ c i . l iguif íc-FBiEL elevation ni\ d\~ 
ci-mceritmliim inexercised groups feci 1 M 7 E > c o m p a r e d h ] l~Ml). " I l i i s T u a y 

be due to the absorption of t i l during lactate and/or anion in the white 
muscle (iv. HÍÍ, I 

In the p r e s e n t s t u d y , the: i n d e p e n d e n c e [ i f h c n i F i l o l n g i c a l indices cm 
rlii ..:T>: mealworm ITEFHI s u p p o r t * p r e v i o u s s t u d i e s o f [ v i n n n u n carp 
(Cyphnus carpia var, Jian) (total protein. AST. glucose, and triglyceride] 
(Li et a t . 2017), D. labrax (glucose, protein, and triglyceride) ( M a g -

alliinvi H i l l . ]. S. j t f i m i o i (.1o1al protein. AST, and triglyceride:) 
(S.II il: i :u i j'C a l . , H), T n c k f E s h (?ietnr5Iľjí .tciícleivErfr) (triglyceride, protein, 
and A.ST] (Klu IM Í I V I el ,il. JU I ' i) , and ( i niloticus (total protein, glucose] 
CTtibiii et a l , , 2020) . Aspartate aminotransferase is a noii-plasiria-spceific 
enzyme used as a proxy for liver damage (< ill.ir.;ei I>L ,;l . 201 I ), involved 
in piwtein synthesis (Mast i la et a l , , 2000) and glucose production via 
gluconeogenesis (Tejpal et a l . , 2009). We evaluated aminotransferase 
activity in scrum of exercised and non-exercised perch and found 
fatigued perch led experimental díels significantly elevated AST acliv 
i l i ccs rclalivt: lei n<3u-E:sc: r r is{ :d specimens (K;.1,. The" pn:rHc:i3l w o r k FEIKCI 
showed no significant e f f e c t s on hematological glucose or p r o t e i n con
centration o f either exercised or non-exercised perch fed diet treatments. 
Therefore, the source of AST's elevation could be hepatic cell damage, 
w i t h s i i l i scc i jE i icn l T c l i r a s o in I n the b l o o d [ r i r c i i l i i t i i i T i . Acute c:3cc:ri-isc 

induced liepalic injury, ( h e r e b y increased AST euy.yme activity in 
mammals (Zhao et al.. 2010 ; Kuhee et a l . . 2020) . Inis, in conjunction 
with significantly higher lactate dehydrogenase, a biomarker of cell 
i n j u r y (Cili.irFira [-1 ill., 2011) , Íri TM0 FLicd TM7!i (Fig. t), [-mild f n r l h c - r 
confirm the susceptibility of cells of perch fed fishmeai and insect meal 
diets. 

Dietary T. molitor meal had no significant effect on muscle water 
content of non-exercised perch (Tabic 3], confirming rcsulls observed in 
hlackspot sea bream ( la™ nisi e t a ľ , 2017), mandarin fish (San fc i .m e t . i l . , 

20If!], rainbow trout ( Iaconisi et a t , 201 El), and rockfish ( l i bos iav i et a l . , 

20 IS), Similarly, muscle water eon tent of fatigued Torch did not differ 
among experimental diets (Table 3), This is in agreement with Regan 

et al, (2010) , who reported no significant effect of diet on muscle water 
cxuitenl of eserc-ised rliiiiuolc salmon held i n freshwater. The significant 
difference in muscle walcr content of two jrroups o f perch led TM50 
could be linked to lipid depletion, as they show an inverse relationship 
(KFIEISFC: c l a l . , 2002) . Tbc MUISÍ-IE: pil of E i D E i - c c K c n - i . s c d picreli in l l i í ľ prcscul 
si l i d : was similar Id t b Hi r a c H i r l e . d by (Ko m oik u et al., 2020) for farmed 
European perch. Our diets did not affect muscle pH, which is similar to 
observations of rainbow trout (laľouisi et a l , , 20 IS), but iaconisi et al 
(201 7) T e p o r l e d significantly lower p[ J i n I lie muscle of s e a h r e a m fed a 
diet containing OTto i . molŕíor replacement of fish meal compared to a 
fishmcal diet, Basal pH value is species-specific as well as associated 
with dietary slrcssors, anaerobic glycolysis, and buffer substances or free 
amino acid relenlion in exercised fish ( l iugeun el al., 2()(i:i; Iaconisi 

et a l . , 2017 ; K o m o l k a et a l . , 2020) . 

Our sttidy suggests the potential use of insect meal as an aquafced 
ingredient for fanned fish welfare. Kuture aquaculture of pereid fish 
could consider the bigh swimming behavior and susceptibility of 

/ i iFunnifri ire 539 (2Ü2U 736610 

European perch to stressors for an adequately designed and operated 
RAS system. Altenl ion s l i c m t d F i lxobe p F i i d t o diet f n r r i i u c l ř U i o n , i:spi:rially 
fur the fatty acid profile, which was the critical factor that affects critical 
swimming speed of European perch. 
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Simple Summary: The replacement of fishmeal by insect meal is a promising strategy to obtain more 
sustainable fish feeds, a major goal in aquaculture. Black soldier fly Hermetia illucens larva meal 
has a high crude protein and fat content, essential for omnivorous and carnivorous fish. We used 
partially defatted H. illucens larva meal as a substitute for 20%, 40% and 60% of the fishmeal in 
standard diets for Eurasian perch and measured its effect on growth performance, feed utilization, 
body indices, fish body composition and blood indices. We found no significant differences in 
survival, size heterogeneity, hematology indices; or in whole-body dry matter, crude protein and 
ether extract content. The 60% inclusion reduced final body weight, specific growth rate, feeding rate, 
protein efficiency ratio, condition factor and hepatosomatic index. The fish-in-fish-out index decreased 
proportionally with increased H. illucens meal inclusion. Partially defatted H. illucens larva meal seems 
to be a promising alternative to fishmeal for Eurasian perch nutrition at moderate inclusion level. 

Abstract: Insect meal is gaining increased attention in aquafeed formulations due to high protein 
content and an essential amino acid profile similar to that of fishmeal. To investigate insect meal in feed 
for European perch Perca fluviatilis, a promising candidate for European intensive culture, we replaced 
standard fishmeal with partially defatted black soldier fly Hermetia illucens larva meal at rates of 0%, 
20%, 40% and 60% (groups C O N , H20, H40 and H60, respectively) and compared growth performance, 
somatic indices, hematological parameters, whole-body proximate composition and occurrence of 
spleen lipidosis. In addition, we assessed the economic and environmental sustainability of the tested 
feeds by calculating economic conversion ratio (ECR) and economic profit index (EPI). The tested 
groups did not differ in survival rate. Significant differences were documented in final body weight 
and specific growth rate, with the highest values in C O N , H20 and H40. The proximate composition of 
fish whole-body at the end of the experiment did not differ in dry matter, crude protein or ether extract, 
while organic matter, ash and gross energy composition showed significant differences. The fatty acid 
content and n-3/n-6 ratio showed a decreasing trend with increasing H. illucens larva meal inclusion. 
No differences were found in hematological parameters among tested groups. The H . illucens larva 
meal inclusion significantly affected ECR and EPI, even at 20% inclusion level the cost of diets did not 
differ from the control fish meal based diet. Results suggested that 40% inclusion of H. illucens larva 
meal can be used successfully in standard diets for perch. 

Animals 2020,10,1876; do i :10 .3390 /an i l0101876 
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Keywords: alternative feed; insect meal; splenic lipidosis; economic and environmental sustainability 

1. Introduction 

Intensive culture of the carnivorous freshwater Eurasian perch (Perca fluviatilis L.) is increasing 
in recirculating aquaculture systems (RAS) and represents an expanding branch of commercial fish 
farming in Europe. Nevertheless, as a relatively new aquaculture species, production is low [1]. It is 
commonly reared on feed formulated pr imari ly for salmonids or marine fish species [2]. Diets for 
carnivorous species contain high levels of protein, which have been obtained from marine fishmeal 
(FM), considered optimal because of its balanced nutrit ional composition [3,4]. Currently, w i th F M 
increased cost and unsustainability [5], plant protein sources, especially soybean meal, are being used in 
aquaculture to decrease the dependency on F M and reduce feed costs [4]. High levels of plant protein in 
feeds can reduce growth performance or induce fish health issues, chiefly due to imbalance in essential 
amino acid (EAA) content, low feed acceptance and the presence of anti-nutritional factors [3,6,7]. 
Processed animal proteins (PAP) such as poultry by-product meal, meat meal and meat and bone meal 
are val id proteins for aquaculture feeds but their use is l imited by legislation. In the E U , P A P from 
poultry and swine have only recently been reintroduced into aquafeed (EC No . 56/2013) after more 
than 10 years of ban due to Bovine Spongiform Encephalopathy (EC No 999/2001), while in other parts 
of the wor ld, its use is common practice [8]. 

Recently, interest has turned to PAPs from insects as a component of aquafeeds [9,10]. Insect larva 
meals are rich in proteins and their E A A profile is close to that of F M and considered superior to that 
of plant proteins [9]. The use of insect PAP has recently been sanctioned by the European Commission 
(Brussels, Belgium) (Regulation 2017/893/EC, 2017). 

The black soldier fly Hermetia illucens belongs to the family Stratiomyidae and is among the most 
promising insect species for mass-rearing for animal feed [11]. Commercial H. illucens meal has an 
average protein content of 55% dry matter (DM) wi th l ip id content ranging from 5% to 35% D M , 
depending on the defatting process applied dur ing meal production. Research into its efficacy has 
thus far been contradictory: Similar or better growth performance to that of fish fed conventional 
protein sources (mainly F M or soybean meal) using commercial H. illucens meal at inclusion levels 
from 2.5% to 40% were obtained for Atlantic salmon (Salmo salar) [12-14], rainbow trout (Oncorhynchus 
mykiss) [15,16], European sea bass (Dicentrarchus labrax) [17], yellow catfish (Pelteobagrus fulvidraco) [18] 
and rice field eel (Monopterus albus) [19]. Conversely, other authors reported reduced acceptance and 
growth [20,21], wi th high levels of inclusion. Divergence in results is l ikely due to the differences 
among H . illucens meals and the level of inclusion in the diet and also suggest species differences in 
adaptation to insect meals. The use of H. illucens meal in perch diets has not been investigated. 

The goal of this research was to determine the effects of partially defatted H. illucens meal as 
partial substitute for F M on growth performance, somatic indices, occurrence of splenic l ipidosis, 
hematological parameters and proximate whole-body composition of juvenile P. fluviatilis. The research 
also aimed to provide new data on the economic and environmental sustainability of this novel 
protein source. 

2. Materials and Methods 

A n 84-day growth trial was carried out at the Faculty of Fisheries and Water Protection of the 
University of South Bohemia (České Budějovice, Czech Republic). The trial was designed and carried 
out in accordance with the Czech and European Communities Directive (2010/63/EU) on the protection 
of animals used for scientific purposes, protocol number MSMT-6744/2018-2. 
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2.1. Experimental Diets 

Four experimental diets were formulated to be isonitrogenous (crude protein, CP: -54 g 100 g DM) ; 
isolipidic (ether extract, EE: -13 g 100 g DM) ; and isoenergetic (gross energy, G E : -23 M J kg DM) . 
A n FM-based diet was used as control (CON) and three additional diets included F M replacement with 
20% (H20), 40% (H40) and 60% (H60) partially defatted H. illucens larva meal obtained with a mechanical 
process performed using high pressure and without solvents was provided by Hermetia Deutschland 
G m b H & Co. K G (Baruth/Mark, Germany). In order to ensure that diets were isonitrogenous, isolipidic 
and isoenergetic, the proportion of wheat meal and fish oil was reduced with increase in H. illucens. 

The experimental feeds were prepared at the Department of Agricultural, Forest and Food Sciences 
experimental facility. Finely ground ingredients and fish oi l were thoroughly mixed wi th water and 
pelleted using a 2 mm meat grinder and dried at 50 °C for 48 h. Feeds were stored in dark bags at -20 °C 
unti l use. The ingredients of the experimental diets are reported in Table 1. A n addit ional control 
group (BIO) was fed a commercial extruded diet (BioMar Inicio 2 mm, BioMar A /S , Brande, Denmark) 
containing fish meal, wheat gluten, wheat, pea protein, soybean concentrate, rapeseed oi l , fish oil and 
yeast extract as main ingredients. Proximate composition (on a wet basis) according to manufacturer's 
label was CP 52%, crude l ipid 23%, carbohydrates 12%, ash 8.7%, fiber 0.9%, total phosphorus (P) 1.2% 
and GE 23.5 MJ/kg. 

Table 1. Ingredients and proximate composition of Hermetia illucens larva meal and experimental diets. 

I n g r e d i e n t s (g /kg) H. illucens L a r v a M e a l C O N H 2 0 H 4 0 H 6 0 

F M ( C h i l e , s u p e r p r i m e ) a - 720 570 420 270 

H. illucens l a r v a m e a l b 0 200 400 600 
W h e a t m e a l - 120 90 60 30 

F i s h o i l - 60 40 20 0 
S t a r c h , D 5 0 0 - 80 80 80 80 

M i n e r a l m i x t u r e c - 10 10 10 10 

V i t a m i n m i x t u r e d - 10 10 10 10 
P r o x i m a t e c o m p o s i t i o n 6 

D M (g/100 g) 94.18 88.74 90.76 90.59 90.51 
C P (g/100 g D M ) 55.34 54.50 54.37 54.10 53.91 
E E (g/100 g D M ) 17.97 11.92 11.95 11.62 11.64 

A s h (g/100 g D M ) 7.12 14.77 13.70 12.44 11.41 
C h i t i n (g/100 g D M ) 5.00 - 0.98 2.12 3.15 

N F E (g/100 g D M ) f 14.57 18.81 19.02 19.72 19.89 
G r o s s e n e r g y ( M J / k g D M ) 8 22.90 22.54 23.02 23.26 

F M , f i s h m e a l ; D M , d r y m a t t e r ; C P , c r u d e p r o t e i n ; E E , e t h e r ex t rac t ; N F E , n i t r o g e n f ree ex t rac ts , g r o u p s C O N , 
H 2 0 , H 4 0 a n d H 6 0 r e p r e s e n t 0 % , 2 0 % , 4 0 % a n d 6 0 % i n c l u s i o n o f H . illucens m e a l , r e s p e c t i v e l y . a F i s h m e a l w a s 
p u r c h a s e d f r o m C o r p e s c a S . A . (San t iago , C h i l e ) . P r o x i m a t e c o m p o s i t i o n (% a s - f e d bas is ) : 90.4 D M ; 66.7 C P ; 8.3 E E ; 
14.9 A s h . b Hermetia illucens l a r v a e m e a l p u r c h a s e d f r o m H e r m e t i a D e u t s c h l a n d G m b H & C o . K G ( B a r u t h / M a r k , 
G e r m a n y ) . c M i n e r a l m i x t u r e (g o r m g / k g d ie t ) : b i c a l c i u m p h o s p h a t e 500 g , c a l c i u m c a r b o n a t e 215 g , s o d i u m 
sa l t 40 g , p o t a s s i u m c h l o r i d e 90 g , m a g n e s i u m c h l o r i d e 124 g , m a g n e s i u m c a r b o n a t e 124 g , i r o n s u l p h a t e 20 g , 
z i n c s u l p h a t e 4 g , c o p p e r s u l p h a t e 3 g , p o t a s s i u m i o d i d e 4 m g , c o b a l t s u l p h a t e 20 m g , m a n g a n e s e s u l p h a t e 3 g , 
s o d i u m f l u o r i d e 1 g ( G r a n d a Z o o t e c n i c a , C u n e o , I taly). d V i t a m i n m i x t u r e ( IU o r m g / k g d ie t ) : D L - t o c o p h e r o l a c e t a t e , 
60 I U ; s o d i u m m e n a d i o n e b i s u l p h a t e , 5 m g ; re t i ny lace ta te , 15,000 I U ; D L - c h o l e c a l c i f e r o l , 3000 I U ; t h i a m i n e , 15 m g ; 
r i b o f l a v i n , 30 m g ; p y r i d o x i n e , 15 m g ; v i t a m i n B 1 2 , 0.05 m g ; n i c o t i n i c a c i d , 175 m g ; f o l i c a c i d , 500 m g ; i n o s i t o l , 
1000 m g ; b i o t i n , 2.5 m g ; c a l c i u m p a n t h o t e n a t e , 50 m g ; c h o l i n e c h l o r i d e , 2000 m g ( G r a n d a Z o o t e c n i c a , C u n e o , I taly). 
e V a l u e s are r e p o r t e d as m e a n of t r ip l i ca te ana l yses . f C a l c u l a t e d as 100 — ( C P + E E + A s h + C h i t i n ) . § D e t e r m i n e d b y 
b o m b ca lo r ime t r y . 

2.2. Fish and Feeding Trial 

Eurasian perch juveniles were obtained from pond-reared larvae and intensively reared juveniles in 
an RAS [22]. The RAS (4360 L total water volume) included fifteen 75 L rearing tanks, a mechanical drum 
filter A E M 1 5 (AEM-Products V.O.F., Lienden, The Netherlands), a 1620 L tank with a series of filtration 
sections, Bioakvacit PP10 (Jezírka Banát s.r.o., Hněvotín, Czech Republic), a moving bed biofilter (1620 L) 
wi th media BT10 (Ratz Aqua & Polymer Technik, Remscheid, Germany), U V treatment AquaForte 
55 W (AquaForte, Veghel, The Netherlands) and an Eheim Jäger Thermocontrol 300 flow-through 
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heater (Eheim G m b H & Co K G , Stuttgart, Germany) incorporated directly into the recirculation flow. 
The flow rate in the tanks was approximately 80 L h " 1 wi th light aeration. Photoperiod was set at 
12:12 h (dark: light) with light intensity of 500-700 Lx at the surface. Oxygen saturation (83.7 ± 6.2%), 
p H (6.83 ± 0.52) and water temperature (22.5 ± 0.7 °C) ( H A C H H Q 40, Germany) were measured 
daily at 08.00 and 16.00. Ammonia , nitrate and nitrite concentrations were analyzed at two-day 
intervals with kits ( H A C H , L C K 304, L C K 339, L C K 341), using a H A C H DR2800 spectrophotometer. 
The concentration of nitrite-N, nitrate-N and ammonia-N were 0.62 ± 0.44 mg L , 88.88 ± 57.31 mg L " 1 

and 2.07 ± 1.02 mg L , respectively. 
A total of 750 juvenile European perch were l ightly anaesthetized (0.3 m L L " 1 of clove oil), 

indiv idual ly weighed (initial body weight (BWi) 21.9 ± 4.2 g) using a digital balance (Pioneer, 
Ohaus Corporation, Parsippany, N J , U S A , d = 0.01 g) and randomly allocated to one of the fifteen 
75 L rectangular plastic tanks at a stocking density of 14.6 kg m" 3 . The four experimental diet groups 
and the BIO group were randomly allocated to the fifteen tanks, wi th each diet tested in triplicate. 
Fish were fed manually to subjectively-judged satiation five times daily (09:00,11:00,13:00,15:00 and 
17:00 h). Care was taken to avoid feed waste and to ensure that al l supplied feed was consumed. 
The feeding trial lasted 84 days. 

2.3. Growth Performance 

At the end of the trial, all fish were individually weighed and growth performance was calculated 
using following equations: 

Survival (S, %) = 100 x Nf (Ni - N s ) " 1 

Initial coefficient of variation (ICV, %) = (SD/BWi) x 100 

Final coefficient of variation (FCV, %) = (SD/BWf) x 100 

Specific growth rate (SGR, % day" 1 ) = ((InBWf - lnBWi)/Nd) x 100 

Feed conversion ratio (FCR) = (TFS/WG) 

Protein efficiency ratio (PER) = (WG (g)/TPS total protein fed (g, DM)) 

Feeding rate (FR, %/d) = ((TFS x 100/Nd))/(e (InBWf + InBWi) x 0.5), 

where N i and N f = initial and final number of fish per tank, N s = number of sampled fish per 
tank, BWf = final body weight (g), BWi = init ial body weight (g), N d = number of feeding days, 
TFS = total feed supplied (g), TPS = total protein supplied (g, D M ) , SD = standard deviation 
of subsample BW, BWi = initial mean body weight, BWf = final mean body weight, 
InBWf = natural logarithm of final body weight, InBWi = natural logarithm of init ial body weight, 
D M = dry matter, W G = weight gain. 

2.4. Condition Factor, Somatic Indexes and Occurrence of Spleen Lipidosis 

To calculate condition factor (K), at the end of the growth trial, fifty fish from each tank were 
anaesthetized (0.3 m L L " 1 of clove oil) and indiv idual ly weighed and measured for total length 
(TL, mm) and standard length (SL, mm) within 1 mm using a ruler. 

K was calculated as: 

K = (BWf/TL) x 100, 

where BWf = final body weight (g), TLf = final body length (cm). 
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At the end of the trial, 30 fish/tank were killed by overdosing of anesthesia with clove oil and wet 
weight of liver, spleen, viscera and perivisceral fat recorded (±0.01 g) for calculation of somatic indices 
using the equations: 

Hepatosomatic index (HSI) = W l (weight, g) x 100/BW (body weight, g) 

Splenosomatic index (SSI) = Ws (weight, g) x 100/BW (body weight, g) 

Viscerosomatic index (VSI) = W v (weight, g) x 100/BW (body weight, g) 

Perivisceral fat index (PFI) = Wpf (weight, g) x 100/BW (body weight, g), 

where W l = liver weight (g), Ws = spleen weight (g), W v = viscera weight (g), Wpf perivisceral 
fat weight (g). 

Frequency of occurrence splenic lipidosis [2], was calculated according to the equation: 

SL = 100/Nt x Ns l , 

where Nt is total number of investigated fish and Ns l is number of fish with spleen lipidosis. 

2.5. Chemical Analyses 

The H. illucens larva meal chemical analysis was obtained from Renna et al. [15]. The proximate 
composition and energy of diets are reported in Table 1. Feed samples were finely ground (MLI204; 
Buhler A G , U z w i l , Switzerland) and analyzed for D M ( A O A C , n. 934.01), C P ( A O A C , n. 984.13) 
and ash ( A O A C , n. 942.05) content according to A O A C International [23]. The EE content ( A O A C , 
n. 2003.05) was analyzed according to A O A C International [24]. The G E content was determined 
using an adiabatic bomb calorimeter (C7000; IKA, Staufen, Germany). Chit in content was determined 
following Finke [25], by correcting for the amino acid (AA) content of the acid fiber detergent (ADF) 
fraction and assuming the remainder of the A D F fraction to be chitin. The A A composition of H. illucens 
larva meal and F M used in the experimental diets is shown in Table 2. Amino acid quantification 
was conducted according to De Marco et al. [26]. After 22 h hydrolysis in 6 N HC1 at 112 °C under a 
nitrogen atmosphere, the A A content in the hydrolysate was assessed by H P L C after post-column 
derivatization. Performic acid oxidation occurred prior to acid hydrolysis for methionine and cystine. 
Tryptophan was not determined. 

At the end of the trial, whole-body homogenate of six fish from each group was analyzed for D M , 
CP, EE, organic matter (OM) and ash content according to the procedure used for feed analyses [23,24]. 
The D M content was measured according to A O A C (n. 934.01; [23]). 

Fatty acid profiles were determined both in feed and fish whole-body homogenate (3 fish/tank, 
9 fish/group), according to the method of Sampels et al. [27]. Initially, l ipids were extracted by 
the hexan-isopropanol method according to Hara and Radin [28]. Fatty acid methyl esters (FAME) 
were prepared by the BF3 method according to Appelqvist [29] and analyzed using F A M E C 11:0 
as an internal standard by a gas chromatograph (Trace Ultra FID; Thermo Scientific, M i lan , Italy) 
equipped wi th a flame ionization detector, using a BPX 70 column (length 50 m, i.d. 0.22 mm, 
fi lm thickness 0.25 (xm) (SGE Inc., Aust in, TX, USA). The peaks were identified using Thermo Xcalibur 
3.0.63 (Thermo Fisher Scientific Inc., Waltham, M A , USA) software and quantification was achieved 
by comparing sample retention times and peak areas to retention times and peak area in 7 levels 
(1000 ug/mL-15 ug/mL) of the standard mixture Supelco 37 component F A M E mix (Sigma-Aldrich, 
St. Louis, M O , USA) . Fatty acid profiles for feed are shown in Table 3, analysis were performed 
in triplicate. 
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Table 2 . Amino acid (AA) profile (% of protein) of Hermetia illucens larva meal and experimental diets. 

H. illucens C O N H 2 0 H 4 0 H 6 0 

E s s e n t i a l A A 
A r g i n i n e 3.9 6.2 5.7 5.2 4.7 

H i s t i d i n e 2.2 2.4 2.4 2.3 2.3 
I so leuc ine 3.3 4.2 4.0 3.8 3.6 

L e u c i n e 5.2 7.3 6.8 6.4 5.9 
L y s i n e 3.8 7.4 6.7 5.9 5.1 

M e t h i o n i n e 2.1 2.7 2.5 2.2 2.0 
C y s t e i n e 0.1 0.9 0.7 0.5 0.4 

P h e n y l a l a n i n e 3.0 4.0 3.7 3.5 3.3 
Ty ros i ne 4.8 3.1 3.4 3.8 4.1 

T h r e o n i n e 3.1 4.1 3.9 3.7 3.5 
V a l i n e 4.9 4.9 4.9 4.9 4.9 

N o n - e s s e n t i a l A A 
A l a n i n e 6.2 6.1 6.1 6.1 4.9 

A s p a r t i c a c i d 6.7 8.8 8.4 7.9 7.5 
G l y c i n e 4.2 0.9 1.6 2.2 2.9 

G l u t a m i c a c i d 8.8 7.0 7.3 7.6 7.9 
P r o l i n e 5.5 12.3 10.9 9.5 8.0 

Ser ine 3.7 4.1 4.0 3.9 3.8 

C O N , H 2 0 , H 4 0 a n d H 6 0 rep resen t 0%, 2 0 % , 4 0 % a n d 6 0 % i n c l u s i o n o f H . illucens l a r v a m e a l , respec t i ve ly . 

Table 3. Fatty acid profile of experimental diets for Eurasian perch. Data are expressed as percent of 
total FAs (mean ± SD, n = 3). 

F A C O N H 2 0 H 4 0 H 6 0 

C 1 2 : 0 2.54 ± 0.27 11.89 ± 0.17 24.47 ± 1.81 34.37 ± 1.23 

C14 :0 4.76 ± 0.04 6.54 ± 0.06 8.77 ± 0.11 10.74 ± 0.38 
C 1 4 : l 0.05 ± 0.01 0.13 ± 0.01 0.24 ± 0.01 0.33 ± 0.01 
C15 :0 0.40 ± 0.01 0.35 ± 0.01 0.28 ± 0.01 0.23 ± 0.01 
C16 :0 15.38 ± 0.04 16.01 ± 0.05 16.58 ± 0.32 17.21 ± 0.69 
C 1 6 : l 4.21 ± 0.01 4.49 ± 0.01 4.79 ± 0.10 5.08 ± 0.11 
C18 :0 3.77 ± 0.03 3.63 ± 0.04 3.22 ± 0.07 3.02 ± 0.13 

C 1 8 : l n 9 t r a n s 0.08 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 
C 1 8 : l n 9 26.60 ± 0.20 22.08 ± 0.02 16.20 ± 0.36 11.29 ± 0.27 
C 1 8 : l n 7 3.23 ± 0.02 2.57 ± 0.01 1.68 ± 0.04 0.94 ± 0.04 

C 1 8 : 2 n 6 9.18 ± 0.03 8.61 ± 0.01 7.79 ± 0.18 7.20 ± 0.14 
C 1 8 : 3 n 6 0.20 ± 0.01 0.16 ± 0.01 0.11 ± 0.01 0.07 ± 0.01 
C 1 8 : 3 n 3 3.15 ± 0.01 2.56 ± 0.01 1.80 ± 0.05 1.14 ± 0.03 

C 2 0 : 0 0.32 ± 0.01 0.27 ± 0.01 0.21 ± 0.01 0.15 ± 0.01 
C 2 0 : l n 9 2.55 ± 0.02 1.91 ± 0.01 1.05 ± 0.03 0.32 ± 0.03 

C 2 0 : 3 n 6 0.76 ± 0.01 0.56 ± 0.01 0.31 ± 0.01 0.09 ± 0.01 
C 2 0 : 3 n 3 0.71 ± 0.01 0.56 ± 0.01 0.38 ± 0.01 0.23 ± 0.01 
C 2 0 : 4 n 6 0.32 ± 0.01 0.24 ± 0.01 0.13 ± 0.01 0.03 ± 0.01 

C 2 2 : 0 0.16 ± 0.01 0.13 ± 0.01 0.08 ± 0.01 0.05 ± 0.01 
C 2 2 : l n 9 0.37 ± 0.01 0.27 ± 0.01 0.15 ± 0.01 0.04 ± 0.01 
C 2 0 : 5 n 3 6.80 ± 0.03 5.44 ± 0.01 3.72 ± 0.10 2.21 ± 0.01 

C 2 2 : 2 0.07 ± 0.01 0.05 ± 0.01 0.32 ± 0.50 0.65 ± 0.56 

C 2 4 : 0 0.17 ± 0 . 0 1 0.13 ± 0.01 0.10 ± 0.01 0.05 ± 0.03 
C 2 4 : l n 9 0.55 ± 0.01 0.44 ± 0.01 0.29 ± 0.01 0.16 ± 0.01 
C 2 2 : 5 n 3 1.44 ± 0.01 1.06 ± 0.02 0.69 ± 0.02 0.31 ± 0.02 
C 2 2 : 6 n 3 12.23 ± 0.18 9.85 ± 0.11 6.61 ± 0.15 4.03 ± 0.14 

S F A 27.58 ± 0.34 39.00 ± 0.12 54.02 ± 1.06 66.47 ± 0.77 
M U F A 37.63 ± 0.23 31.96 ± 0.03 24.45 ± 0.54 18.23 ± 0.40 
P U F A 34.79 ± 0.21 29.04 ± 0.11 21.53 ± 0.51 15.30 ± 0.38 

n-3 24.33 ± 0.22 19.47 ± 0.12 13.20 ± 0.32 7.90 ± 0.28 
n-6 10.46 ± 0.03 9.57 ± 0.01 8.33 ± 0.19 7.39 ± 0.15 

n-3/n-6 2.33 ± 0.02 2.03 ± 0.01 1.58 ± 0.01 1.07 ± 0.03 

C O N , H 2 0 , H 4 0 a n d H 6 0 r e p r e s e n t 0 % , 2 0 % , 4 0 % a n d 6 0 % i n c l u s i o n o f H. illucens l a r v a m e a l , r e s p e c t i v e l y ; 
S D , s t a n d a r d d e v i a t i o n , F A fa t ty a c i d , S F A s a t u r a t e d fa t t y a c i d s , M U F A , m o n o u n s a t u r a t e d fa t t y a c i d s , P U F A , 
p o l y u n s a t u r a t e d fa t ty a c i d s . 
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2.6. Haematological Analyses 

At the end of experiment, three fish per tank (nine fish from each group) were over-anaesthetized 
with clove oil and blood samples were taken for hematological analysis. Red blood cell count (RBCC), 
hematocrit (HCT), hemoglobin concentration (Hb), mean corpuscular volume (MCV), mean corpuscular 
hemoglobin (MCH) and mean corpuscular hemoglobin concentration ( M C H C ) were measured 
according to Svobodova et al. [30]. 

2.7. Economic Analysis and Environmental Sustainability of Feeds 

To determine the relative efficacy and benefits of tested diets, economic conversion ratio (ECR) 
and economic profit index (EPI) for each tested group was calculated by the following equations: 

ECR (€ kg of f ish" 1) = FCR x DP 

EPI (€ f ish" 1) = (WG x SP) - (WG x DP), 

where F C R is feed conversion ratio (kg feed per kg fish); D P is cost per kg feed; W G is weight gain. 
The per kilogram cost in euros, excluding labor and taxes, of all components from commercial retailers 
was as follows: F M = € 1.48; H . illucens larva meal = € 3.5; wheat meal = € 0.61; fish oi l = € 1.32; 
gelatinized starch = € 0.75; mineral mixture = € 0.49; vitamin mixture = € 3.85. This resulted in per kg 
feed cost of C O N = € 1.31; H20 = € 1.75; H40 = 2.18; H60 = € 2.61; and BIO = € 2.53. Eurasian perch 
sale price (SP) was calculated at € 6.50 k g - 1 . 

Fish-in fish-out (FIFO) ratio was used as a practical measure of the quantity of l ive fish from 
capture fisheries required for each unit of farmed fish produced [31]. This indicator of environmental 
sustainability of feeds was calculated as follows: 

FIFO = ( LFM + LFO)/ (YFMw + YFOw) x FCR, 

where L F M is level of fishmeal in the diet; LFO is level of fish oil in the diet; Y F M w is yield of fishmeal 
from w i ld fish; Y F O w is yield of fish oil from wi ld fish; FCR is feed conversion ratio. 

We estimated the impact of F M substitution with H. illucens larva meal rapported to Metric Tons 
(MT) on freshwater demand (WD, m 3 /MT) , land demand (LD, ha/MT), energy use (EU, GJ/MT) and 
greenhouse gas production (GWP, kg C02~ e c i ) . Mean W D , L D and E U for F M , wheat, fish oil, starch and 
mineral and vitamin mixes were obtained from Chatvijitkul et al. [32]. Data of W D , L D , E U and G W P 
for H. illucens larva meal was retrieved from Roffeis et al. [33]. Finally, G W P for F M was sourced from 
Thevenot et al. [34] and G W P for wheat meal from Heusala et al. [35]. 

2.8. Statistical Analyses 

A l l data were tested for homogeneity of variance using Cochran, Hartley and Bartlett tests. 
Normal i ty of data was tested by Shapiro-Wilk test. Perivisceral fat index, splenosomatic index, 
some minor fatty acids, hemoglobin, mean corpuscular hemoglobin, mean corpuscular hemoglobin 
concentration and economic profit index were analyzed using Kruskal-Wallis non-parametric test as 
these data does not show normality. A l l other remaining parameter results were analyzed separately 
by one-way A N O V A . Differences were considered significant at p < 0.05 (post-hoc test: Tukey test). 
The data were expressed as mean ± SD and statistical analyses were performed using STATISTICA 12.0 
(StatSoft CR, Prague, Czech Republic). As BIO was a completely different diet, not comparable with 
respect to composition, nutrient and energy contents, it was not included in the statistical analyses. 
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3. Results 

3.1. Diet Composition 

Diets were comparable in proximate composition, which reflected the calculated one. The amino 
acid profile of H . illucens larva meal and experimental diets is presented in Table 2. Leucine, tyrosine 
and valine were the most common E A A s in the H . illucens larva meal, w i th the non-essential A A s 
glutamic and aspartic acid showing the highest content. Hermetia illucens larva meal showed similar 
values for histidine and lower values for arginine and lysine than observed in F M [36]. With increasing 
dietary H. illucens proportions, all E A A s decreased except valine and tyrosine, which remained constant 
and increased, respectively. 

3.2. Growth Trial 

Fish survival and growth performance are shown in Table 4. With al l diets, fish tripled their 
initial body weight. Fish readily accepted the feeds and no rejection was recorded. A t the end of the 
84-day experiment, no significant differences in survival were observed among diets. There were no 
significant differences among experimental groups in BWi, ICV and FCV. On the other hand, BWf, SGR, 
PER and FR differed significantly with diet, with the H60 treatment showing lower values compared 
to other treatments. 

Table 4. Survival and growth performance of Eurasian perch fed experimental diets and the commercial 
control diet (mean ± SD; n = 3). 

I t e m s C O N H 2 0 H 4 0 H 6 0 S E M p - V a l u e B I O * 

S u r v i v a l , % 98.7 ± 2.3 98.7 ± 2.3 98.0 ± 1.2 99.3 ± 1.2 0.512 0.878 96.0 ± 4.0 
B W j , g 21.9 ± 0.1 22.0 ± 0.1 22.1 ± 0.1 22.0 ± 0.1 0.023 0.195 22.0 ± 0.1 
B W f , g 63.8 ± 1.2 a 67.1 ± 2.0 a 68.1 ± 1.8 a 58.0 ± 3.2 b 1.305 0.002 74.1 ± 6.0 

W G , g 41.8 ± 1.0 a 45.1 ± 2.0 a 46.0 ± 1.7 a 36.0 ± 3.2 b 1.296 0.002 52.1 ± 5.9 
I C V , % 19.4 ± 0.6 19.6 ± 0.8 19.5 ± 0.9 19.3 ± 0.9 0.205 0.981 19.0 ± 0.9 
F C V , % 37.9 ± 1.6 32.9 ± 7.0 34.3 ± 7.1 38.3 ± 1.8 1.439 0.525 42.4 ± 9.1 

S G R , % / d 1.25 ± 0.06 a ' b 1.30 ± 0.03 a 1.30 ± 0.04 a 1.14 ± 0.03 b 1.331 0.000 1.39 ± 0.11 
F C R 1.00 ± 0.07 a ' b 0.91 ± 0.05 b 0.91 ± 0 . 0 4 b 1.12 ± 0.06 a 0.029 0.006 0.96 ± 0.13 
P E R 1.72 ± 0.12 a ' b 1.91 ± 0.11 a 1.90 ± 0.08 a 1.55 ± 0.08 b 0.050 0.000 1.88 ± 0.23 

F R , % / d 1.36 ± 0.03 a ' b 1.30 ± 0.04 a 1.30 ± 0 . 0 1 a 1.39 ± 0.04 b 0.014 0.023 1.47 ± 0.06 

C O N , H 2 0 , H 4 0 a n d H 6 0 rep resen t 0%, 2 0 % , 4 0 % a n d 6 0 % i n c l u s i o n of H. illucens l a r v a m e a l r e s p e c t i v e l y ; B I O is a 
c o m m e r c i a l d ie t ( B i o M a r In i c io , B r a n d e , D e n m a r k ) . S D , s t a n d a r d d e v i a t i o n , S E M , s t a n d a r d e r ro r of the m e a n ; B W ; , 
i n i t i a l b o d y w e i g h t ; B W f , f i n a l b o d y w e i g h t ; W G , w e i g h t g a i n ; I C V , i n i t i a l coe f f i c i en t o f v a r i a t i o n of w e i g h t ; F C V , 
f i na l coef f ic ient of v a r i a t i o n of w e i g h t ; S G R , spec i f i c g r o w t h rate; F C R , f eed c o n v e r s i o n ra t io ; P E R , p r o t e i n e f f i c iency 
ra t io ; F R , f e e d i n g rate. D i f fe ren t let ters w i t h i n a r o w i n d i c a t e s i gn i f i can t d i f fe rences (p < 0.05). * S ta t i s t i ca l a n a l y s i s 
d i d n o t i n c l u d e B I O . 

3.3. Condition Factor, Somatic Indices and Occurrence of Spleen Lipidosis 

Fish fed H60 showed lower K and HSI compared to fish fed the C O N diet, whi le no differences 
among treatments were recorded in any other parameter (Table 5). No splenic lipidosis was recorded 
in fish fed insect meal, while a high occurrence was recorded in fish fed the BIO diet. 
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Table 5. Condition factor (n = 45), somatic indices and occurrence of splenic lipidosis (n = 90) of 
Eurasian perch juveniles fed experimental diets and the commercial control diet (mean ± SD). 

I t e m s C O N H 2 0 H 4 0 H 6 0 S E M p - V a l u e B I O * 

K 1.20 ± 0.02 a ' b 1.22 ± 0.02 a 1.19 ± 0.01 a ' b 1.15 ± 0.01 b 0.008 0.020 1.28 ± 0.03 

H S I 1.76 ± 0.20 a 1.41 ± 0.12 a ' b 1.48 ± 0.10 a ' b 1.21 ± 0.07 b 0.067 0.006 1.37 ± 0.04 

SSI 0.12 ± 0.04 0.11 ± 0.04 0.10 ± 0.04 0.11 ± 0.05 0.010 0.964 0.13 ± 0.02 
V S I 2.91 ± 0.38 2.79 ± 0.17 2.94 ± 0.19 3.06 ± 0.05 0.063 0.608 2.90 ± 0.19 
P F I 6.19 ± 0.68 5.63 ± 0.19 6.06 ± 0.78 5.53 ± 0.25 0.157 0.826 9.43 ± 0.97 
S L 3.9 ± 6.71 N F N F N F - 19.5 ± 13.6 

C O N , H 2 0 , H 4 0 a n d H 6 0 r e p r e s e n t 0%, 2 0 % , 4 0 % a n d 6 0 % i n c l u s i o n of H. illucens l a r v a m e a l , r e s p e c t i v e l y , B I O is 
a c o m m e r c i a l d i e t ( B i o M a r I n i c i o , B r a n d e , D e n m a r k ) . S D , s t a n d a r d d e v i a t i o n , S E M , s t a n d a r d e r r o r o f the m e a n ; 
K , c o n d i t i o n fac to r ; H S I , h e p a t o s o m a t i c i n d e x ; SSI , s p l e n o s o m a t i c i n d e x ; V S I , v i s c e r o m a t i c i n d e x ; P F I , p e r i v i s c e r a l 
fat i n d e x ; S L , sp l en i c l i p i d o s i s ; N F , no t f o u n d . D i f fe ren t let ters w i t h i n a r o w i nd i ca te s ign i f i can t d i f fe rence (p < 0.05). 
* S ta t i s t i ca l a n a l y s i s d i d n o t i n c l u d e B I O . N o s ta t is t i ca l a n a l y s i s w a s p e r f o r m e d for S L , as s o m e d ie t g r o u p s d i d n o t 
s h o w l i p i d o s i s . 

3.4. Proximate and Patty Acid Composition of Whole Pish Homogenate 

The proximate composition of the whole fish homogenates showed no significant differences in 
D M , C P and EE content (Table 6). On the other hand, O M and GE content showed a decreasing trend 
with increased the H. illucens meal in the feed, while the opposite was recorded for ash content. 

Table 6 . Proximate composition of whole-body homogenate of Eurasian perch fed experimental diets 
and the commercial control diet (mean ± SD, n = 6). 

I t e m s C O N H 2 0 H 4 0 H 6 0 S E M p - V a l u e B I O * 

D M (g/100 g) 33.3 ± 1.0 32.9 ± 0.6 32.5 ± 0.6 32.1 ± 0.5 0.186 0.142 36.6 ± 1.1 
C P (g/100 g D M ) 24.1 ± 3.1 21.8 ± 0.9 21.6 ± 0.6 20.7 ± 0.3 0.466 0.065 22.4 ± 0.5 
E E (g/100 g D M ) 10.1 ± 1.3 9.5 ± 0.2 8.7 ± 0.5 8.5 ± 0.8 0.232 0.052 13.5 ± 1.0 

O M (g/100 g D M ) 28.6 ± 1.0 a 27.9 ± 0.6 a 27.2 ± 0.6 a 26.4 ± 0.8 b 0.254 0.001 32.1 ± 0.9 

A s h (g/100 g D M ) 4.7 ± 0.3 b 5.0 ± 0.2 b 5.3 ± 0.2 b 5.6 ± 0.3 a 0.098 0.003 4.5 ± 0.4 
G E ( M J / k g D M ) 0.81 ± 0.04 a 0.78 ± 0.01 a 0.75 ± 0.02 a 0.74 ± 0.03 b 0.009 0.014 0.95 ± 0.04 

C O N , H 2 0 , H 4 0 a n d H 6 0 r e p r e s e n t 0%, 2 0 % , 4 0 % a n d 6 0 % i n c l u s i o n of H. illucens l a r v a m e a l , r e s p e c t i v e l y ; B I O is 
a c o m m e r c i a l d i e t ( B i o M a r I n i c i o , B r a n d e , D e n m a r k ) . S D , s t a n d a r d d e v i a t i o n , S E M , s t a n d a r d e r r o r o f the m e a n ; 
D M , d r y m a t t e r ; C P , c r u d e p r o t e i n ; E E , e ther ext ract ; O M , o r g a n i c ma t te r ; G E , g ross energy. D i f fe ren t let ters w i t h i n 
a r o w i n d i c a t e s i g n i f i c a n t d i f fe rence (p < 0.05). * S ta t i s t i ca l a n a l y s i s d i d n o t i n c l u d e B I O . 

The fatty acid composition of Eurasian perch was significantly affected by the feed (Table 7). 
In general, saturated fatty acids (SFA) content tended to increase wi th increased H. illucens larva 
meal proportions wi th exception of C15:0 and C20:0. A trend similar to SFA was observed for 
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). Significant differences 
were found both in omega-6 and omega-3 content that decreased among tested H. illucens larva meal 
diets and consequently, the n-3/n-6 ratio decreased with increasing H. illucens larva meal inclusion. 
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T a b l e 7. Fatty acid (FA) profile of whole-body homogenate Eurasian perch fed experimental and 
commercial control diet. Data are expressed as percent of total FAs (mean ± SD, n = 9). 

F A C O N H 2 0 H 4 0 H 6 0 S E M p - V a l u e B I O * 

C12 :0 1.00 ± 1.56 b 4.76 ± 1.81 b 8.83 ± 1.24 a ' b 12.03 ± 1.49 a 0.79 <0.001 0.20 ± 0.20 
C14:0 4.67 ± 0.61 d 5.96 ± 0.64 c 7.41 ± 0.35 b 9.14 ± 0.72 a 0.315 <0.001 5.52 ± 0.18 
C 1 4 : l 0.54 ± 0.07 d 0.63 ± 0.05 c 0.79 ± 0.03 b 0.96 ± 0.06 a 0.03 <0.001 0.66 ± 0.03 
C15:0 0.42 ± 0.02 a 0.36 ± 0.03 a - b 0.34 ± 0.02 b 0.34 ± 0.05 b 0.008 <0.002 0.49 ± 0.02 
C16:0 17.49 ± 1.04 18.45 ± 0.79 17.81 ± 0.67 18.3 ± 1.79 0.206 0.335 18.98 ± 1.03 
C 1 6 : l 9.46 ± 0.57 b 9.9 ± 0.46 a ' b 10.35 ± 0.42 a 10.44 ± 0.51 a 0.109 0.001 10.81 ± 0.41 
C18:0 1.6 ± 0.07 1.20 ± 0.74 0.96 ± 0.80 1.70 ± 0.40 0.112 0.262 1.23 ± 0.08 

C 1 8 : l n 9 t r a n s 1.06 ± 0.10 a 0.84 ± 0.16 b 0.84 ± 0.12 b 0.74 ± 0.13 b 0.03 <0.001 2.57 ± 0.13 
C 1 8 : l n 9 27.34 ± 0.96 a 26.34 ± 0.79 a 23.99 ± 1.04 b 21.42 ± 0.68 c 0.436 <0.001 21.16 ± 0.36 
C 1 8 : l n 7 3.07 ± 0.20 a 2.00 ± 1.24 a ' b 1.70 ± 1.05 b 2.07 ± 0.17 a 0.167 <0.001 2.76 ± 0.08 
C 1 8 : 2 n 6 8.21 ± 0.40 a 7.74 ± 0.28 a - b 7.79 ± 0.40 a 7.28 ± 0.40 b 0.087 <0.001 7.15 ± 0.24 
C 1 8 : 3 n 6 0.08 ± 0.09 a ' b 0.06 ± 0.08 b 0.04 ± 0.07 b 0.17 ± 0.01 a 0.015 0.005 0.15 ± 0.01 
C 1 8 : 3 n 3 2.23 ± 0.16 a 1.99 ± 0.09 b 1.65 ± 0.08 c 1.30 ± 0.07 d 0.065 <0.001 1.77 ± 0.05 

C20:0 1.02 ± 0.38 a 1.07 ± 0.04 a 0.97 ± 0.09 a 0.42 ± 0.37 b 0.065 0.001 0.98 ± 0.95 
C 2 0 : l n 9 2.21 ± 0.23 a 1.73 ± 0.23 a ' b 1.58 ± 0.22 b 1.64 ± 0.36 b 0.063 0.003 4.25 ± 0.16 
C 2 0 : 3 n 6 0.11 ± 0.05 a 0.07 ± 0.06 a - b 0.06 ± 0.04 b 0.09 ± 0.02 a ' b 0.008 0.035 0.06 ± 0.03 
C 2 0 : 3 n 3 0.38 ± 0.25 a 0.32 ± 0.20 a 0.18 ± 0.19 b 0.30 ± 0.04 a 0.034 0.050 0.41 ± 0.04 

C 2 0 : 4 n 6 0.19 ± 0.08 a 0.09 ± 0.10 a ' b 0.05 ± 0.07 b 0.11 ± 0.03 a ' b 0.015 0.009 0.14 ± 0.02 
C22 :0 n d n d n d n d n d 

C 2 2 : l n 9 n d n d n d n d n d 
C 2 0 : 5 n 3 0.55 ± 0.47 0.58 ± 0.26 0.74 ± 0.14 0.56 ± 0.36 0.057 0.629 1.06 ± 1.47 

C22 :2 4.23 ± 0.39 a 3.58 ± 0.33 b 3.14 ± 0.38 b 2.62 ± 0.34 c 0.122 <0.001 5.99 ± 0.18 
C24:0 n d n d n d n d n d 

C 2 4 : l n 9 n d n d n d n d n d 
C 2 2 : 5 n 3 1.16 ± 0.15 a 0.98 ± 0.12 b 0.75 ± 0 . 0 7 c 0.58 ± 0.06 d 0.043 <0.001 1.09 ± 0.09 
C 2 2 : 6 n 3 12.91 ± 1.2 a 11.35 ± 1.12 b 10.04 ± 0.60 b 7.66 ± 0.98 c 0.385 <0.001 12.46 ± 0.59 

S F A 30.43 ± 2.54 d 35.37 ± 2.38 c 39.47 ± 1.38 b 44.62 ± 2.55 a 1.012 <0.001 33.39 ± 1.39 
M U F A 43.74 ± 0.98 a 41.44 ± 0.89 b 39.25 ± 0 . 6 1 c 37.34 ± 1.01 d 0.455 <0.001 42.31 ± 0.90 
P U F A 25.82 ± 1.94 a 23.18 ± 1.77 b 21.28 ± 1.00 b 18.04 ± 1.70 c 0.579 <0.001 24.30 ± 1.67 

n-3 17.23 ± 1.58 a 15.22 ± 1.46 b 13.34 ± 0.78 c 10.40 ± 1.35 d 0.504 <0.001 16.80 ± 1.57 
n-6 8.59 ± 0.40 a 7.97 ± 0.45 b 7.94 ± 0.33 b 7.64 ± 0.37 b 0.090 <0.001 7.50 ± 0.26 

n-3/n-6 2.00 ± 0.12 a 1.91 ± 0.14 a 1.68 ± 0.09 b 1.36 ± 0.12 c 0.049 <0.001 2.24 ± 0.20 

C O N , H 2 0 , H 4 0 a n d H 6 0 r e p r e s e n t 0%, 2 0 % , 4 0 % a n d 6 0 % i n c l u s i o n o f H. illucens l a r v a m e a l , r e s p e c t i v e l y ; B I O is 
a c o m m e r c i a l d i e t ( B i o M a r I n i c i o , B r a n d e , D e n m a r k ) ; S D , s t a n d a r d d e v i a t i o n , S E M , s t a n d a r d e r r o r o f t he m e a n ; 
S F A sa tu ra ted fa t ty a c i d s , M U F A , m o n o u n s a t u r a t e d fa t ty a c i d s , P U F A , p o l y u n s a t u r a t e d fa t ty ac ids . D i f fe ren t letters 
w i t h i n a r o w i n d i c a t e s i g n i f i c a n t d i f f e rence (p < 0.05). * S ta t i s t i ca l a n a l y s i s d i d n o t i n c l u d e B I O ; n d = n o t de tec ted . 

3.5. Haematological Analyses 

Hemoglobin (Hb) concentration, H C T , RBBC, M C V , M C H and M C H C showed no differences 
among the feeding groups (Table 8). 

T a b l e 8. Hematological parameters of Eurasian perch fed experimental and commercial control diet 
(mean ± SD, n = 9). 

I t ems U n i t C O N H 2 0 H 4 0 H 6 0 S E M p - V a l u e B I O * 

H b (g/L) 51.5 ± 2.9 51.4 ± 2.6 50.5 ± 3.6 51.0 ± 2 . 8 0.426 0.987 51.8 ± 2.8 
H C T (L /L ) 32.4 ± 6.9 31.9 ± 10.2 30.4 ± 6.1 28.8 ± 9.3 1.180 0.829 32.7 ± 7.5 
R B B C (T/L) 1.90 ± 0.3 1.75 ± 0.4 1.58 ± 0.2 1.81 ± 0.6 0.060 0.466 1.89 ± 0.4 
M C V (A) 173.1 ± 43.4 185.5 ± 46.7 191.5 ± 25.8 165.9 ± 41.5 5.534 0.616 174.1 ± 25.4 
M C H (Pg) 27.6 ± 4.5 32.5 ± 4.5 32.4 ± 5.0 33.8 ± 4.9 1.767 0.296 28.7 ± 6.8 
M C H C (g/L) 0.17 ± 0.04 0.18 ± 0.07 0.17 ± 0.04 0.20 ± 0.08 0.009 0.931 0.17 ± 0.05 

G r o u p s C O N , H 2 0 , H 4 0 a n d H 6 0 r e p r e s e n t 0 % , 2 0 % , 4 0 % a n d 6 0 % i n c l u s i o n , o f H . illucens m e a l , r e s p e c t i v e l y ; 
B I O is a c o m m e r c i a l d ie t ( B i o M a r In ic io , B r a n d e , D e n m a r k ) . S D , s t a n d a r d d e v i a t i o n , H b , h e m o g l o b i n concen t ra t i on ; 
H C T , hema toc r i t ; R B C C , r e d b l o o d ce l l coun t ; M C V , m e a n c o r p u s c u l a r v o l u m e ; M C H , m e a n c o r p u s c u l a r h e m o g l o b i n ; 
M C H C , m e a n c o r p u s c u l a r h e m o g l o b i n c o n c e n t r a t i o n ; S E M , s t a n d a r d e r r o r m e a n ; * S ta t i s t i ca l a n a l y s i s d i d n o t 
i n c l u d e B I O . 
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3.6. Economic Analysis and Environmental Sustainability of Feeds 

The FIFO index decreased proportionally w i t h increased insect meal proportions, reaching 
3.04 (CON), 2.17 (H20), 1.56 (H40) and 1.18 (H60). The H . illucens meal diets differed significantly with 
respect to E C R and EPI (Table 9), wi th cost increasing concurrent wi th H . illucens meal replacement. 
The inclusion of insect meal led to an overall increase of environmental sustainability parameters GWP, 
E U and L D and a reduction in freshwater demand. 

T a b l e 9. Economic and environmental sustainability parameters of European perch production using 
feeds differing in insect meal inclusion level (mean ± SD, n = 3). 

I t ems C O N H 2 0 H 4 0 H 6 0 S E M p - V a l u e B I O * 

F I F O 3.04 ± 0.21 a 2.17 ± 0.12 b 1.56 ± 0 . 0 7 c 1.18 ± 0.06 d 0.214 <0 .01 -
G W P (kg 

1.81 2.64 3.48 4.32 
C 0 2 - e q ) 

1.81 2.64 3.48 4.32 

E U ( G J / M T ) 15.35 24.80 34.26 43.71 - - -
L D ( h a / M T ) 0.06 0.08 0.11 0.13 - - -

W D ( m 3 / M T ) 376 304 232 161 - - -
E C R 1.4 ± 0.10 c 1.71 ± 0.10 c 2.13 ± 0.10 b 3.13 ± 0.17 a 0.198 <0.01 2.62 ± 0.34 
E P I 0.36 ± 0.01 a 0.36 ± 0.01 a 0.34 ± 0.01 a 0.26 ± 0.02 b 0.012 <0.04 0.35 ± 0.04 

C O N , H 2 0 , H 4 0 a n d H 6 0 r e p r e s e n t 0 % , 2 0 % , 4 0 % a n d 6 0 % i n c l u s i o n o f H . illucens m e a l , r e s p e c t i v e l y ; B I O 
i s a c o m m e r c i a l d i e t ( B i o M a r I n i c i o , B r a n d e , D e n m a r k ) . S D , s t a n d a r d d e v i a t i o n , F I F O , f i s h - i n f i s h - o u t r a t i o ; 
E C R , e c o n o m i c c o n v e r s i o n ra t i o ; E P I , e c o n o m i c p r o f i t i n d e x , G W P , g l o b a l w a r m i n g p o t e n t i a l ; E U , e n e r g y u s e ; 
L D , l a n d d e m a n d ; W D , w a t e r d e m a n d ; D i f f e r e n t le t ters w i t h i n a r o w i n d i c a t e s i g n i f i c a n t d i f f e rence (p < 0.05). 
* T h e s ta t i s t i ca l a n a l y s i s d i d n o t i n c l u d e B I O . 

4. Discussion 

Intensive culture of Eurasian perch is still a young industry in Europe wi th the main producers 
being Ireland, France, Poland, Belgium and Denmark. Insects have been proposed as an efficient 
and high-quality alternative protein source for poultry [37,38], swine [11,39] and carnivorous 
fish [13,15-17,20,40] and interest in use of insect meals in perch diets is high. Insects are a viable source 
of protein and lipids [9,10] and a typical component of Eurasian perch natural diet. Nogales-Merida [9], 
confirmed insects as an excellent source of several vitamins and minerals including iron, potassium, 
calcium and magnesium. Use of H . illucens insect meal is consistent w i t h production of perch as an 
organic product, as insect meal can be produced locally on a variety of substrates [41,42]. 

The present study represents the first reported use of defatted black soldier fly H . illucens larva 
meal as an alternative feed ingredient for Eurasian perch reared in intensive culture. Bufiler et al. [43] 
demonstrated that H . illucens is an appropriate insect species for insect meal production. It has a 
well-balanced essential amino acid profile, an average protein content of 55% D M and -35% fat D M , 
which may be reduced to 5-9% by defatting, making it more digestible. However, complete F M 
replacement by insect meal has not been shown feasible. Henry et al. [44], reported that the maximum 
dietary replacement of F M by H . illucens meal ranges from 6 to 25%, depending on fish species, 
wi th higher inclusion levels reducing growth performance. Sealey et al. [45], reported up to 50% 
H . illucens inclusion without negative effects on growth of rainbow trout. Our study showed that there 
is no significant effect up to 400 g/kg of H . illucens in the perch diet on body weight or specific growth 
rate. Similar results were demonstrated by Renna et al. [15], where partially defatted H . illucens larva 
meal up to 40% of inclusion level was used in rainbow trout diet without negative effects on survival 
rate, growth performance, condition factor, somatic indices, physical quality or gut morphology. 
Magalhaes et al . [17], replaced 45% of the F M in diet of juvenile European seabass w i t h up to 19.5% 
H . illucens meal corresponding to 22.5% protein without adverse effects on growth performance and 
feed utilization. Kroeckel et al. [20], reported that inclusion higher than 33% of defatted H . illucens 
larvae decreased protein digestibility, feed acceptance and growth performance of juvenile turbot. 
Lock et al. [12], showed that drying slightly defatted H . illucens meal (255 g/kg DM) at low temperature 
is the most suitable procedure and produced a good alternative feed for Atlantic salmon growth. 
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Proximate composition of fish is driven by endogenous (size, life cycle stage) as well as exogenous 
factors (water quality, feed) [46]. To minimize bias, we reared European perch under similar conditions. 
We found no significant differences in D M , C P and EE i n whole-fish homogenate among tested 
H . illucens diets. This is in line w i t h Gasco et al. [47], w h o found no significant difference in D M 
and C P content of European sea bass fed mealworm Tenebrio molitor at different diet proportions. 
Contrary results were obtained in rainbow trout fed T. molitor, in which increasing the proportion of 
insect meal triggered significant decreases in D M , CP and EE [48], while increased enriched H . illucens 
prepupae content resulted in decline in D M and EE [45]. 

Reduction in D M and EE content may result from decreased nutrient availability [15], depending on 
insect species [23,42] or on its culture substrate [37,39]. Culture substrate also substantially affects 
insect ash content [49,50]. Although body ash content has been reported similar among fish consuming 
various insect meal diets [20,51], we found a significant difference among our diet groups, w i t h the 
highest ash content in H60, while lower ash levels were observed in C O N , H20 and H40 groups. This is 
in contrast to the proximate analysis of tested diets per se, in which the ash content decreased wi th 
increasing H . illucens inclusion. Kirchgessner and Schwarz [52] and Shearer [46] reported no effect 
of crude dietary ash on ash content of fish body, provided sufficient levels of essential elements are 
present. This suggests that the partially defatted H . illucens meal used in our study may lack some 
essential element or elements, although this complex mechanism is largely unexplored and needs 
further study. The G E content decreased significantly wi th increased H. illucens larva meal inclusion, 
reflecting the non-significant decrease in both C P and EE with higher H. illucens larva content. 

We found total n-3 and n-6 fatty acid i n Eurasian perch to decrease significantly wi th higher 
levels of H. illucens larva meal in the diet, reflecting lower fish oil content, with the n-3/n-6 ratio being 
inversely related to H . illucens inclusion. This is in agreement wi th findings of Borgogno et al. [51] 
and Renna et al. [15], who reported significant reduction of n-3/n-6 ratio in rainbow trout fed with 
H. illucens larva meal. The opposite effect was observed in Atlantic salmon fed H . illucens meal [13]. 
The differences among studies could be related to diet composition. In the present study, as w e l l as 
those of Borgogno et al. [53] and Renna et al. [15], fish o i l was used as a fat source, while Belghit et 
al. [54], used large quantities of rapeseed oi l , which contain high level of n-6 polyunsaturated fatty 
acids contributing to maintain constant the n-3/n-6 ratio between insect meal based diets. 

These comparisons underscore differences among insect species and culture media. We found 
increased H . illucens proportions to be associated wi th significantly higher SFA content in fish 
homogenate, reflecting that partially defatted H . illucens meal is rich in SFAs (lauric acid C12:0, myristic 
acid C14:0 and palmitic acid C16:0), while T. molitor larva meal is rich in M U F A s and n-6 PUFAs . 
A similar trend was observed in studies of Jian carp [55] and rainbow trout [13], fed H . illucens larva 
meal. The positive effect on HSI observed in the present study could be related to reduction of l ip id 
storage in liver, as was demonstrated in Atlantic salmon [54]. 

Hematological parameters, essential tools in evaluation of fish welfare related to stress and 
immune status [56-58], are highly influenced by feeding regime [59]. Studies of F M substitutes 
such as cottonseed [60], soybean [61,62], housefly (Musca domestica) maggot [63] and cricket 
(Gryllus bimaculatus) [64], showed no significant effect of tested meals on hematological parameters 
of fish of various species. This reinforces our suggestion that dietary H . illucens larva meal does not 
impact welfare of Eurasian perch but further investigations of diet formulations and feeding strategies 
are needed to collect additional data for this new area of study and to obtain more comprehensive 
results on fish growth rate. 

The fish-in fish-out ratio is a practical indicator of environmental sustainability [31]. This index 
uses a global average wet weight (whole fish) to fishmeal yield of 22.5% and wet weight to fish oil yield 
of 5%. A ratio >1 indicates net removal of fish globally. We found the FIFO ratio to be substantially 
reduced with increasing proportions of insect meal and that FIFO could be decreased by 49% in perch 
fed an insect-based diet without affecting growth. This downward trend is in agreement with forecast 
of Tacon and Marc [65]. 
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Increasing H . illucens larva meal proportions in commercial fish feeds could lead to higher energy 
and land use and increased greenhouse gas production. A lower impact was found for freshwater 
use. Insect meal inclusion level, which does not affect growth parameters, led to a 144% increase in 
greenhouse gas production, 123% increase in energy demand and 77% increase in land use. Fresh water 
use was decreased by 38% compared to control. These findings suggest ongoing monitoring of 
agricultural resources and related socio-economic and environmental impact during the shift in 
resource demands from the oceans onto the land. 

Future studies should be focused on fine-tuning for optimal insect meal inclusion in the range 
of 40% to 60%, as w e l l as evaluation of diets w i t h a higher contribution of plant-based protein in 
combination w i t h insect meal. Long-term studies of rearing fish to a higher market size (>200 g), 
in combination with sensory and texture analysis of the final product, should be carried out to explore 
full potential of insect-based diets for perch. 

When the inclusion level was >60%, growth was significantly reduced compared with the control 
group, suggesting that incorporation of up to 40% H . illucens larva meal in the feed formulation for 
perch is feasible and can reduce reliance on marine resources. However, even if presents limitations, 
such as production cost and increased impact i n some environment-related parameters, the partial 
replacement of fishmeal by insect protein w i l l be more important in the future as getting enough 
amount of fishmeal w i l l be difficult and culture of insects like a H. illucens using waste food means to 
convert non-resources to important protein resources is a promising solution to cope this problem. 
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General discussion 

General discussion 

1.1. Overview of production performance and environmental impacts of aquaculture 
species fed dietary insect meal 

Evaluating innovative feed ingredients for aquaculture species necessitates thorough 
examinations of nutritional content, growth performance, and economic and environmental 
aspects (Hua, 2021; Naylor et al., 2009; Pelletier et al., 2018). Although insect meals have 
been recognized as the most promising alternative protein in aquafeed, only the first two 
categories have received the greatest attention (Gasco et al., 2019; Henry et al., 2015; Hua, 
2021; Liland et al., 2021; Makkar et al., 2014; Nogales Merida et al., 2019). Reviews on the 
nutritional properties of insect meals have covered a wide variety of insect taxa, processing 
techniques, and life phases, and it is widely agreed that such diversity drives the variation 
in nutrient contents, e.g., protein, lipid, amino acids, fatty acids, among others (Basto et 
al., 2020; Liu et al., 2017; Nogales Merida et al., 2019). Recent narrative and meta-analysis 
studies, evaluating the growth performance of aquatic animals fed insect meals, have deemed 
insect meals a generic concept without regard for their variation (Hua, 2021; Liland et al., 
2021). These works have also focussed on a limited number of insect candidates, such as 
black soldier fly (Hermetia illucens), yellow mealworm (Tenebrio molitor), and housefly (Musca 
domestica), despite the fact that a wide range of insect meals has been used as a fishmeal 
replacement in fish diets (Henry et al., 2015). 

Our work (Tran et al., 2022b; Chapter 2), employing a meta-analysis approach, highlighted 
the potential of several insect meals in terms of the growth performance of fed organisms. 
We also found a substantial variation in the specific growth rate, feed conversation, and 
protein efficiency ratio of fish fed insect meals with different processing methods and life 
stages of insect meals. Many biotic and abiotic factors, e.g., temperature, trophic levels, and 
fishmeal/fish oil inclusion levels, were discovered to drive the influence of insect meals on fish 
performance. The role of low dietary insect-derived chitin in supporting the performance of 
some fish species was investigated; the excessive supply of this non-protein nitrogen causes 
an inverse effect. Our study also shed light on the future selection of insect meals concerning 
the production performance of aquaculture species; these include defatted (T. molitor), full-
fat silkworm (Bombyx mori), defatted (H. illucens), full-fat fly (Chrysomya megacephala), 
cricket (Gryllus bimaculatus), grasshoppers (Oxya fuscovittata) and (Zonocerus variegatus) 
and full-fat moth (Cirina butyrospermi). Taking into account past research, our study delivered 
a comprehensive assessment of the influence of diverse insect forms on fish production, 
offering a shortlist of ingredients for future aquafeed manufacture. 

Aquafeed production has been highlighted as a primary driver of the environmental 
implications of aquaculture systems (Böhnes et al., 2019). Previous research has shown that 
alternative aquafeed sources must satisfy a number of requirements in order to provide superior 
environmental advantages, including reducing the use of marine fishery resources, decreasing 
nutrient loss at the farm, and lowering environmental and life cycle impacts (Papatryphon et 
al., 2004; Pelletier et al., 2018; Pelletier and Tyedmers, 2007). Some research concentrated 
on the environmental effects of insect meal manufacturing and insect-containing diet for 
aquatic animal species. Specifically, insect meals exhibited higher environmental impacts 
than fishmeal but equivalent to or lower than terrestrial protein ingredients, notably for land 
use (Maiolo et al., 2020; Salomone et al., 2017; Smetana et al., 2019; van Zanten et al., 
2015). In a broader sense, our study (Tran et al., 2022a; Chapter 3) demonstrated the lower 
environmental performance of insect meal production compared to a variety of conventional 
and novel ingredients, except for fishmeal. The emphasis should be drawn to global warming 
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potential, in which insect meals remained comparable with other plant proteins but required 
far less land. The insect, therefore, could be a preferable candidate for future aquafeed in 
satisfying the ever-growing aquaculture industry in a finite natural resource. Technological 
advancements, potentially through scaling up the insect rearing facility and optimizing feed 
substrates, have the great potential to lessen the environmental burden of insect meals 
(Halloran et al., 2016; Smetana et al., 2021). 

Fecal loss is a critical concern when incorporating novel ingredients in aquafeed. 
Weththasinghe et al. (2021) demonstrated that dietary full-fat fly (H. illucens) significantly 
increased fecal nitrogen excretion but had no effect on that of phosphorus. This study 
highlighted the importance of considering a broader perspective, in addition to physiological 
parameters, while introducing insect meals into fish diets. By retrieving data from many 
published papers, we (Tran et al., 2022a; Chapter 3) validated past work, demonstrating 
that the great majority of insect-containing diets generated more nitrogenous solid waste 
than the control. Our research, on the other hand, highlighted the environmental benefits of 
incorporating insect meals in aquafeed, regarding lower fecal phosphorus loss. 

Aquaculture is expected to significantly contribute to global seafood demand by 2050, and 
to tap this, aquaculture needs to lower its reliance on marine fish resources by reducing the 
use of wild-derived fishmeal and fish oil (Bene et al., 2015; Naylor et al., 2009). Fish-in fish-
out, measuring the amount of marine fish input required to produce farmed fish, is a valuable 
metric that indicates the dependence of aquaculture on the marine ecosystem (Tacon and 
Metian, 2008). The use of insect meals of fly (H. illucens) (Rawski et al., 2020) and cricket 
(Acheta domesticus) (Estevez et al., 2022) steadily reduced fishmeal, and to a lesser extent, 
fish oil, in fish diets, thereby lowering fish-in fish-out ratio for the production of Siberian 
sturgeon (Acipenser baerii) and meagre (Argyrosomus regius), respectively. On a global scale, 
this ratio was 0.28 for main fed-aquaculture species in 2017, a significant decrease from the 
previous 20-year record (Naylor et al., 2021). Recent advances in economic allocation have 
suggested shifting from conventional fish-in fish-out to a more precise concept known as 
economic fish-in fish-out (Kok et al., 2020). Based on this principle, our metadata (Tran et 
al., 2022a; Chapter 3) consolidated previously indicated findings that dietary insect meals 
significantly reduced economic fish-in fish-out for all fish taxa. 

Overall, when considering the growth production of fish in conjunction with the 
environmental consequence of incorporating insect meals in aquafeed, dietary insect meals, 
at the plausible thresholds, support fish performance and reduce aquaculture's reliance 
on finite fisheries resources but entail burdens associated with nitrogen waste output and 
environmental impacts from life cycle assessment approach. Along with selecting appropriate 
insect species for aquafeed input, it is prudent to consider insect-containing feed in a 
specific aquaculture system, e.g., integrated multi-trophic aquaculture, pond aquaculture, and 
recirculated aquaculture system, where solid waste can be managed or used for extractive 
species (Naylor et al., 2021). Furthermore, insects could play a vital role in a closed-loop 
circular economy and environmental impact reduction of our food system since insects have 
a high ability to convert low-value substrates to high-quality feedstock (Cappellozza et al., 
2019; Jagtap et al., 2021; Lalander and Vinneräs, 2022; Ojha et al., 2020). 

Our studies (Tran et al., 2022a,b; Chapters 2 and 3) further stressed the importance of the 
complementarity among feed resources in aquafeed to satisfy the nutritional requirement of 
targeted fish species and ensure environmental sustainability. Given that a single alternative 
protein ingredient will not be able to satisfy the protein demand of aquafeed, blends of insect 
meals and other feed ingredients have been recently developed and shown promising results 
in terms of acceptance by fed organisms and environmental aspects (Bruni et al., 2021; 
Chaklader et al., 2021; Estevez et al., 2022; Pulido-Rodriguez et al., 2021). 
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1.2. Insect meals (Tenebrio molitor and Hermetia illucens) fed Eurasian perch 
(Perca fluviatilis) 

Until recently, among seven insect meals authorized to use in aquafeed in Europe, fly 
(H. illucens) and mealworm (T. molitor) have received the most interest from academia 
(Hua et al., 2019). To further explore the possibility of using these insect meals in potential 
aquaculture species, perch (P. fluviatilis), we have layout two separate feeding trials, Chapter 
4 (Tran et al., 2022c) and Chapter 8 (Stejskal et al., 2020). The recent studies employing the 
meta-analysis approach have demonstrated that the plausible inclusion level of insect meal 
while sustaining growth performance of fed aquatic species is insect-species-specific (Hua, 
2021; Liland et al., 2021). This is also the case for European perch (P. fluviatilis) fed dietary 
insect meals. Tilami et al. (2020) documented that including 10% of an insect meal blend, 
house cricket (Acheta domesticus) and superworm (Zophobas morio), as a 25% substitution 
for fishmeal in diets for perch did not support growth performance when compared to the 
insect-free diet, as evidenced by the specific growth rate. In contrast, Chapter 4 (Tran et al., 
2022c) indicated that dietary yellow mealworm (T. molitor) at as low as 6.8% sustained perch 
growth compared to the control diet; however, oversupplying this insect caused a negative 
effect. Therefore, it was concluded that 6.8% of defatted mealworm or 25% of fishmeal 
substitution is appropriate for perch diets. Furthermore, incorporating black soldier fly 
(H. illucens) (Chapter 8; Stejskal et al., 2020) suggested that 4 0 % of H. illucens can be used 
successfully in diets for perch. These Chapters (4 and 8) highlighted the high feeding rate of 
perch with fly- and mealworm-containing diets, implying that these insect meals are highly 
palatable for fish. Unlikely, cricket and superworm were attributed to unpalatable flavour, 
bitterness, sourness, or odor for perch (Tilami et al., 2020). 

Hua (2021) drew attention to T. molitor, suggesting that fish are well tolerated with a high 
dietary level of this mealworm, whereas the plausible inclusion of black solider fly for fish is 
29%, beyond this level, growth performance is depressed. However, our findings (Chapters 
4 and 8) revealed otherwise. It is widely accepted that the threshold to which dietary insect 
meals continue to support the growth performance of fed organisms relative to the control 
diet is highly dependent on a variety of factors, not just insect species themselves. Our 
study (Chapter 3) suggested that these factors included the magnitude of insect defatting, 
life-stage, anti-nutrients (chitin), and nutrient balance designed in experiments diets. For 
instance, despite the fact that experimental diets were formulated on an isonitrogenous, 
isolipidic, and isoenergic basis, the deficiency of some essential amino acids and fatty acids, 
together with increasing levels of non-protein nitrogen in insect-based diets, depressed 
nutrient digestibility, thus growth performance of perch in our studies. It is worth noting that 
although the chitin level in H. ///ucens-containing diets (0.98-3.15% dry basis; Chapter 8) is 
relatively higher than that in T. molitor diets (0.34-1.01% dry basis, Chapter 4), the growth 
performance of perch favoured the former over the latter. This implies that chitin is not the 
only factor compromising fish growth, which agrees with a prior study (Hua, 2021). 

Perch fed increasing dietary mealworm (Chapter 4) evidenced stress status, as il lustrated 
by stress-indicated aspartate aminotransferase in blood serum, whereas fish fed black 
soldier fly exhibited no change in haematological parameters (Chapter 8). The taurine 
deficiency may be taken into account, along with nutrient shortfalls and the presence of 
chitin in both studies. Taurine plays a vital role in the growth and degree of susceptibi l i ty to 
diseases of many fish species (Salze and Davis, 2015). According to a recent study (Basto 
et al., 2020), defatted mealworm had less taurine than non-defatted mealworms, while that 
is otherwise for soldier fly. This phenomenon could explain the low toleration of perch fed 
dietary defatted mealworm. 

- 745-



Despite the poor fish performance, the substantial replacement of fishmeal by both insect 
meals greatly lowered fish-in fish-out ratio, implying that fewer marine forage fish are required 
to produce farmed perch. A similar pattern was observed in Siberian sturgeon (Rawski et al., 
2020) and meagre (Estevez et al., 2022). The environmental advantages of using substantial 
dietary insect meals were also reported for total solid waste, phosphorus solid waste (Chapter 
4), and water demand (Chapter 8), which were comparable to or even less than insect-free 
diets. A similar amount of phosphorus waste generated in control and insect-containing 
diets was also reported for Atlantic salmon (Salmo salar) fed dietary full-fatted H. illucens 
(Weththasinghe et al., 2021). 

As far as the economic aspect of insect-fed fish is concerned, Chapter 8 found that increasing 
dietary H. illucens in perch diets raised the economic conversion ratio but decreased the 
economic profit index, which was ascribed to the higher price of insect meal (3.5 €.kg _ 1) vs. 
fishmeal (1.48 C.kg 1 ) . The introduction of insect meal (T. molitor) in seabass farming also 
raised concerns about feeding costs due to the high cost of insect meal (2.50-5.0 C.kg _ 1) (Arru 
et al., 2019). Our study (Chapter 8) highlighted that in order to gain the benefits from perch 
farming, the inclusion levels of insect meal should be limited to 20%. The vast majority of insect 
rearing facilities are still in their infancy, with only a limited volumes produced (Allaboutfeed, 
2022), resulting in a high cost of production and thus high sale price (Dobermann et al., 
2017). Therefore, it is suggested that increasing mechanization, scaling up the facility, and 
using low-value feed substrates could significantly reduce production costs (Niyonsaba et al., 
2021) . 

Recent research has focused on additional benefits of including insect meals in the 
aquaculture diet, such as immunological improvement (Henry etal. , 2018b) and gut microbiota 
modulation (Huyben et al., 2019), both of which are important indicators of farmed aquatic 
animals' welfare (Toni et al., 2019). In this sense, we performed swimming performance 
and metabolism of perch fed dietary T. molitor to examine whether this dietary treatment 
alters fish welfare-related indicators (Chapter 7). The results revealed that the addition of 
insect meal at the expense of fishmeal did not impair the swimming capacity of perch, but a 
variety of alterations in physiological indices, notably blood biochemistry, were necessary to 
sustain the swimming performance. It is also worth noting from this research from this study 
(Chapter 7) that perch prefer high water flow compared to numerous other fish species. This 
brings important implications for the technical design of the perch farming system in terms 
of establishing current velocity, as knowledge on such aspects remains limited (Policar et al., 
2015). 

The physiological responses of aquaculture fish fed dietary insect meals are typically 
attributed to the context of whole feed formula. In fact, multiple feed ingredients in a diet 
are digested and assimilated to construct tissues, thereby underpinning such responses. In 
this sense, we (Chapter 5) employed stable isotope analysis and mixing model, which has 
been increasingly used in aquaculture nutrition to estimate the proportional contribution 
of feed ingredients to fish t issue construction (Enyidi et al., 2013; Gamboa-Delgado et al., 
2008; Gamboa-Delgado et al., 2014; Gamboa-Delgado et al., 2016; Gamboa-Delgado and Le 
Vay, 2009; Gamboa-Delgado et al., 2020; Gamboa-Delgado et al., 2013; Gamboa Delgado, 
2021; Liu et al., 2021). The Chapter provided an insight into complementarity among feed 
ingredients in the presence or absence of insect meal T. molitor, which occurred in different 
tissues, muscle, liver, and blood. In general, insect meal was shown to have a more significant 
function in the liver and blood, whereas its contribution to the muscle is lower than its 
dietary availability. The inclusion of soybean ingredients was dominant in all diets, and as a 
consequence, their contribution to all t issues was utmost. As future aquafeed requires the 
input of multiple protein sources to fulfil growing demand (Tacon, 2020), evaluating the role 
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and the nutritional complementarity among these sources in fish development, using stable 
isotopes and the mixing model, could provide beneficial information toward better feed 
formulas in satisfying the nutrient requirements of targeted fish species. 

Overall, our research (Chapters 4, 5, 7, and 8) suggested the feasibility of incorporating 
partially defatted H. illucens and defatted T. molitor in diets for Eurasian perch (P. fluviatilis). 
However, bottlenecks associated with nutrient deficiency, chitin, and the cost of insect meals 
have hampered their substantial inclusion. 

1.3. Dietary black solider fly (Hermetia illucens) for pikeperch (Sander lucioperca) 

Among percid fish in Europe, pikeperch (S. lucioperca) has piqued the greatest interest 
from academia and stakeholders as a promising candidate for freshwater aquaculture in 
Europe (FAO, 2020; Policar et al., 2019). The recent introduction of alternative protein sources 
from microorganisms in pikeperch diets has brought issues related to pikeperch's ability to 
digest cell wall in these novel ingredients and to tolerate plant-based feed (Schafberg et al., 
2018; Schafberg et al., 2021). Furthermore, due to their sensitiveness to stress induced by 
the aquaculture system and nutrition, this species requires extreme care (Lund et al., 2012; 
Schafberg et al., 2018). 

Promisingly, our study (Chapter 6; Tran et al., 2021) underlined that defatted H. illucens 
could replace up to 50% fishmeal, equivalent to an inclusion level of 18%, in diets for 
juvenile pikeperch without compromising weight gain and feed conversion ratio; higher levels 
violated both variables. Furthermore, dietary H. illucens enhanced antioxidative enzymes and 
favourable gut microbiota in pikeperch, implying an immunological boost ing effect. 

As previously stated, pikeperch is extremely sensitive to non-digestible components in 
the diet, being cell wall presented in microbial ingredients. In spite of this, insect-derived 
chitin appears to be tolerated at a low dietary level by pikeperch. It, therefore, could be 
anticipated from Chapter 6 that dietary chitin of as low as 1% could sustain physiological 
indices of pikeperch relative to a chitin-free diet. Such low dietary chitin has been ascribed to 
enhancing antioxidative enzymes and beneficial gut microbiome (Gasco et al., 2021; Henry 
et al., 2018a), which may further support our findings. Although chitinase is evidenced to be 
present in the gut of first-exogenous-feeding pikeperch and aids chitin digestion (Lahnsteiner, 
2017), increasing chitin levels did not accompany elevation of chitinase in many fish (Kono 
et al., 1987). Excessive chitin may reduce energy availability and nutrient digestibility for fish, 
resulting in depressed growth performance (Ringo et al., 2012). This is most likely true for 
fish fed 100% fishmeal substituted by H. illucens at the corresponding chitin level of 1.93% in 
our study (Chapter 6). It is proposed that the application of exogenous chitinase or enzyme-
degraded probiotics might enhance the substantial use of insect meal in pikeperch diets. 

1.4. Conclusions 

The present Ph.D. thesis provided a holistic evaluation of the use of insect meals in aquaculture 
fish diets with regard to growth production, environmental impacts, and the effect of dietary 
insect meals, black soldier fly (H. illucens), and yellow mealworm (T. molitor) on aquaculture-
oriented percid fish, Eurasian perch (P. fluviatilis) and pikeperch (S. lucioperca), using broad 
physiological and environmental indices. Considering a wide range of insect meals in general, 
it was proposed that only a subset of insect meals might deliver possible results towards 
better acceptance by fed species and environmental benefits. Such preferable insect species 

- 747-



could be defatted larval yellow mealworm (T. molitor), full-fat pupal silkworm (Bombyx mori), 
and to a lesser extent, larval fly (Chrysomya megacephala), defatted prepupal black soldier 
fly (H. illucens), cricket (G. bimaculatus), grasshoppers (O. fuscovittata), and (Z variegatus) 
and full-fat moth (C. butyrospermi). While introducing insect meals into aquaculture diets, 
there are still trade-offs between the advantage of reducing forage fish use and phosphorus 
waste load versus the burden associated with nitrogenous waste and environmental impacts. 
This necessitates more research into optimizing insect-containing feed formulas, insect farm 
infrastructure, and appropriate farming strategies for insect-fed fish. 

Regarding insect-fed percid fish, we concluded that partially defatted H. illucens was 
preferable over highly defatted T. molitor in diets for Eurasian perch (P. fluviotilis), with plausible 
inclusion levels varying widely between both insects, being 4 0 % and 6.8%, respectively. The 
substantial inclusion of T. molitor was thought to cause significant stress yet had little effect 
on the abundance and diversity of gut microbiota in Eurasian perch. In addition, as compared 
to the control diet, such inclusion imposed a greater environmental consequence. Concerning 
pikeperch (S. lucioperca), dietary H. illucens also showed promising results. Accordingly, an 
18% inclusion or a 50% fishmeal substitution of/by highly-defatted black soldier fly was 
deemed appropriate. This insect form likewise delivered positive results for pikeperch in terms 
of health enhancement. 

Stable isotope analysis and Bayesian mixing models were useful in determining the role of 
insect meal T. molitor, f ishmeal, soybean, and corn meal in perch tissue development. The 
increasing inclusion level of insect meals did not significantly improve its contribution to fish 
muscle, liver, and blood but did reduce that of fishmeal. These tools provided insight into 
nutrient complementarity within diet formulation. 

Overall, this doctoral dissertation laid the groundwork for further research into the possible 
use of insect meals in the diet of aquaculture species, particularly percid fish. 

1.5. Further scrutiny 

From a systematic standpoint, more research should be warranted to further investigate 
the benefits and drawbacks of using a diverse range of insect meals in aquafeeds, with an 
emphasis on, but not limited to, fillet quality, immune response, gut microbiota, among 
others, through systematic review and meta-analysis. 

Aquaculture production of percid fish in Europe is rising, accompanying growing demand 
for feed input. It is strategic to discover additional innovative feed ingredients, such as other 
authorized insect meals, single-cell proteins, and animal-processed protein, to diversify feed 
formulations and ensure cost-effectiveness if the price of any feed ingredient fluctuates. 
The combination of ingredients based on nutritional complementarity in feed for percid fish 
could be a potential approach to sustain the physiological indices of fed organisms and the 
environmental advantages. 

Given that substantial inclusion of insect meals in percid fish diets brings certain 
environmental benefits but compromises fish performance, balancing the nutritional 
composit ion of insect-containing diets relative to the control, such as amino acids, fatty acids 
and minerals, and supplementing dietary chitin-digestion boosters could be an effective way 
to promote successful use of insect meals. 

In the context of the aquaculture production system, in which aquafeed plays an important 
role, further research into suitable systems to handle the nitrogenous load from fish fed 
insect-containing diets is warranted. Furthermore, the excrements from fish fed insect meals 
might be valuable secondary products, rather than waste, for different purposes, such as 
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organic fertilizers, since such products contain specific amounts of undigested chitin, on 
which beneficial microbes can thrive. 
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English summary 

Insect meal as feed source in nutrition of percids, Eurasian perch (Perca fluviatilis) and 
pikeperch (Sander lucioperca) 

Tran Quang Hung 

The ever-expansion of aquaculture requires increasing aquafeed inputs, which have 
traditionally relied on protein and lipid from marine fisheries resources. Among a variety of 
novel protein sources proposed to the aquafeed ingredient shortlist, insect meals appear 
to be the most promising ingredients for fulfilling the future protein demand for aquafeed. 
Despite the fact that such protein-rich ingredients have been extensively used in diets for 
aquaculture species throughout academia, an overview of various insect meal forms, including 
different insect taxonomies, life-stages, and processing methods, on growth performance and 
environmental impacts remains limited. Furthermore, as aquaculture expands to a broader 
range of fish species, research into alternative protein sources in diets for such emerging 
species becomes increasingly important. 

The present Ph.D. thesis employed 1) meta-analysis and systematic approach to investigate 
the effect of insect meals in diets for aquaculture fish species on production performance 
and environmental consequences, and 2) in-vivo feeding trials involved frequent-used insect 
meals, black soldier fly (Hermetia illucens) and yellow mealworm (Tenebrio molitor) in diets for 
potential aquaculture-oriented percid fishes, Eurasian perch (Perca fluviatilis) and pikeperch 
(Sander lucioperca), concerning a wide range of parameters. 

Chapters 2 and 3 provided a comprehensive overview of growth performance indices and 
environmental impacts of aquaculture species fed dietary insect meals. Accordingly, defatted 
larval yellow mealworm ( I molitor) and full-fat pupal silkworm (Bombyx mori) are the most 
promising insects in supporting the specific growth rate of aquatic animals. Chapter 2 also 
suggested a list of well-known and underexploited insects, which could sustain fish growth 
at a specific plausible inclusion, including defatted (H. illucens), full-fat fly (Chrysomya 
megacephala), cricket (Gryllus bimaculatus), grasshoppers (Oxyafuscovittata) and (Zonocerus 
variegatus) and full-fat moth (Cirina butyrospermi). Chapter 3 revealed that feeding insect 
meal-containing diets, in comparison to insect-free diets, to aquaculture species reduced 
the demand for marine-derived forage fish required for farmed fish output, as evidenced by 
the economic fish-in fish-out ratio and phosphorus waste load but had negative impacts on 
nitrogen waste and environmental impacts categories, including global warming potential, 
energy use, land use, water use, acidification, and eutrophication. As demonstrated in Chapter 
3, the inclusion of housefly (Musca domestica) at the expense of fishmeai and some plant 
ingredients in aquatic animal diets considerably decreased land use. These studies suggested 
the importance of combing feed ingredients to fill the production gap for future aquafeed, 
meet the nutrient requirement of targeted fish, and sustain environmental benefits. 

Our works demonstrated that dietary black soldier fly (H. illucens) and yellow mealworm 
(T. molitor) were well accepted by both percid fishes, Eurasian perch (P. fluviatilis) and 
pikeperch (S. lucioperca), concerning growth performance. Chapters 4, 6 and 8 revealed that 
Eurasian perch tolerated dietary H. illucens better than T. molitor, since the former threshold 
was 40% compared to 6.8% of the latter; nevertheless, the former was accepted by pikeperch 
at 18%. Chapter 6 evidenced the effects associated with antioxidative enzyme and gut 
microbiome modulation of highly defatted H. illucens fed to pikeperch. Adding to this, Chapter 
7 confirmed that dietary T. molitor did not alter the swimming capacity and metabolism of 
Eurasian perch, which hinted at fish welfare assurance. The introduction of T. molitor into 
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Eurasian perch diets faces challenges regarding physiological responses and environmental 
consequences, with substantial levels causing stress to fish and pressuring environmental 
indices. Our study (Chapter 5) revealed that the stable isotope and mixing model might be 
used to predict food sources and estimate the proportional contribution of feed components 
to perch's t issue. Such tools are also helpful to provide insight into complementarity among 
ingredients in feed formulation. 

Further works to investigate various alternative protein sources for percid fish are warranted to ensure 
the sector's future growth. Beyond the use of single alternative in aquafeed, such as underexploited insect 
meals authorized to use in aquafeed in Europe, single-cell proteins, macroalgae, among others, combining 
among ingredients based on nutritional complementarity would pave the way for aquafeed's future 
success in an era of finite resources. 

- 755-



Czech summary 

Hmyzí moučka jako zdroj krmiv ve výživě okounovitých ryb, okouna říčního (Perca fluviatilis) 
a candáta obecného (Sander lucioperca) 

Tran Quang Hung 

Světová produkce akvakultury kontinuálně roste a s t ím se zvyšuje potřeba surovin pro 
výrobu krmiv pro vodní živočichy. Suroviny tradičně pocházely z mořských zdrojů bílkovin 
a lipidů, jejichž vyšší spotřeba není trvale udržitelná. Hledají se proto nové zdroje bílkovin 
pro akvakulturu jako např. různé hmyzí moučky, které se zdají být slibnými ingrediencemi pro 
zajištění budoucí poptávky po bílkovinách pro krmiva v akvakultuře. Navzdory skutečnosti, že 
tyto ingredience bohaté na bílkoviny byly používány v krmivech pro různé druhy akvakulturně 
chovaných ryb po celém světě, přehled využití různých forem hmyzí moučky, včetně různých 
hmyzích taxonů, jejich vývojových stádií a metod zpracování, pokud jde o růst ryb a dopady 
na životní prostředí, zůstává omezený. Kromě toho se rozšiřuje škála akvakulturně chovaných 
druhů ryb, výzkum alternativních zdrojů bílkovin v krmivech tak nabývá na významu i pro tyto 
druhy ryb. 

V této dizertační práci byla použita: 1) metaanalýza a systematický přístup k přezkoumání 
vlivu hmyzích mouček v krmivech pro akvakulturní druhy okounovitých ryb s ohledem na 
produkční výkonnost a důsledky pro životní prostředí a 2) in vivo krmné experimenty zahrnující 
hmyzí moučky z bráněnky (Hermetia illucens) a larev potemníka moučného (Tenebrio molitor) 
v krmivech pro akvakulturně významné okounovité ryby, okouna říčního (Perca fluviatilis) a 
candáta obecného (Sander lucioperca), se zřetelem na široké spektrum parametrů. 

Kapitoly 2 a 3 poskytují komplexní přehled růstové výkonnosti a dopadů na životní prostředí 
u různých druhů akvakulturně chovaných ryb krmených dietami s obsahem hmyzích mouček. 
Z přehledu je patrné, že odtučněná moučka z larev T. molitor a plnotučná moučka z bource 
morušového (Bombyx mori) jsou nejslibnějšími hmyzími surovinami pro podporu specifické 
rychlosti růstu vodních živočichů. Kapitola 2 navrhla seznam známých, avšak pro potřeby krmiv 
zatím nedostatečně využívaných druhů hmyzu, které by mohly pomoci udržet růst ryb, a to 
odtučněné moučky H. illucens, plnotučné moučky bzučivek (Chrysomya megacephala), cvrčka 
dvojskvrnného (Gryllus bimaculatus), kobylek (Oxya fuscovittata, Zonocerus variegatus) 
a martináče (Cirina butyrospermi). Kapitola 3 odhalila, že podávání krmiv obsahujících hmyzí 
moučku ve srovnání s dietou bez obsahu hmyzu různým druhům ryb snížilo poptávku po 
krmných rybách pocházejících z odlovu v mořích, jak dokládá ekonomický poměr ryb z odlovu 
v mořích (eFIFO) a zatížení prostředí fosforem. Nicméně používání krmiv s obsahem hmyzích 
mouček mělo negativní dopady na množství dusíku produkovaného akvakulturou a na některé 
kategorie dopadů na životní prostředí, včetně potenciálu globálního oteplování, spotřeby 
energie, potřebu půdy, spotřebu vody, acidifikaci a eutrofizaci. Jak je naznačeno v kapitole 
3, zahrnutí mouchy domácí (Musea domestica) na úkor rybí moučky a některých rostlinných 
složek do krmiv vodních živočichů značně snížilo potřebu půdy. Studie naznačuje, že je důležité 
vhodně kombinovat suroviny pro druhy ryb v akvakultuře, aby se naplnila vznikající potřeba 
pro akvakulturní krmiva, byly splněny požadavky chovaných ryb na živiny a byl udržen přínos 
těchto krmiv pro životní prostředí. 

Naše práce prokázala, že krmiva s obsahem H. illucens a T. molitor byla dobře přijímána 
okounovitými rybami - okounem říčním a candátem obecným i s ohledem na růstovou 
výkonnost. Kapitoly 4, 6 a 8 odhalily, že okoun říční toleroval moučku z H. illucens v krmivech 
více než moučku z T. molitor, protože u prvního druhu byla optimální úroveň 40 % ve 
srovnání s 6,8 % u druhého druhu. Nicméně H. illucens v krmivu akceptoval candát obecný 
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při zastoupení na úrovni 18 %. Kapitola 6 prokázala účinky spojené s modulací antioxidačních 
enzymů a střevního mikrobiomu za použití vysoce odtučněné moučky z H. illucens v krmivech 
pro candáta obecného. Kromě toho kapitola 7 potvrdila, že obsah T. molitor v krmivu nezměnil 
kapacitu plavání a metabolizmus okouna říčního, což naznačuje zajištění dobrých životních 
podmínek ryb při použití takových krmiv. Zavedení moučky T. molitor do krmiv okounů říčních 
čelí výzvám týkajícím se fyziologických reakcí a environmentálních důsledků, přičemž zvýšené 
úrovně zastoupení způsobují rybám stres a negativně ovlivňují environmentálni ukazatele. 
Naše studie (kapitola 5) odhalila, že „mixing" modely stabilních izotopů lze použít k predikci 
zdrojů potravy a odhadu proporcionálního příspěvku složek krmiva k výstavbě tkání okouna 
říčního. Tyto metody jsou také užitečné při poskytování náhledu na komplementaritu mezi 
složkami krmiv. 

Další výzkum různých alternativních zdrojů bílkovin pro okounovité ryby je potřeba pro 
zajištění budoucího růstu odvětví akvakultury. Kromě použití jednotlivých surovin v krmivech 
pro akvakulturu, jako jsou doposud nedostatečně využívané hmyzí moučky druhů povolených 
k použití v Evropě, jednobuněčné proteiny či makrořasy, by kombinování těchto ingrediencí 
založené na komplementaritě výživy mělo připravit řešení pro budoucí úspěšnou produkci 
krmiv v éře omezených zdrojů a expandující akvakultury. 
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constructed by matrix-assisted laser desorpt ion/ ionizat ion time-of-flight mass 
spectrometry (MALDI-TOF MS). BMC Veterinary Research 16: 52. (IF 2018 = 1.792) 
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Stejskal, V., Tran, H.Q., Prokešová, M., Gebauer, T, Giang, P.T., Gai, F., Gasco, L., 2020. Partially 
defatted Hermetia illucens larva meal in diet of Eurasian perch (Perca fluviatilis) juveniles. 
Animals 10: 1876. (IF 2019 = 2.323) 

Van Doan, H., Hoseinifar, S.H., Tran, H.Q., Lumsangkul, C , Jaturasitha, S., El-Haroun, E. and 
Paolucci, M., 2020. Dietary inclusion of chestnut (Castanea sativa) polyphenols to Nile 
tilapia reared in biofloc technology: Impacts on growth, immunity, and disease resistance 
against Streptococcus agalactiae. Fish and Shellfish Immunology 105: 319-326. (IF 2020 
= 4.581) 

Abstracts and conference proceedings 

Tran, H.Q., Kiljunen, M., Doan, H.V, Stejskal, V , 2022. Natural stable isotopes of various insect 
meals and their contribution to t issue construction of European perch (Perca fluviatilis). 
In Book of abstracts "XX International symposium on fish nutrition and feeding towards 
precision fish nutrition and feeding", 5 - 9 t h June 2022, Sorrento, Italy 

Stejskal, V , Tran, H.Q., Zare, M., Prokešová, M., Gebauer, T, Ferrocino, I., Caimi, C , Gai, F., Gasco, 
L., 2021. The effect of Hermetia ilucens insect meal inclusion on intestine microflora in 
pikeperch Sander lucioperca. In Book of abstracts "Aquaculture Europe 2021", 4 - 7 t h 

October 2021, Madeira, Portugal, p. 1246 

Tran, H.Q., Kiljunen, M., Doan, H.V, Stejskal, V , 2021. European perch (Perca fluviatilis) fed 
dietary insect meal (Tenebrio molitor): From a stable isotope perspective. In Book of 
abstracts "Aquaculture Europe 2021", 4 - 7 t h October 2021, Madeira, Portugal, p. 1295 

Zare, M., Tran, H.Q., Prokešová, M., Stejskal, V , 2021. Effects of garlic Allium sativum powder 
on nutrients, haematology, and immune and stress response in Eurasian perch Perca 
fluviatilis juveniles. In Book of abstracts "Aquaculture Europe 2021", 4 - 7 t h October 2021, 
Madeira, Portugal, p. 1386 

Prokešová, M., Bušová, M., Korytár, T, Zare, M. , Tran, H.Q., Stejskal, V., 2019. Effects of humic substances 
on growth performance and health status of juvenile Clarias gariepinus (Burchell, 1822). In Book of 
abstracts "Aquaculture Europe 2019", 7 -10 t h October 2021, Berlin, Germany 
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Training and supervision plan during study 

Training and supervision plan during study 

Name Tran Quang Hung 

Research 2018-2022 - Laboratory of Controlled Reproduction and Intensive Fish Culture 
department of FFPW 

Supervisor Assoc. Prof. Vlastimil Stejskal 

Period 3 r d September 2018 until 15 t h September 2022 

Ph.D. courses Year 

Basic of scientific communication 2019 

Pond aquaculture 2019 

Ichthyology and fish taxonomy 2019 

Applied hydrobiology 2020 

Biostatistics 2020 

English language 2020 

Scientific seminars Year 

Annual Ph.D. seminars organized by FFPW 

Ph.D. seminars organized by USB 

2019 
2020 
2021 
2022 

International conferences Year 

International conferences 
Tran, H.Q., Kiljunen, M., Doan, H.V., Stejskal, V., 2022. Natural stable isotopes of various 
insect meals and their contribution to tissue construction of European perch {Perm 
fluviatilis). In Book of abstracts "XX International symposium on fish nutrition and feeding 
towards precision fish nutrition and feeding", 5-9th June 2022, Sorrento, Italy 

2022 

Stejskal, V., Tran, H.Q., Zare, M., Prokešová, M., Gebauer, T, Ferrocino, 1., Caimi, C , Gai, F, 
Gasco, L., 2021. The effect of Hermetia ilucens insect meal inclusion on intestine microflora 
in pikeperch Sander lucioperca. In Book of abstracts "Aquaculture Europe 2021", 4-7th 
October 2021, Madeira, Portugal, p. 1246 

2021 

Tran, H.Q., Kiljunen, M., Doan, H.V., Stejskal, V., 2021. European perch (Perca fluviatilis) 
fed dietary insect meal (Tenebrio molitor): From a stable isotope perspective. In Book of 
abstracts "Aquaculture Europe 2021", 4-7th October 2021, Madeira, Portugal, p. 1295 

2021 

Zare, M., Tran, H.Q., Prokešová, M., Stejskal, V., 2021. Effects of garlic Allium sativum 
powder on nutrients, haematology, and immune and stress response in Eurasian perch 
Perca fluviatilis juveniles. In Book of abstracts "Aquaculture Europe 2021", 4-7th October 
2021, Madeira, Portugal, p. 1386 

2021 

Prokešová, M., Bušová, M., Korytár, T, Zare, M., Tran, H.Q., Stejskal, V., 2019. Effects of 2019 
humic substances on growth performance and health status of juvenile Clarias gariepinus 
(Burchell, 1822). In Book of abstracts "Aquaculture Europe 2019", 7-10th October 2021, 
Berlin, Germany 

Foreign stays during Ph.D. study at FFPW Year 

Dr. Mikko Kiljunen. University of Jyväskylä, Department of Biological and Environmental 2020 
Science, Finland. Stable isotope analysis and its applications in fish nutrition (2 
months) 

Prof. Laura Gasco and Assoc. Prof. Mario Ferrocino. University of Torino, Department of 2022 
Agricultural, Forest and Food Sciences. Italy. Gut microbiota analysis in fish (2 months) 
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Pedagogical activities Year 

• Leading of summer school project: Swimming capacity of asp (Aspius aspius) and 2021 
nutritional composit ion of seven potential insect meals in fish nutrition 

• Lecturing and laboratory tutoring for bachelor and master students from Fishery 2019-2021 
discipline at FFPW, USB in range of 50 teaching hours 

• Thesis consultation for student at FFPW, USB: Critical swimming speed in intensively 2019 
cultured European perch (Perca fluviatilis L): Influence of f ish size, production 
system and repeated testing 

• Thesis consultation for student at FFPW, USB: Využití hmyzí moučky z potemníka 2021 
moučného (Tenebrio molitor) v krmivech pro okouna říčního (Perca fluviatilis L.) 
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Curriculum vitae 

Curriculum vitae 

PERSONAL INFORMATION 
Name: Hung Quang 
Surname: Tran 
Title: M.Sc. 
Born: 2 1 s t February 1986, Nam Dinh, Vietnam 
Nationality: Vietnamese 
Languages: English (B2 level - FCE certificate), 

Vietnamese 
Contact: htranquang@frov.jcu.cz 

EDUCATION 
2018 - present Ph.D. student in Fishery, Faculty of Fisheries and Protection of Waters, 

University of South Bohemia, Ceske Budějovice, Czech Republic 
2013 -2015 M.Sc., Faculty of Agriculture, Department of Animal and Aquatic Science, 

Chiang Mai, Thailand 
2 0 0 4 - 2 0 0 8 B . S c , Faculty of Fisher ies, V ie tnam Nat ional Universi ty of Agr icul ture, 

Hanoi, Vietnam 
1992 -2004 Primary, Secondary and High Schoo ls , Hai Hau distr ict , Nam Dinh 

province, Vietnam 

TRAINING COURSES 
18 -22 /11 /2019 Fish Nutrition and Feed, INRA, France (In-person) 
14-23 /06 /2021 Fish Nutrition and Feeding, IAMZ, Zragoza, Spain (Online) 

RESEARCH STAY 
21 /5 -28 /7 /2022 Prof. Laura Gasco and Assoc. Prof. Mario Ferrocino, University of Torino, 

Department of Agricultural, Forest and Food Sciences, Italy 
1 /3 -30 /4 /2020 Dr. Mikko Kiljunen. University of Jyväskylä, Department of Biological and 

Environmental Science, Finland 

COLLABORATIONS 
January 2022 to Dr. Thomas Jansen, Bern university of Applied Science, Switzerland 
present Insect meal and alternative feed sources in percids nutrition 
2021 to present Michel van Spankeren, Protix, the Netherlands 

Insect meal in fish nutrition 
2021 to present Dr. Fabio Brambrilla, Naturealleva, Italy 

Rainbow trout and African catfish nutrition 
2020 to present Dr. Marek Smejkal, Institute of Hydrobiology CAS, Czech Republic 

Swimming physiology of asp, crucian carp and gibel carp 
2020 to present Dr. Mikko Kiljunen, University of Jyvaskyla, Finland 

Stable isotope technique 
2019 to present Assoc. Prof. Francesco Gai, National Research Council, Italy 

Insect meal in fish nutrition 
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2019 to present Prof. Martin Flajshans, Laboratory of Molecular, Cellular and 
Quantitative Genetics, Czech Republic 
Swimming physiology and respirometry in sturgeon relative to its ploidy level 

2019 to present Prof. Laura Gasco and Assoc. Prof. Mario Ferrocino, University of Torino, Italy 
Novel ingredients in aquafeeds 

2018 to present Assoc. Prof. Hien Van Doan, Chiang Mai University, Thailand 
Immunology in fish 
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