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PREAMBLE 

This research aimed to evaluate the effects of a low protein to energy ratios of black 

soldier fly meal-supplemented diets with black soldier fly (BSF) (Hermetia illucens) 

meal and fish protein hydrolysate (FPH) on the growth, survival, and immune 

response of post-puerulii ornate spiny lobster (Panulirus ornatus). The thesis consists 

of eight chapters. Chapter 1, the introduction, provides an overview of the thesis with 

a brief description of spiny lobster production, both from wild-caught and aquaculture 

globally and the importance of spiny lobsters in the aquaculture industry of Indonesia. 

Chapter 2 reviews the published literature on the biology, lifecycle, and production of 

spiny lobster. The review also focuses on the importance of nutrition research in 

tropical spiny lobsters. It also covers the importance of fishmeal replacement in the 

crustaceans’ growth, survival, health indices and diet. Chapter 3 presents a general 

methodology used during the research. It explains the materials and methods common 

to all research based chapters. It also covers the general details of the experimental 

setup. Chapter 4 (published in “Annals of Animal Science”) re-evaluates of the P/E 

ratio of formulated diets for juvenile lobster and their effects to the growth, survival 

digestive enzyme activity, proximate body composition and amino acids. Chapter 5 

(Published in “Biodiversitas”) evaluates the nutritional composition of full fat and 

defatted BSF. Chapter 6 (Published in “Aquaculture International”) evaluates the 

effects of defatted BSF meal inclusion on the physiology, hepatopancreas histology 

and immunology-relatives gene of juvenile lobster. Chapter 7 (Published in 

“Aquaculture Nutrition”) describes the effects of supplementation of defatted, full fat 

black soldier fly and fish protein hydrolysate on the physiology and immunology-

relatives gene of juvenile lobster. Chapter 8 Discusses the findings of all chapters and 

presents the conclusions, limitation of the present study and recommendations for the 

future research. 
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ABSTRACT 

The ornate spiny lobster (Panulirus ornatus) has a high commercial value as one of 

several known marine rock lobsters and has been studied for its potential for 

aquaculture. Among several constraints on spiny lobster aquaculture, nutrition of the 

diet for spiny lobster has become a major topic for researches. Although there are 

some studies on the aquadiet for spiny lobsters, the suitable protein to energy (P/E) 

ratio on the feed for optimum growth and immunology condition is poorly 

understood. In addition, there is no information available when the diets have a 

minimum or no fishmeal in them. The first trial was to re-investigate the effect of 

various P/E ratios on the growth, digestive enzyme activities and body compositions 

of the spiny lobster juvenile. The results showed that the optimum growth, survival 

and digestive enzyme activities of juvenile lobsters were achieved at the P/E ratio of 

26.6 g CP MJ-1. The second and third trial objectives were to analyse the nutritional 

contents of black soldier fly (H. illucens) meal and their effect on the chemical and 

physical properties as protein sources in the diet for P. ornatus. Results indicated that 

the defatted BSFL have higher crude protein content than full fat BSF, with the crude 

protein value at 47.70% and 30.72%, respectively. The full fat and defatted BSF 

larvae meal have comparable nutrition value to fishmeal and the defatting process of 

BSFL improves the nutrition content of BSFL including protein and amino acids. The 

third trial was conducted to evaluate the optimum inclusion level of defatted black 

soldier fly meals inclusion on the physiology, hepatopancreas histology and the 

expression immunology-relatives gene of juvenile lobsters (P. ornatus). The results 

showed that fishmeal is technically a suitable aquafeed ingredient in terms of crude 

protein, moisture, and amino acid compositions. At the end of week 8 of the feeding 

trial, the specific growth rate, length increment, survival rate, and moulting rate of 

juvenile lobster were the same. The cytokine cell expression analysis indicated that up 

to 35% of fishmeal replacement increased the inflammatory cytokine cells 

(Interleukin 8 and 17) of the juvenile lobsters, while an adverse impact was observed 

on juvenile lobsters receiving 50% of fishmeal replacement by BSF meal. 
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Histopathological analysis showed that the hepatopancreas cells of juvenile lobsters 

were damaged following fishmeal replacement beyond 35%. The fourth trial was 

performed to evaluate the effect of fish protein hydrolysate supplementation in the 

experimental diets containing full fat and defatted BSF meal on the growth, survival, 

histopathology, and body composition of juvenile lobsters (P. ornatus). The results 

indicated that the specific growth rate, final body weight, final total length, and length 

increment of the juvenile lobster were significantly affected by the fishmeal 

substitution and the addition of liquid FPH in the feeds containing full-fat and 

defatted BSF improved those physiological parameters. The size of villus and muscle 

thickness in the digestive tract was the same following FPH supplementation. In 

addition, the hepatopancreas histopathology indicated the presence of B-cells and R-

cells in the juvenile lobster fed with FPH-supplemented feeds. In summary, the 

supplementation of liquid FPH in a low P/E ratio diet with BSF inclusion could 

improve the physiological and immunological response of juvenile lobster. Further 

validation of the present results in required at a commercial and/or pilot scale. 
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CHAPTER 1: INTRODUCTION 

1.1. Background 

Lobster fisheries have become lucrative in the global fishing industry with a 

total production of 231,968 tonnes in 2013. The number was doubled compared to the 

total capture in 1980. Among the total landings of marine lobster, the spiny lobster 

(Panulirus spp.) accounted for 75,953 tonnes or 32.74%. The American lobster 

(Homarus americanus) has a production proportion of 60% of the total landings, 

while tropical spiny lobster (P. argus, P. ornatus and P. homarus) production 

accounted for only 13.9 % (FAO 2017). As the wild-caught production stagnated, the 

aquaculture of spiny lobster became a sustainable approach to fulfilling the increasing 

demand for this luxurious crustacean commodity (Phillips and Matsuda 2011; 

Radhakrishnan et al. 2020). Although the aquaculture of spiny lobsters began years 

ago, the development of lobster aquaculture was too slow due to the complexity of the 

culture system including seed production in hatcheries, feeding and other 

technological issues. The major countries producing spiny lobsters are Australia, 

India, Vietnam and New Zealand while several other countries have small portions of 

global lobster production (Phillips and Matsuda 2011). Among these nations, Vietnam 

is the only country that has a commercial scale of spiny lobsters, with the total 

production of spiny lobsters from aquaculture reaching 1,900 tonnes in 2006 (Jones 

2009b). Due to a disease problem in 2007-2009, the Vietnamese spiny lobster 

aquaculture production decreased by 50% before it remained stable in the years after 

with an average annual harvest of 1,500 tonnes of spiny lobsters (Anh and Jones 

2015). The spiny lobster aquaculture is a promising industry in the present and future. 

However, considerable effort is still needed for further development, particularly in 

the nutritional area. Although some of the research on the nutritional status and 

requirements of the spiny lobster has been established, little is known about the study 

of protein to energy (P/E) ratio from various non-fishmeal protein-formulated diets in 

the ornate spiny lobster.  
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To date, the development of spiny lobsters has shifted from wild collection to 

aquaculture-based production. Therefore, understanding the nutritional requirements 

and the development of a pelleted diet or complete diet of this crustacean species 

becomes vital and requires future research (Phillips and Matsuda 2011; Francis et al. 

2014; Perera and Simon 2014). Parallel with that the attempts on the use of various 

natural diets as part of fishmeal replacement (Smith et al. 2003; Smith et al. 2005; 

Cox and Davis 2009), optimum protein and lipid requirements (Glencross et al. 2001; 

Smith et al. 2005; Irvin and Williams 2006; Rathinam et al. 2009), amino acid 

requirements, (Ward 2005; Johnston et al. 2008; Jones 2010) and diet supplements 

(Irvin and Shanks 2015) for spiny lobsters were explored.  

Nutritional studies of protein requirement using a pelleted diet for P. ornatus 

have been reported (Smith et al. 2003) and optimized the following year (Smith et al. 

2005). These studies later became the main references for the nutritional experiment 

in most spiny lobster species including P. ornatus (Williams 2004; Irvin and Williams 

2006; Johnston 2006; Irvin and Williams 2007; Johnston et al. 2008), P. homarus 

(Jeyakumar et al. 2004; Rathinam et al. 2009; Ridwanudin et al. 2018; Goncalves et 

al. 2020), P. argus (Rodríguez-Viera and Perera 2012; Rodríguez-Viera et al. 2017), 

and Jasus edwardsii (Ward 2005; Johnston 2006). However, those studies have not 

been updated until a recent work was conducted (Irvin and Shanks 2015) albeit with a 

limitation in the sources of the ingredients. Fishmeal was found to be a suitable 

ingredient in formulating diets for P. ornatus (Irvin and Williams 2007) and attempts 

of fishmeal substitution in this species using various ingredients have been reported 

(Smith et al. 2003; Smith et al. 2005; Irvin and Williams 2007; Johnston et al. 2008; 

Kurnia et al. 2017; Marchese et al. 2018). In using alternative ingredients for 

substituting fishmeal in the diet of the fish, several properties aspects were taken into 

consideration. General properties such as the digestibility of total dry matter and 

proximate value of protein, fat, ash, and gross energy within the ingredients are 

crucial factors in deciding the use of alternative ingredients. Selected fresh natural 

diets such as blue mussel and frozen seafood with high protein content were reported 

to be suitable for the spiny lobsters under experimental conditions (Smith et al. 2005; 
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Irvin and Williams 2006) except for squid meal. Squid meal has a consistent result in 

suboptimal digestibility which affects the growth of lobsters  (Irvin and Williams 

2007; Rodríguez-Viera and Perera 2012). Irvin and Williams (2007) also reported the 

digestibility of various alternative protein sources both from marine and terrestrial 

plants. In the animal ingredients group, krill meal and mussel flesh were superior, 

having higher dry matter and crude protein digestibility compared to others while 

lupin meal was the best plant ingredient protein resource. Irvin and Shanks (2015) 

reported that the using of fishmeal with unknown quality affected the biological 

responses of spiny juvenile lobsters. In that study, it was also reported that the 

inclusion of trash feed without nutrition addition affects the growth of spiny lobster 

juveniles negatively. According to Smith et al. (2005) an additional feed supplement 

such as krill meal was reported to be important in the diet formulation for juvenile 

lobsters vis-a-vis improving growth and survival. In addition, the supplementation  

not only promotes the growth of spiny lobster juveniles but also improves diet 

attractiveness. Up to 10% of the inclusion of krill meal as supplements in the diet of 

initial stages of P. ornatus was recommended to maintain optimum growth of spiny 

lobster juveniles (Marchese et al. 2018).  

The evaluation of the P/E ratio in fish is critical due to their biological 

associations. Protein requirement was reported to have sparing energy function in the 

fish diet (Ai et al. 2004). Studies of the optimum P/E ratio requirement for fish had 

been conducted (Woolley et al. 2010; Li et al. 2012; Taynor 2013; Anizah et al. 2017; 

Kabir et al. 2019; Khan et al. 2019) and reviewed (Khan et al. 2019). By contrast, 

minimal studies were conducted on crustaceans (Goda 2008; Hu et al. 2008; Venero 

et al. 2008; Cui et al. 2017; Zhang et al. 2017; Hamidoghli et al. 2018; Méndez-

Martínez et al. 2018). To date, the evaluation of the P/E ratio in P. ornatus has not 

been thoroughly investigated. Some research on spiny lobsters included additional 

pieces of information on the P/E ratio in the tested diet but not as the subject of the 

studies (Smith et al. 2005; Ward 2005; Johnston et al. 2008). A positive correlation 

between the increase in the P/E ratio with the growth performance in the lobsters has 

been reported (Smith et al. 2005; Huo et al. 2014). In contrast, Simon and Jeffs (2013) 
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reported that the different P/E ratios in the formulated diet for J. edwardsii did not 

affect the mean body weight of the lobsters. A formulated diet containing a series of 

carbohydrate inclusion from maize starch was set to have P/E from 15 to 34.9 g CP 

MJ-1. Although the growth of lobster juveniles was not different after 3 weeks of 

feeding, the availability of glucose, glycogen, and soluble protein of high inclusion of 

maize starch was higher than others. Further, the lower energy diet (15.0 g CP MJ-1) 

was more stable in terms of water immersion than higher P/E ratio diets (Simon and 

Jeffs 2013). Smith et al. (2005) found that a P/E ratio of 22.8 g CP MJ-1 with 47% 

crude protein content is suitable for juvenile P. ornatus and resulted in the optimum 

growth. In that study, the growth of spiny lobster juveniles fed a pelletized diet was 

better than the juveniles fed fresh mussels with an unknown P/E ratio. The growth 

responses of lobster juveniles tend to improve when the P/E ratio is increased. In 

recent research on J. edwardsii, the inclusion of carbohydrates in the diet was found 

to be important in maintaining the dietary energy requirements for this species. For 

comparison, the diet for giant tiger shrimp or P. monodon having the protein content 

33-44%, resulted on the P/E ratio of 26.65 to 34.91 g CP MJ-1 (Chuntapa et al. 1999). 

In different crustacean species, two recent studies indicated that a lower optimum P/E 

ratio requirement was observed in Litopenaeus setiferus and L. vannamei (Guzman et 

al. 2001; Hu et al. 2008). The juvenile of L. setiferus fed with a formulated diet 

containing 40% crude protein and having 28.8 g CP MJ-1 resulted in optimum weight 

gain. Above that level, the growth of juvenile L. setiferus was observed to be 

depressed and carbohydrates as sparing energy resources may not replace the roles of 

the protein in the diet formulation (Guzman et al. 2001). A study on L. vannamei 

revealed the energy requirement for optimal growth and survival was at a crude 

protein content of 34% and P/E ratio of 21.1 g CP MJ-1. Despite the survival rate 

being similar among the treatments, maximum growth was achieved (Hu et al. 2008). 

The maximum growth of freshwater crustaceans Macrobrachium nipponense under 

laboratory conditions was achieved at P/E ratio of 16.49 g CP MJ-1 with 33% of crude 

protein which is lower than in brackish and marine crustaceans (Zhang et al. 2017).  
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Of the alternative protein sources in the crustaceans' feed formulation, black 

soldier fly meal or BSF plays an important role (Foysal et al. 2019; Chen et al. 2021; 

Richardson et al. 2021; He et al. 2022). The incorporation of BSF meal in the 

experimental feed for fishes such as salmon (Belghit et al. 2019; Fisher et al. 2020; 

Weththasinghe et al. 2021), catfish (Adeoye et al. 2020), tilapia (Devic et al. 2018; 

Yildirim-Aksoy et al. 2020) and crustaceans (Cummins et al. 2017; Foysal et al. 2019; 

Saputra and Fotedar 2023) have been reported to have positive impacts. Cummins et 

al. (2017) reported the possibility of BSF inclusion as fishmeal substitutes in shrimp 

culture. In addition,  Foysal et al. (2019) found that the supplementation of BSF meal 

improves the gut microbiota of maron (Cherax cainii). However, its application in 

spiny lobster aquaculture is not known. The use of alternative protein sources in 

aquafeeds was reported to affect the physical and biochemical of the feeds 

(Sudaryono 2001; Mohamad et al. 2021). It has been reported that physical properties 

such as feed stability (Ighwela et al. 2013), durability (Haetami et al. 2017) and 

palatability (Al-Souti et al. 2019) are the most affected quality of the feeds following 

fishmeal replacement. 

Protein hydrolysate has been reported to improve the digestibility of several 

feed ingredients so that the absorption of those feed ingredients increases and gives 

maximum growth results. The protein hydrolysate can be used solely as a protein 

source or as a supplement in feed formulation. Apart from supporting the growth of 

the fish, the incorporation of protein hydrolysate also improved the immunity of 

crustaceans. In several crustacean species, the fish protein hydrolysate improves 

growth, survival rate and immunity. However, excessive use of protein hydrolysate 

was also reported. In recent years, the immune evaluation method in crustaceans is 

developing, taking advantage of the latest technological capabilities. With the ability 

of the new equipment and methods, the level of immunity of crustaceans can be 

analysed up to the level of gene expression with better accuracy. Haryanti et al. 

(2017) applied the use of gene expression to assess the immune response of scalloped 

lobster seeds, P. homarus after being given treatment in the form of adding probiotics. 

That study resulted in satisfactory results where the gene expression can be used to 
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analyse the immunological condition of lobster seeds. Additionally, Foysal et al. 

(2019) reported a similar method used to evaluate the effect of adding a BSF meal to 

the diet on the immunity of Australian crayfish, maron. 

The tropical spiny lobster is one of the most important cultured species and the 

nutritional study on the species is still very scarce. The main references of the 

nutritional study only use limited alternative ingredients (Smith et al. 2003; Smith et 

al. 2005; Irvin and Williams 2006; Williams 2007). Research on ornate spiny lobster 

farming has a noticeable improvement in the last decades due to high demand for the 

commodity in  the commercial market. However, there is still a knowledge gap in 

many biological aspects of this species, particularly on the nutrition requirements. 

Understanding the nutrition requirements of spiny lobsters is a critical pathway that 

will improve the knowledge and fill those gaps. Besides fishmeal substitution using 

both plant and animal-derived protein sources at a certain level has been reported to 

be acceptable. A recent update of the feeding study in P. ornatus was conducted only 

with few nutritional aspect improvements (Irvin & Shanks, 2015). In some of the 

crustaceans, protein to energy was found to have more effects on the growth and 

immunology condition although this study on the ornate spiny lobster remains 

unclear. Therefore, a study on the optimum P/E ratio in the diet with various inclusion 

levels of new alternative protein source ingredients for spiny lobsters is an important 

milestone in spiny lobster aquaculture. Taking into consideration the evaluation of the 

various level of protein to energy ratio from non-fishmeal diet for spiny lobster 

juvenile is important and needs to be investigated.  

1.2. Aim 

The aim of the present study is to investigate the growth and physiological 

responses of post- puerulii ornate spiny lobsters (P. ornatus) fed a low protein to 

energy ratios diets supplemented black soldier fly (H. illucens) meal. 

1.3. Objectives 

To achieve the aim of the research, the following specific objectives will be 

addressed: 
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1. To re-investigate the effect of various P/E ratios on the growth, digestive 

enzyme activities and body compositions of the spiny lobster juvenile under 

experimental conditions. 

2. To analyse the nutritional contents of black soldier fly meal as a protein source 

in the diet for P. ornatus. 

3. To evaluate the optimum inclusion level of defatted black soldier fly meals 

inclusion on the physiology, hepatopancreas histology and the expression 

immunology-relatives gene of juvenile lobsters (P. ornatus) 

4. To evaluate the effect of fish protein hydrolysate supplementation in the 

experimental diets containing full fat and defatted BSF meal on the growth, 

survival, histopathology, and body composition of juvenile lobsters. 

1.4. Significance 

The present study should make significant contributions to improving spiny 

lobster aquaculture by contributing to the understanding of the effective uses of 

dietary BSF meal and a low P/E ratio diet for spiny lobsters. The specific 

significances of the present study are outlined as follows. 

1. The study will provide new information about the possibility of the use of low 

P/E ratio diets for spiny lobster aquaculture. 

2. Present research will provide nutritional information of black soldier fly meal 

as an alternative protein source for juvenile lobsters and their suitability in 

term of the physical properties. 

3. The research will provide baseline data about the effect of black soldier fly 

meal inclusion in the diet for juvenile lobsters and its impact on the 

physiological and health status of juvenile lobsters. 

4. The research will provide information about  the effect of fish protein 

hydrolysate supplementation to the black soldier fly meal based-diet and their 

impact on the physiological and health status of juvenile lobsters. 

5. The study will contribute to sustaining spiny lobster aquaculture by reducing 

the fishmeal reliance.  
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CHAPTER 2: LITERATURE REVIEW 

2.1.   Spiny lobster industry  

The global wild-caught lobster, which is mainly from the genus of homarus, 

panulirus and Nephrops, was stable at roughly 250,000 – 300,000 tonnes from 2012 to 

2019 which comprise about 51.3%, 23.0% and 17.3% respectively in 2021 (FAO 

2022). The FAO (2023) reported that total landings of spiny lobsters fluctuated 

between 2012 to 2021 and reached 73,928 tonnes in 2021. Many lobster species were 

caught, and the largest species that landed is the Caribbean spiny lobster (Panulirus 

argus), reaching 39.65 % of total landings and only 3.66 % or 2.708 tonnes for 

Panulirus ornatus in 2021. Meanwhile, according to the FAO (2023), the production 

of spiny lobsters from aquaculture reached 3,000 tonnes in 2020 which was mainly 

produced in Vietnam and Indonesia (FAO, 2023). That production was the highest in 

the last decades. Both countries adopt a similar method of lobster aquaculture by 

rearing the puerulus into the market size (Jones 2010). 

 

Figure 1. Global wild-caught lobster landings in 2012 – 2021 (FAO 2022) 

The common practices of lobster aquaculture consist of the wild-caught 

swimming puerulus developed in nurseries and growing out in designated floating sea 

cages (Jones 2009b; Phillips and Matsuda 2011; Priyambodo 2018). Biological 
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characteristics such as long stage development period during the phyllosoma stages 

have become  problematic technical barriers in the development of spiny lobster 

hatcheries (Phillips and Matsuda 2011). Therefore, the collection of the wild juveniles 

at the swimming puerulus stage and small-sized juveniles are more efficient than 

complete breeding in the hatchery in providing seed for the lobster aquaculture. In 

Indonesia and several other Asian countries, many studies had been undertaken to 

investigate the potential for lobsters aquaculture, involving the collected puerulus 

from natural catches (Kurnia et al. 2017; Ratunil 2017; Syafrizal et al. 2018; Prayitno 

et al. 2020; Slamet et al. 2020b). During the grow out period, lobster juveniles were 

fed with fresh finfish, shellfish, shrimp, and small crabs with adjusted portion 

according to the size of the lobster (Petersen and Phuong 2010; Petersen et al. 2015). 

Those feeding practices is the most adopted feeding method and very common in 

lobster aquaculture.  

2.2. Taxonomy, morphology, and biology of P. ornatus 

Panulirus ornatus (Fabricius, 1798) has several common names including 

tropical rock lobster, ornate spiny lobster, and ornate rock lobster, depending on their 

collection location. The classification of P. ornatus is as follows: 

Kingdom : Animalia 

Phylum  : Arthropoda 

Subphylum : Crustacea 

Superclass : Multicrustacea 

Class  : Malacostraca 

Subclass  : Eumalacostraca 

Superorder : Eucarida 

Order  : Decapoda 

Sub order : Pleocyemata 

Infraorder : Achelata 

Family  : Palinuridae 

Genus  : Panulirus 

Species  : Panulirus ornatus (Fabricius, 1798) 
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The ornate tropical rock lobster species can be distinguished from others by it 

abdominal features. It has smooth and opened abdominal segment is with a colour 

variation from brown or green. The antennal flagella are ringed. At the anterior close 

to the base of the pleura, there are large eyespots with an oblique pale streak in the 

middle (Holthuis 1991). A recent phylogeny analysis of Panulirus genera using 

mitochondrial genes and cytochrome oxidase subunit confirmed a previous study 

(Ptacek et al. 2001). This fastest and largest growing species was found to have a 

body size of 25 to 30 cm and can reach 50 cm. The male and female animals have 

different biological features, particularly on the body size. The male lobster has a total 

length of 128 – 452 mm, while a smaller total length was reported on the female 

lobster with a size from 181 to 190 mm (Rajamani and Manickaraja 1997). Panulirus 

genera specifically inhabit the shallow waters near the equator line area and have the 

largest species number. It covered the area from Fiji, New Caledonia, Australia region 

excluding the Southern area, Papua New Guinea, Japan, Indonesia, India and East 

Africa  (Holthuis 1991). 

Panulirus ornatus have several stages of development including phyllosoma, 

puerulus, juvenile and adult lobster. Panulirus ornatus have shorter larval duration of 

only 110 to 150 days and it has 15-20 moult events and 11 body transformations 

larvae development to reach the puerulus stage (Shanks & Jones, 2014). In culture 

condition, Sachlikidis (2010) reported the process of egg hatching into puerulus stage 

of P. ornatus as 115 days and involving 24 instars and 11 stages of development 

(Smith et al. 2009). The phyllosoma stages of this species are also truly short, no more 

than 5 months. These biological attributes make this species the best candidate for 

aquaculture purposes (Phillips and Matsuda 2011). The life cycle of the lobster starts 

from the mating process of broodstock or adult lobster which occurs at a minimum 

weight of 1,000 g (Vijayakumaran et al. 2009) at the breeding ground. After the 

mating process, the female lobster will carry fertilized eggs or berried female known 

as “breeders” or “brooders”. The newly hatch of phyllosoma drift in the ocean 

current. The puerulus of spiny lobster can be distinguished from the phyllosoma by its 

body form. Puerulus has a similar form to an adult spiny lobster but is smaller in 
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terms of size. At this stage, its body has no colour or pigments which makes it 

transparent. The survival and growth of lobsters is greatly influenced by several 

factors including feed and environment (Jones 2009a; Arumugama et al. 2020; Jones 

2020; Sudewi et al. 2023; Astuti et al. 2024). Natural food in the form of marine 

bivalves is very popular with lobsters compared to other types of fish. As carnivore 

crustaceans, lobsters have natural cannibalistic characteristics which greatly affect 

survival in their life cycle. Apart from appropriate feed, environmental conditions are 

very important. For P. ornatus, the temperature range between 25 to 31°C and salinity 

of 35 ppt are suitable water quality conditions to achieve optimal growth (Jones 

2009a). Even though lobster cultivation has been carried out for several years in 

various countries, the increase in cultivation production target capacity has not been 

matched by the availability of suitable feed to date (Nankervis and Jones 2022). 

Meeting the need for lobster feed from marine bivalves has limitations in terms of 

production and issues related to sustainability. Therefore, providing feed that suits the 

needs of lobster cultivation is very important to support the development of lobster 

cultivation now and in the future. 

2.3. Nutrition Research in tropical spiny lobster  

Understanding the nutritional requirement of the spiny lobster is essential and 

requires further investigation (Williams 2007, 2009; Francis et al. 2014). In the 

commercial scale of spiny lobster farming,  fresh natural fish is not recommended due 

to high feed conversion rate (Tuan and Hambrey 2000) and therefore the formulation 

of aquafeeds for several spiny lobsters was initiated (Glencross et al. 2001; Smith et 

al. 2003; Ward, Carter, Crear, et al. 2003; Ward, Carter, & Crear 2003). 

2.3.1. Protein requirement 

In aquaculture, protein was the most studied subject due to its vital function in 

fish. In Table 1, several study has shown the requirement of protein for spiny lobster 

species. In the early study of nutritional requirements of the ornate spiny lobster, the 

optimum crude protein for maximum growth was found to be 474 – 533 g kg-1 (Smith 

et al. 2003). Higher crude protein content was observed to be more optimal for the 
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same species growing in another experiment the following year. An optimized crude 

protein requirement study indicated that P. ornatus achieved maximum growth and 

survival when fed 610 g kg-1 of crude protein content from fishmeal (Smith et al. 

2005). In 2009, the protein requirement for P. ornatus was reviewed and it was 

recommended to formulate a spiny lobster diet with a crude protein content of at least 

560 – 580 g kg-1 (Williams 2009). The established protein requirement reported by 

Smith et al. (2003) was then re-examined and resulted in unsatisfactory findings with 

a specific growth rate of the lobster juvenile being low, at only 0.5% day-1. The 

shortened attractiveness of the tested pellet is responsible for the results. Based on that 

finding, the protein requirement for P. ornatus was then re-evaluated with the addition 

of bloodworm and krill meal at high crude protein content. Results indicated that the 

formulation used for the diet is appropriate for optimal growth with specific growth 

rate coefficients up to 1.38% day-1. This growth is comparable with the average 

growth of spiny lobster juveniles in nature (Irvin and Williams 2009b).  

Table 1. Crude protein requirement in spiny lobsters 

Lobster species Crude protein (%) References 

P. ornatus 47.53 – 53.3 Smith et al. (2003) 

 61.0 Smith et al. (2005) 

 56.0 – 58.0 Williams (2009) 

 44.0 Johnston et al. (2008) 

 33.4 – 40.5 Irvin and Shanks (2015)  

P. homarus 35.5 Rathinam et al. (2009) 

 45.0 Vijayakumaran (2004) 

 46.5 Prayitno et al. (2020) 

P. argus 25.0 Perera et al. (2005) 

P. cygnus 55.0 Glencross et al. (2001) 

J. edwardsii 37.4 Ward et al. (2003) 

In the younger lobster juvenile, optimal growth can be achieved with an 

inclusion level of 44% of crude protein in the pelleted diet (Johnston et al. 2008). A 

lower crude protein inclusion level in the feeds which ranged between 33.40% to 
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40.5% fed to the juvenile P. ornatus resulted in similar growth. However, it was 

difficult to conclude whether such crude protein inclusion was appropriate since that 

study was not focused on the nutritional point of view (Irvin and Shanks 2015).  

The availability of amino acids in fishmeal has a crucial function in supporting 

the  growth and immune system of the body. However little is known about the amino 

acid requirements for spiny lobsters. The amino acid requirement for most crustacean 

species including spiny lobsters is most likely to refer to previous studies (Akiyama et 

al. 1989; Koshio et al. 1993; NRC 1993). Based on several nutritional studies of 

lobsters, Nankervis and Jones (2022) developed the minimum essential amino acids 

requirement for lobsters (Table 2). 

Table 2. Essential amino acids requirements for spiny lobster  

     Amino acids Amount required (g.kg-1) 

Arginine 2.3 

Histidine 0.9 

Isoleucine 1.9 

Leucine 2.8 

Lysine 2.8 

Methionine 1.0 

Phenylalanine 2.2 

Threonine 1.9 

Valine 2.0 

Research on the amino acid requirement for lobsters may not be important for 

aquaculture systems that use fresh fish feeds. However, over time, this becomes 

important when artificial feed is needed for lobster aquaculture.  Therefore, research 

into the need for amino acids in artificial feed for lobsters is an important research 

base. 

2.3.2. Lipid 

In each stage of lobster development, lipid has been used as an important 

energy source (Jeff et.al 2001; Jeff et.al 2002; McLeod et.al 2004). Lipid not only 
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plays an important role as metabolic functions in the body, but also supports the 

cellular processes. The sparing energy between protein and lipid was developed 

because of the importance of these ingredients' roles. In crustaceans, roughly 10% of 

lipid content in the diet is maximum for growth (Cuzon and Guillaume 1997). Some 

research on lipid requirement in Panuliridae lobsters has shown that the lobsters 

require 6-10% of lipid (Glencross et al. 2001; Johnston et al. 2003; Smith et al. 2005; 

Ward 2005; Johnston 2006) (Table 3). In P. ornatus juveniles, the levels of lipid and 

crude protein interact positively with each other. However, the best growth was 

obtained at a 13% lipid level (Smith et al. 2003).  

Table 3. The level of lipid used in nutritional study of lobster species 

Species Lipid (%) References 

P. ornatus 13 Smith et al. (2003) 

11-13 Smith et al. (2005) 

 11-16 Johnston et al. (2008) 

 8-9 Irvin and Shanks (2015) 

P. homarus 7.1-7.6 Rathinam et al. (2009) 

7.07-8.85 Slamet et al. (2020a) 

P. argus 6.2-7.0 

9 & 10 

9 & 10 

Perera et al. (2005) 

Rodríguez-Viera et al. (2017) 

Rodríguez-Viera et al. (2014) 

P. cygnus 6 & 10 Glencross et al. (2001) 

J. edwardsii 5 & 9 Ward, Carter, Crear, et al. (2003) 

12.2-15.5 Ward (2005) 

 11 Simon and Jeffs (2011) 

Sagmariasus verrauxi 15 Shu-Chien et al. (2017) 

 

2.4. Protein to energy ratio in tropical spiny lobster  

Nutrition in spiny lobsters becomes a major constraint in this species' 

aquaculture development (Nelson et al. 2006; Jones 2009b; Francis et al. 2014). A 

selected fresh natural diet such as blue mussel and frozen seafood with high protein 
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content was found to be suitable for ornate lobster growth under experimental 

conditions and became the standard of previous research nutrition foundations (Smith 

et al. 2005; Irvin and Williams 2006). From acquired baseline references, a high 

amount of protein and lipid was used in order to meet the quality of that natural diet 

(Smith et al. 2003; Smith et al. 2005; Williams 2007). Despite gaining the maximum 

value for growth, the excessive amount of protein and lipid in the feed induces some 

potential problems including inefficiency of feed utilization, negative environmental 

impact, and biological effects. A wide variety of protein sources, pellet size, and diet 

treatments were used to improve the quality of the artificial diet for spiny lobsters (Do 

Huu and Huong 2014; Kurnia et al. 2017; Marchese et al. 2018). However, results are 

still unclear for practical implementation.  

Some research on nutrition were conducted by evaluating the growth and 

physiological response on the fish following the treatments of protein to energy (P/E) 

ratio (Woolley et al. 2010; Li et al. 2012; Taynor 2013; Anizah et al. 2017; Kabir et 

al. 2019; Khan et al. 2019) and crustacean (Goda 2008; Hu et al. 2008; Venero et al. 

2008; Cui et al. 2017; Zhang et al. 2017; Hamidoghli et al. 2018; Méndez-Martínez et 

al. 2018) as is presented in Table 4. In tropical spiny lobsters, the evaluation of the 

P/E ratio is poorly understood and has not been investigated thoroughly. Rather than 

evaluating the P/E ratio, the dietary carbohydrate/lipid ratio has been established in J. 

edwardsii (Johnston et al. 2003). Many nutritional studies on lobsters provide the P/E 

ratio value of the experimental diets. However, that information was not the main 

variables of the research tests but were considered as additional information on the 

tested diets (Johnston 2003; Johnston et al. 2003; Ward, Carter, Crear, et al. 2003; 

Ward, Carter, & Crear 2003; Smith et al. 2005; Ward 2005). The growth performance 

of crustaceans was reported to have a positive correlation with the P/E ratio (Smith et 

al. 2005; Huo et al. 2014). In contrast, Simon and Jeffs (2013) reported that the 

different P/E ratios in the formulated diet for Jasus edwardsii did not affect the mean 

body weight of lobsters. A formulated diet containing a series of carbohydrate 

inclusion from maize starch was set to have P/E from 15 to 34.9 g CP MJ-1. Although 

the growth of lobster juveniles was not different after 3 weeks of feeding treatment, 
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the availability of glucose, glycogen, and soluble protein of high inclusion of maize 

starch was higher than others. Further, lower energy diets (15.0 g CP MJ-1) were more 

stable in terms of water immersion than higher P/E ratio diets (Simon and Jeffs 2013).  

Table 4. The P/E ratio requirement in several decapod crustaceans 

Species P/E ratio (g kJ-1)      CP (%) References 

P. ornatus 29.6 61 Smith et al. (2005) 

J. edwardsii 15-34.9 - Simon and Jeffs (2013)  

P. monodon 26.65-34.91 33-44 Chuntapa et al. (1999) 

L. vannamei 21.1 34 Hu et al. (2008)  

 17.5 35 Hamidoghli et al. (2018) 

L. setiferus 28.8 40 Guzman et al. (2001) 

M. nipponense 16.49 33 Zhang et al. (2017) 

M. americanum 18.0 35 Méndez-Martínez et al. (2018) 

 

Over a decade ago, Smith et al. (2005) found that the growth of juvenile P. 

ornatus was optimum when fed a dietary formulated diet containing 47% crude 

protein compromising P/E ratio of 22.8 g CP MJ-1. In that study, the growth of spiny 

lobster juveniles fed a formulated diet was better than the juveniles fed fresh mussels 

with an unknown P/E ratio. The growth responses of lobster juveniles tend to improve 

when the P/E ratio is increased. In recent research on J. edwardsii, the inclusion of 

carbohydrates in the diet was found to be important in maintaining the energy of this 

species. For comparison, Chuntapa et al. (1999) reported that for the diet of the giant 

tiger shrimp (P. monodon), the P/E ratio of the experimental diets containing 33-44% 

of crude protein content were between 26.6 to 34.9 g CP MJ-1. In addition, the 

optimum growth of L. vannamei and L. setiferus was achieved by animals which 

received a lower P/E ratio than those in the lobster (Guzman et al. 2001; Hu et al. 

2008). The juvenile of L. setiferus fed with a formulated diet containing 40% crude 

protein and having 28.8 g CP MJ-1 resulted in optimum weight gain. Above that level, 

the growth of juvenile L. setiferus was observed to be depressed. However, 

carbohydrates as sparing energy resources may not replace protein in the diet 
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formulation (Guzman et al. 2001). A study on L. vannamei revealed that at the crude 

protein content of 34% and the P/E ratio of 21.1 g CP MJ-1, the optimum growth was 

achieved although the survival rate was similar among the treatments (Hu et al. 2008). 

In freshwater crustaceans, the optimum P/E ratio for maximum growth was reported 

to be lower than in brackish and marine crustaceans (Zhang et al. 2017). Under 

laboratory conditions, the highest growth of Macrobrachium nipponense was 

achieved by including 33% or crude protein in the diet resulting in a P/E ratio of 

16.49 g CP MJ-1. 

2.5. Fishmeal replacement in spiny lobsters  

Among several nutritional experiments in cultured species, fishmeal 

replacement has become one of the most researched topics. The optimum fishmeal 

replacement in fish or crustacean diets in general is highly reliant on the species 

characteristics. For instance, in carnivore fish species such as salmon, barramundi, 

and snapper, the fishmeal replacement of up to 50% was observed to have no 

detrimental effects on the growth. Further, the fishmeal replacement in omnivore fish 

species is much higher than the lower natural requirement for protein. In decapod 

crustaceans, fishmeal studies have been studied for over a decade with varying results. 

For decades, the replacement of fishmeal as a protein resource was intensively studied 

and considered to be suitable for some species, including spiny lobsters (Williams 

2004; Irvin and Williams 2007; Williams 2007; Rathinam et al. 2009; Rodríguez-

Viera and Perera 2012; Kurnia et al. 2017; Marchese et al. 2018; Ridwanudin et al. 

2018). 

A suitable alternative protein ingredient for fishmeal should have well-

balanced nutrition contents including micro and macro nutrients and also amino acid 

content (Khan et al. 2019). In using alternative ingredients for substituting fishmeal in 

the diet of the fish, several properties aspects were taken into consideration. The 

physical, nutritional content and biochemical properties of the ingredients are key 

factors in deciding the use of these materials. Fishmeal was found to be the most 

suitable protein source ingredient in formulating diets for P. ornatus (Irvin and 

Williams 2007) although the fishmeal quality is also found to be an important 
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consideration later on (Irvin & Shanks, 2015). Attempts of the fishmeal substitution in 

the aquafeeds for the aforementioned species using various ingredients is presented in 

Table 5. 

Table 5. Feeding research in the spiny lobster species 

Species Protein sources References 

P. ornatus  Mussel   Smith et al. (2005) 

 Krill meal Johnston et al. (2008), Smith et al. (2005) 

 Squid  Marchese et.al (2018), Johnston et al. (2008) 

 Fish head meal Kurnia et al. (2017) 

 Crustacean meal Irvin and Williams (2007), Irvin and 

Williams (2009a) 

 Defatted fishmeal Irvin and Williams (2009b) 

 Artemia Johnston et al. (2008) 

 Trash fish Irvin and Shanks (2015)  

P. ornatus & J. 

edwardsii 

Soybean meal, 

lupin meal, wheat 

Irvin & Williams (2007), Ward et.al (2003b) 

P. argus  Gastropods  Díaz-Iglesias et al (1991)  

 Artemia   Lellis (1992)  

 Squid  Perera et al. (2005), Rodríguez-Viera and 

Perera (2012) 

 Clam meal Perera et al. (2005) 

P. homarus Frozen seafood, 

fresh seafood   

Manambrakat and Kumar (2010), Cox and 

Davis (2009), (Astuti et al. 2024) 

 Clam & squid meal Rathinam et al. (2009) 

 Mussel Giri et al. (2023) 

Various alternative protein sources both from marine and terrestrial plants 

have been studied for potential usage in spiny lobster diets (Ward, Carter, & Crear 

2003; Irvin and Williams 2007; Johnston et al. 2008). Mussel meal and prawn are two 

favourable selected ingredients for fishmeal substitutes due to their high crude protein 

digestibility value. On the other hand, plant protein sources such as lupin flour and 

wheat gluten were also potentials (Ward, Carter, & Crear 2003). Years later, Irvin and 

Williams (2007) reported that the crude protein content in squid meals and krill meals 

was found to be higher than in other ingredients. In addition, the crude protein 

https://studentcurtinedu-my.sharepoint.com/personal/18216303_student_curtin_edu_au/Documents/Journey%20to%20PhD/Milestone%201/Disertation%2012072022.docx#_ENREF_27
https://studentcurtinedu-my.sharepoint.com/personal/18216303_student_curtin_edu_au/Documents/Journey%20to%20PhD/Milestone%201/Disertation%2012072022.docx#_ENREF_41
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apparent digestibility of krill meal was also comparable to mussel meal. However, it 

is not suggested to use squid meal since its protein digestibility is low. 

 Johnston et al. (2008) reported a series of nutritional studies on the first larval 

stages of P. ornatus. That nutritional study incorporated the use of squid meal, 

artemia, green mussel, and a combination of artemia and green mussel. In one of their 

experiments, the fishmeal replacement using squid is suboptimal for phyllossomata 

growth resulting in only 2.13 cm of total length and 1.14 cm carapace length which 

was significantly lower than phyllosomata fed with a fishmeal-based diet. An updated 

nutritional study for spiny lobster was conducted intensively in P.ornatus and 

incorporated various feeding treatments (Irvin and Shanks 2015). The raw material 

quality of fishmeal influences the growth of lobsters. The inclusion of high-quality 

fishmeal was found to result in better growth in the lobster juveniles compared to a 

formulated diet using unknown-quality fishmeal. At a similar crude protein and lipid 

level of 41% and 8% respectively, spiny lobsters fed with high-quality fishmeal 

attained significant weight gain at 126% after 42 days of trial. In addition, the 

inclusion of fresh mussels as fishmeal substitutes in the diet range between 149 g kg-1 

to 198 g kg-1 improved lobster weight gain. Mixed various ingredients were also 

found to be more effective than solely trash fish diets to promote the growth of lobster 

juveniles. Further, it is recommended that the combination of fresh mussel and fish 

are important for the growth of lobsters (Irvin and Shanks 2015). 

The study of fishmeal replacement in spiny lobsters was not further 

investigated until a recent study involving the addition of krill meal as a diet 

supplement to the spiny lobster diet was conducted (Marchese et al. 2018). It has 

shown that krill meal may contribute to the development of early juvenile P. ornatus 

reared in a communal situation. The inclusion level of up to 10% of the krill meal in 

the diet of early stages of P. ornatus improves growth rates although growth rates are 

still below the growth rates of spiny lobster fed with blue mussel. The results of that 

study supported previous studies in terms of the incorporation of krill meal in the 

tested diets (Smith et al. 2005; Irvin and Williams 2007). The inclusion of 300 g kg-1 

of krill meal containing (610 g kg-1)  resulted in an average weight gain of up to 0.91 
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g week-1. In contrast, the average weight gain of the spiny lobster fed with natural 

blue mussels was only 0.42 g week-1 (Smith et al. 2005).   

2.6. The roles of Black Soldier Fly (BSF) meal in aquafeed to the health and 

immunity of crustaceans 

Apart from being used as protein sources in the diet of freshwater species, 

several recent studies involving BSF in the formulated diets for marine species have 

been reported (Belghit et al. 2019; Wang et al. 2019; Abdel-Tawwab et al. 2020; 

Fisher et al. 2020; Li et al. 2020). The growth and immunological status of the 

Atlantic salmon (Salmo salar) was improved following complete fishmeal 

replacement using BSF meal. The amino and fatty acids were still found in the diet 

even though the fishmeal as the protein source was replaced totally using BSF meal 

(Belghit et al. 2019). Although a number of research on the incorporation of BSF 

meal in aquafeed have been reported, similar nutritional study is scant in crustaceans 

(Table 6). The first reported study of fishmeal replacement in marine crustaceans 

using BSF was conducted on white Pacific shrimp (Cummins et al. 2017). In that 

study, six pelleted diets having increment BSF levels of 0, 7, 14, 21, 26 and 36% and 

total crude protein ranging between 401.5 g kg-1 to 426.6-1 were evaluated. After 63 

days of culture under laboratory conditions, the growth of shrimp juveniles was 

analysed. The increase in BSF meals was found to be ineffective in improving the 

growth. Rather than improving the growth rate, the excessive BSF meal substitution 

decreased the weight gain of the animals and increased the feed conversion 

coefficient. That results were believed as the results of the low digestibility and 

palatibility of the BSF in the diet. The juvenile shrimp achieved their optimum growth 

with the maximum inclusion level of BSF meal at 7% of substitution (Cummins et al. 

2017). In another nutritional study, the BSF meal was suitable as the complement for 

non-fishmeal protein sources such as poultry by-product meal which resulted in 

optimum growth of C. cainii (Foysal et al. 2019). Freshwater lobster juvenile fed an 

experimental feed containing 110 g kg-1 of BSF meal has higher weight gain than 

those fed experimental feed without BSF meal. Besides, the combination of both 
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alternative ingredients has also improved the immunological genes of freshwater 

lobster juveniles (Foysal et al. 2019). 

Together with BSF, yellow mealworm (Tenebrio molitor) has also been used 

as a fishmeal replacement in fish diets (Janssen et al. 2017; Henry, Gai, et al. 2018; 

Henry, Gasco, et al. 2018; Iaconisi et al. 2018; Thévenot et al. 2018; Ido et al. 2019). 

Dietary protein sources from mealworm (MW) in the diet of the red seabream 

(Pagrus major) are found to be suitable. An optimum specific growth rate was 

achieved after 4 weeks of feeding treatment using 65% of dietary MW. Furthermore, 

this replacement has also improved the immunity of the fish when challenged with the 

pathogenic bacteria Edwardsiella tarda (Ido et al. 2019). It has been reported that 

yellow catfish (Pelteobagrus fulvidraco) can tolerate the high level of BSF meal in 

the diet. Up to 75% of fishmeal can be substituted using MW without negative effects 

on growth and general immunology conditions. In addition, the bacterial resistance of 

catfish fed with dietary MW was improved (Su et al. 2017). Although the presence of 

fishmeal in the fish diet can be replaced completely by MW, the maximum amount of 

inclusion should not exceed 25% to maintain the quality of the fish flesh (Iaconisi et 

al. 2018). 

Table 6. Fishmeal replacement using insect meal in some crustaceans. 

Insects Inclusion (%) Results References 

T. molitor 50% Improve 

immunocompetence  

Choi et al. (2018) 

T. molitor  100% There was no adverse 

effect  

Panini et al. (2017)  

T. molitor 50% Optimum growth and 

FCR  

Motte et al. (2019) 

H. illucens 29% Similar to control Cummins et al. (2017) 

H. illucens 12% Enhanced immune 

system  

Foysal et al. (2019) 
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Yellow mealworm (T. molitor) has been effectively added as a dietary 

supplement to the diet of Pacific white shrimp, L. vannamei (Choi et al. 2018; Motte 

et al. 2019). A proximate composition analysis which has been performed by Motte et 

al. (2019) reveals that mealworm has comparable nutritional content to fishmeal, 

including crude protein (74.8%), crude fat (12.6%), crude fibre (4.7%), and moisture 

(3.9%). Those nutritious feed ingredient sources offer the potential for complete 

fishmeal substitution for L. vannamei. In an 8-week feeding experiment, shrimp fed 

with 50% mealworm meal substitution achieved the highest specific growth rate (2.59 

% g.day-1). Together with two other treatments (25% and 100% fishmeal 

replacement), this value is significantly higher than 0% for fishmeal replacement 

(Motte et al. 2019). This finding is in accordance with a previously reported feeding 

trial on the same species (Choi et al. 2018). A series of diets containing fishmeal of 0, 

25, 50 and 100% replacement using mealworm was conducted on a semi-intensive 

culture scale. The feeding treatments at 50% fishmeal replacement using mealworm 

meal resulted in the optimum growth rate of 2.79 % day-1 (Choi et al. 2018). Although 

many published papers reported the potential use of these ingredients in replacing 

fishmeal in some cultured fish and crustaceans (Sánchez-Muros et al. 2016), the use 

of this ingredient in tropical spiny lobster is unknown.  

2.7. Black soldier fly meal as alternative protein sources for crustaceans 

After Ward, Carter and Crear (2003) and Irvin and Williams (2007), little 

attention was directed on the search for alternative ingredients as protein resources for 

the diet of the tropical spiny lobster. Meanwhile, several studies investigated the 

potential use of insect ingredients for aquafeed (Riddick 2014; Henry et al. 2015; 

Sánchez-Muros et al. 2016). Several insects species have been used in the aquaculture 

industry including housefly, black soldier fly, mealworm, cricket or grasshopper and 

silkworm (Makkar et al. 2014). Among the cultivated insect species, black soldier fly 

(Hermetia illucens) share 13% of the total insects used in aquaculture (Sánchez-

Muros et al. 2016). The proximate composition of BSF in several feeding experiments 

in fish is presented in Table 7. The nutritive value of BSF was determined by the 

stage, processing method (Zozo et al. 2022; Zulkifli et al. 2022), and substrates 
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(Jucker et al. 2017; Julita et al. 2019; Shumo et al. 2019; Bortolini et al. 2020). The 

proximate composition of BSF varies and there was not any standard for it. In general, 

the full fat BSF has higher lipid or fat content than defatted BSF and compromise the 

crude protein in it. 

Table 7. The proximate composition of the black soldier fly (g/100g dry matter) 

Proximate 

composition 

References (*) 

(1) (2) (3) (4) ¶ (5) (6) ¶ (7) (8) (9) ¶ (10) ¶ (10) † 

Protein 48.2 32.1 42 56 41.6 52 42.6 35 55.9 45.8 56.1 

Lipid 25.7 32.2 32 11.8 23.2 15.1 23 29.8 8.5* 25.8 4.8 

Fibre 9.9 NA NA NA 7.6 NA 10.8 7.9 NA NA NA 

Moisture 7.1 8.5 NA NA NA 10 8.2 NA NA 4.4 6.5 

Ash 8.3 13 9.25 NA 11.6 7.3 10.5 5.3 7.6 NA NA 

NFE 7.9 NA NA NA 10.8 NA 4.9 22.1 NA NA NA 

*) (1) Zulkifli et al. (2022), (2) Hu et al. (2020), (3) Weththasinghe et al. (2021),               

(4) Fisher et al. (2020) , (5) Devic et al. (2018), (6) Cummins et al. (2017) , (7) Adeoye 

et al. (2020), (8) Rawski et al. (2020), (9)Biasato et al. (2019), (10) Zozo et al. (2022). 

¶= fullfat, †=defatted, NA = not available 

In full fat BSF, the crude protein content only ranged between 32.1 to 48.2 % of 

the total dry matter, while its content in defatted BSF ranged between 52.0 to 56.1% 

(Cummins et al. 2017; Biasato et al. 2019; Fisher et al. 2020; Zozo et al. 2022). 

Excessive lipid is found in the full fat BSF with a minimum value of as much as 20%. 

The lipid content of the full fat BSF was up to 32.2 % (Hu et al. 2020) whereas only 

less than 10% of lipid content was found in the defatted BSF (Biasato et al. 2019; 

Zozo et al. 2022). Although the high lipid content of BSF may have drawbacks for 

cultured fish, it can be used as a lipid source in diet formulation (Xu et al. 2020). 

The evaluation of amino acid requirement is a particular necessity for fish feed 

formulation to obtain the most suitable composition (Xing et al. 2023). The fatty acids 

content in the BSF has been reviewed as feed sources (Abd El-Hack et al. 2020; Lu et 

al. 2022) or as alternative energy sources (Franco et al. 2021). Therefore, the quantity 

of the amino acids of the feed ingredients is a necessity. As the BSF has mixed value 

proximate composition, its amino acids also varies in several studies (Table 8 & Table 

9).  
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Table 8. Indispensable amino acids of the black soldier fly (H. illucens) (g/100g) 

Amino acids 
References 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

Arginine 1.3 1 2.5 2 2.3 2 3 2.5 2.2 2.4 2.6 5 5.4 1.6 

Histidine 1.7 1.5 2.8 1.4 1.5 1.2 1.9 3.1 0.9 0.9 1.6 3 3.2 0.8 

Isoleucine 2.4 0.6 2.4 1.7 1.9 2.7 2.2 3 1.8 2.2 2.2 4.9 4.7 1.5 

Leucine 3.4 1.2 3.6 2.9 3.2 2.9 4.2 1.4 3.3 3.5 3.6 7.2 7.8 2.9 

Lysine 3.9 0.8 3.6 2.3 2.7 2.7 3.8 2.6 2.5 3.6 3.7 4.8 6.8 2.1 

Methionine 1.1 1.5 1.1 0.7 0.6 0.7 1.2 0.7 0.2 2.1 1.2 1.9 2.1 0.6 

Phenylalanine 2.1 1.2 2.1 1.7 1.6 1.7 2.3 0.7 1.7 1.7 2.3 3.9 7.7 1.5 

Threonine 1.8 1.1 1.9 1.6 1.7 1.7 2.4 2 1.6 2.5 2.2 4.6 4.4 1.3 

Tryptophan 0.9 1.3 3.1 0.6 0.5 NA 0.9 3.5 NA NA NA NA NA 0.7 

Valine 2.9 0.5 3.1 2.4 2.6 2.6 3.7 2.2 1.8 3.9 3.7 5.9 6.7 1.9 

(1)Adeoye et al. (2020), (2) Yildirim-Aksoy et al. (2020), (3) Zulkifli et al. (2022), (4) Spranghers et al. (2017), (5) Cummins et 

al. (2017), (6) Devic et al. (2018), (7) Fisher et al. (2020), (8) Biasato et al. (2019), (8) Hu et al. (2020), (9) Lan et al. (2022), (10) 

Li et al. (2017), (11) Magalhães et al. (2017), (12) Rawski et al. (2020), (13) Weththasinghe et al. (2021). NA = not available 
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Table 9. Dispensable amino acids of the black soldier fly (H. illucens) (g/100g) 

Amino acids 
References 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

Alanine 1.3 3.1 2.5 3.7 2.5 2.4 3.3 7.7 2.4 

Aspartate 1.7 5.1 3.7 NA 4.1 4.5 5.2 9.3 3.2 

Cysteine 2.4 0.2 0.3 0.8 0.1 0.5 NA 2.4 0.2 

Glutamine 3.4 6.1 4.2 6.4 6.1 6.8 5.5 11.6 4.2 

Glycine 3.9 0.2 2.3 3.5 2.1 2.4 2.6 5.1 1.5 

Proline 1.1 2.9 2.3 3.4 1.9 3.1 NA 5.9 1.9 

Serine 2.1 2.1 1.7 2.4 1.7 2.2 2 7.1 1.2 

Tyrosine 1.8 3.1 NA 3.8 0.8 NA 3.4 5.8 1.8 

(1) Adeoye et al. (2020), (2) Zulkifli et al. (2022), (3) Spranghers et al. (2017), (4) 

Fisher et al. (2020), (5) Hu et al. (2020), (6) Lan et al. (2022), (7) Li et al. (2017), (8) 

Magalhães et al. (2017), (9) Weththasinghe et al. (2021). NA = not available. 

2.8. The role of protein hydrolysate in the health status of crustaceans 

Along with the increasing levels of fish consumption, more and more fish 

waste is generated from processing activities and direct consumption of fish. In 

several countries, the waste from fish processing activities is further processed to 

become fishmeal. That fishmeal is then used as a protein source ingredient in the 

manufacturing of aquafeed livestock feed. The remaining materials from processing 

come from scales, bones, heads, and internal organs of fish with various nutritional 

value. In addition, the nutritional quality of the remaining fish processing waste can 

be improved through an enzymatic process, producing protein hydrolysates or fish 

protein hydrolysate (FPH) in dry or liquid forms. However, some researchers also use 

fresh fish as a raw material for FPH. The hydrolysis process can be carried out using 

enzymatic methods or chemical methods. The two processes are distinguished based 

on the differences in the hydrolysis process. The hydrolysis process involves the 

decomposition of free peptides derived from raw materials. With this process, 

peptides are expected to have a smaller size so that they are expected to be more 
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easily digested in the digestive system of animals. The hydrolysis process requires 

temperature, pH, and certain enzymes such as alcalase, protease, trypsin, and pepsin 

to breakdown the short-chain peptide in the hydrolysis material. Thus, the advantages 

of FPH make it included in the feed formulation in aquaculture, increasing the feed 

intake and feed utilization which promotes the growth performance of certain fish 

species.  

The fish protein hydrolysate can be produced from a variety of ingredients 

such as shrimp by-product (Arredondo-Figueroa et al. 2013), krill (Córdova-Murueta 

et al. 2002), fish waste (De et al. 2020), tuna (Hernández et al. 2011; Nguyen et al. 

2012) and mollusc (Zhou et al. 2016) with mixed results in terms of quality or its 

effectiveness in providing nutrition. In general, FPH has been used as the 

improvement agent of feed ingredient in feed formulations. The fishmeal replacement 

in several fish or crustacean species resulted in sub-optimal growth due to the low 

palatability of the feed. To solve those problems, the incorporation of FPH in the diet 

formulation was believed to improve the feed quality. While the application of FPH in 

aquadiets for finfish have been widely reported, its use in crustaceans is progressing 

with mixed results (Córdova-Murueta et al. 2002; Hernández et al. 2011; Nguyen et 

al. 2012; Arredondo-Figueroa et al. 2013; Niu et al. 2014; Zhou et al. 2016; De et al. 

2020). The utilization of FPH has been reported in freshwater (Arredondo-Figueroa et 

al. 2013) and saltwater crustacean species (Nguyen et al. 2012; Zhou et al. 2016; De 

et al. 2020). The inclusion of shrimp-head protein hydrolysate improves the growth 

and maintains the survival rate at the optimum level of new hatchling freshwater 

crayfish, C. quadricarinatus (Arredondo-Figueroa et al. 2013).  

The growth of crayfish hatchlings fed 5% FPH supplementation achieved a 

significant growth rate and adverse effects were observed when inclusion beyond that 

level is applied. That result is in line with the individual feed consumption rate of the 

crayfish. This indicates that there is a direct impact on the feed intake that finally 

increases the growth of young crayfish. A similar trend was also obtained by a study 

conducted by Niu et al. (2014). Rather than improving growth performance, the 

excessive FPH in shrimp feed led to a decrease in the growth performance of L. 
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vannamei post larvae and it is recommended that the inclusion of FPH should be at 

21.22%-26.35%. 

Table 10. The application of fish protein hydrolysate in crustaceans 

Type of PH Effects References 

Fish and shrimp  No significant growth performance was 

observed in P. homarus with 3% 

supplementation  

Astuti et al. (2023) 

Shrimp head Improved growth efficiency of C. 

quadricarinatus at 5 % inclusion 

Arredondo-Figueroa 

et al. (2013) 

Krill  Low supplementation (3%) in the feed of 

P. vannamei resulted in the growth 

enhancement. 

Córdova-Murueta et 

al. (2002) 

Fish waste Improvement the production of P. 

vannamei with 20 ppm supplementation 

De et al. (2020) 

Tuna Growth performance of L. vannamei 

increases 

Hernández et al. 

(2011) 

Tuna Improvement on the zootechnical 

parameters of P. vannamei 

Nguyen et al. (2012) 

Squid, scallop No significant growth performance 

observed in L. vannamei (3%, 6%, 9%) 

Zhou et al. (2016) 

In addition,  low inclusion levels of FPH also promoted the digestive enzyme 

activity of trypsin (Córdova-Murueta et al. 2002; Niu et al. 2014). In addition, at the 

field scale, the application of FPH increases pond productivity by improving the 

abundance of plankton which promotes the growth, survival rate and total biomass of 

L. vannamei (De et al. 2020). Nguyen et al. (2012) reported that FPH from tuna not 

only improves the growth of shrimps but also the zootechnics of the shrimps. Apart 

from the positive results reported by the mentioned studies regarding the utilization or 

use of FPH in fish or shrimp feed, several other studies also reported that the 

administration of FPH supplements did not have any effect on the physiology or 

immunology of fish (Zhou et al. 2016).  
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CHAPTER 3: METHODOLOGY 

3.1.  General  

This chapter briefly describeds the general materials and methods used in the 

experiments. The nutritional study including diet preparation and experimental set 

was conducted at Jakarta Fisheries University Mariculture Station (JFUMS) in 

Banten, Indonesia. The analysis of proximate composition, mineral composition, feed 

composition, amino acids, fatty acids, and histopathology were analysed at IPB 

University Nutrition Laboratory, SIG Laboratory and Fish and Environment 

Laboratory Indonesia. The gene expression analysis was performed in the Fish 

Quarantine and Inspection Laboratory, Indonesia. This chapter also presents general 

procedure for diet formulation, sample collection, data collection, biochemical 

analysis, digestive enzyme activities analysis, immune-related gene eexpression 

analysis and statistical analysis. 

3.2.  Experimental animal and Facility  

In each feeding experiment, puerulii of tropical spiny lobster were bought 

from local fishers, land-transported and acclimated for 1-2 weeks or until transformed 

into pigmented juveniles. During the acclimation, the lobster juvenile was unfed. The 

healthy juvenile lobsters were selected and graded based on their weight to be used as 

experimental animals. The juvenile lobster were also measured in term of total length 

as the initial length data. In each experiment, fibreglass aquaria with the dimensions 

of 30 cm × 30 cm × 60 cm were used (Figure 2). Each of the aquaria were equipped 

with a recirculation water system to maintain the water quality. In each feeding 

experiment, acclimated juvenile lobsters were distributed to designated plastic baskets 

as their cage during the experiment to keep them separated from each other. 

Continuous aeration and mechanical water filtration systems were provided to 

maintain the water quality. In each feeding experiment, the lobster juveniles were fed 

four times per day until satiation. The duration of the feeding experiment were a 

minimum of 8 weeks.  
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Figure 2. Feeding experimental set-up (aquaria dimension 30 cm x 30 cm x 60 cm) 

3.3.  Formulated feed preparation  

The tested feed was produced according to different formulation for each 

feeding experiment using formulated diet software, LIVE software version 1.52 from 

Live Informatics Company limited (Thailand). All diet ingredients were collected 

from the local supplier, including fishmeal, commercial full fat BSF, defatted BSF, 

and liquid fish protein hydrolysate. In the first experiment, six different feeds having 

P/E ratio between 21 to 26 mg kJ-1 were formulated using fishmeal as the main protein 

sources. Based on the findings of the nutritional analysis of BSF as alternative protein 

sources, feed formulation was performed in the third study using these feed 

ingredients where defatted BSF was used as the main protein source. In the third 

study, fish meal was replaced with defatted BSF at 25%, 35% and 50% substitution. 

In the fourth feeding experiment, the feed formulation was based on the suitable level 

deffated BSF substitution in the third experiment. The feed was formulated with the 

combination of defatted BSF, fullfat BSF and protein hydrolysate as the protein 

sources, replacing fish meal. All diet ingredients were grounded, mixed with an 

appropriate amount for each feeding experiment. The experimental diet were 

formulated using a mechanical semi-automatic extruder (Oxone OX-861N, Indonesia) 

and the final product were stored at -20°C until used.  

3.4.  Sample collection  

All tested diets from each feeding experiment were analysed for their 

proximate compositions including crude protein, crude fat, ash, moisture and fibre. 

Additional amino acids analysis was performed in the first and the third feeding trial. 
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While fatty acid analysis was performed in the fourth experiment. At the beginning, in 

the middle, and at the termination, three randomly selected lobster juveniles were 

measured in terms of survival, wet weight, carapace length, total length, and moulting 

rate. After the completion of the feeding experiment, all those parameters were re-

analysed. An additional quantitative polymerase chain reaction (qPCR) analysis was 

performed to investigate the gene expressions of the lobster juvenile in the third 

feeding experiment. In the thrid and fourth feeding experiment, histological analysis 

was performed. 

3.5.  Data collection  

3.5.1. Evaluation of growth performances  

In general, at the end of the feeding trial, several physiological responses of 

lobster were assessed, including: 

(1) Survival rate (%) = 100 × (final number of lobster/initial number of 

lobster)  

(2) Weight gain (%)  = 100 × (final wet weight (g)–initial wet weight (g))   

(3) Specific growth rate (% gr day-1) = 100 × (ln final wet weight (g)–ln 

initial wet weight (g))/days  

(4) Moulting rate = 100 × (number of moulting lobster/total number of 

lobster)  

(5) Moult interval (days)  = duration in days between two consecutive 

moults 

(6) Length increment = 100 × (final body length - initial body length)/final 

body length 

(7) M50= the days taken for 50% of the lobster population for moulting. 

3.5.2. Biochemical analysis  

In this study, not all feeding experiment have the similar biochemical analysis. 

The general chemical analysis was performed in this study including the proximate 

composition of crude protein, lipid/fat, ash, moisture, carbohydrate, enzyme activity, 

amino acids, and fatty acids following the procedure: 
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a. Crude protein 

The crude protein content in the diet, feed ingredients and whole body of 

juvenile lobster were analyzed using the Kjeldahl method. The crude protein 

was calculated by multiplying the percentage of nitrogen with a coefficient of 

6.25 (AOAC 2005b). 

b. Total Lipid 

The lipid content was extracted through the mixing of chloroform and 

methanol at a ratio of 2: 1. The solution was then filtrated and evaporated 

using a vacuum as described in an established protocol (AOAC 2005a). 

c. Ash  

The ash content was determined by an  established protocol Ismail (2017) by 

heating 1-2 g of samples using a furnace at 550 ºC for 24 hours. The 

percentage of ash was calculated by weighing the remaining amount of the 

samples after the heat process. 

d. Moisture 

The moisture content was determined by heating the samples at 110 ºC ± 1 ºC 

for 2 hours. The percentage of moisture content was calculated by deducting 

the final weight from the initial weight of the sample (Nielsen 2017). 

e. Carbohydrate/fibre 

The crude fiber was measured according to established protocol (BeMiller 

2017) using gravimetric method as the residue of the sample using H2SO4 

1.25% and NaOH 1.25% solution. The insoluble residue is collected through 

filtration, then it is dried, weighed, and incinerated to account for any mineral 

contamination in the fiber residue. 

f. Amino Acids  

The amino acid content was measured using a High-Performance Liquid 

Chromatography method according to Babu et al. (2002). 10 mL of HCL (6N) 

was added to the samples before the heating process at 100°C for 24 hours. 

After the heating process, samples were filtered and 25 µL of the product was 

transferred to the tubes. A 25 µL dehydration solution was added to the tube to 
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dehydrate the samples using a vacuum. When the vacuum process was 

completed, a 25 µL of derivatives solution was added to the tube and left at 

room temperature. After 20 minutes at room temperature, 25 µL of sodium 

acetate buffer was added then the samples were injected into the HPLC 

machine. 

g. Fatty acids 

The fatty acids content analysis was performed using the gas chromatography 

method as described by Ratnayake et al. (2006). The peak of the 

chromatograph was determined by comparing the retention time of every fatty 

acid component from samples and references. 

h. Mineral content 

The analysis of mineral content, encompassing calcium, sodium, magnesium, 

zinc, iron, manganese, and copper, was conducted utilizing the Atomic 

Absorption Spectroscopy method, following a standardized protocol as 

outlined by Paul et al. (2014). 

i. Percent differences  

The percentage variances in the proximate composition, amino acids, fatty 

acids, and minerals were assessed by applying a well-established calculation 

method to compare differences between defatted and full-fat BSF (Cummins 

et al. 2017) as follows : 

% differences = (TPDF - TPFF)/ TPFF x 100 

j. Water quality measurement 

Water quality including dissolved oxygen, pH, temperature, and TDS were 

monitored using digital water quality instrument Horiba (U-5000, Japan). 

3.5.3. Digestive enzyme activity analysis  

a. Amylase 

In this study, the amylase enzyme activity of the lobster was assessed 

according to Bergmeyer’s method (Mulyasari et al. 2018). The amylase 

enzyme was taken from the lobster's whole-body. The analysis begins with the 



Chapter 3. General Methodology 

33 

 

sample preparation by mixing of the samples with soluble starch in citrate 

buffer (pH 5.7), followed by the incubation (32ºC, 30 minutes) process before 

heating at 100 ºC for 10 minutes. To determine the amylase enzyme activity, 

the processed samples were analysed using spectrophotometer at the 

absorbance level of 578 nm.  

b. Protease 

The protease activity was determined using spectrophotometer method where 

each lobsters samples were mixed with boric acid buffer (0.01 M, pH 8.0), 

casein substrate (20 mg mL-1 pH 8.0), HCl (0.05 mg mL-1) and standard 

tyrosine (5 mmol L-1), The mixture underwent an incubation process in a 

water bath at 37ºC for 10 minutes. Following incubation, 0.1 M TCA was 

introduced to the sample tubes and left to incubate at 37ºC for an additional 10 

minutes, followed by centrifugation at 3,500 rpm for 10 minutes. The resulting 

mixture was stored at 37ºC for 20 minutes before measuring absorbance at 578 

nm. 

c. Lipase  

Meanwhile, the lipase activity was measured according to an established 

protocol (Tietz and Fiereck 1966). 

d. Superoxidase dismutase Activity 

The Superoxidase Dismutase (SOD) activity was determined using the SOD 

test kit (Abcan, UK). The process was initiated by preparing lobster samples 

approximately 0.3 g and diluted into 10 mL sulphuric acid 10M and 

centrifuged. Before the incubation process, a 20 µL working solution 

containing 20 µL SOD Assay Buffer and 50 µL SOD Enzyme solution in 100 

mL cool PBS solution was prepared and distributed to the sterile tubes. The 

supernatant from the dilution process was then added to the prepared tube 

before 20 minutes of incubation. To finish the reaction, 50 µL of Butylated 

hydroxytoluene was added to each tube, followed by measurement using a 

spectrophotometer at an absorbance of 550 µm.  
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3.5.4. Histopathology analysis   

At the end of the feeding trial, the intestine and hepatopancreas of juvenile 

lobster were collected for histopathological analysis using hematoxylin-eosin staining 

according to an established protocol from Bell and Lightner (1988). At the beginning 

of the sample analysis, all samples were preserved using Davidson’s solution for 24 

hours and then transferred to 70% ethanol solution. A small cut of the abdomen and 

cephalothorax from each sample were placed in cassettes for further process 

dehydration, clearing and infiltration in an automatic tissue processor (Tissue-Tek 

VIP 5 Jr. 5903, Japan). The sequences of these processes include the series of ethanol 

solutions (70%, 80% and 95%), absolute ethanol solution, xylene, and paraffin. The 

process using each solution was taken twice and took two hours. The blocking process 

of the samples was using the embedding console system machine (Tissue-Tek VIP 5 

Jr. 5903, Japan). Each of the samples was then trimmed and sliced using a microtome 

(Leica RM2125, US) with a thickness of 4-5 µm. After the completion of the slicing, 

the thin layers of samples were then stretched in a flotation bath at 45ºC and were 

then placed on glass slides and dried. Before the staining process, deparaffinization of 

samples was carried out using a hotplate at 62ºC. The staining process was performed 

using xylene, absolute ethanol, ethanol solutions, hematoxylin, bluing reagent, and 

eosin with certain procedures. After the completion of the staining process, the 

samples on the glass slides were then covered with a cover glass. Overall, a total of 

six pathology sections were observed at 40× magnification using a light microscope 

(Carl Zeis Primo Star, US). The height of the villus and muscle thickness of the 

intestinal tissues was measured using a Digital ruler (Adobe Photoshop, US).  

3.5.5. Immune-relative gene expression analysis 

In this study, not all feeding experiments were applied for immune-relative 

gene expression analysis. Only juvenile lobsters harvested from Chapter 7 were taken 

for the gene expression analysis. Two juvenile lobsters from each treatment were 

chopped into small pieces and stored in a 1.5 mL PCR tube, followed by the addition 

of 500 µL of RNA extraction solution and grinding process. Total RNA was extracted 

by using the RNA extraction solution kit (IQ-2000TM Genereach, Taiwan). After 5 
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minutes at room temperature, 100 µL of chloroform was added. The sample was then 

vortexed for 20 s and centrifuged at 12.000 rpm for 15 minutes. At the end of the 

centrifugation, 200 µL of a clear layer of upper solution was removed to a new tube 

and immediately added with 200 µL isopropanol. After a short vortexing, the sample 

was re-centrifuged at 12.000 rpm for 10 minutes and the isopropanol discharged at the 

end of the process. The RNA pellet was then washed using 500 µL ethanol (75%), 

spun down and centrifuged at 9,000 rpm for 5 minutes. The RNA pellet was diluted 

using DEPC ddH2O 50 µL and stored at -20°C for cDNA analysis using the 

SensiFAST cDNA Synthesis Kit (Bioline, Australia). The total reaction volume was 

20 µL consisting of 4 µL 5x TransAmp Buffer, µ1 L reverse transcriptase, 15 µL free-

water RNase and 3.0 g total RNA. All materials were then mixed slowly and then the 

solution in the microtube was processed using a thermal cycler at 25°C for 10 

minutes, 42°C (15 minutes), and 85°C for five minutes for inactivation. The cDNA 

solution was then placed on ice to stop the synthesis reaction and stored at a minimum 

-20°C for further analysis.  

Table 11. Primers used for juvenile lobster immunology following fishmeal 

replacement with defatted BSF meal. 

Primer  Primers sequence Forward (F) Primers sequence Reverse (R) 

IL-1β 1 GTTTACCTGAACATGTCGGC  AGGGTGCTGATGTTCAGCCC    

IL-10 1 CAGTGCAGAAGAGTCGACTGCAAG    CGCTTGAGATCCTGAAATATA   

IL-17F 1 GTCTCTGTCACCGTGGAC   TGGGCCTCACACAGGTACA   

β-actin 1 TTGAGCAGGAGATGGGAACCG   AGAGCCTCAGGGCAACGGAAA   

proPO2 GAGATCGCAAGGGAGAACTG  CGTCAGTGAAGTCGAGACCA 

GPO2 TTTTTCCGTGCAAAAAGGAC TAATACGCGATGCCCCTAAC 

ALFHa 12 CAGTCGTTCTGGTGTTGTTGGGAA TTGTTGGGCATCCCTCTCGGTAT 

ALFHa 22 AGACTACCACTGACTTCGTGAGGA  TCTCGGGATGATCCGTTAACACCT 

Note : 1 Foysal et al. (2019) 2Haryanti et al. (2017)  

Analysis of immune-related genes was performed quantitatively using qPCR 

and specific primers followed (Foysal et al. 2019) and internal control using lobster 

actin as presented in Table 11. The qPCR process was conducted using a Thermal 
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Cycler (Rotor-GeneTM 3000 real-time PCR, USA) with the SensiFAST SYBR® No-

ROX kit (Bioline, Australia). The reaction volume for cDNA amplification was 20 

µL, consisting of 2x SensiFAST SYBR® No-ROX Mix 10 µL, Forward and Reverse 

primer pair each 0.8 µL, Nuclease Free Water 15 µL and cDNA sample 5 µL. The 

cycling temperature conditions for qPCR consisted of denaturation temperature at 

95°C (2 minutes) for 1 cycle, followed by 95°C (5 seconds), annealing temperature at 

65°C (10 seconds) and extension temperature at 72°C for 20 seconds repeated for 40 

cycles. At the end of the PCR process, the cycle threshold of each sample from the 

tested genes was recorded. The ΔCt was calculated against the Ct β-actin (internal 

control). The value of Ct is calculated from ΔCt (tested sample group) - ΔCt (initial 

expression). The representation of different relative multiples to the initial expression 

was calculated by 2 ΔΔCt. To visualize the data, a plot was made from the collected 

data. 

Statistical analysis  

In this study, only numerical collected data were analysed using SPSS for 

Windows version 25.0 (IBM, New York, USA). That includes the growth, length 

increment, final weight, weight gain, proximate composition, amino acids, fatty acids, 

survival rate, moulting rate, moult interval, mineral contents, and water quality. Prior 

to the statistical analysis, all data were checked in terms of homogeneity. The effect of 

the treatments on the physiological response were analysed using an analysis of 

variance (ANOVA) to see the differences among the treatments. A Turkey HSD were  

used to find the significance of the means among the data. The significance of the 

statistical test in this study was evaluated at P<0.05. 
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CHAPTER 4: Effect of dietary protein to energy ratios on growth, digestive 

enzyme activity and body composition of captive juvenile spiny lobsters 

Panulirus ornatus (Fabricius, 1798) 

4.1. Introduction 

The Panulirus ornatus, commonly known as the tropical or ornate spiny 

lobster, stands out among commercially exploited lobster species within the Panulirus 

genus and is notably abundant in the Indo-Pacific region (Holthuis 1991). The 

commercial fisheries for this species reached a substantial 70,000 tons in 2019 (FAO 

2020), reflecting its high demand and value alongside other spiny lobster species. In 

response to this demand, some countries have shifted to aquaculture-based production 

of P. ornatus, focusing on growing out of the non-feeding stage of spiny lobsters as 

an initial stock (Jones et al. 2019). This method, recognized as the most efficient for 

spiny lobster growth, has seen success in countries like Vietnam and Indonesia, with 

respective total productions of 2,271 tons and 700 tons in 2019 (FAO 2020). As 

commercially formulated feed for spiny lobsters is not yet available, bivalves are 

commonly utilized as the natural diet for ornate spiny lobster aquaculture. However, 

this practice leads to inconsistent production due to inadequate dietary nutrition. 

Hence, the development of formulated or complete feeds for ornate spiny lobsters is 

crucial, requiring further research (Phillips and Matsuda 2011; Nankervis and Jones 

2022). 

Research on the protein requirements for optimizing the growth of P. ornatus 

has yielded varied outcomes (Smith et al. 2003; Smith et al. 2005; Johnston et al. 

2008; Irvin and Shanks 2015). While many studies suggest a strong positive 

correlation between increased dietary protein content and the growth of P. ornatus 

juveniles, recommending high dietary protein levels (Smith et al. 2003; Smith et al. 

2005), Irvin and Shanks (2015) found comparable growth responses with lower 

protein levels in a formulated diet. This indicates that high dietary protein may not be 

the sole factor maximizing growth in juvenile lobsters. Consequently, it is suggested 

that the optimum dietary lipid for spiny juvenile lobsters falls within the range of 10-
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16% (Johnston et al. 2003; Smith et al. 2003; Smith et al. 2005) surpassing the 

established lipid requirements for most crustaceans (D'Abramo et al. 1984). 

Conversely, Irvin and Shanks (2015) found that lower lipid portions (8-9%) in a 

formulated diet were optimal for spiny lobster growth under cage culture. High 

dietary lipids are expected to reduce protein requirements or result in better growth 

through protein sparing, although excessive lipids can lead to fatty acid deposition, 

reducing growth rates. 

Protein plays a significant role in tissue synthesis, but its synthesis occurs only 

when energy needs are adequately met. Otherwise, protein serves as an energy source 

(Cuzon and Guillaume 1997). Consequently, investigations into the optimal protein-

to-energy (P/E) ratios in a formulated diet become crucial. Few studies on the P/E 

ratio requirements for ornate spiny juvenile lobsters have been conducted (Smith et al. 

2003; Smith et al. 2005). Early nutritional studies on P. ornatus juveniles indicated 

that a high dietary P/E ratio ranging between 28 to 29 mg KJ-1 is required for 

maximum growth and survival (Smith et al. 2003; Smith et al. 2005). However, this 

study did not delve into the protein and lipid combinations in the protein-energy 

sparing effect mechanism. It was found that the high lipid content in the formulated 

diet failed to reduce the protein requirement, and vice versa (Smith et al. 2003). In 

other crustaceans such as the Chinese mitten crab (Eriocheir sinensis), white leg 

shrimp (Litopenaeus vannamei), and oriental river prawn (Macrobrachium 

nipponense), properly formulated dietary protein-to-energy ratios have been proven to 

maximize growth and immune performance (Cui et al. 2017; Zhang et al. 2017). 

However, the optimum ratio remains unclear for ornate spiny juvenile lobsters. 

Therefore, this experiment aims to evaluate the effects of optimal protein in 

combination with six P/E ratios on the growth, survival, and digestive enzyme 

activities of P. ornatus juveniles. 
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4.2.      Materials and Methods 

4.2.1.  Animals 

Pueruli weighing 0.25 ± 0.01 g were procured from a local supplier in the 

Southcoast Province of Banten, Indonesia. These pueruli were introduced into 

rectangular fiberglass aquaria containing corals, plastic net cuts, ample aeration, and a 

water filtration system. They were maintained in these conditions for one week until 

they transformed into pigmented juveniles. Throughout the acclimation period, the 

pueruli were not provided with any feed, and their overall health was monitored 

visually. Lobster juveniles displaying signs of poor health, mortality, unattractiveness, 

or lost body appendages were excluded from the experimental setup. 

4.2.2. Experiment system and design 

In the feeding experiment, the juvenile lobsters were cultured in 18 rectangular 

60 L acrylic fish tanks (60 cm × 29.5 cm × 35 cm) for eight weeks. Individual spiny 

juveniles were placed in 1.5 L plastic baskets with holes and hides to minimize stress, 

with a total of 8 lobsters per tank. Each tank was equipped with individual water 

filtration and aeration systems, and the experimental laboratory conditions were 

maintained under a natural photoperiod (12h day; 12h dark). Tested diets were 

delivered as moist diets and distributed using stainless steel pincers twice a day. 

Water quality checks were conducted daily in the morning and evening throughout the 

entire experimental period using water quality monitoring devices (Horiba U-5000, 

Japan). 

4.2.3. Experimental Diet 

Six experimental diets containing three protein levels (45%, 50% and 55%), 

three lipid levels (7%, 9% and 13%) containing digestible energy levels of 19 to 21 g 

CP MJ-1; and six proteins to energy ratios (21, 22, 23, 24, 25 and 26 g CP MJ-1), were 

formulated and assigned as (Basal), high oil (HO), low oil (LO), high, low protein 

(LP) and low protein-high oil (LP-HO) (Table 12). The fishmeal, obtained from the 

Fish Nutrition Department at IPB University in Bogor, Indonesia, had an approximate 

crude protein content of 56%. All feed ingredients, excluding fish oil and soy lecithin, 

were manually mixed and sieved using a 1.0 mm stainless steel sieve (Retch Test 
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Sieve, Germany). Following the sieving process, a milling machine (Kawano 250G, 

Korea) was employed to thoroughly mix all ingredients. The finely formulated 

mixture was subsequently stored in an airtight plastic bag and kept in a dry location 

until it was utilized as moist diets. 

Table 12. Formulated diet ingredients (dry weight basis) and proximate composition. 

Ingredients Basal HO LO HP LP LP-HO 

Fishmeal 1 578 582 540 648 530 530 

Astaxanthin (8%)1 2 2 2 2 2 2 

Binder (inert) 1 22 22 22 22 22 22 

Casein 2 170 173 191 191 135 147 

Wheat (10 CP) 1 154 107 191 70 233 185 

Corn/wheat starch1 25 25 25 25 25 25 

Cholesterol1 4 4 4 4 4 4 

Fish oil1 20 60 0 13 24 60 

Vitamin premix1 10 10 10 10 10 10 

Vitamin C1 5 5 5 5 5 5 

Soy lechitin3 5 5 5 5 5 5 

Trace mineral premix1 5 5 5 5 5 5 

Total 1000 1000 1000 1000 1000 1000 

DM% 91.33 91.79 91.06 91.5 91.15 91.58 

Ash% 7.94 7.97 7.6 8.8 7.3 7.31 

GE MJ/kg 20.4 21.35 19.86 20.73 20.04 20.93 

CP% 50.22 50.24 50.19 55.28 45.18 45.74 

Lipid% 9.87 13.84 7.48 9.87 9.82 13.34 

Fibre% 0.61 0.58 0.65 0.59 0.62 0.59 

P/E ratio (mg kJ-1) 24.62 23.53 25.28 26.67 22.54 21.85 

Proximate and biochemical analysis 

The proximate composition of the feed and lobster whole-body were 

performed according to Chapter 3, section 3.5.2. Biochemical analysis. 

4.2.4. Water Quality 
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The water quality measurement was conducted  according to Chapter 3, 

section 3.5.2. Biochemical analysis point (j). 

Growth evaluation 

Physiological data were collected at the beginning, in the middle and at the 

termination of the feeding trial according to Chapter 3, section 3.5.1. evaluation of 

growth performance. 

4.2.5. Statistical analysis 

The effects of dietary P/E ratio on all tested parameters of the lobster juvenile 

were examined using an ANOVA (Chapter 3, section 3.5.6. Statistical analysis). A 

quadratic regression analysis was performed to analyze the trend of the results.  

4.3. Results 

4.3.1. Growth performance 

The specific growth rate and length increment were notably influenced 

(P<0.05) by the dietary protein (refer to Table 13). However, the dietary lipid and the 

interaction between protein and lipid did not yield a significant impact (P>0.05) on 

the specific growth rate and length increments. The survival and moulting rate 

remained unaffected by the dietary protein, lipid, and the interaction between protein 

and lipid levels. While the moult interval was not influenced by any P/E ratio, it 

exhibited a significant response to the dietary lipid level. 

Table 13. The physiological response of lobster juveniles fed various dietary P/E 

ratios.  

Diets 
SGR 

(% g.day-1) 

Survival 

rate (%) 

Increment of 

length (%) 

Moulting rate  

(%) 

MI 

(days) 

Basic 0.36 ± 0.06 b  58.3 ± 11.0 7.56 ± 1.34  62.50 ± 19.09  20.0 ± 1.0  

HO 0.47 ± 0.07 a,b   70.8 ± 11.0  5.94 ± 1.64  45.83 ± 8.33  14.5 ± 7.8  

LO 0.53 ± 0.08 a,b   58.3 ± 8.33  12.13 ± 2.79  83.33 ± 11.02  23.8 ± 6.1  

HP 0.69 ± 0.05a  58.3 ± 11.0  13.20 ± 3.84  83.33 ± 11.02  25.2 ± 5.3  

LP 0.36 ± 0.10 b   54.1 ± 11.0  1.69 ± 2.89  83.33 ± 16.67  28.3 ± 10.5  

LP-HO 0.58 ± 0.04 a,b   58.3 ± 4.43  7.49 ± 1.95  62.50 ± 14.43  18.3 ± 3.5  
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Values are presented as means ± SE from three replicates. Data in the similar column 

with different superscripts (a,b) indicated a significant difference in means value at 

P<0.05. 

The survival rate of lobster juveniles decreases gradually from the first week 

to the completion date with a similar final survival rate in all treatments ( 

Figure 3). Polynomial regression analysis indicated the relationship between 

the P/E ratio (x) and specific growth rate as Y= 0.0375x2 – 1.7347x + 20.439, with R2 

= 0.8036 (Figure 4) 

 

Figure 3. The survival rate of juvenile lobster fed different dietary P/E ratios 

4.3.2. Digestive enzyme  

Protease and lipase increased in juvenile lobsters fed a high P/E ratio 

(P<0.05). Amylase was not significantly affected by the ratios. Superoxidase 

dismutase was significantly affected by the treatment. Dietary protein, lipid and their 

interaction affect the protease, lipase, and SOD significantly. The interaction between 

the dietary protein and lipid did not show a significant effect on SOD. The protease, 

lipase, amylase and superoxidase dismutase results is presented in Table 14. 
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Table 14. Digestive enzyme activity and super oxidase dismutase of early spiny 

lobster juvenile following dietary of different P/E ratio. 

Diets (P/E ratio) Protease Lipase Amylase SOD 

Basic 18.91 ± 1.4 b  11.62 ± 1.16b 1.78 ±0.06  8.60 ± 0.32b 

HO 18.26 ± 0.6 a 22.09 ± 1.16c 1.42 ± 0.02  10.26 ± 0.12c 

LO 19.20 ± 1.7b 5.81 ± 0.58a 2.05 ± 0.08  6.26 ± 0.19a 

HP 21.14 ± 0.3 d 28.48 ± 0.58d 1.52 ± 0.02  7.39 ± 0.51a, b 

LP 18.81 ± 0.4 a, b 18.60 ± 1.16c 1.81 ± 0.03  7.97 ± 0.20b 

LP-HO 19.58 ± 0.1 c 4.65 ± 1.16a 2.13 ± 0.38  10.84 ± 0.17c 

Values are presented as means ± SE from three replicates. Data in the similar column 

with different superscripts (a, b) indicated a significant difference in means value at 

P<0.05.  

 

 

 

 

 

 

 

 

 

 

Figure 4. The specific growth rate of juvenile P. ornatus fed different dietary P/E 

ratios in an 8-week feeding trial. 

4.3.3. Tissue Proximate composition 

The treatments had a significant impact (P<0.05) on the levels of protein, 

lipid, ash, crude fiber, and NFE (Table 15). The interaction between dietary protein 

and lipids exerted a noteworthy influence on the protein and lipid content in the entire  
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Table 15. The whole-body proximate composition of spiny lobster juveniles fed 

different dietary P/E ratios. Values are presented as means ± SE from three replicates. 

Data in the similar column with different superscripts (a,b) indicated a significant 

difference in means value at P<0.05.  

Diets Protein Lipid Ash Crude fiber 

Basic 20.99 ± 1.19 a 6.07 ± 0.12 c,d 58.39 ± 0.67a,b 6.24 ± 0.28 b 

HO 30.27 ± 0.38 b 7.19 ± 0.24 e,f 62.39 ± 1.45 b,c 4.89 ± 0.12 a,b  

LO 23.05 ± 0.15 a  5.76 ± 0.19 b,c 56.94 ± 0.25 a 4.81 ± 0.27 a,b 

HP 33.86 ± 0.21 c  4.82 ± 0.29 a,b 63.34 ± 0.47 c 4.27 ± 0.04 a,b 

LP 19.90 ± 0.79 a 3.99 ± 0.12 a  58.59 ± 0.62 a,b 4.64 ± 0.29 a,b 

LP-HO 28.29 ± 0.13 b 7.05 ± 0.13 d,e 56.60 ± 0.21 a 3.07 ± 0.31 a 

Table 16. Amino acid analysis profile of whole-body lobster juvenile (%) 

 Basic HO LO HP LP LP-HO 

Non-Essential amino acids      

Alanine 1.57 1.50 1.42 1.52 1.37 1.44 

Aspartate 1.77 1.70 1.57 1.62 1.59 1.65 

Glutamine 3.31 3.19 2.97 3.01 2.89 2.99 

Serine 0.65 0.68 0.59 0.65 0.62 0.58 

Glycine 1.39 1.29 1.21 1.20 1.18 1.21 

Tyrosine 0.69 0.63 0.65 0.57 0.61 0.64 

Proline 0.42 0.45 0.41 0.44 0.39 0.41 

Total 9.80 9.43 8.83 9.00 8.65 8.90 

SSd 0.00 0.04 0.22 0.16 0.01 0.18 

Essential amino acids     

Histidine 0.63 0.68 0.59 0.61 0.59 0.55 

Arginine 0.51 0.47 0.47 0.47 0.48 0.43 

Threonine 0.99 0.94 0.90 0.91 0.93 0.93 

Valine 1.11 1.17 1.08 1.12 1.05 0.99 

Methionine 0.40 0.41 0.37 0.40 0.37 0.38 

Cysteine 0.33 0.31 0.34 0.33 0.31 0.31 

Isoleucine 0.42 0.42 0.45 0.47 0.42 0.47 

Leucine 0.82 0.80 0.81 0.79 0.81 0.79 

Phenylalanine 0.48 0.46 0.44 0.47 0.46 0.42 

Lysine 0.78 0.75 0.72 0.74 0.76 0.71 

Total 6.46 6.40 6.16 6.30 6.18 5.98 
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bodies of juvenile lobsters. Elevated lipid levels in the diet were found to correlate 

with increased lipid content in the juveniles' entire bodies. A consistent trend was 

observed in the proximate composition, indicating that higher dietary lipid and protein 

contents were reflected in the overall composition of juveniles' bodies. 

4.3.4. Amino Acids 

In both the dietary composition and the entire body of juvenile lobsters, non-

essential amino acids are predominant compared to essential amino acids (Table 16 

and Table 17, respectively).  

Table 17. Amino acid analysis profile of tested diet (%) 

Non-Essential amino acids 
Diet types 

Basic HO LO HP LP LP-HO 

Alanine 1.67 1.58 1.58 1.68 1.50 1.48 

Aspartate 1.82 1.77 1.77 1.79 1.69 1.72 

Glutamine 3.47 3.67 3.21 3.51 3.18 3.24 

Serine 0.70 0.72 0.65 0.71 0.70 0.68 

Glycine 1.42 1.35 1.34 1.38 1.37 1.40 

Tyrosine 0.79 0.69 0.79 0.69 0.79 0.87 

Proline 0.51 0.53 0.47 0.57 0.50 0.52 

Total 10.37 10.31 9.81 10.33 9.74 9.89 

SSd 0.00 0.07 0.09 0.02 0.02 0.10 

Essential amino acids       

Histidine 0.69 0.79 0.68 0.79 0.70 0.69 

Arginine 0.57 0.51 0.58 0.59 0.59 0.60 

Threonine 1.12 1.15 0.98 1.12 1.15 1.01 

Valine 1.43 1.33 1.28 1.28 1.25 1.17 

Methionine 0.46 0.51 0.49 0.56 0.48 0.50 

Cysteine 0.39 0.40 0.50 0.47 0.47 0.50 

Isoleucine 0.50 0.51 0.59 0.61 0.62 0.66 

Leucine 0.90 0.89 0.89 0.97 0.98 0.96 

Phenylalanine 0.59 0.57 0.62 0.60 0.58 0.54 

Lysine 0.89 0.84 0.81 0.89 0.87 0.83 

Total 7.52 7.50 7.42 7.89 7.66 7.45 

SSd 0.00 0.03 0.07 0.07 0.04 0.12 
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The elevated protein content in the tested diets led to a greater quantity of amino 

acids, both essential and non-essential, compared to diets with lower protein levels. 

The basal diet, characterized by higher levels of both EAA and NEAA, contributed to 

the overall amino acid composition in the bodies of juvenile lobsters.  

4.4. Discussion 

The dietary P/E ratio did not affect the growth, survival, and moulting rate of 

spiny lobster juveniles statistically. However, consistent patterns of growth, total 

length increment, intermolt period, moulting rate and survival rate were achieved by 

lobster fed with a high P/E ratio of 26.6 mg MJ-1. Several studies indicated that the 

optimum P/E ratio plays an important role in spiny lobster juvenile growth (Glencross 

et al. 2001; Smith et al. 2003; Ward, Carter, Crear, et al. 2003). In P. cygnus juvenile, 

the dietary P/E ratio of 27.6 mg MJ-1 was observed as the optimum for growth 

(Glencross et al. 2001). Meanwhile, J. edwardsii and P. ornatus required a higher P/E 

ratio between 29 - 30 mg MJ-1. Although the lipid content does not affect all of the 

physiological parameters, the protein content in the diet has resulted in a positive 

interaction with the specific growth rate, carapace length increment and the 50% 

success moulting rate (Table 13). In the present study, the specific growth rate 

achieved by lobster juveniles was low (0.36 to 0.69 % g day-1) and comparable to 

previous studies on spiny lobster juveniles (Smith et al. 2003; Jones and Shanks 2009; 

Huu and Jones 2014; Kurnia et al. 2017). In contrast, recent nutritional research on 

the same species conducted by Marchese et al. (2018) reveals that spiny lobster 

juveniles with an average weight of 1.98 g resulted in higher weight gain. Haryanti et 

al. (2017) also reported the final growth of P. homarus juvenile reared in the floating 

cage was higher (2.9 to 3.4 g) following three months of feeding trial. The low growth 

rate of spiny lobster juveniles in the present study can be attributed to the initial 

animal size and container size used in the feeding trial. The spiny lobster juvenile 

used in the present study was very small, only 0.3 g on average and the same size as 

the lobster juvenile used by Kurnia et al. (2017). Meanwhile, a larger lobster juvenile 

was used in two studies reported (Haryanti et al. 2017; Marchese et al. 2018). 

Different initial size of lobster was reported to have different growth rates under a 
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controlled culture system (Jones and Shanks 2009). There was also an effect on the 

size of individual cages to the growth of spiny lobster. In a feeding trial conducted by 

Haryanti et al. (2017), larger cages were used which resulted in a higher specific 

growth rate. Despite the inconsistent results of growth, the association of P/E ratio to 

specific growth rate in the present study was the same as initially reported (Smith et 

al. 2003; Smith et al. 2005). At the end of the week's feeding trial, the survival rate of 

spiny lobster juveniles ranges from 54.1 to 70.8 %. This survival rate is high and in 

agreement with previous research on spiny lobsters (Haryanti et al. 2017; Kurnia et al. 

2017; Marchese et al. 2018). The individual culture system seem to have a critical 

function to protect the spiny lobster juvenile from canibalism (Haryanti et al. 2017; 

Marchese et al. 2018). In the present study, the spiny lobster were dead mostly during 

the moulting process because of unable to moult completely which may attributed to 

the lack of the nutrition for the ecdysis process as previously reported (Irvin and 

Williams 2009a).  

Moulting or ecdysis is a sign of the growth in crustaceans as the result of the 

development of the exoskeleton. In crustaceans including spiny lobsters, a moult is an 

important event of growth that requires much energy during the process. The increase 

of moulting and growth rate of spiny lobster has been associated with the rearing 

system, size and feed type (Irvin and Williams 2009a; Jones and Shanks 2009; 

Vijayakumaran et al. 2010) and lack of information about this event following the P/E 

ratio treatment. In the present study, the final moulting rate of spiny lobster ranges 

between 45.83 to 83.33 %, with an intermolt period of 23 to 44 days. It is difficult to 

associate both the moulting rate and intermolt period directly with the P/E ratio 

treatment. However, results indicated that the diet with a high P/E ratio (medium lipid 

content) resulted in a high moulting rate and intermolt period (Table 13). On the 

contrary, higher lipid content exhibits a lower moulting rate and also extended 

intermolt period of spiny lobster juveniles. The phospholipid and sterol were found to 

have an important role during the moulting process of crustacea (Teshima 1998) and 

excessive lipid content within the diet has a detrimental effect on the growth of 

crustaceans. The moderate lipid level in the present study (9%) seems to be optimal 
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for P. ornatus and was similar to the previous reports (Glencross et al. 2001; Smith et 

al. 2003). In addition, the communal rearing system was found to have significant 

results in the moulting rate in P. ornatus (Vijayakumaran et al. 2010) and supported 

by a recent study (Marchese et al. 2018). Starve condition was found to prolong the 

intermolt period of P. argus (Espinosa-Magaña et al. 2017). Marchese et al. (2018) 

reported that the spiny lobster juvenile reared communally resulted in more frequent 

moulting compared to the individual rearing system. They also found that the number 

of moults was greater on the lobster fed with fresh feed compared to the formulated 

diet.  

 The activity of digestive enzymes including protease, lipase and carbohydrase 

in spiny lobster have been evaluated in the larval phase of P. ornatus (Johnston et al. 

2003; Perera et al. 2008; Simon 2009; Rodriguez-Viera et al. 2016; Rodríguez-Viera 

et al. 2017; Méndez-Martínez et al. 2018). Further, some studies have successfully 

identified the role of those digestive enzymes on spiny lobster species (Johnston 2003; 

Johnston, Aj, et al. 2004). The digestive enzyme of spiny lobster was reported to be 

associated with the size or larval stage (Johnston 2003; Johnston, Aj, et al. 2004; 

Johnston, Ritar, et al. 2004), moult event (Perera et al. 2008), diet type (Hung et al. 

2015), water quality (Hung et al. 2015) and disease infection (Herrera-Salvatierra et 

al. 2019). Nonetheless, the P/E ratio has been reported to have a significant effect on 

digestive enzyme activity in other crustacean species (Cui et al. 2017; Méndez-

Martínez et al. 2018; Sudtongkong et al. 2020). In the present study, the digestive 

enzyme of juvenile spiny lobster except total amylase was affected by the dietary P/E 

ratio of the feed. Both lipase and protease enzymes were significantly influenced by 

the level of protein and lipid, as well as the interaction of both of them. In spiny 

lobster J. edwardsii, the interaction of some digestive enzymes was well documented 

and it was found that the enzyme activity was found to have a strong relationship with 

the stage of the species (Simon 2009). The effect of dietary types on the digestive 

enzyme of the juvenile spiny lobster, J. edwardsii has been also previously reported 

(Simon 2009). Artificial feed regimes in that feeding trial resulted in significantly 

different amylase and total protease activity. In addition, Cui et al. (2017) reported a 
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similar pattern of interaction between protease activity and the increase of dietary 

protein in Chinese mitten-handed crab (E. sinensis).  

The total amylase activity of lobster in the present study is not significantly 

different. However, the enzyme activity was found to have a strong relationship with 

the stage of spiny lobster, J. edwardsii. In addition, low-level digestive enzymes were 

also available in the non-feeding stage of spiny lobster (Johnston 2003). Previous 

studies indicated that the increase in dietary level of protein improves the amylase 

activity in crustaceans (Méndez-Martínez et al. 2018; Sudtongkong et al. 2020). In 

contrast, E. singaporense exhibits a decrease in amylase enzyme activity with the 

increase of the dietary protein in the diet (Sudtongkong et al. 2020). Apart from 

nutritional changes, the disease infection also influences the amylase enzyme activity 

(Herrera-Salvatierra et al. 2019). Although the amylase enzyme activity was not 

significantly different, spiny lobster juveniles fed lower dietary protein sources as 

well as low P/E ratio in the present study performed on the higher amylase enzyme 

activity.  

The optimum P/E ratio for spiny lobster was reported by Smith et al. (2003) to 

be 29.2 mg MJ-1 at 530 and 100 g kg-1 of protein and lipid respectively. Smith et al. 

(2005) concluded that high crude protein in the diet with a higher P/E ratio (mg MJ-1) 

of formulated diet is optimal for the growth of P. ornatus juvenile. Ward, Carter, 

Crear, et al. (2003) found that the formulated diet containing a P/E ratio of 29 mg MJ-

1 is suitable for J. edwardsii to achieve optimum growth. They conclude that the 

growth, survival, and body composition of spiny lobsters were highly influenced by 

the level of P/E ratio of the diet. Tissue proximate analysis indicated that the dietary 

P/E ratio significantly affects the protein, lipid, ash, crude fiber and NFE. In the 

present study, the P/E ratio of 21 mg MJ-1 resulted in the highest crude protein level 

of spiny lobster whole-body tissue. In contrast, the value of lipid, ash, crude fiber and 

NFE of the lobster juvenile were significantly low following this dietary P/E ratio. 

Higher protein content within the body was also found in lobster juveniles fed a 

dietary P/E ratio of 23 mg MJ-1. Both dietary have a high content of lipid (13L) and 

low protein content. In contrast, the protein content in body composition of freshwater 
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crustacean M. niponense was not affected by the dietary protein content in the diets 

(Zhang et al. 2017). It also occurred in freshwater lobster P. clarkii (Xu et al. 2013) 

and Chinese mitten crab (Cui et al. 2017). 

4.5. Summary 

Current research reveals that elevating the dietary protein-to-energy (P/E) ratio 

enhances the growth performance and digestive enzyme activities of juvenile lobsters. 

Moreover, even with a P/E ratio lower than the recommended value, the growth and 

survival rates of juvenile lobsters in this study fall within an acceptable range. 

Evaluating growth rate, total length increment, and the activities of protease and 

lipase enzymes, the optimal diet for P. ornatus juveniles consists of 55% protein and 

9% lipid, resulting in a P/E ratio of 26.6 mg KJ-1. Conversely, juvenile lobsters 

experience suboptimal growth at a P/E ratio of 23.12 mg KJ-1. Given the increasing 

focus on feed development for spiny lobster aquaculture, there is a growing demand 

for further exploration into the use of alternative ingredients beyond fishmeal for the 

nutrition of juvenile lobsters. 
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CHAPTER 5. Nutritive composition of commercial full fat and defatted black 

soldier fly larvae meal (Hermetia illucens) as a potential protein source for 

aquafeeds 

5.1. Introduction 

In recent times, significant attention has been directed towards the extensive 

exploration of the black soldier fly as a sustainable future nutrition source. Despite its 

recognition as a nutritious food option for human consumption (Bessa et al. 2020), it 

is imperative to delve further into both its positive and negative effects (Bessa et al. 

2021). The black soldier fly has emerged as an optimal nutritional resource for animal 

feed, playing crucial roles in agriculture such as providing natural fertilizers, feed and 

oil for livestock, chitin sources (Soetemans L et al. 2020), and serving as a reservoir 

for antimicrobial peptides (Xia et al. 2021). Advancements in technology have 

revealed the potential of the black soldier fly in supplying protein for animal feed, 

particularly as aquafeeds for fish and shrimp (Riddick 2014; Henry et al. 2015). This 

is attributed to the comparable nutritional content of black soldier fly to fishmeal, 

proving sufficient to promote the growth of fish and shrimp. Beyond being an 

alternative protein source in fish feed, the black soldier fly is also being considered 

for its potential to supply lipids (Franco et al. 2021). Various end products derived 

from the black soldier fly include, but are not restricted to, live specimens, oven-dried 

variants, black soldier fly larvae (BSFL) meal powder, and frass (Yildirim-Aksoy et 

al. 2020; Zulkifli et al. 2022). 

BSF larvae encompass a diverse range of nutrients, including protein, lipid, 

minerals, vitamins, amino acids, and fatty acids. Numerous studies have indicated that 

the protein content in BSF varies between 30-40%, contingent on factors such as 

stage, substrate, and processing. This variability underscores its potential as a 

substitute for fishmeal in aquafeeds, supporting the evolution of aquaculture (Devic et 

al. 2018; Fisher et al. 2020; Hu et al. 2020; Zozo et al. 2022; Zulkifli et al. 2022). The 

protein levels in BSF are well-suited for serving as protein sources in the diets of 

cultured fish and crustaceans with moderate crude protein requirements. Enhancing 
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the nutritional quality of BSF is a pertinent objective. Reports indicate that BSF larvae 

have a high lipid content, raising concerns about their use as alternative protein 

sources in aquafeeds. Addressing this concern involves reducing excessive lipid 

content through a defatting process. By using a solution of hexane and isopropanol, 

the defatting process has proven effective in removing approximately 80% of the total 

fat content from BSF larvae, consequently increasing the crude protein content by 

about 22.4% (Zozo et al. 2022). This elevation in crude protein content also augments 

the availability of amino acids. Schiavone et al. (2017) observed that all amino acids 

in highly-defatted BSF exceeded those in partially-defatted BSF, influencing the 

amino acid composition of the tested diets. 

Besides the successful replacement of fishmeal with full-fat BSF larvae, it has 

been documented that defatted BSF larvae can also serve as fishmeal substitutes in the 

diets of various fish and crustaceans, yielding mixed results (Li et al. 2017; Hu et al. 

2020; Hender et al. 2021). Studies indicate that the crude fat content of full-fat BSF 

larvae can reach up to 32% (Hu et al. 2020; Weththasinghe et al. 2021). This 

nutritious lipid is considered a sustainable source for future aquafeeds, primarily due 

to its straightforward production (Ewald et al. 2020; Franco et al. 2021). Similar to 

protein content, the lipid content in BSF larvae significantly varies depending on the 

substrate or food source (Barragan-Fonseca et al. 2017). Additionally, the stage and 

age of the larvae are crucial factors influencing the nutritional composition of BSF. 

BSF raised on household waste substrates are known to exhibit high fat content, 

whereas those reared on fruit and vegetable substrates have lower protein content 

compared to those cultivated using animal materials. Nguyen Quang et al. (2015) 

reported that the protein content of BSF grown on fruit and vegetable substrates had a 

crude protein value 38.5% lower than BSF cultivated using fish or ruminant liver 

substrates. 

Both full-fat and defatted BSF have been recognized for their potential role as 

substitutes for fishmeal. Numerous scholarly works delve into the nutritional aspects 

of BSF, highlighting it as a sustainable and promising future source of nutrition 

(Rabani et al. 2019; Xu et al. 2020; Hender et al. 2021; Weththasinghe et al. 2021; Lu 
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et al. 2022). Each type of BSF meal possesses distinct characteristics, and both have 

pros and cons in terms of their effects on the physiology and immunology of cultured 

animals. Consequently, understanding the nutritional content of BSF becomes crucial 

for obtaining accurate information, especially for commercially available BSF 

products in the market. This study aims to compare commercial full-fat BSF and 

defatted BSF meal, both accessible in the local market, serving as alternative protein 

sources in aquafeeds. By elucidating the nutritional content of BSF larvae meal, 

precise information can be obtained, facilitating the formulation of fish feed that 

aligns with the specific nutritional needs of various fish species. 

5.2. Material and Methods 

In the present study, commercial BSF larvae were purchased from marketplace, 

locally produced in Indonesia. The defatted BSF was purchased in form of meal while 

the full fat BSF was in oven-dried form. The full fat oven-dried BSF larvae were then 

grinded using food processor (Chence CH-250A, China) several times until fine 

particles are achieved. The product was also sieved using industrial sieve (Retsch Test 

Sieves, US). Both BSF meal were sent to the laboratory for further analysis including 

proximate composition, amino acids, fatty acids, and minerals. 

5.2.1. Proximate composition 

The proximate composition of full-fat and defatted BSF were analysed using 

method as described in Chapter 3, section 3.5.2. Biochemical analysis. 

5.2.2. Amino Acids 

 The amino acids analysis was determined using the procedure in Chapter 3, 

section 3.5.2. Biochemical analysis, point (f). 

5.2.3. Fatty acids 

The amino acids analysis was determined using the procedure in Chapter 3, 

section 3.5.2. Biochemical analysis, point (g). 

5.2.4. Mineral content 

The amino acids analysis was determined using the procedure in Chapter 3, 

section 3.5.2. Biochemical analysis, point (h). 
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5.2.5. Percent difference 

The amino acids analysis was determined using the procedure in Chapter 3, 

section 3.5.2. Biochemical analysis, point (i). 

5.3. Result  

The analysed proximate composition of the tested BSF meal revealed that 

defatted BSFL exhibited elevated levels of crude protein and ash compared to full-fat 

BSFL. In contrast, the defatted BSFL had lower crude lipid content than the full-fat 

BSFL meal, as outlined in (Table 18). Additionally, the moisture content of full-fat 

BSFL was relatively similar to the ash content in the defatted BSFL meal. 

Table 18. The proximate composition of commercial full fat and defatted BSF meal 

Proximate composition (%) FF BSFL DF BSFL % differences 

Crude protein   30.72 47.70 55.3 

Crude Lipid  36.20 8.11 -77.6 

Ash   11.97 18.90 57.9 

Moisture 6.56 6.02 -8.2 

In general, the content of amino acids in the full fat BSFL was higher than the 

amino acids in defatted BSF. Exception for threonine and histidine where their 

content in the full fat BSF is lower (Table 19). The comparative analysis of the fatty 

acid composition of the tested samples is dislayed in Table 20. In defatted BSFL 

meal, all tested fatty acid contents were higher than those in full-fat BSFL meal. 

Notably, both capric (C10:0) and caprylic (C8:8) were undetectable in both types of 

BSFL meals. Arachidic acid (C20:4 n6) was present in defatted BSFL meal but absent 

in full-fat BSFL meal. Significant amounts of palmitic acid (C16:0), oleic acid (C18:1 

n9), and linoleic acid (C18:2) were observed in both types of BSFL meals. The most 

substantial differences in fatty acid content were observed in lauric acid, with 

variations exceeding 80%. Additionally, arachidic acid was absent in defatted BSFL, 

whereas only a small quantity was found in full-fat BSFL. 
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Table 19. Amino acids composition of commercial full fat and defatted BSF 

Amino acid DF BSFLa FF BSFL Differences (%) 

Aspartate 1.84 2.35 -21.7 

Glutamine 3.12 3.21 -2.8 

Serine 0.71 1.65 -57.0 

Glycine 0.84 1.85 -54.6 

Histidine 0.72 0.43 67.4 

Arginine 0.70 1.23 -43.1 

Threonine 0.82 0.77 6.5 

Alanine 0.72 1.28 -43.8 

Proline 0.84 1.82 -53.8 

Tyrosine 0.71 0.78 -9.0 

Valine 0.61 1.27 -52.0 

Methionine 0.52 0.61 -14.8 

Cysteine 0.62 0.74 -16.2 

Isoleucine 0.88 1.18 -25.4 

Leucine 1.30 2.13 -39.0 

Phenylalanine 0.69 0.88 -21.6 

Lysine 1.26 2.16 -41.7 

a Amino acid profile of defatted BSFL from Saputra and Fotedar (2023) 

The minerals analysis from the full fat and defatted BSF indicated that defatted 

BSF has higher amount of all mineral type tested than full fat BSF. The complete 

mineral analysis results can be seen in Table 21. Calcium is the largest proportion of 

mineral from both BSFL meal followed by magnesium and natrium, respectively. In 

contrast, only small amount of copper was found in both BSFL meal. The copper and 

zinc were the minerals which have a noticeably differences. 
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Table 20. Fatty acids composition of commercial full fat and defatted BSFL 

Fatty acids DF BSFL FF BSFL Differences (%) 

Caprylic acid (C8:0) - - - 

Capric acid (C10:0) - - - 

Lauric acid (C12:0) 1.23 7.21 -82.9 

Myristic acid (C14:0) 7.52 10.23 -26.5 

Palmitic acid (C16:0) 15.23 26.45 -42.4 

Stearic acid (C18:0) 1.85 4.12 -55.1 

Arachidic acid (C20:4 n6) - 0.23 0.0 

Oleic acid (C18:1 n9) 17.12 23.45 -27.0 

Linoleic acid (C18:2) 26.12 34.32 -23.9 

Linolenic acid (C18:3 n3) 1.05 2.12 -50.5 

∑ PUFA** 1.05 2.35 -55.3 

∑ MUFA* 18.17 25.57 -28.9 

∑ SFA*** 25.83 48.01 -46.2 

- = not detected 

Table 21. Mineral composition of commercial full fat and defatted BSFL 

Minerals DF BSFL FF BSFL Differences (%) 

Calcium  57.7 37.0 55.9 

Natrium 1.7 1.3 30.8 

Magnesium 6.2 4.2 47.6 

Zinc 138.08 61.71 123.8 

Iron 529.57 341.35 55.1 

Manganese 128.26 90.28 42.1 

Copper  26.6 5.61 374.2 

*The value for calcium, natrium & magnesium are presented as g.kg-1. The value of 

zinc, iron, manganese and copper are presented as mg.kg-1. 

5.4. Discussion 

The demand for the potential use of black soldier fly larvae (BSFL) meal as a 

protein source in aquafeeds has prompted the evaluation of the nutritional 
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composition of commercially available BSFL meal. The nutritional composition of 

both full-fat and defatted BSFL meals varied, aligning with findings from previous 

studies (Cummins et al. 2017; Biasato et al. 2019; Fisher et al. 2020; Zozo et al. 

2022). The defatting process, aimed at reducing fat content, resulted in an increase in 

the crude protein content of BSFL meal. Zozo et al. (2022) noted a substantial 

reduction in fat content through the defatting process. Specifically, the fat content of 

defatted BSFL was found to be 81.11% lower (recalculated) than that of full-fat 

BSFL, indicating the positive impact of the defatting process on BSFL meal quality, 

particularly in terms of fat content. Conversely, this process enhanced the crude 

protein content by up to 19.6%, with the defatted BSFL meal containing 56.11% 

crude protein of the total dry matter. In a previous study by Biasato et al. (2019), 

defatted BSF meal was included as a protein resource with a crude protein content of 

55.9%, supporting the results of the current study. Several earlier reports, using what 

appears to be full-fat BSF meal in their experiments, demonstrated crude protein 

content ranging between 32.1% to 48.2% (Devic et al. 2018; Adeoye et al. 2020; Hu 

et al. 2020; Rawski et al. 2020; Weththasinghe et al. 2021; Zulkifli et al. 2022) (Table 

22). This suggests that full-fat BSF meal may only have a crude protein content of up 

to 50% of the total dry matter without the defatting process and vice versa. In addition 

to enhancing crude protein content, the defatting process significantly reduces the fat 

content in BSF meal. Excessive lipid in aquafeed ingredients can be a limiting factor 

for certain fish and crustaceans, leading to suboptimal growth and an increased risk of 

disease in aquaculture. While the lipid content of full-fat BSFL meal can reach as 

high as 30% of the total dry matter (Hu et al. 2020; Rawski et al. 2020; 

Weththasinghe et al. 2021), the defatting process reduces the fat content to only 10% 

of the total dry matter (Zozo et al. 2022). This explains the results of the current 

study, where the fat content of defatted BSFL meal was only 9% of the total dry 

matter, lower than that of full-fat BSFL meal.  

The defatting process of black soldier fly larvae has been noted to influence 

major nutritional compositions, as reported by previous studies (Schiavone et al. 

2017; Hender et al. 2021; Zozo et al. 2022). In the current study, the amino acid 
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content of defatted BSFL meal consistently surpasses that of full-fat BSFL meal, 

potentially influenced by the defatting process. Numerous studies have reported 

varying results in amino acid analyses of BSF, particularly in terms of dispensable 

amino acids. For instance, alanine ranged from 1.3 to 7.7, aspartate from 1.7 to 9.3, 

cysteine from 0.1 to 2.4, glutamine from 3.4 to 11.6, glycine from 0.2 to 3.9, proline 

from 1.1 to 5.9, serine from 1.2 to 7.1, and tyrosine from 0.8 to 5.8 (Table 23). 

Table 22. Proximate composition of BSF from different sources 

Proximate 

composition 

References 

(1)¶ (2)¶ (3)¶ (4)* (5)¶ (6)* (7)¶ (8)¶ (9)† (10)¶ (11)† 

Protein 48.2 32.1 42 56 41.6 52 42.6 35 55.9 45.8 56.1 

Lipid 25.7 32.2 32 11.8 23.2 15.1 23 29.8 8.5* 25.8 4.8 

Fibre 9.9 NA NA NA 7.6 NA 10.8 7.9 NA NA NA 

Moisture 7.1 8.5 NA NA NA 10 8.2 NA NA 4.4 6.5 

Ash 8.3 13 9.25 NA 11.6 7.3 10.5 5.3 7.6 NA NA 

NFE 7.9 NA NA NA 10.8 NA 4.9 22.1 NA NA NA 

(1) Zulkifli et al. (2022); (2) Hu et al. (2020); (3) Weththasinghe et al. (2021); (4) Fisher 

et al. (2020); (5) Devic et al. (2018); (6) Cummins et al. (2017); (7) Adeoye et al. 

(2020); (8) Rawski et al. (2020); (9) Biasato et al. (2019); (10) & (11) Zozo et al. 

(2022). †= defatted BSFL meal; ¶=fullfat BSFL meal; *=most likely defatted BSFL 

meal. NA=data is not available  

The specific type of BSF meal used in these studies was not consistently 

clarified, making further analysis challenging. Nevertheless, all reports unanimously 

highlight that glutamine comprises the largest portion among the dispensable amino 

acids in BSF meal, a finding consistent with both tested BSFL meals in the present 

study.  

The essential amino acids content of both types of BSFL meal in this study 

exhibits a similar trend to dispensable amino acids, with higher composition in 

defatted BSFL meal compared to full-fat BSFL meal. However, the values of essential 

amino acids in this study were lower than those reported in previous studies 

(Magalhães et al. 2017; Rawski et al. 2020; Zulkifli et al. 2022). The amino acid 

profile of defatted BSF meal in the present study closely resembles the frass product 
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from BSF reported by Yildirim-Aksoy et al. (2020), raising questions about the purity 

of the tested commercial BSFL meal. 

Table 23. The indispensable amino acid compositions of several types of BSF meal 

Indispensable amino acids (%) 
References 

Arg His  Iso  Leu  Lys  Met  Phe  Thr  Try  Val  

1.3 1.7 2.4 3.4 3.9 1.1 2.1 1.8 0.9 2.9 Adeoye et al. (2020) ¶ 

1.0 1.5 0.6 1.2 0.8 1.5 1.2 1.1 1.3 0.5 Yildirim-Aksoy et al. (2020) ¶¶ 

2.5 2.8 2.4 3.6 3.6 1.1 2.1 1.9 3.1 3.1 Zulkifli et al. (2022) ¶ 

2.0 1.4 1.7 2.9 2.3 0.7 1.7 1.6 0.6 2.4 Spranghers et al. (2017) ¶ 

2.3 1.5 1.9 3.2 2.7 0.6 1.6 1.7 0.5 2.6 Cummins et al. (2017) * 

2.0 1.2 2.7 2.9 2.7 0.7 1.7 1.7 NA 2.6 Devic et al. (2018) ¶ 

3.0 1.9 2.2 4.2 3.8 1.2 2.3 2.4 0.9 3.7 Fisher et al. (2020) * 

2.5 3.1 3.0 1.4 2.6 0.7 0.7 2.0 3.5 2.2 Biasato et al. (2019) † 

2.4 0.9 2.2 3.5 3.6 2.1 1.7 2.5 NA 3.9 Lan et al. (2022)¶ 

2.6 1.6 2.2 3.6 3.7 1.2 2.3 2.2 NA 3.7 Li et al. (2017) † 

5.0 3.0 4.9 7.2 4.8 1.9 3.9 4.6 NA 5.9 Magalhães et al. (2017) ¶ 

5.4 3.2 4.7 7.8 6.8 2.1 7.7 4.4 NA 6.7 Rawski et al. (2020) 

1.6 0.8 1.5 2.9 2.1 0.6 1.5 1.3 0.7 1.9 Weththasinghe et al. (2021) 

2.2 1.2 1.9 2.9 2.1 6.5 1.7 1.7 NA 2.7 Schiavone et al. (2017)† 

2.7 1.6 2.4 3.7 2.5 8.7 2.2 2.2 NA 3.5 Schiavone et al. (2017) †† 

†= defatted BSFL meal; ¶=fullfat BSFL meal; ¶¶= BSF frass; *=most likely defatted 

BSFL meal. NA=data is not available 

The defatting process is anticipated to result in a higher protein content 

relative to lipid content in BSF meal. However, experiments by Li et al. (2017) and 

Biasato et al. (2019) suggest that defatted BSF may have a similar amino acid profile 

to full-fat BSF meal (Devic et al. 2018; Baco et al. 2022; Zulkifli et al. 2022). This 

suggests that even after the defatting process, the amino acid composition of BSF 

meal may remain relatively unchanged. In contrast, Schiavone et al. (2017) reported 

changes in amino acid content in BSF after the defatting process. Their findings 
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indicated that highly defatted BSF resulted in higher amino acid content compared to 

partially defatted BSF, supporting the results of the present study. 

Table 24. The dispensable amino acid compositions from different sources of BSF  

Amino acids 
References 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

Alanine 3.9 3.1 2.5 3.7 2.4 3.3 7.7 2.4 3.6 4.4 

Aspartate 4.6 5.1 3.7 NA 4.5 5.3 9.3 3.2 3.7 4.9 

Cysteine 2.4 0.2 0.3 0.8 0.5 NA 2.4 0.2 0.1 0.2 

Glutamine 5.6 6.1 4.2 6.4 6.8 5.6 11.6 4.2 4.9 6.4 

Glycine 2.6 0.2 2.3 3.5 2.4 2.6 5.1 1.5 2.4 3 

Proline 2.8 2.9 2.3 3.4 3.1 NA 5.9 1.9 3.1 3.3 

Serine 2.2 2.1 1.7 2.4 2.2 2 7.1 1.2 2 2.7 

Tyrosine 4.3 3.1 NA 3.8 NA 3.4 5.8 1.8 2.6 3.4 

(1) Adeoye et al. (2020), (2) Zulkifli et al. (2022), (3) Spranghers et al. (2017), (4) 

Fisher et al. (2020), (5) Lan et al. (2022), (6) Li et al. (2017), (7) Magalhães et al. 

(2017), (8) Weththasinghe et al. (2021), (9) Schiavone et al. (2017), (10) Schiavone et 

al. (2017). NA=data is not available 

In aquafeeds, ensuring an adequate supply of lipids or fats is crucial to meet the 

balanced nutritional requirements of the cultured species. Beyond just the lipid 

content, the composition of fatty acids within it holds significance. BSF meal is 

recognized as a good lipid source for fish when provided in appropriate amounts (Xu 

et al. 2020). However, there are limited studies analyzing the fatty acids composition 

in BSFL meal, primarily due to the substantial variability influenced by factors such 

as the age of BSF larvae (Ewald et al. 2020), substrate (Ewald et al. 2020; Lan et al. 

2022), and processing methods (Hender et al. 2021). Hender et al. (2021) reported 

that the defatting process of BSFL improves the crude protein content per kilogram of 

dry matter. Conversely, the composition of fatty acids in partially defatted BSFL meal 

decreased after the defatting process. This study similarly found that the fatty acids 

content of full-fat BSFL meal is higher than that of defatted BSFL meal. The 

reduction in total crude lipid is positively correlated with the decrease in fatty acids 
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content. Therefore, the choice of defatting process can be tailored based on the 

desired final nutritional contents. For instance, a partial defatting process may be 

applied to achieve moderate fat content, while a highly defatting process is suitable 

for substantial lipid removal from BSFL. 

Table 25. The fatty acid compositions of several types of BSF meal 

Fatty 

acids 

References 

(1a) (1b) (2) (3) (4) (5) (6) (7) (8) (9) 

C12:0 53.8 47.3 17.8 21 36.4 45.9 57.3 19.5 14.7 34.5 

C14:0 8.9 8.6 5.2 3.7 6.8 8.7 7.3 4.5 3.1 39.9 

C16:0 20.5 14.1 20.6 5.3 15.4 12.2 9.6 21.0 19.4 16.3 

C16:1 n7 6.2 4.4 1.7 1.6 2.4 1.9 1.9 2.5 3.5 2.6 

C18:0 4.6 3.1 2.9 0.8 1.4 2.5 1.4 3.9 4.1 2.1 

C18:1 n7 NA NA ND 6.1 0.6 ND 2.4 24.0 21.7 0.4 

C18:2 n6 0.1 ND 24.8 3.8 11 14.1 11.5 19.6 28.6 9.9 

C18:3 n6 0.2 0.1 ND 0.5 0 1.6 0.7 1.1 1.9 NA 

C20:0 0.1 ND ND <0.1 0.1 0.1 0 0.2 0.3 NA 

C20:2 NA NA ND 0.1 ND ND ND NA 0.4 NA 

†= defatted BSFL meal; ¶=fullfat BSFL meal; *=most likely defatted BSFL meal. 

NA=data is not available; ND=not detected. DF=defatted; FF=Fullfat. (1a) (Hender et 

al. 2021) (1b) Hender et al. (2021); (2)  Zulkifli et al. (2022); (3) Rawski et al. (2020); 

(4) Rabani et al. (2019); (5) Daszkiewicz et al. (2022); (6) Spranghers et al. (2017); 

(7) Chen et al. (2021); (8) Lan et al. (2022); (9) Schiavone et al. (2017)  

Both types of BSFL meal tested in this study exhibit a rich composition of 

palmitic acid (C16:0), oleic acid (C18:1), and linoleic acid (C18:2), similar to findings 

from other studies on BSFL meal (Lan et al. 2022; Zulkifli et al. 2022). Since the 

substrate used for commercial BSF larvae in this study is unknown, the comparable 

pattern of fatty acids composition may explain this situation. While Lan et al. (2022) 

used tofu as a substrate and Zulkifli et al. (2022) utilized agro-industry waste for 

growing BSF larvae, both studies resulted in similar fatty acids composition as 

presented above. 
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Table 26. Mineral composition of BSFL from different sources 

Minerals 
References 

Ca Na Mg Zn Fe Mn Cu 

8.2 1.1 4.5 172 154 203 - Biasato et al. (2019) 

16 8 2 22.5 - 185.1 7.8 Fisher et al. (2020)  

28.7 0.7 2.7 160.0* 350.0* 220.0* 10.0* Spranghers et al. (2017) 

21.4 1.3 3.9 131 204 232 11.2 Boykin (2019) 

18.5 - 2.8 110.0* 150.0* 120.0* - Campbell et al. (2020) 

26.5 5.2 3.3 303.1 300.7 140.1 13.7 Zulkifli et al. (2022) 

*The value for Ca (calcium), Na (natrium), & Mg (magnesium) are presented as g/kg. 

The value of Zn (zinc), Fe (iron), Mn (manganese), and Cu (copper) are presented as 

mg/kg. (*) values are converted; (-) data is not available. 

Minerals are important chemical compounds that are required by animals, 

including fish for supporting optimal growth. Among several minerals, calcium is 

known as the most abundant mineral found in animal bodies. In this study, the 

quantities of calcium, natrium/sodium and magnesium were larger than other minerals 

and in agreement with previous reports (Spranghers et al. 2017; Biasato et al. 2019; 

Fisher et al. 2020; Zulkifli et al. 2022). In fact, those mineral compounds are known 

as major elements. The calcium carbonate in the exoskeleton is responsible for the 

high calcium constitutes in BSFL. In addition, a small amount of zinc, iron, and 

manganese was also found in BSFL meal with copper having the least amount. The 

mineral substances evaluated in commercial defatted BSF in this study were higher 

than full fat BSF. Thus, the defatting process might improve the purity of BSFL 

nutrition. A similar finding was also reported by Zozo et al. (2022). However, 

although the trend of nutritional composition reported is the same with this study, the 

calcium proportion was not normal, and it was also found that the natrium content in 

the defatted BSF is lower than in the full fat BSF. It is difficult to draw that 

conclusion with conflicting available data. For instance, Biasato et al. (2019) reported 

that the minerals content of partially defatted BSF has a calcium content of less than 

10 g/kg, much lower than the calcium of full fat BSF (Spranghers et al. 2017; Fisher 

et al. 2020; Zulkifli et al. 2022). That anomaly might be associated with the fact that 
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apart from the defatting process, the origin of the BSF substrate also has a high impact 

on its nutritional composition. 

5.5. Summary 

The present study indicated that the nutritional value including proximate 

composition, amino acids, fatty acids, and minerals of commercial full fat and 

defatted BSFL meal meet the requirement for aquafeeds. In addition, our findings 

showed that the nutritional value of BSF meal is influenced by the processing type. 

Generally, the full fat BSFL meal has low protein content and high fat level while the 

defatted BSFL meal has high protein content and low-fat content. The results can be 

used as valuable information in improving our knowledge of the exploitation of BSF 

meal and their suitability for specific aquatic species which considerably progressing 

such as spiny lobster.  
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CHAPTER 6. The effect of defatted black soldier fly (Hermetia illucens) meal 

inclusion on the physiology, hepatopancreas histology and immunology-relatives 

gene of juvenile lobster (Panulirus ornatus) 

6.1. Introduction 

Since the 1980s, dietary insect meal has been recognized as an alternative to 

fishmeal in livestock food and aquaculture. With the increase in awareness of 

sustainability related to the use of fishmeal in aquaculture, research on insect meal is 

also demanding. The potential use of insect-based ingredients in aquadiets has been 

reviewed (Riddick 2014; Sánchez-Muros et al. 2016; Henry, Gai, et al. 2018; 

Priyadarshana et al. 2021) and one of the most researched insect species is the black 

soldier fly (H. illucens) (Sánchez-Muros et al. 2016; Priyadarshana et al. 2021; 

Mohan et al. 2022). The BSF meal has sufficient nutritional content as a substitute for 

the fish meal as the main protein source in fish and shrimp feed. The use of BSF is 

used as a total substitute for fishmeal in combination with several protein sources 

other than fishmeal. Proximate analysis of BSF indicates that amino acids and fatty 

acids in BSF have comparable nutritional values to fish meal (Mohan et al. 2022). The 

dietary use of BSF as a protein source is dependent on its life cycle stages as the 

nutritional profile of BSF varies according to its life stage and the culture medium 

(Priyadarshana et al. 2021). In general, processed BSF used among fish species' diets 

are in the forms of maggot meal, sun-dried, oven-dried, frozen, and chopped (Henry, 

Gasco, et al. 2018) and cultured by using substrates including common organic waste 

(Shumo et al. 2019) and industrial waste (Ravi et al. 2020). 

 The utilization of black soldier fly (BSF) meal in finfish diets has been 

extensively investigated by various researchers (Belghit et al. 2019; Abdel-Tawwab et 

al. 2020; Hu et al. 2020; Hender et al. 2021; Weththasinghe et al. 2021). However, 

there are limited nutritional studies exploring BSF meal as a protein source for 

crustaceans, with only a few instances such as those conducted on shrimp (Cummins 

et al. 2017; Chen et al. 2021; Richardson et al. 2021). Notably, research on the 

inclusion of BSF meal in the diet of L. vannamei indicated that growth promotion was 
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ineffective up to 36%, with optimal growth observed at a 7% inclusion rate (Cummins 

et al. 2017). Similar findings suggested that the ideal substitution level of fishmeal 

with BSF meal for L. vannamei ranges from 7.5 to 10% (Chen et al. 2021; Richardson 

et al. 2021). In the case of freshwater lobster, a combination of BSF meal and poultry 

by-product meal has been identified as beneficial for enhancing growth and 

immunological gene performance in Australian native freshwater crayfish, C. cainii 

(Foysal et al. 2019). Although ornate spiny lobster (P. ornatus) cultivation has been 

successful in certain countries like Indonesia and Vietnam, the lack of a commercially 

available formulated diet poses challenges. Despite the nascent stage of formulated 

diet development for P. ornatus, improvements in nutritional studies have been 

observed, leading to enhanced growth performance under both laboratory and outdoor 

conditions (Kurnia et al. 2017; Marchese et al. 2018). Nevertheless, there is a notable 

gap in research regarding the potential use of BSF meal as a protein source for 

juvenile spiny lobsters. Consequently, the current study aims to assess the viability of 

incorporating BSF meal into a formulated diet for juvenile spiny lobsters. 

6.2. Materials and Methods 

Experimental outline 

The study employed a research design involving four dietary treatments and 

four replicates. Juvenile lobsters were raised in 16 rectangular acrylic fish tanks, each 

with a capacity of 60 liters (60 cm × 29.5 cm × 35 cm), over an eight-week period. 

Within each tank, 10 juvenile lobsters (initial weight 0.24 ± 0.01 g, initial length 

21.77 ± 0.32 mm) were individually placed in 1.5 L plastic baskets with holes (15 cm 

height; Ø 12.5 cm). To mitigate stress and cannibalism, the baskets were furnished 

with hides made of polyurethane plastic (4 cm; Ø 1.5 cm) and plastic netting (4 cm × 

4 cm). All tanks received filtered water, a continuous air supply, and maintained a 

natural photoperiod of 12 hours light and 12 hours dark. Throughout the feeding 

experiment, water quality parameters were monitored using a digital water quality 

meter (Horiba U-5000, Japan). 
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Four formulated feeds containing fishmeal replacements at 0%, 25%, 35%, 

and 50% with a P/E ratio of 26 g CP MJ-1 were prepared and assigned as BSF0, 

BSF25, BSF35, and BSF50 respectively (Table 27). A proximate test was performed 

to analyse the composition of formulated diets (Table 29) and the raw material of the 

fishmeal and defatted BSF meal (Table 27). Tested diets were given as moist diets and 

distributed using stainless steel pincers three times a day until satiation. All uneaten 

feed was removed after 1 hour of feeding to maintain the water quality.  A proximate 

and amino acid analysis was carried out to determine the composition of the fishmeal 

and defatted BSF meal as presented in the Table 28 below. 

Table 27. Feed ingredients of the formulated diet. Fishmeal replacement using black 

soldier fly meal in g/500 g ingredients dry weight. 

Ingredients  
FM replacement (%)  

0 (BSF0)  25 (BSF25)  35 (BSF35)  50 (BSF50)  

Fishmeal1   324.00  243.00  210  162  

BSF meal2  0  81.00  113.4  162  

Astaxanthin   1.00  1.00  1.00  1.00  

Binder   11.00  11.00  11.00  11.00  

Sodium caseinate3  95.50  95.50  95.50  95.50  

Wheat   35.00  35.00  35.00  35.00  

Corn starch  12.50  12.50  12.50  12.50  

Cholesterol  2.00  2.00  2.00  2.00  

Fish oil  6.50  6.50  6.50  6.50  

Total  500.00  500.00  500.0  500.0 

In every 100 g of ingredients, there is the addition of Vitamin C 0.5 g, Soy lecithin 0.5 

g, Trace mineral premix 0.5 g and Vitamin premix 1 g. Vitamin mix: retinol 180 

IU/kg; ascorbic acid, 40 mg/kg; cholecalciferol 40 IU/kg; menadione 2 mg/kg, α-

tocopherol 20 mg/kg, choline 200 mg/kg, inositol 200 mg/kg, thiamine/B1 3 mg/kg, 

riboflavin/B2 4 mg/kg, pyridoxine/B6 3 mg/kg, d-pantothenic acid/B5 10 mg/kg, 

nicotinic acid 15 mg/kg, biotin 0.1 mg/kg, cyanocobalamin/B12 0.01 mg/kg, folic 

acid 1 mg/kg. Mineral mix: CoCl2 6H2O 0.5 mg/kg, CuSO4 5H2O 5 mg/kg, FeSO4 

7H2O 50 mg/kg, KI 4 mg/kg, CrCl2 6H2O 0.1 mg/kg, MgSO4 7H2O 150 mg/g, MnSO4 
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H2O 25 mg/kg, NaSeO3 0.1 mg/kg, ZnSO4 7H2O 100 mg/kg. 1Fishmeal: local fishmeal 

with minimum protein of 56%, other ingredients are commonly used ingredients in 

fish feed manufacturers, sourced from Fish Nutrition Department, IPB University, 

Bogor – Indonesia. 2Local defatted BSF meal (Protein 55%, crude lipid 9%, 

carbohydrate 6% and ash 10%). 3Sodium caseinate, Friesland Campina-The 

Netherland   

Table 28. Proximate and Amino acids composition of fishmeal and defatted BSF meal 

(% dry-matter basis). 

Proximate composition FM DF BSF % Difference 

Crude protein  56.4 55.0 -2.48% 

Crude Lipid 5.4 9.0 66.67% 

Ash  10.40 10.90 4.81% 

Moisture 9.04 7.10 -21.46% 

Amino acid 

Aspartate 2.425 1.835 -0.24 

Glutamine 4.432 3.120 -0.30 

Serine 0.806 0.712 -0.12 

Glycine 1.370 0.835 -0.39 

Histidine 0.977 0.717 -0.27 

Arginine 0.916 0.692 -0.24 

Threonine 1.192 0.815 -0.32 

Alanine 0.903 0.719 -0.20 

Proline 1.204 0.843 -0.30 

Tyrosine 0.926 0.713 -0.23 

Valine 0.798 0.610 -0.24 

Methionine 0.687 0.522 -0.24 

Cysteine 0.722 0.619 -0.14 

Isoleucine 1.176 0.878 -0.25 

Leucine 2.243 1.297 -0.42 

Phenylalanine 0.830 0.685 -0.17 

Lysine 1.797 1.260 -0.30 

% difference was calculated as (AADBSF - AAFM)/AAFM*100 (Cummins et al. 2017) 
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All feed ingredients were mixed and processed by using a food processor 

(Oxone OX-861N, Indonesia). The finished feed was then stored in a zipped plastic 

bag until further usage. In this study, the juvenile lobsters were given each type of 

formulated feed in form of moist diets, four times per day at 15% of wet weight. All 

uneaten feed was siphoned after 1 hour of feeding to maintain the water quality. 

Proximate analysis of feed and the whole-body of juvenile lobsters  

The proximate composition of the juvenile lobster and the diets were analyzed 

using the established method in Chapter 3, section 3.5.2. Biochemical analysis  

Intestine and Hepatopancreas Histopathology 

The histopathology of the intestine and hepatopancreas of juvenile lobster 

were assessed following method in Chapter 3, section 3.5.4. histopathology analysis. 

Gene Expression Analysis  

The histopathology of the intestine and hepatopancreas of juvenile lobster 

were assessed following method in Chapter 3, section 3.5.5. Immune-relative gene 

expression analysis. 

Growth and moulting Data  

The physiological data including survival rate and specific growth rate of the 

juvenile lobster were collected at the beginning and the end of the feeding experiment 

according to Chapter 3, section 3.5.1. 3.5.1. Evaluation of growth performances. 

6.2.6.   Statistical analysis 

The biological data parameters were analysed by using SPSS IBM for 

Windows (version 25.0) according to Chapter 3, section 3.5.6. Statistical analysis. 

6.3. Results 

In this study, all formulated diets have similar proximate composition, where 

the differences of value of each nutrition among the diet types were not high (Table 

29). The crude protein content ranges from 54.90% in formulated diet BSF35 to 56% 

in formulated diet BSF0 and BSF50. Crude lipid and ash content of the test diets were 

7.01-8.54% and 8.21-8.80%, respectively. The moisture ranged from 11.20% (BSF25; 

BSF50) to 15.21% (BSF0). 
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Table 29. Proximate composition of formulated diet (dry-matter basis) 

Composition  
Formulated diets  

BSF0  BSF25  BSF35)  BSF50  

Dry matter%  84.79  88.21  87.15  88.80  

Ash%  8.80  8.50  8.39  8.21  

Crude protein%  56.74  55.76  54.90  56.67  

Crude lipid%  7.36  7.01  8.20  8.54  

Moisture (%)  15.21  11.79  12.85  11.20  

Gross energy (g MJ kg-1)  20.73  20.64  20.61  20.56   

Amino acids profile 

The amino acid contents in fishmeal were higher compared to the amino acid 

in the defatted BSF meal (Table 30). The amino acid content was higher in the diet 

without defatted BSF supplementation compared to supplemented-BSF diets. As the 

inclusion level of defatted BSF meal in the diet increased, the amino acid content was 

also increased. 

Table 30. Amino acid contents in the experimental diets (% dry weight basis) 

Amino acids  BSF0  BSF25  BSF35  BSF50  

Alanine  0.888  0.745  0.782  0.819  

Aspartate  2.511  1.945  2.099  2.144  

Glutamine  4.712  3.566  3.787  4.313  

Serine  0.810  0.762  0.740  0.755  

Glycine  1.533  0.914  0.964  1.120  

Tyrosine  0.955  0.812  0.876  0.945  

Proline  1.325  0.973  1.006  1.177  

Histidine  1.175  0.786  0.811  0.856  

Arginine  1.024  0.722  0.792  0.981  

Threonine  1.217  0.901  0.930  1.032  

Valine  0.844  0.656  0.723  0.776  

Methionine  0.719  0.515  0.532  0.580  

Cysteine  0.854  0.622  0.654  0.692  

Isoleucine  1.290  0.931  0.963  1.066  

Leucine  2.366  1.433  1.640  1.745  

Phenylalanine  0.953  0.677  0.732  0.780  

Lysine  1.810  1.303  1.440  1.510  
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6.3.1. Physiological responses 

Physiological evaluation indicated that there were no significant differences in 

the mean of final weight, specific growth rate, final length, length increment, survival 

rate and moulting rate of juvenile lobster fed dietary defatted BSF meal (P>0.05). In 

addition, the number of moults of individual lobsters was also the same (Figure 5). In 

the present study, optimum responses of lobster juveniles were observed when 

lobsters received a basic diet with dietary fishmeal as the protein resource. In general, 

the physiological parameters of juvenile lobsters decreased with the increase of 

defatted BSF meal inclusion in the tested diets (Table 31). 

Table 31. Physiological parameters of juvenile lobster (initial weight 0.24 ± 0.01 g, 

initial length 21.77± 0.32 mm) fed dietary defatted BSF meal as protein resources. 

Values are presented in mean ± SE. 

Parameters  BSF0  BSF25  BSF 35  BSF50  

Final weight (g)  0.65 ± 0.06  0.64 ± 0.03  0.61 ± 0.07  0.65 ±0.05  

SGR (g% day-1)  1.81 ± 0.13  1.77 ± 0.14  1.82 ± 0.25  1.77 ± 0.03  

Final length (mm)  27.67 ± 0.67  28.14 ± 0.59  27.78 ± 0.61  28.19± 0.76  

Length increment (%)  21.29 ± 1.16  22.87 ± 1.59  23.08 ± 2.47  22.82 ± 0.83  

Survival rate (%)  50.00 ± 0.07  50.00 ± 0.07  54.17 ± 0.11  62.50 ± 0.07  

Moulting rate (%)  62.50 ± 0.12  54.17 ± 0.11    66.67 ± 0.16   58.33 ± 0.04   

6.3.2. Body Composition 

The composition of protein, lipid, and protein in the juvenile lobster whole-

body were not significantly different (P>0.05). The dietary BSF50 diet resulted in a 

higher protein and lipid level and the least moisture content compared to other diets. 

The ash and SOD  of juvenile lobster whole-body fed the dietary BSF50 was 

significantly high (P<0.05) (Table 32). 
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Figure 5. The number of moults of juvenile lobster (initial weight 0.24 ± 0.01 g, initial 

length 21.77± 0.32 mm). Values are means of N=3 replicates each experimental diet 

Table 32. The whole-body wet weight proximate composition of juvenile lobster 

(initial weight 0.24 ± 0.01 g, initial length 21.77± 0.32 mm) fed defatted BSF meal as 

protein resources for 56 days. 

Parameters  BSF0  BSF25  BSF 35  BSF50  

Protein (%)  7.90 ± 0.05  7.91 ± 0.09  7.24 ± 0.04  8.67 ± 0.13 

Lipid (%)  0.84 ± 0.03  0.93 ± 0.03  0.94 ± 0.02  0.97 ±0.01 

Moisture (%)  80.33 ± 0.20  80.00 ± 0.07  81.08 ± 0.55  79.75 ± 0.29 

Ash (%)  11.26 ± 0.15a  12.06 ± 0.11 a,b  13.01 ± 0.11 b  13.59 ± 0.73 b 

SOD   7.77 ± 0.27a  10.93 ± 0.21 c   8.97 ± 0.07b  12.21 ± 0.09 d 

Values are presented as means ± SE of N=3 replicates from each treatment. Data in 

the similar row with different superscripts (a, b)  indicated a significant difference at 

P<0.05. 

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

BSF0 BSF25 BSF35 BSF50

N
o
 o

f 
m

o
u
lt

s.
d
ay

-1

Experimental Feed



Chapter 6. The effect of defatted black soldier fly (Hermetia illucens) meal inclusion... 

72 

 

6.3.3. Relative genes expression 

The relative expression levels of cytokine genes in juvenile lobster are shown 

in Figure 6. In this study, the gene expression of IL-1β and IL-17 in juvenile lobster 

fed BSF25 and BSF35 were higher than those in juvenile lobster fed BSF0 in terms of 

fold changes. The IL-17 cells in juvenile lobster given BSF25 and BSF35 showed 

gene expression five folds that of control (BSF0). In contrast, those cytokine cells 

decreased as the juvenile lobster fed the dietary BSF50. (Figure 6). The juvenile 

lobster given dietary BSF50 has a higher fold of ProPO, GPO and ALFHa-1 gene 

expression compared to other dietary. On the contrary, the ALFHa-2 gene of juvenile 

lobsters decreases as the increase of the inclusion of BSF levels in the formulated feed 

 

Figure 6. Relative expression level of cytokines gene (IL-1β , IL-10 and IL-17) and 

immunological genes (ProPO, GPO, ALFHa-1, and ALFHa-2) of juvenile lobster 

with respect to defatted BSF meal supplementation. 

Hepatopancreas histopathology 

 Histology analysis of juvenile lobster fed dietary fishmeal and BSF meal as 

their protein sources indicated that necrosis on the hepatopancreas tissue was 

observed on the lobster fed 50% fishmeal replacement (Figure 7). The infiltration of 

haemocytes and sloughing of the hepatopancreas tissue was found in all treatments. 

The atrophy of hepatopancreas cells was found in lobster juveniles fed dietary BSF50.  
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Figure 7. Histopathology of the hepatopancreas of juvenile lobster fed dietary defatted 

BSF meal inclusion (25%, 35% and 50%) at 100x magnification. Hepatopancreas 

tissue infiltrations and sloughing occur in all of the treatments. Hepatopancreas of 

juvenile lobster fed BSF. 

6.4. Discussion 

Insect meal has been widely used as an alternative feed for fish farming. In 

crustacean culture, the majority of insect meals derived from T. molitor and H. 

illucens have been used as protein sources. Those alternative protein sources replace 

the fishmeal in the diet of pacific white shrimp, L. vannamei (Cummins et al. 2017; 

Choi et al. 2018; Chen et al. 2021; Richardson et al. 2021), and Australian crayfish, C. 

cainii (Foysal et al. 2019) with varying results. In this study, it was found that the 

substitution of fishmeal with defatted BSF meal of up to 50% did not affect the 

growth of juvenile lobsters with a specific growth rate between 1.77-1.82 g% day-1. It 

200 µm 
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is difficult to compare the growth rate of the result in this study since this is the first 

study in the use of defatted BSF meal as a protein sources of the P. ornatus juvenile 

lobsters’ diet. However, the growth rate obtained in this study was higher compared to 

the result of the feeding experiment on P. homarus conducted by Haryanti et al. 

(2017). In that study, the supplementation of probiotics and yeast improved the 

growth rate of juvenile lobster at 1.20 – 1.33 g% day-1. The replacement of fishmeal 

with defatted BSF meal in this study also did not affect the final total length, final 

weight, length increment, survival rate and moulting rate of juvenile lobster even at 

50% of replacement. The detrimental effects of the use of BSF meal were reported on 

the white shrimp L. vannamei and the maximum amount of 10% of BSF inclusion is 

believed to be acceptable (Cummins et al. 2017; Richardson et al. 2021). Based on 

these results, the use of defatted BSF meal as much as 50% replacing fishmeal can be 

used as an alternative protein source for juvenile lobster without any adverse impact.  

The survival rate of lobster juveniles in the present study was not affected by 

the various levels of supplementation of defatted BSF meal in the diets. The 

implementation of the individual rearing system in this study eliminated mortality 

from cannibalism and represented survival only from the feeding factor. In our 

observation, the death of juvenile lobster was caused by the unsuccess moulting 

process which can be seen from the incomplete moult of the juvenile lobster body. 

That event agrees with the findings reported by Irvin and Williams (2009b). With the 

survival rate ranging from 50.00 to 62.50%, that value is higher than the survival rate 

of juvenile lobsters reared using the similar rearing system reported by Kropielnicka-

Kruk et al. (2019). In that study, the juvenile lobster reared in the separated system 

with low and high-water exchanges had survival rates of 43 ± 8.49 % and 46 ± 9.71% 

respectively. Previously, Marchese et al. (2018) also reported that the survival rate of 

juvenile lobsters in the individual rearing system resulted in a 30-55% higher survival 

rate than juvenile lobsters in the communal rearing system. According to studies 

conducted by Irvin and Williams (2009b), the survival of juvenile lobsters in solitary 

rearing systems has higher survival than those kept in communal rearing systems. In 

terms of growth, the communal rearing system allows the juvenile lobster to access 
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the food which can promote their growth. A similar pattern was also reported in adult 

lobsters as previously reported by Vijayakumaran et al. (2010). 

In this study, the amino acids profile of defatted BSF meal was compared to 

fishmeal and the result indicated that all amino acids component in the defatted BSF 

meal was lower than the amino acids in the fishmeal. Of the total of 17 amino acids, 

three amino acids include serine, cysteine, and phenylalanine in the defatted BSF have 

the closest disparity to these components in the fishmeal compared to the other amino 

acids components. In addition, as the increase of the inclusion of defatted BSF meal in 

the experimental diets resulted of the increase the availability of amino acids in the 

diets which having closer value to the basic diet. Cummins et al. (2017) reported that, 

with the exception of histidine and tyrosine, the amino acid composition in menhaden 

fishmeal was higher when compared to that in full-fat BSF larvae meal. The 

difference between that result compared to this study may be due to the type of BSF 

since defatted BSF meal was used in this study while they used fully fatted BSF meal. 

Those BSF materials have influence in the quality of BSF meal in term of amino acids 

profile and in accordance with Schiavone et al. (2017) whose reported that amino 

acids in the highly defatted BSF was higher compared to partially defatted BSF. In 

addition, the substrate of BSF also has significant influence in the nutritional value of 

BSF (Shumo et al. 2019). 

The body composition analysis of juvenile lobster indicated that the ash and 

SOD content increased as the increase of the defatted BSF meal, whereas protein, 

lipid and moisture content were the same. The high ash content in the juvenile lobster 

fed dietary defatted BSF meal did not have any association with the physiological 

response of juvenile lobster. It has been reported that the level of ash in the diet has a 

negative correlation with the feed efficiency of the diet (Shearer et al. 1992). 

Histopathological analysis on lobsters can be carried out to determine tissue 

changes due to disease infection (Shields et al. 2012; Zha et al. 2018). Several 

features of histological conditions such as hepatopancreas necrosis and haemocyte 

infiltration were reported in the H. americanus lobster which has the characteristics of 

epizootic shell disease. In general, the histopathological and distinct changes of 
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several internal organs in lobsters have strong association with the presence of 

bacterial infection and non-infectious diseases (Zha et al. 2018) and can be used as a 

reference in assessing the general health condition of lobster (Shields et al. 2012). In 

this study, the results of histopathological analysis of digestive organs and 

hepatopancreas were performed. However, the staining process of digestive organs 

failed in obtaining representative images and only histology of hepatopancreas tissue 

were discussed. Histology of hepatopancreas tissue indicated that sloughing and 

infiltration occurred in all juvenile lobster samples from each treatment. A clear 

atrophy and necrosis hepatopancreas cells were observed in juvenile lobster fed with 

50 % of defatted BSF meal (Figure 3). The negative impact occurs on hepatopancreas 

cells may be due to the overuse of defatted BSF meal. That is because the necrotizing 

and atrophy cells were not found in lobster juvenile fed BSF25 and BSF35 but 

BSF50. This indicated that defatted BSF meal has limitation in replacing fish meal in 

the diet of juvenile lobster. The cells atrophy and necrosis in lobster cells are known 

as the response of the environmental contamination (Shields et al. 2012). 

The gene expression level of juvenile lobster indicated different responses 

with respect to the defatted BSF meal supplementation in the experimental diets. The 

supplementation of defatted BSF meal at 25 and 35% in the experimental diet 

increased the IL-1β and IL-17 cytokine cells of juvenile lobster while 50% of defatted 

BSF supplementation downregulated both cytokine cells. Similar findings were also 

reported in freshwater lobster conducted by Foysal et al. (2019). In that study, the 

supplementation of 30% BSF in the diets improved the cytokine cells include IL-7, 

IL-10, and IL-17, which coincide with the high availability of lactic acid bacteria 

from the Firmicutes phylum (Foysal et al. 2019). In addition, the abundances of 

certain firmicutes are responsible for the increase of the availability of some cytokine 

cells in fish (Miao et al. 2018). The inclusion of defatted BSF meal in the 

experimental diet in this study may have important roles in providing the firmicutes 

phylum which affect the increase of cytokine cells of juvenile lobster. However, it 

still required further investigation to evaluate the findings.  
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The addition of yeast and combination of probiotics to the diet improved the 

availability of several immunity genes in juvenile lobster, P. homarus (Haryanti et al. 

2017). It that report, the essentials nutrition of the yeast and the function of the 

probiotics have responsibilities in promoting immunological status of juvenile lobster. 

In the present study, juvenile lobster receiving high inclusion defeated BSF in the 

diet, having higher prophenoloxidase, glutathione and anti-lipopolysaccharide factor-

1 than others. That finding indicate that high dose of defatted BSF meal may improve 

some of the immunity genes of juvenile lobster. The prophenoloxidase is a part of 

innate immunity system in crustacean and has been reported play a significant role in 

the bacterial infection process (Wang et al. 2010). 

6.5. Summary 

The current research indicates that incorporating defatted black soldier fly 

(BSF) meal, replacing fishmeal up to 50% in formulated feeds for juvenile lobsters, 

does not impact growth, survival rate, moulting rate, moult interval, or body 

composition compared to the standard feed. However, it does bring about notable 

changes in cytokine cells and the expression of certain immune-related genes in 

juvenile lobsters. The hepatopancreas of lobsters fed with a diet containing 50% 

defatted BSF meal exhibits severe cell damage. Nevertheless, an increase in the 

amount of defatted BSF meal enhances the availability of amino acids in the 

formulated diets and superoxide dismutase in the whole body of juvenile lobsters. 

Additional research is needed to validate these findings and explore potential 

supplements that could enhance the acceptance of defatted BSF meal in the 

formulated diets of juvenile lobsters. 
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CHAPTER 7. The effect of supplementation of defatted, full fat black soldier fly 

and fish protein hydrolysate on the growth, survival, histopathology, and body 

composition of juvenile lobsters (Panulirus ornatus)  

7.1. Introduction 

The ornate spiny lobster (P. ornatus) remains a high value fisheries 

commodity traded throughout the globe. With an annual value of $5 BN, this is the 

most expensive among the crustacean commodities (FAO 2022). The life cycle of the 

P. ornatus is complex and undergoes a significant metamorphosis phase to becoming 

a juvenile lobster (Goldstein 2015). This species inhabits the coastal area in trophic 

regions (Radhakrishnan et al. 2019). Although it has a valuable potential market, the 

exploitation of P. ornatus should be maintained to sustain the lobster fishing industry. 

The complete hatchery-based larvae production of P. ornatus has been reported for 

research purposes (Kropielnicka-Kruk et al. 2022) and pilot commercial operations 

(ornatas.com.au). The production of lobster larvae in a hatchery setting is currently 

limited for traditional lobster farmers and is a substantial obstacle to lobster 

aquaculture. In contrast, lobster aquaculture by collecting seedstock (puerulus or early 

juveniles)  from the wild has been practiced since the 1990s in the major lobster 

producing countries, such as Vietnam and Indonesia  (Jones 2010; Priyambodo et al. 

2015; Shanks et al. 2015). Currently in lobster aquaculture, the primary feed sourced 

is trash fish, clams or other bivalves (Irvin and Shanks 2015). The current use of 

natural feeds in lobster aquaculture provides adequate nutrition requirements for 

lobster growth (Do Huu and Huong 2014). However, this common feed practice is an 

environmental issue in terms of sustainability. Therefore, the development of 

formulated feeds for lobsters is essential to the development of a sustainable industry 

(Nankervis and Jones 2022). 

The black soldier fly (H. illucens) or BSF has been considered as one of 

several types of insects suitable for aquafeeds in shrimps (Riddick 2014; Cummins et 

al. 2017; Foysal et al. 2019). The nutrition of BSF is influenced by the different 

substrates provided during their rearing (Adeoye et al. 2020). The BSF reared in 
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organic waste has a higher value of fat compared to the BSF reared in industrial 

waste. There are two types of BSF used as feed ingredients in aquaculture including 

defatted and full-fat BSF meal. Full-fat BSF is largely unprocessed BSF and contains 

all of the products including fats. It has a high fat content, up to 40 g/100 g dry weight 

(Lu et al. 2022). This high fat inclusion can negatively impact the growth of fish or 

crustaceans. Meanwhile, defatted BSF undergoes a fat removal process (Zozo et al. 

2022). The process of fat removal can be undertaken using mechanical compression 

or chemical extraction. Indeed, the defatting process influences the composition of the 

final product of defatted BSF (Hender et al. 2021; Zozo et al. 2022). Both types of 

BSF have been reported in several fish crustacean feeding experiments with mixed 

results. The suboptimum growth and immunity response of the animals following 

dietary inclusion of BSF meal may be associated with the limitations of BSF digestion 

(Cummins et al. 2017).  

Protein hydrolysate has been reported to improve the digestibility of several 

feed ingredients and provide optimization of growth results (Hernández et al. 2011; 

Nguyen et al. 2012; Zhou et al. 2016; De et al. 2020). Protein hydrolysate can be used 

as a sole protein source or as a supplement in feed formulations. Apart from 

supporting growth in fish, the incorporation of protein hydrolysate also improved the 

survival rate, growth and immunity of crustaceans (Quinto et al. 2018; Gunathilaka et 

al. 2022; Pan et al. 2022). However, it has been reported that the use of protein 

hydrolysate from squid does not influence the growth of P. vannamei (Zhou et al. 

2016).  

The inclusion of defatted BSF meal in a formulated feed for juvenile lobsters 

without affecting the physiology was reported. However, the optimum growth and 

survival of the juvenile lobsters in that study were not achieved (Saputra and Fotedar 

2023). Since the growth of juvenile lobsters in that study was suboptimal, the 

incorporation of additional feed supplement may improve the absorption of BSF 

nutrition. Some studies are reporting the success of the use of FPH in improving the 

growth and immunology of crustaceans. However, little is known about the effects in 

lobster feeds. The present study aims to evaluate protein hydrolysate as supplement in 
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the feeds of juvenile lobsters, where full-fat BSF meal and defatted BSF meals are 

utilized as protein sources.  

7.2. Experimental outline 

7.2.1. Experimental Design 

A total of 200 early juvenile lobsters, P. ornatus (initial weight 0.19 ± 0.01 g, 

initial length 20.13 ± 0.12 mm) were purchased from local fisherman in Lombok, 

Indonesia. The juvenile lobsters were packed in oxygenated plastic packaging with 

the density of 10 animals in each pack containing 100 mL seawater, 30 ppt. Upon 

arrival, all the juvenile lobsters were acclimated in a 180 L container box, equipped 

with net cuts (50 cm × 25 cm), 60 pipe cuts (Ø 100 mm, 4 cm) and an aeration 

system. After the 3-day acclimation period, 180 early stage juvenile lobsters were 

stocked into 18 aquaria (10 animals per aquaria) with a tank volume of 60 L, equipped 

with individual filtration systems with hides made of pipe and net cuts. In each 

aquarium, a designated feeding area made of polystyrene (16 cm × 11 cm × 0.3 cm). 

To ensure the feeding area was in place, it was glued to the bottom of the aquaria 

using silicone sealant. 

7.2.2. Feeding experiment 

The juvenile lobsters were kept for 8 weeks during the of feeding experiment. 

Experimental feeds containing supplementation of approximately 25% of fish protein 

hydrolysate (FPH), full-fat BSF (FF) and defatted BSF (DF) were formulated 

according to Table 33. In this study, the fishmeal ingredients were sourced from 

bycatch species Nemipterus virgatus with crude protein content of 56%. In addition, 

the value of fatty acids (Table 34) and amino acids (Table 35) of the BSF and full-fat 

BSF used in this study was sourced from our previous study (Saputra and Lee 2023). 

Feed T1 contains fishmeal as a protein source. Feed T2 contains 25% FPH substitutes 

fishmeal, Feed T3 contains 25% FF, Feed T4 contains 25% DF, Feed T5 contains 

25% FPH and 25% DF, and Feed T6 contains 25% FPH and 25% FF. The fatty acids 

and amino acid content in the defatted and full-fat BSF as the protein sources were 

presented in Table 34 and Table 35. 
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All ingredients were mixed through an automatic food processor (Kawano 

250G, China). After the completion of mixing, a small amount of water was added to 

each experimental diet type. The dough of ingredients was then processed further 

using a food mincer (Oxone OX861n, Indonesia) to mix all ingredients. The fine-

formulated mixture was then stored in a sealed plastic bag and kept in a dry place 

until delivered as moist diets. The experimental diets were given three times per day 

at 15% wet body weight and the excessive diets were removed from the feeding area. 

The room condition for the experiment was maintained at 29-30ºC, with the light 

intensity of 12h day:12h dark and the salinity of the water ranged between 29.44 ± 

0.73 ppt. 

Table 33. Experimental feed ingredients g.kg-1 dry weight basis 

Ingredients 
Feed 

T1 T2 T3 T4 T5 T6 

Fishmeal  640 576 522 545 502 508 

Corn starch 30 15 30 25 10 10 

Wheat (10 CP) 119 68 122 123 66 60 

Astaxanthin  2 2 2 2 2 2 

Cholesterol 4 4 4 4 4 4 

Fish oil 28 28 3 20 25 5 

Soy lecithin  5 5 3 3 3 3 

Vitamin premix 10 10 10 10 10 10 

Mineral premix 5 5 5 5 5 5 

Binder  32 22 32 22 22 22 

Vitamin C 5 5 5 5 5 5 

Casein 120 118 130 102 96 120 

FPH liquid* 0 142 0 0 128 128 

BSF full-fat* 0 0 132 0 0 118 

BSF defatted* 0 0 0 134 122 0 

DM% 91.47 78.66 90.88 91.86 80.23 79.46 

Ash% 8.52 8.47 8.13 8.62 8.65 8.44 

GE MJ/kg* 18.07 17.70 18.09 18.32 17.71 17.77 

CP% 47.93 47.27 47.49 48.31 47.51 47.92 

Lipid% 7.07 7.21 8.86 7.80 7.39 8.85 

P/E Ratio 26.52 26.71 26.25 26.38 26.83 26.96 

Supplementation (%) 0 24.7 25.3 24.6 24.3 25.2 

*) = data were collected from the feed formulation software. 
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Table 34. The fatty acids composition of full-fat BSF and defatted BSF meal  

Fatty acids 
BSF (g/100 g) 

Defatted Full-fat 

Caprylic acid ND ND 

Capric acid ND ND 

Lauric acid 1.23 7.21 

Myristic acid 7.52 10.23 

Palmitic acid 15.23 26.45 

Stearic acid 1.85 4.12 

Arachidic acid ND 0.23 

Oleic acid 17.12 23.45 

Linoleic acid 26.12 34.32 

Linolenic acid 1.05 2.12 

Polyunsaturated fatty acids 27.17 36.67 

Monounsaturated fatty acids 18.17 25.57 

Saturated fatty acids 25.83 48.01 

Table 35. The amino acids of fishmeal, defatted BSF and full-fat BSF meal 

Amino acid 
Protein sources (g/100 g) 

FM DF BSF FF BSF 

Aspartate 2.43 1.84 2.35 

Glutamine 4.43 3.12 3.21 

Serine 0.81 0.71 1.65 

Glycine 1.37 0.84 1.85 

Histidine 0.98 0.72 0.43 

Arginine 0.92 0.70 1.23 

Threonine 1.19 0.82 0.77 

Alanine 0.90 0.72 1.28 

Proline 1.20 0.84 1.82 

Tyrosine 0.93 0.71 0.78 

Valine 0.79 0.61 1.27 

Methionine 0.69 0.52 0.61 

Cysteine 0.72 0.62 0.74 

Isoleucine 1.18 0.88 1.18 

Leucine 2.24 1.30 2.13 

Phenylalanine 0.83 0.69 0.88 

Lysine 1.79 1.26 2.16 
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Notes: FPH = Propevia®, crude protein 25.6%, crude fat 4.0%, moisture 57.98%, ash 

5.6%. Full-fat BSF = crude protein 40%, crude fat 39.7%, carbohydrate 11.4%, ash 

10.97%. Defatted BSF = crude protein 55%, crude fat 9%, carbohydrate 6% and ash 

10%. 

7.2.3. Data Collection and Calculation 

At the initial feeding experiment, the means of wet body weight, total length, 

and carapace length were measured as initial data. At the determination of feeding 

experiment, the growth data were calculated according to Chapter 3, section 3.5.1. 

3.5.1. Evaluation of growth performances. 

7.2.4.  Statistical analysis 

The effects of fishmeal replacement with BSFL meal combined with fish 

protein hydrolysate on specific growth rate, total length increment, carapace length 

increment, moulting rate and moult frequencies of the lobster juvenile were examined 

using a one-way ANOVA according to Chapter 3, section 3.5.6. Statistical analysis. 

7.3.   Results 

The physiological responses of juvenile lobsters fed FF and DF meal, with and 

without FPH are presented in Table 36. There were no significant differences in the 

mean survival rate and moulting rate of the juvenile lobsters among the treatments at 

the end of the feeding experiment. The survival rate of the juvenile lobsters ranged 

between 50.0 ± 0.07% and 66.7 ± 0.04%, while the moulting rate was between 62.50 

± 0.13% and 79.17 ± 0.04 %. In contrast, the final body weight, total length, specific 

growth rate and length increment of juvenile lobster-fed dietary defatted BSF with 

FPH supplementation were significantly high (P<0.05). 

The complete proximate composition of juvenile lobster is presented in Table 

37. The crude protein content of the juvenile lobsters fed was significantly different 

(P<0.05). The highest crude protein content was found in the juvenile lobster fed FF 

combined with FPH supplementation (T6). The fat content in juvenile lobster 

provided the FF feed (T3) was significantly higher than all other treatments (P<0.05). 

In contrast, it has the lowest carbohydrate together with T1 and T6.  
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Table 36. Physiological responses of juvenile lobster. Initial mean weight 0.21 ± 0.01 

g, mean total length 20.53 ± 0.12 mm. Data is presented in the mean ± SE from three 

replicates. Data in the similar column with different superscripts (a,b) represents a 

significant difference at P<0.05. 

Parameter 
Feeds 

T1 T2 T3 T4 T5 T6 

SR 50.0 ± 0.07 45.8 ± 0.04 54.2 ± 0.15 50.0 ±0.07  62.5 ± 0.07 66.7 ± 0.04 

Final BW  0.43 ± 0.03a 0.42 ± 0.01a 0.41± 0.01a 0.43 ± 0.03a 0.46 ± 0.02 a,b 0.51 ± 0.02b 

Final TL 25.53 ± 0.32a 26.72 ± 0.23 a,b 27.70 ± 0.95 b 25.51 ± 0.17a 28.03 ± 0.95 b 28.21 ± 0.48 b 

SGR  1.29 ± 0.05a,b 1.29 ± 0.03 a,b 1.24 ± 0.03a 1.32 ± 0.08 a,b 1.41 ± 0.03 a,b 1.51 ± 0.05b 

LI 24.16 ± 0.01a 32.75 ± 0.01a,b 35.16 ± 0.04b 22.33 ± 0.01a 36.69 ± 0.03b 38.12 ± 0.01b  

MR 70.83 ± 0.11 62.50 ± 0.13  75.00 ± 0.12  83.33 ± 0.04  75.00 ± 0.12  79.17 ± 0.04  

SR=survival rate (%); BW=wet body weight (g); TL=total length (mm); 

SGR=specific growth rate (% g/day); LI= length increment (%); MR=moulting rate 

(%). 

Table 37. Proximate body composition of juvenile lobster whole body (% wet 

weight). Data in the similar column with different superscripts (a,b) represents a 

significant difference at P<0.05 

Parameter 
Feeds 

T1 T2 T3 T4 T5 T6 

Ash  11.15±0.07a 11.22 ±0.09a 15.60 ±0.12 d 11.62 ± 0.09b 11.22 ± 0.09a 12.36 ±0.11c 

Moisture  77.89±0.22d 72.4 ±0.21b 73.02 ±0.13b 79.08 ± 0.10e 76.15 ± 0.18c 69.17 ±0.29a 

Carbohydrate  1.24 ±0.21a 3.02 ±0.06d 1.24 ±0.01a 1.82 ± 0.01b 2.04 ± 0.02c 1.27 ±0.01a 

Fat 0.25 ±0.01b 0.24 ±0.01 a,b 0.45 ±0.01d 0.26 ± 0.01b,c 0.28 ± 0.01c 0.22 ±0.01a 

Protein  9.48 ±0.26b 13.13 ±0.35c 9.71 ±0.23b 7.23 ± 0.20a 10.33 ±0.26b 16.99 ±0.39d 

The fatty acid analysis of the tested feed revealed that linolenic acid, 

Eicosatrienoic and erucic acid were found only in the feed with fishmeal included  as 

a  protein source. Meanwhile, the arachidic and Eicosadienoic acid were found in 

fishmeal and FF feed (Table 38). In addition, the feed with full fat BSF larvae meal 

has significantly high saturated fat, unsaturated fat, polyunsaturated fat, 

monounsaturated fat, omega 3 fatty acids, omega 6 fatty acids, and omega 9 fatty 

acids. 
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Table 38. Fatty acids composition of tested feeds g.kg-1 wet weight (mean ± SD). 

Data in the similar column with different superscripts (a,b) represents a significant 

difference at P<0.05. 

Fatty acids 

Feed 

T1 T2 T3 T4 T5 T6 

AA 0.03±0.00a 0.05±0.00d 0.13±0.00b 0.05±0.00 b 0.07±0.00 c 0.05±0.00 b 

Capric Acid 0.01±0.00 ND ND ND ND ND 

Lauric Acid 0.01±0.00 a 0.83± 0.01f 0.17±0.00b 0.29±0.01 c 0.34±0.00 d 0.60±0.00 e 

Myristic Acid 0.14±0.00a 0.37±0.01d 0.58±0.01e 0.23±0.00 b 0.24±0.00b 0.29±0.01 c 

Pentadecanoic Acid 0.02±0.00 a 0.04±0.00 a 0.12±0.00 e 0.05±0.00 c 0.05±0.00 d 0.05±0.00 c 

Palmitic Acid 1.01±0.01 a 1.41±0.01 b 3.17±0.00 d 1.46±0.01 b 1.58±0.01 c 1.41±0.03 b 

Palmitoleic Acid 0.17±0.00 a 0.24±0.01 b 0.57±0.01 d 0.23±0.00 b 0.27±0.00 c 0.22±0.00 b 

Heptadecanoic Acid 17:0 0.04±0.00 a 0.06±0.00 b 0.18±0.00 c 0.06±0.00 b 0.08±0.00 c 0.06±0.00 b 

Heptadecanoic Acid 17:1 0.02±0.00 a 0.03±0.00 c 0.08±0.00 d 0.03±0.00 c 0.03±0.00 c 0.03±0.00 b 

Stearic Acid 0.36±0.01 a 0.44±0.01 b 1.11±0.02 e 0.51±0.01cd 0.52±0.01 d 0.47±0.00bc 

C_Oleic Acid 2.55±0.03 c 1.81±0.02 a 4.67±0.02 d 1.93±0.02 a 2.43±0.07 c 2.21±0.01 b 

C_Linoleic Acid 1.75±0.02 e 0.77±0.02 a 2.16±0.01 f 1.01±0.01 c 1.20±0.02 d 0.87±0.02 b 

Linolenic Acid ꞷ6 0.01±0.00 ND ND ND ND ND 

Linolenic Acid ꞷ3 0.30±0.01 c 0.10±0.00 a 0.38±0.01d 0.10±0.00 a 0.16±0.00 b 0.10±0.00 a 

Arachidic Acid 0.03±0.00 ND 0.06±0.00 ND ND ND 

Eicocyanic Acid 0.12±0.00 e 0.05±0.00 c 0.20±0.00f 0.04±0.00 b 0.06±0.00 d 0.02±0.00 a 

Eicosadienoic Acid 0.06±0.00 ND 0.09±0.00 ND ND ND 

Eicosatrienoic Acid ꞷ3 0.02±0.00 ND ND ND ND ND 

Eicosatrienoic Acid ꞷ36 0.02±0.00 ND ND ND ND ND 

Arachidonic Acid 0.03±0.00 a 0.05±0.00 b 0.13±0.00 d 0.05±0.00 b 0.07±0.00 c 0.05±0.00 b 

Eicosatpentaenoic Acid 0.20±0.00 e 0.10±0.00 c 0.48±0.00 f 0.07±0.00 a 0.13±0.00 d 0.08±0.00 b 

Erucic Acid 0.01±0.00 ND ND ND ND ND 

Docosahexanoic Acid 0.27±0.00 b 0.25±0.00ab 1.03±0.01 d 0.23±0.01 a 0.31±0.01 c 0.25±0.01ab 

DHA 0.27±0.00 b 0.25±0.00ab 1.03±0.01 d 0.23±0.01 a 0.31±0.01 c 0.25±0.01ab 

EPA 0.20±0.00 e 0.10±0.00 c 0.48±0.00 f 0.07±0.00 a 0.13±0.00 d 0.08±0.00 b 

Unsaturated Fat 5.53±0.07 d 3.40±0.00 a 9.80±0.02 e 3.69±0.00 b 4.66±0.05 c 3.83±0.02 b 

∑SFA 1.60±0.02 a 3.15±0.04 d 5.38±0.01 e 2.59±0.03 b 2.82±0.01 c 2.88±0.04 c 

∑PUFA 2.66 ± 0.03 d 1.27±0.01 a 4.28±0.01 e 1.46±0.02 b 1.86±0.03 c 1.35±0.01 a 

∑MUFA 2.86 ± 0.04 c 2.13±0.01 a 5.5± 0.02 d 2.23±0.02 a 2.80±0.08 c 2.48±0.01 b 

∑n-3 FA 0.79 ± 0.01 d 0.45±0.00 b 1.90±0.00 e 0.40±0.01 a 0.60±0.01 c 0.43±0.01ab 
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∑n-6 FA 1.81 ± 0.02 e 0.82±0.01a 2.29±0.01f 1.06±0.01 c 1.27±0.01 d 0.92±0.02 b 

∑n-9 FA 2.56 ± 0.03 c 1.81±0.02 a 4.67±0.02 d 1.93±0.02 a 2.43±0.07 c 2.21±0.01 b 

Linoleic Acid ꞷ6 1.75 ± 0.02 e 0.77±0.01 a 2.16±0.01 f 1.01±0.01 c 1.20±0.02 d 0.87±0.02 b 

Oleic Acid 2.55 ± 0.03 c 1.81±0.02 a 4.67±0.02 d 1.93±0.02 a 2.43±0.07 c 2.21±0.01 b 

Linolenic Acid 0.31 ± 0.01 c 0.10±0.00 a 0.38±0.01 d 0.10±0.00 a 0.16±0.00 b 0.10±0.00 a 

Linoleic Acid 1.75 ± 0.02 e 0.77±0.01 a 2.16±0.01 f 1.01±0.01 c 1.20±0.02 d 0.87±0.02 b 

 ND=not detected 

The fatty acids analysis of the juvenile lobster's whole body indicated that 

only several fatty acids were found including palmitic, palmitoleic, stearic, oleic, and 

linoleic acid. Those fatty acid compounds in juvenile lobsters provided the FF feeds 

were significantly higher than the others (P<0.05). In addition, palmitoleic was only 

found in juvenile lobsters fed dietary non-fish protein hydrolysate supplemented feed 

(Table 39). 

Table 39. Fatty acids composition of juvenile lobster whole body g.kg-1 wet weight 

(mean ± SE). Data in the similar column with different superscripts (a,b) represents a 

significant difference at P<0.05. 

Fatty Acids 
Feeds 

T1 T2 T3 T4 T5 T6 

Palmitic Acid 0.84±0.03b 0.76± 0.02ab  1.30 ±0.03d 0.73±0.02a 0.99 ±0.03c 0.77±0.03ab 

Palmitoleic Acid 0.20 ± 0.00 ND 0.42 ± 0.00 0.30± 0.01 ND ND 

Stearic Acid 0.36± 0.0b 0.30 ±0.00ab 0.52± 0.00d 0.37± 0.01a 0.36 ±0.01c 0.32± 0.01ab 

C Oleic Acid 0.69±0.02a  0.91 ± 0.03b 1.37 ±0.02d 0.76± 0.02a 1.02± 0.02c 0.70± 0.02a 

C Linoleic Acid 0.36±0.01a 0.39 ± 0.01a 0.84± 0.02b 0.39±0.01a 0.38± 0.00a 0.37± 0.01a 

Unsaturated Fat 1.25±0.03b 1.30 ± 0.03b 2.63 ±0.05d 1.45±0.04c 1.40±0.01bc 1.06 ± 0.03a 

∑SFA 1.20±0.04b 1.05 ± 0.03a 1.82 ±0.03d 1.10±0.00ab 1.35± 0.04c 1.09±0.04ab 

∑PUFA 0.36 ± 0.0a 0.39 ± 0.04a 0.84± 0.02 b 0.39± 0.0a 0.38 ±0.00a 0.37 ± 0.01a 

∑MUFA 0.89±0.02b 0.91 ± 0.03b 1.79± 0.02d 1.06±0.03c 1.02 ±0.02c 0.70 ± 0.02a 

∑n-6 FA 0.36±0.01a 0.39 ± 0.01 a 0.84± 0.02b 0.39±0.01a 0.38 ±0.00a 0.37± 0.01a 

∑n-9 FA 0.70± 0.02a 0.91 ± 0.03 b 1.37± 0.02d 0.76±0.02a 1.02 ± 0.02 c 0.70 ± 0.02a 

Linoleic Acid  0.36± 0.01a 0.39 ± 0.01 a 0.84± 0.02b 0.39±0.01a 0.38 ± 0.00 a 0.37± 0.01a 

Oleic Acid 0.70± 0.02a 0.91 ± 0.03 b 1.37± 0.02d 0.76±0.02a 1.02 ± 0.02 c 0.70 ± 0.02a 

  ND=not detected.  
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In this study, the midgut histopathology of juvenile lobsters from T1 and T2 

can not be generated due to the sample damage. There were no significant differences 

in the mean of villus height muscle thickness in the midgut (P>0.05). The 

degeneration of submucosal occurred in the midgut of juvenile lobsters from Figure 8. 

The hepatopancreas histopathology showed atrophy on the tubules of juvenile lobsters 

fed with dietary fishmeal, FPH, and DF. The haemocyte infiltration was found in 

juvenile lobster fed FPH as the protein source. The B and R-cells were active in the 

hepatopancreas of juvenile lobster fed DF as protein sources. The B-cell was found in 

hepatopancreas of juvenile lobster fed FF and supplemented with FPH (Figure 9). 
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Figure 8. Effect of dietary FPH, defatted BSF, full-fat BSF and combination of them 

on intestine morphology of juvenile lobster (P. ornatus). (A) Intestinal histopathology 

variation by HE staining ; a, intestinal peritrophic membrane; b, epithelial cells: c, 

muscle layer. (B) The villus height of the intestinal tissue. (C) The thickness of the 

muscle layer in the intestinal tissues.   
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Figure 9. The histopathology of hepatopancreatic tubules in longitudinal and 

transverse section of juvenile lobsters at 100x magnification (At=atrophy, 

Im=inflammation) 
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7.4.  Discussion 

The present study showed that the supplementation of fish protein hydrolysate 

significantly influenced the most physiological response in of juvenile lobsters. At the 

supplementation level of 25%, it improves the final total length and specific growth 

rate. The effectivity of the application of fish protein hydrolysate in crustaceans has 

been reported (Hernández et al. 2011; Nguyen et al. 2012; Zhou et al. 2016; De et al. 

2020; Hlordzi et al. 2022). In this study, the addition of the fish protein hydrolysate to 

the feeds may improve the absorption of the nutrition in it, which ultimately promoted 

the growth of juvenile lobsters although the juvenile lobster experienced a suppressed 

growth rate when compared to other studies (Kropielnicka-Kruk et al. 2019; 

Kropielnicka-Kruk et al. 2022; Uy et al. 2023). The lower growth rate in this study 

might be caused by the different source of seed as well as the feed formulation. In this 

study, the roles of FPH inclusion can be seen in the feeds containing full-fat BSF 

where the improvement of the growth rate and the final body weight of juvenile 

lobster occurred. Fish protein hydrolysate have been reported to have several 

important roles for fish (Latorres et al. 2018; Moreira et al. 2023). Although the 

inclusion of FPH in the feed for several crustaceans was not significantly affect the 

growth and survival of the animal (Zhou et al. 2016; Astuti et al. 2023), some other 

reported the opposite results (Córdova-Murueta et al. 2002; Hernández et al. 2011; De 

et al. 2020). Zhou et al. (2016) reported that although the protein hydrolysate from 

squid is a good nutrition source, the inclusion of squid hydrolysate in plant-based 

diets did not improve the growth of white shrimp. In contrast, recent reports suggest 

supplementation of 20 ppm protein hydrolysate for Penaeus vannamei to reduced the 

feed by as much as 30% with improvement in the growth, total biomass and survival 

rates (De et al. 2020). 

The survival rates of juvenile lobsters in this study fall within the average 

survival rates of juvenile lobsters reared under laboratory conditions with an 

individual housing system (Kropielnicka-Kruk et al. 2019; Kropielnicka-Kruk et al. 

2022; Saputra and Fotedar 2023). Those solitary rearing systems can completely 

prevent the mortality of juvenile lobsters from cannibalism habit and provide 
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unlimited access of food. However, that limitation also raised concerns about the 

stress conditions of housed animals which require further investigation. In addition, 

the lobster social interaction in the communal system may trigger the which stimulate 

the feeding habit which resulted in a higher growth rate than the individual system 

(Williams 2009). However, that method allows cannibalism, particularly in the 

crustacean carnivore species during the moulting period when their health is not at the 

optimum condition. In this study, to reduce the mortality due to cannibalism and 

ensure that the mortality was not caused by the cannibalism, some shelters were 

provided in each aquaria as previously recommended (Slamet et al. 2021). 

The results in this study indicated that with the range of 62.50% to 83.33%, 

the moulting rate of juvenile lobsters in this study was slightly higher than in an 

earlier study (Saputra and Fotedar 2023). In that study, it was reported that the highest 

moulting rate was achieved by juvenile lobsters fed with 35% of fishmeal replaced 

with DF meal. In crustaceans, moulting is a critical process of the growth of animals. 

At that stage, crustaceans will replace their old exoskeletons with new ones. That 

process requires immense energy to keep the moulting taking place and determine 

further development (Lemos and Weissman 2021). In crustaceans, the moulting rate 

and moulting period of animals have a strong association with the nutrition 

requirement or other external factors such as temperature (Hewitt and Duncan 2001). 

In this study, not all juvenile lobsters completed the moulting process, and the 

moulting rate was the same among the treatments. The incomplete moulting process 

was observed during the feeding trial, resulting in the mortality of juvenile lobsters. 

This proved to be the major contributor to the mortality rate in this study. The 

formulated feed quality might be responsible for that incomplete moulting process 

since in crustaceans the moulting or ecdysis require a high amount of energy to be 

completed. In addition, the low moulting rate coincided with the low growth rate of 

the lobster and required further investigation. 

The histopathology of animal organs reflects the general condition of the 

animal and it has been used widely in assessing the health status of crustaceans 

(Sreeram and Menon 2005; Shields et al. 2012; Méndez-Martínez et al. 2018; 
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Ambasankar et al. 2022; Huang et al. 2023) or for other purposes such as assessing 

the reproduction organ developments (Manan et al. 2022). In this study, noticeable 

changes in the midgut and hepatopancreas structure of juvenile lobsters were 

observed. The villus of the midgut is the most important part of the digestive system 

and increased in terms of size following additional FPH supplementation. In a 

previous study, the histopathology of hepatopancreas juvenile lobsters was affected 

by the increase in the inclusion level of DF meal. The hepatopancreas structures of 

juvenile lobsters that receive dietary DF meal as protein sources above 35% of the 

replacement have previously demonstrated to sustained damage (Saputra and Fotedar 

2023). Another study also reported the change in intestine structure in fish following 

BSF meal inclusion in the diet (Li et al. 2017). Although the BSF meal is known as a 

good source of nutrition for animal feed (Abd El-Hack et al. 2020; Priyadarshana et 

al. 2021) there was a limitation of its usage in the formulated aquafeeds (Li et al. 

2017; Chen et al. 2021; Richardson et al. 2021; He et al. 2022) . The mechanism of 

nutrition absorption of the BSF meal in cultured fish and crustaceans remains 

unknown. One of the problems identified with the use of BSF meal in aquafeeds is the 

high ash content. The high content of ash in the BSF larvae meal was reported due to 

a high mineral composition (Hu et al. 2017). The obvious histological damage of the 

intestine following the excessive use of BSL meal was reported and that is clear 

evidence of the limitation of BSF meal utilization (Li et al. 2017; Saputra and Fotedar 

2023). The supplementation of chitinase was reported to improve the nutrition of BSF 

meal in the aquafeed (Agbohessou et al. 2022). In this study, the single use of FPH 

may not affect the growth and immunology status of juvenile lobsters. However, the 

availability of FPH in the feed containing the FF and DF meal may improve nutrient 

absorption due to their biological function as antimicrobial peptides (Halim et al. 

2016). In P. vannamei, it has been reported that the growth and feed intake of the 

animals fed FPH were greater than those animals which did not receive FPH. It 

coincidentally occurs with the fact that the digestive enzyme in the shrimp was also 

improving as a result of the increased inclusion of FPH in the diet (Hlordzi et al. 

2022). In addition, the inclusion of FPH in the feed has been reported, increasing the 
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abundance and diversity of phytoplankton and zooplankton in the shrimp ponds. Their 

presence in the pond system is beneficial in maintaining the water quality and also 

providing additional nutritional sources for penaeid shrimp post larvae which make an 

optimum favorable condition for shrimps to grow (De et al. 2020). 

The BSF meal was not only reported to be as a protein source but also as a 

lipid source in aquafeeds (Belghit et al. 2019; Ewald et al. 2020; Hender et al. 2021). 

Research has shown that the Eicosatpentaenoic acid (EPA) and docosahexaenoic acid 

(DHA) in the fish body were significantly affected by the inclusion of BSL meal in 

the diets (Belghit et al. 2019). Nonetheless, the inclusion of BSF oil has no influence 

on the lipid class within the body composition of Lates calcalifer (Hender et al. 2021). 

In this study, although DHA and EPA were found in the tested feed, the proximate 

composition of the whole body juvenile lobster indicated the absence of them. The 

∑SFA in the whole body juvenile lobster was not influenced by the inclusion of BSF 

meal without FPH supplementation. There was a change in total unsaturated fat, 

∑PUFA, ∑MUFA, ∑n-6 FA and ∑n-9 FA. Data from the result also indicated that the 

replacement of fishmeal using FPH did not influence the general fatty acid profile of 

the juvenile lobster's whole body. The incorporation of FPH into the feeds containing 

FF and DF also has equivalent results. The reduction of the amount of fatty acids in 

the body composition may be due to the typical FPH used in this study, where liquid 

FPH was used. Similar results were also reported in Ompok pabda (Suma et al. 2023). 

The increase of FPH supplementation in the feeds significantly reduced the amount of 

total fat in the liver, digestive tract, and muscle of O. pabda. Conversely, it increases 

the amount of total protein as observed in the present study.  

7.5.       Summary 

The supplementation of fish protein hydrolysate in the feed containing FF and 

DF as the main protein sources resulted in the improvement of the growth of juvenile 

lobsters. The availability of FPH may improve the absorption of nutrients in the feed 

providing optimum nutrition for the juvenile lobster to grow. However, the 

histopathological observations on the hepatopancreas and midgut of juvenile lobster 

indicated that the supplementation of fish protein hydrolysate did not improve the 
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height of villus and muscle thickness of the intestine. In future feeding experiments on 

the lobster, additional analysis such as gut microbiome might be extremely useful to 

support the findings. 
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CHAPTER 8. General discussion, conclusions, and recommendations 

 

8.1.   General Discussion 

One of the main factors that determine the sustainability of aquaculture is 

adequate feed. In carnivorous crustacean species such as spiny lobsters, the use of 

fresh fish as feed has been widely applied. That practice was believed as the best 

method for providing optimum nutrition for spiny lobsters in captivity. However, the 

use of fresh fish as a food source has several constraints including the uncertainty of 

supply, difficulties of storage, and environmental issues. Therefore, formulated feed 

for spiny lobsters has been initiated (Smith et al. 2003; Smith et al. 2005). Their 

findings indicated that formulated feeds for spiny lobsters require high protein levels 

as well as a high P/E ratio, implying massive use of  fishmeal. That because, fishmeal 

is used as the main source of protein in aquafeed. The dependency of fishmeal usage 

as a protein source in the diets for future lobster aquaculture may be reduced by 

introducing alternative protein sources. Until now, nutritional information for spiny 

lobster for aquaculture purposes is limited and further improvement is needed 

(Nankervis and Jones 2022). The potential application of fishmeal substitution with 

insect meal in the aquadiets for fish has been reviewed (Henry et al. 2015; 

Priyadarshana et al. 2021), and it has been also considered for crustacean aquaculture 

with some successful results (Riddick 2014). Even though several types of insects 

have a high crude protein content and are comparable to fishmeal, the use of insect 

meal as a source of fish protein is not yet optimal and still has several obstacles such 

as unbalanced nutritional content and unknown levels of acceptability. Therefore, 

there is a need to develop low-energy formulated feed for spiny lobsters with the use 

of insect meal and several combinations to support the development of the lobster 

aquaculture industry. 

The P/E ratio has become reference for making formulated crustaceans diets 

and is believed to be more important than making diets based only on the amount of 

protein content. In earlier research, the use of formulated diets with high protein 
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content was introduced, resulting in a high P/E ratio (Smith et al. 2003; Smith et al. 

2005). The use of diets with a high P/E ratio has been reported to promote optimum 

growth for juvenile lobsters. However, it is not practical due to the unsustainability of 

fish meals. That is because in a high P/E ratio diet, a high amount of protein source, 

mostly from fish meal is required, thus increasing the dependency of lobster 

aquaculture on the supply of fish meal. However, several studies at the field level that 

used diets with a lower P/E ratio showed similar results as in high P/E ratio (Irvin and 

Shanks 2015). The suitable P/E ratio of the formulated diets has been a critical aspect 

of aquaculture for several crustaceans (Zhang et al. 2017; Méndez-Martínez et al. 

2018; Sudtongkong et al. 2020).  In the first experiment of this study (Chapter 4), a 

feeding trial was carried out on juvenile lobsters to understand the effects of different 

P/E ratio levels on growth, survival, amino acid composition, and digestive enzymes. 

The results of the first experiment showed that from the series of P/E ratios given, 

diets with a higher P/E ratio gave better results, and vice versa, as evidenced by low 

growth, moulting rate, digestive enzyme, and amino acid content in juvenile lobsters. 

The current results strengthen the findings in the early study of potential formulated 

diet for juvenile lobsters, which recommended that a high P/E ratio of formulated diet 

should be incorporated (Smith et al. 2003; Smith et al. 2005). The poor physiological 

response of juvenile lobsters to diets with a lower P/E ratio may be due to the lack of 

energy availability in the diets provided, resulting in suboptimal growth and other 

physiological factors. Apart from that, the type of protein source used may also 

contribute to these suboptimal results.  

The processing methods of insect meals affect the nutritional content, 

therefore the second and third experiments were carried out to determine the 

nutritional content of full fat and defatted BSF meal and their potential substitution of 

fish meal. Results showed that the protein content of defatted BSF exceeds the 

amount of protein in the full fat BSF and is closer to the protein content of fishmeal 

(Hender et al. 2021). Conversely, the full fat BSF has a higher amount of crude lipids 

reaching 36.20% of total dry matter which is almost triple than the crude lipid in the 

defatted BSF (Chapter 5). Such high crude lipid content of full fat BSF has been 
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reported to have an adverse effect on cultured crustaceans such as slow growth, lower 

survival and higher diets conversion ratio which also occurred in this study where 

juvenile lobsters were fed with a low P/E diet containing full fat BSF as the protein 

substitutes (Figure 10. ). In addition, the mineral composition including calcium, 

natrium, magnesium, zinc, iron, manganese, and copper in the defatted BSF was also 

higher than in full fat BSF. The three main minerals composition including calcium, 

natrium and magnesium in both full fat and defatted BSF have comparable substantial 

nutrition to previous reports (Biasato et al. 2019; Boykin 2019; Campbell et al. 2020; 

Fisher et al. 2020; Zulkifli et al. 2022). The possible reason for the different values of 

minerals is based on the substrates for the BSF growth or the process involved (Zozo 

et al. 2022). In this study, the collected BSF was grown in an organic food leftover 

substrate where that could potentially increase the composition of calcium.  

Results on the second trial (Chapter 5) indicated that the defatted BSF has 

closer nutritional content to fish meal when compared to full fat BSF. To further 

evaluate the potential use of defatted BSF in aquafeed, the third (Chapter 6) and 

fourth experiments (Chapter 7) were conducted to evaluate the optimum inclusion 

level of the defatted BSF meal in a low P/E ratio diet for juvenile lobsters. 

 
Figure 10. The comparison of the survival rates of juvenile lobsters fed a low P/E 

ratio supplemented with different protein sources. 
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The results of the fourth experiment showed that the inclusion of defatted BSF 

and FPH supplementation in the BSF-based in a low P/E ratio diet improves the 

survival rate of juvenile lobsters (Figure 10). The survival rate in both studies is high 

and comparable to the survival rate achieved by juvenile lobsters in previous research 

(Haryanti et al. 2017; Kurnia et al. 2017; Marchese et al. 2018). In addition, the 

individual culture system adopted in that study also has an important role in 

protecting the mortality of spiny lobster juveniles from cannibalism as previously 

reported (Haryanti et al. 2017; Marchese et al. 2018). Most of the lobster mortality 

occurred during the process of moulting, where the juvenile lobsters are unable to 

complete the moulting. The inability to complete the moulting process of the spiny 

lobster in this study was possibly caused by the lack of energy for the moulting 

process and in agreement with a previous report (Irvin and Williams 2009a). On the 

other hand, the inclusion of solely full fat BSF or fish protein hydrolysate as protein 

sources in a low P/E ratio diet did not improve the survival of juvenile lobsters (Table 

40). It seems that the full fat BSF as fishmeal substitutes have unknown drawbacks to 

the physiological juvenile lobster as also reported by Hu et al. (2020) where nutrition 

absorption in Monopterus albus was not optimal due to the excessive amount of full 

fat BSF in the diet. Although the survival of juvenile lobsters was suboptimal when 

full fat BSF was used, it improved the fatty acid composition of the juvenile lobster 

including total ∑SFA, ∑PUFA and ∑MUFA which is presented in (Table 40).  

In terms of growth, results from this study show that the SGR of juvenile 

lobsters in Chapter 4 was significantly lower than those in Chapters 6 & 7 (Figure 11). 

Although they have a similar P/E ratio of 26 mg KJ-1, there are several factors which 

could possibly affect that condition. First of all, these differences might be caused by 

the different sources of protein in the diets. While the experimental diets in Chapter 4 

only used fishmeal as the protein source, the diets in Chapter 6 & 7 incorporated of 

BSF or FPH supplementation in the diets. The inclusion of certain levels of BSF was 

reported to have important roles in improving the growth immunology condition of 

crustaceans  (Cummins et al. 2017; Foysal et al. 2019; Chen et al. 2021; Richardson et 

al. 2021).  Despite noticeable changes in the digestive tract structure of the animals, 
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the presence of BSF meal in the diets also improve the availability of beneficial 

microorganism community and increase the cytokine cells from intestine tissue 

(Foysal et al. 2019). Secondly, the lobster post pueruli in those experiment were 

obtained from the different locations which potentially affected the individual 

variations. The lobster juveniles used in Chapters 6 & 7 were from the same location 

and differ from the location of collected lobster juveniles in Chapter 4. 

 
Figure 11. The comparison of the specific growth rate of juvenile lobsters fed a low 

P/E ratio supplemented with various protein sources. Bars with different superscripts 

(a,b) represent a significant difference at P<0.05. 
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Table 40. The growth, survival and fatty acids composition of juvenile lobsters fed BSF-based diets with and without FPH 

supplementation. ▲ increased significantly when compared to the control, ▼ decreased significantly when compared to the 

control and (-) no significant changes compared to the control. 

Parameters 
Inclusion level (Chapter 6)  Inclusion level (Chapter 7) 

DB25 DB35 DB50  25FP 25FB 25DB 50DB25DB+25FP 50FB25FB+25FP 

WG (%) - - -  - - ▼ ▲ ▲ 

SGR (% g.day-1) - - -  - - ▼ ▲ ▲ 

SR (%) - - -  - - - - - 

MI (%) - - -  - - - ▲ ▲ 

MR (%) - - -  - - - - - 

LI (%) - - -  - - - - - 

∑SFA NA NA NA  ▼ ▲ - ▲ - 

∑MUFA NA NA NA  - ▲ ▲ ▲ ▼ 

∑PUFA NA NA NA  - ▲ - - - 

∑n3-PUFA NA NA NA  - - - - - 

Note: DB=defatted BSF meal; FP=Fish protein hydrolysate; FB=full fat BSF 
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In this study, the fishmeal as a protein source in the low P/E ratio diets for 

juvenile lobsters can be replaced with the defatted BSF meal as much as 50% 

substitution without affecting the survival rate. However, the histopathology and 

immune-related gene expression results suggest the optimum inclusion level is at 35% 

where detrimental effects on the hepatopancreas cells occurred including cell atrophy, 

sloughing, and cell necrosis (Table 41). In that 35% inclusion level of defatted BSF 

meal, the gene expression of IL-1β and IL-17 in juveniles was also increased (Chapter 

6). Similar results were also reported where the inclusion of 30% BSF in the 

experimental diets for maron (C. cainii) improves the expression of cytokine genes: 

IL-7, IL-10, and IL-17 (Foysal et.al., 2019). The supplementation of fish protein 

hydrolysate to the low P/E ratio BSF-based diets has also improved the health of the 

animal which is reflected by the presence of B-cells in the hepatopancreas and the 

increase of microvilli size (Table 41). The role of B-cells in crustaceans is for lipid 

digestion and as recycling cells (Vogt 2019). In addition, the B-cells play an 

important role in producing antibodies in fish (Kordon et al, 2022). The increase in 

the number and size of microvilli in the digestive tract has a strong association with 

the immunological status of crustaceans (Sang and Fotedar 2010; Zhang et al. 2012; 

Nugroho and Fotedar 2015; Saputra et al. 2019). Hence, the supplementation of fish 

protein hydrolysate in the low P/E ratio BSF-based diet might improve the nutritional 

absorption which ultimately provides a balanced nutrition for optimum growth. 

Despite differences in survival rates obtained in this study, the specific growth 

rate of juvenile lobsters was improved in all experiments using the inclusion of BSF 

meal types or supplemented BSF-based diets with low P/E ratio. The growth of 

juvenile lobsters fed BSF-based diets with the supplementation of fish protein 

hydrolysate was also higher (Figure 11). Positive effect of FPH supplementation in a 

low P/E BSF-based diet was also observed in the moult increment where the 

supplementation of 25% increased the moult increment significantly as well as 

increased the availability of ∑SFA and ∑MUFA in the juvenile lobster whole body 

(Table 40).   
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Table 41. The histopathological analysis of hepatopancreas and digestive tract of juvenile lobster fed BSF-based diet 

supplemented with FPH. ▲ increased when compared to the control, (+) the cells or cells characteristic present  (-) the cells or 

cells characteristic absence.   

Observation 
Inclusion level (Chapter 6)  Inclusion level (Chapter 7) 

FM DB25 DB35 DB50  25FP 25FB 25DB 50DB25DB+25FP 50FB25FB+25FP 

Cell atrophy - - - +  - + - - - 

Hemocyte 

infiltration 

+ + + +  + - - - - 

Cell Sloughing + + + +  - - - - - 

Cell necrosis - - - +  - - - - - 

B-cells - - - -  - - + + + 

R-cells - - - -  - - + - - 

Microvilli length NA NA NA NA  - - ▲ ▲ ▲ 

Note: FM=fishmeal; DB=defatted BSF meal; FP=Fish protein hydrolysate; FB=full fat BSF 
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The use of fish protein hydrolysate as supplementation in aquadiets has been 

reported to have a positive effect on the growth of crustaceans (Hernández et al. 2011; 

Nguyen et al. 2012; Zhou et al. 2016; De et al. 2020) and some unsignificant results 

were also reported (Astuti et al. 2023). In this study, the use of liquid FPH solely as 

the main protein source replacing fishmeal did not affect any physiology and 

immunology of juvenile lobsters. However, when it was used as a supplement to the 

diets containing full fat and defatted BSF, it resulted in significant growth and 

immune response improvement of juvenile lobsters (Table 41). Hernández et al. 

(2011) reported the supplementation of FPH which originated from tuna by-products 

improved the quality and digestibility of formulated diet for L. vannamei containing 

terrestrial protein. On the other hand, the supplementation of fish protein hydrolysate 

and shrimp hydrolysate at 3% did not give any enhancement to the growth of the 

scalloped spiny lobster, P. homarus (Astuti et al. 2023). 

In this study, under a low P/E ratio, BSF-based diets provide a similar survival 

rate. However, full fat BSF provides a significantly low growth rate, and full-fat BSF 

supplemented with FPH diets provides a significantly high growth rate. In diets 

containing full-fat BSF, the lipid source in the diets mostly comes from BSF meal and 

fish oil only contributes 0.3% of dry weight basis. The lipid in full fat BSF is known 

to have a different composition value from the lipid of defatted BSF which may result 

in suboptimal growth of juvenile lobsters. Based on the proximate composition, the 

fatty acids in full fat BSF have much higher levels of saturated fatty acids (SFA) than 

the defatted BSF, where SFA is known as an unhealthy lipid. This result is 

strengthened by the findings in the result of Chapter 7, where the diets and juvenile 

lobsters’ whole body where both samples have significantly higher SFA content. That 

nutritional composition may be responsible for the suboptimal growth of juvenile 

lobsters (Chapter 7). In contrast, the addition of liquid FPH to diets containing full fat 

BSF reduces the amount of SFA in the diets which has an impact on the juvenile 

lobster’s whole body as well as the improvement on the growth of juvenile lobsters. 

Since FPH has been reported to have multi-biochemical functions such as antioxidant 

(Chalamaiah et al. 2012; Latorres et al. 2018) and antimicrobial peptides (Baco et al. 
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2022) and it is believed that the inclusion of FPH in the formulated diets improves 

nutrition absorption and promotes the growth of cultured fish or crustaceans.  

Our findings revealed that even at a low P/E ratio, the formulated feed can 

provide sufficient nutrition for post-puerulii spiny lobster to grow, achieving the 

expected survival rate and growth with minimum inclusion of high-protein fishmeal. 

This low P/E ratio formulated feed allow the use of affordable fishmeal sources for 

lobster feed formulation, potentially reducing the cost production of the feed. In 

addition, the potential use of BSF meal as protein source in the formulated feed can 

reduce the dependency of fishmeal. However, although the BSF meal are comparable 

to fishmeal in term of nutritional quality, the future applications of BSF as a protein 

source for feed formulations for lobster aquaculture is challenging due to the fact that 

the BSF production is still limited. Since the production of BSF is simple and cheap, 

it becomes an opportunity in developing those nutritious ingredients for aquaculture 

purposes, particularly in lobster feed development. 

8.2. Conclusions 

Based on the findings of this study, it can be concluded that: 

1. The dietary low P/E ratio of the diets did not improve the survival of juvenile 

lobsters significantly. 

2. The inclusion of BSF meal in the low dietary P/E ratio increased the specific 

growth rate of juvenile lobsters. 

3. The juvenile lobster cannot tolerate the inclusion of a defatted BSF meal of 

more than 35%. This can be seen from the damage of the hepatopancreas cells 

from histopathological results. Also, that inclusion increases the expression of 

several inflammatory cytokine cells.  

4. The supplementation of 25% FPH in the defatted and full fat BSF in the low 

protein to energy ratio diet improves the survival rate, the growth rate, length 

increment and weight gain of juvenile lobsters. In addition, the FPH 

supplementation improved the digestive tract (villus height and muscle 

thickness) and hepatopancreas cell health.  
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8.3.  Limitation 

1. The juvenile lobster used in the present study is wild caught, making the initial 

size of the puerulii varied. 

2. The histopathology of the digestive tract and hepatopancreas analysis was not 

performed in all diet experiments due to the insufficient number of surviving 

animals. 

3. In the present study, the juvenile lobster was kept in an individual 

compartment system that could influence the growth. 

4. The present study used commercial BSF meal types and a self-cultured BSF 

meal may provide more comprehensive results because we exactly know the 

substrate of growth and the nutritional condition of the harvested BSF. 

8.4. Recommendations  

1. Since the collected juvenile lobster is wild-caught, high variations in their size 

and age are inevitable. However, it can be reduced by involving a large 

number of puerulii, measuring and minimising the standard error of size and 

weight and a period of acclimation. 

2. Further study should consider the use of a communal rearing system to 

evaluate the growth and survival of juvenile lobsters. 

3. The digestibility studies of BSF meal types are needed to fully understand the 

reasons for the different effects of defatted BSF when compared to full fat 

BSF. 

4. In the future feeding study, the assessment of the biochemical mechanism 

involved in the metabolism of the BSF diet can be as a useful tool to give an 

understanding of the positive influence on the growth and immunological 

responses and the negative histological manifestations with BSF protein 

replacement of 50% and beyond. 

5. Further research on FPH to understand its molecular basis for the positive 

influence on the growth and immunological responses of the lobsters need to 

be taken. 
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