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Abstract

Overpopulation and the pressure on land-based resources
have driven the aquaculture sector to increase its produc-
tion since the 1980s. To address such demands, new
aquafeed technologies have been developed relying on nat-
ural and artificial ingredients that are commercially viable. In
addition, current global sustainable initiatives require feed
technologies to reduce the pressure on limited wild fisheries
and minimize negative environmental effects. Although
there are numerous studies on abalone nutrition, most tend
to focus on animal growth and nutrient utilization. A more
holistic research approach to ensure a sustainable future for
this industry will require the development of feeds that pro-
vide integrated nutrition and health benefits. In this review,
we aim to synthesize the most recent scientific literature on
the nutritional and health benefits and shortcomings of two
main abalone feeding approaches (seaweed and formulated
feeds) within aquaculture production practices. We also
identify major research gaps and future directions for the

development of sustainable abalone feeds.
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1 | INTRODUCTION

Aquaculture is the fastest-growing food production sector in the world, currently providing around 47% of the global
seafood demands and is well-positioned to supply the protein requirements of our increasing population
(FAO, 2018). The exponential growth of the global aquaculture industry has fostered the development of commercial
diets which are cost-effective and optimized for each species. In aguaculture, feed accounts for over 50% of the pro-
duction costs (Huntington & Hasan, 2009). Fishmeal accounts for almost 73% of aquaculture feeds (Asche &
Oglend, 2016; Ringg, Olsen, Vecino, Wadsworth, & Song, 2012). However, recent declines in the availability and lack
of sustainability of fishmeal have prompted the search for alternative protein sources.

Abalones are a widespread group of herbivorous gastropods, from the genus Haliotis, inhabiting both tropical
and temperate waters around the world. Approximately 90 species of abalone are found worldwide, and about
15 species are cultured in Australia, China, Japan, Korea, New Zealand, Philippines, South Africa, and Taiwan (Sales &
Janssens, 2004). Although abalone production is relatively small compared to other seafood products, it is one of the
most highly prized delicacies globally, especially in Asia (Cook, 2014).

Animal nutritional requirements are based on three main components: endogenous factors (e.g., animal genetics,
age, sex, metabolism, physiology), environmental conditions (e.g., water temperature, oxygen, salinity) and feed prop-
erties (e.g., composition, delivery system, digestibility, solubility). Aquafeeds are composed of macronutrients, such
as proteins, carbohydrates, lipids, and micronutrients including vitamins and minerals. In abalone feed formulations,
protein is the most expensive component and represents 20-40% of the total ingredients. The amount of protein is
crucial in abalone feeds since it is the main macronutrient used to build tissues in the animal (Fleming, Van-
Barneveld, & Hone, 1996). Carbohydrates make up 50-60% of the nutritional requirements of abalone, and they are
the most preferred source of energy (Lee et al., 2017). Lipids, on the other hand, represent 1-5% of the nutritional
requirements, and although this percentage is relatively low compared to proteins and carbohydrates, their consump-
tion is essential for the acquisition of polyunsaturated fatty acids (PUFAs) (Mulvaney, Jahangard, Ingram, Turchini, &
Winberg, 2015), which cannot be synthesized de novo by the animal (Bautista-Teruel, Koshio, & Ishikawa, 2011). In
addition, lipids supply the phospholipids needed to build cell bio-membranes (Bautista-Teruel et al., 2011).

Optimizing nutrition involves a comprehensive analysis of not just metabolic provisioning, but also the inter-
play between physiological traits (e.g., ingestion, digestion) (Guillaume, Kaushik, Bergot, & Metailler, 2001), bio-
logical characteristics (e.g., sex, age, species, genetics, reproduction, health) and environmental conditions
(e.g., temperature, water, salinity, oxygen, pH, water quality, tank density). For instance, if the objective is
growth-related, nutritional requirements should aim to provide fuel for metabolic expenses and tissue formation.
On the other hand, if the priority is to enhance health during critical production periods, the feed must primarily
strengthen the immune defenses to overcome season-related stressors, such as elevated temperatures and high
pathogens loads, which predominate in the summer months.

Previous studies on optimization of feed formulations have focused on both, generating nutritionally balanced
diets, and reducing feed costs. To this end, strategies have aimed to replace the protein component with more cost-
effective ingredients (e.g., seaweed extracts, plant protein) while still achieving good growth performance (Sales,
Truter, & Britz, 2003). Other approaches have focused on the addition of specific amino acids, immunostimulants,
vitamins, and probiotics to the feed mixture. The success of these strategies ultimately requires careful evaluation of
potential benefits in feed intake, assimilation, digestion, and metabolic efficiency (Kemp, Britz, & Aguero, 2015; Yu
et al., 2014), health (Tanaka, Sugimura, Sawabe, Yoshimizu, & Ezura, 2003), and flesh composition (Bewick, Wells, &
Wong, 1997).

The development of optimal abalone diets has taken two main approaches: natural (macroalgae) and formulated
feeds. To date, previous studies have evaluated how these types of diets affect abalone growth (Bansemer
et al,, 2015; Mulvaney, Winberg, & Adams, 2013) health (Grandiosa et al., 2018; Tanaka et al., 2003) and nutritional
quality (Bewick et al., 1997; Preece, 2006) among others. However, the effectiveness of these approaches has been

hampered by the few studies considering a holistic analysis or integrated approach to evaluate the benefits and
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disadvantages of each type of diet. Such a comprehensive analysis requires a clear review of the current knowledge
and identification of knowledge gaps to guide future research. To this end, the present review outlines our current
knowledge on (a) abalone feed requirements, including the effect of endogenous and exogenous factors, and (b) the
advantages and disadvantages of the application of seaweeds and formulated feeds in abalone aquaculture. Finally, a
set of recommendations are provided to guide future research in abalone feed development aiming to enhance this

important global production.

2 | ABALONE NUTRITION

Abalone naturally grazes on a range of algal species in intertidal to subtidal high-energy coastal habitats. During the
early life stages (juveniles), abalone feed on microalgae usually contained within diverse biofilms on surfaces of rocks
and boulders. At some stage in their development, abalone shifts to macroalgae, which provide appropriate nutrition
to develop somatic and reproductive tissues (Johnston, Moltschaniwskyj, & Wells, 2005; Shepherd, Tegner, &
Guzman del Proo, 1992). In the wild, abalone may encounter a range of algal species with varying nutritional compo-
sitions, which ultimately affect their growth, reproductive state, and survival. The relationship between animal and
food types, as well as the environmental conditions that affect optimal nutrition, can be mimicked in controlled aqua-

culture settings to improve production.

21 | Feeding across life stages

Abalone has four major developmental stages which include larvae, post-larvae, juveniles, and adults (Hahn, 1989).
After 19 hr in the water column, fertilized eggs hatch as trochophore larvae, which subsequently develop into com-
petent veliger larvae after 46-74 hr post-fertilization, depending on the species (Balkhair, Al-Mushikhi, &
Rivera, 2016; Huang et al., 2012). The lecithotrophic planktonic larvae swim for 40-118 hr (Balkhair et al., 2016;
Genade, Hirst, & Smit, 1988) until they sense biological and chemical cues from suitable habitats to safely settle
(Manahan, 1992; Takami, 2003). These biological cues include biofilms (Li et al., 2006), conspecific mucus trails
(Gallardo & Buen, 2003) and diatoms (Kawamura, Saido, Takami, & Yamashita, 1995), while chemical inductive signals
include gamma-aminobutyric acid (GABA). Indeed, GABA is an exudate component of crustose coralline algae, which
is thought to play a major role in inducing settlement and metamorphosis on abalone (Shepherd et al., 1992).

After settlement, benthic post-larvae use a primitive radula with chitinised teeth (Takami & Kawamura, 2003) to
feed on crustose coralline algae, benthic diatoms and the proteins and polysaccharides present in the mucus trails
left by adult abalone (Takami & Kawamura, 2003). Diatoms are considered to be one of the most important sources
of nutrition for post-larvae (Balkhair et al., 2016; Kawamura et al., 1995) with high levels of protein (Courtois de
Vicose, Viera, Huchette, & Izquierdo, 2012) and lipids (Dunstan, Baillie, Barrett, & Volkman, 1996).

The juvenile stage starts approximately 8 weeks after settlement (Hahn, 1989). Juveniles shift from microalgae
to macroalgae once the digestive system has developed a more matured digestive gland to secrete enzymes to pro-
cess seaweeds (Garcia-Esquivel & Felbeck, 2006; Onitsuka, Kawamura, Ohashi, Horii, & Watanabe, 2007; Viana
et al., 2007). Juvenile and adult abalone consume macroalgae as the main source of nutrition due to their high carbo-
hydrate content, which is their main source of energy to grow (Bautista-Teruel et al., 2011).

Once abalone start to consume seaweeds, their feeding pattern becomes nocturnal, which reduces predation
pressure (Shepherd & Turner, 1985) and avoids competition with other grazing animals. Abalone grazes continuously
throughout the night until early morning showing high activity after sunset to a few hours after midnight (Tahil &
Juinio-Menez, 1999). Their feeding behavior is opportunistic when they encounter drift seaweeds (Cornwall, Phil-
lips, & McNaught, 2009; Tahil & Juinio-Menez, 1999; Zeeman, Branch, Peschak, & Pillay, 2012), foraging when

hydrodynamic forces are favorable (Tahil & Juinio-Menez, 1999).
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Adult abalone consume seaweeds at a rate close to 20-35% (wet algal weight) of their body weight per day
(Tahil & Juinio-Menez, 1999) and their selection is based on three main aspects: environmental conditions
(e.g., water temperature, water movement, habitat characteristics), animal characteristics (e.g., size, species, maturity)
and seaweed properties, such as phenolic composition (Shepherd, 1992), drifting or attachment (Cornwall
et al., 2009) and digestibility (Tahil & Juinio-Menez, 1999). For instance, colder water temperatures promote a more
varied consumption of algal species in Haliotis midae, compared to warm waters (Barkai & Griffiths, 1986). Another
example is water movement and its influence on feed intake. Water movement enhances the quantity of drifting sea-
weeds (Zeeman et al., 2012), and abalone species such as Haliotis corrugata, H. midae and Haliotis fulgens may con-
sume certain types of seaweeds in the proportions in which these algae drift nearby (Tutschulte & Connell, 1988;
Wood & Buxton, 1996), while still actively selecting from what is abundant in the surrounding habitat (Alcantara &
Noro, 2005; Barkai & Griffiths, 1986). Previous studies have shown that abalone may select seaweeds based on their
compositional properties that are influenced by the region where seaweeds are located. For example, the Japanese
abalone Haliotis diversicolor and the New Zealand abalone Haliotis iris are more likely to consume brown seaweeds
(e.g., Ecklonia maxima, Ecklonia radiata, and Macrocystis pyrifera) due to their better digestibility and less toughness
compared to red seaweeds (Alcantara & Noro, 2005; Cornwall et al., 2009), while Haliotis asinine from Thailand and
Philiphines prefer red seaweeds, including Laurencia, Hypnea, Gracilaria and Amphiroa (Tahil & Juinio-Menez, 1999)
due to their higher digestibility (Shepherd, 1992) and lack of polyphenols compared to brown seaweeds
(Fleming, 1995). In addition, the selection of seaweeds for nutritional purposes may be selected according to the
needs during different developmental stages (Burtin, 2003). For example, smaller H. midae (<65 mm) prefer green
seaweeds, while bigger H. midae (65-145 mm) prefer brown seaweeds (Barkai & Griffiths, 1986). Haliotis tuberculata
with mature gonads preferentially consume seaweeds with high omega-3 fatty acids (FAs), more soluble carbohy-
drates, and total protein compared to immature animals (Roussel et al., 2019), and H. diversicolor scarcely consume
green seaweeds species since they mostly have defensive compounds that deter consumption (Alcantara &
Noro, 2005).

2.2 | Abalone digestive system

The digestive system in abalone is similar in all species (McLean, 1965) and consists of a mouth, which collects the
food and passes it to the buccal cavity. After mixing the food with saliva and mucus, the bolus enters the esophagus
that extends posterior to a large crop organ, where it is mixed with enzymes and digestive fluids and stored before
entering the stomach. The digestive gland or hepatopancreas, which overlies the crop and stomach, moves the food
by muscular contractions and ciliary currents. Later, undigested food is transported from the hepatopancreas to the
stomach and intestine, where the rejected material is eliminated through the anus (Hughes, 1986; McLean, 1970;
Venter, Loots, Vosloo, van Rensburg, & Lindeque, 2018).

Ingestion is determined by the development of the radula and its mechanical ability to graze on microalgae or
macroalgae. Developmental changes in the radula occur mainly during the larval and juvenile stages. In this period,
the number of teeth on the radula increases along with a change in their morphology (from pointed serrations to less
pronounced serrations), indicating the shift in food from biofilms to seaweeds. Lateral teeth are more pointed and
longer, which allows them to cut macroalgae when the animal is approximately 2-mm in shell length. In addition, the
clearance angle, which is a measure of the function of the radular teeth, evolves from a scoop shape to a cut shape,
again reducing the ability to consume small particles and increasing the ability to consume macroalgae (Takami &
Kawamura, 2003).

Digestion refers to the mechanical and chemical processes that occur in the digestive system, including numer-
ous reactions triggered by proteases, carbohydrases, and lipases (Erasmus, Cook, & Coyne, 1997). The two main
digestion regions in abalone are (a) the mouth-intestine region where lipase and aminopeptidase activity are high

(Picos-Garcia, Garcia-Carrefio, & Serviere-Zaragoza, 2000) and (b) the stomach-digestive gland region where the
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majority of enzymatic activity occurs (Garcia-Esquivel & Felbeck, 2006) and is characterized by enzyme activity that
degrades carbohydrates such as cellulase and lysozyme. Gut polysaccharide-degrading enzymes produced in the aba-
lone digestive system include agarase, carrageenase, alginate lyase, carboxymethylcellulase and laminarinase
(Erasmus et al., 1997; Tanaka et al., 2003).

Gut microbiota consists of indigenous and non-indigenous bacteria, and their profile changes according to the
life stage (Tanaka et al., 2003), environmental conditions (Gobet et al., 2018) and food consumed (Antonopoulou
et al., 2019; Stenberg et al., 2019). At 4 months of age—when artificial diets are usually started in an aquaculture
farm—the gut microbiome is mainly composed of algal polysaccharide-degrading bacteria with mostly facultative
anaerobes and non-motile fermenters, such as Vibrio halioticoli (Tanaka et al., 2003). Although seasons and dietary
intake affect the gut microbiome, abalone possesses a core group of bacteria that remains stable (Gobet et al., 2018).
For example, the core bacterial community in the digestive gland of H. tuberculata fed on macroalgae was found to
be dominated by the Phyla Fusobacteria (e.g., Psychrilyobacter), Tenericutes (e.g., Mycoplasma) and
Gammaproteobacteria (e.g., Vibrio), which were different from the core bacteria found in the gut of 1-year abalone,
which included the Phyla Alphaproteobacteria, Firmicutes, Mollicutes, and Bacillales (Tanaka, Ootsubo, Sawabe,
Ezura, & Tajima, 2004).

2.3 | Abalone metabolism

Metabolism is defined as the chemical reactions involved in the synthesis of biological macromolecules and the gen-
eration of energy for vital functions through the processes of catabolism, anabolism and amphibolism. Catabolism
involves the oxidation of molecules to generate adenosine triphosphate (ATP), the main substrate of energy. Anabo-
lism corresponds to the synthesis from precursors where ATP is used for endergonic reactions and amphibolism,
which includes catabolic or anabolic processes (Garrett & Grisham, 2010).

In abalone, the energy sources (carbohydrates, proteins, and lipids) tend to be attributed to specific activities.
Indeed, carbohydrates are mainly used for locomotion and respiration (Fleming et al., 1996), while proteins are priori-
tized for tissue building and maintenance, and lipids are utilized for cell membrane formation and gonad maturation
(Dunstan et al., 1996; Uki, Sugiura, & Watanabe, 1986). When carbohydrate intake is restricted or abalone is under
stress, they use protein as an alternative energy source (Lee et al., 2019). Carbohydrates are broken down into acetyl
CoA or Coenzyme A, which are subsequently used as a substrate for the tricarboxylic acid cycle or opine, lactate and
oxaloacetate derivatives. Coenzyme A is the base for the generation of ATP, NH3, H,O and CO, via the mitochon-
drial oxidative phosphorylation system (van Rensburg & Coyne, 2009). Proteins are broken down into amino acids,
which then undergo a series of transformations to produce citric acid intermediates. Furthermore, triacylglycerols
are broken down into FAs, which are oxidized in the mitochondria into Acetyl Co-A.

Abalones are facultative anaerobes and can make use of anaerobic metabolism (lactate and opine synthesis) for
functions, such as crawling locomotion and survival during stress periods. In normal conditions, their metabolism is
controlled by anabolic activity, involving the synthesis of molecules for growth and recovery (Garrett &
Grisham, 2010). During stressful conditions, catabolic metabolism is activated, ensuring available energy to restore
equilibrium (Venter, Loots, Mienie, et al., 2018).

The environment, diet, and animal characteristics have a great influence on abalone metabolism, thus modifying
feed intake. For example, abalone food intake in warm waters is higher than in cold water due to the high energetic
expenses involved in respiration (Lopez & Tyler, 2006), resulting in more algal consumption in warmer seasons. In
addition, seaweeds have a lower caloric content (Allen, Marsden, Ragg, & Gieseg, 2006; Bautista-Teruel &
Millamena, 1999), producing an increased feed consumption compared to formulated diets (Bansemer et al., 2015;
Bautista-Teruel & Millamena, 1999; Coote, Hone, Van Barneveld, & Maguire, 2000; Mai, Mercer, & Donlon, 1995;
Sales et al., 2003). The body weight of abalone also has been shown to affect feed intake. Juvenile H. fulgens con-
sume 1.43-1.65% (dry weight formulated feed) of their body weight (BW) per day (Gémez-Montes et al., 2003)
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compared to 1% in juvenile H. midae (Britz, 1996). H. fulgens of 1-2 cm in shell length require about 1% BW per day
compared to the 0.2-0.3% required by animals larger than 3 cm (Farias, Garcia-Esquivel, & Viana, 2003).

2.4 | Abalone nutritional profile

Abalones have been considered a functional human food that improves health beyond basic nutrition (Suleria, Masci,
Gobe, & Osborne, 2017). The range and quality of available nutrients from abalone products depend on whether the
animal comes from the wild or farm. Abalone in aquaculture facilities, where formulated feeds are used, are exposed
to higher levels of dietary protein and lipids compared to those in the wild which feed on seaweeds. Thus, the pro-
tein proportion in the flesh of wild abalone is 14-18% (Chiou, Lai, & Shiau, 2001; Hatae et al., 1995) compared to
40-56% in farmed abalone (Mai et al., 1995; Tung & Alfaro, 2011). Indeed, farmed juvenile Haliotis laevigata fed on
higher amounts of dietary protein were shown to have 65% greater flesh protein than juveniles fed on macroalgae
(Stone et al., 2013).

The protein profile of abalone is determined by the type of amino acids available in the body. Abalone meat con-
tains all essential amino acids: Arg—arginine, His—histidine, lle—isoleucine, Leu—leucine, Lys—lysine, Met—methio-
nine, Phe—phenylalanine, Thr—threonine, Trp—tryptophan and Val—valine, and nonessential amino acids: Ala—
alanine, Asp—aspartic acid, Cys—cystine, Glu—glutamic acid, Gly—glycine, Pro—proline, Ser—serine and Tyr—tyrosine
(Fleming et al., 1996; Latuihamallo, Iriana, & Apituley, 2015). Amino acids, such as Arg, Met, Thr, Leu and Phe are
considered crucial for abalone growth, and therefore, feeds for abalone should contain certain levels of these amino
acids from dietary ingredients (Mai, Mercer, & Donlon, 1994; Roussel et al., 2019). From these amino acids, leucine
is the most abundant in abalone meat (Shi, Hao, Chen, Ma, & Weng, 2020).

The carbohydrate proportion in abalone meat is less than the protein and includes many types of sugars. In gen-
eral, the carbohydrate content varies between 0.5-7% (Shi et al., 2020) and fluctuates depending on the season,
being higher in the summer and lower in the autumn (Hatae et al., 1995). Sulphate and neutral polysaccharides are
the most significant sugars in abalone flesh due to their immunomodulatory (Zhu et al., 2009), anti-thrombotic and
anti-fatigue effects (Liu, Jia, Li, Chen, & Fang, 2020), which also have nutraceutical applications. Other carbohydrates
include L-rhamnose, b-xylose, b-mannose, b-glucose, b-galactose, glucuronic acid, and fucose.

The lipid fraction in abalone is minimal and depends on the feed given (Chiou et al., 2001). Lipid levels vary from
0.2-1% in wild abalone (Hatae et al., 1995) compared to 5-7% in farmed ones (Stone et al., 2013; Thongrod, Tamtin,
Chairat, & Boonyaratpalin, 2003). Abalones are a good source of omega-3 PUFAs (Su, Antonas, & Li, 2004), which
have been found to be higher compared to beef, pork, and chicken (Mulvaney et al., 2015). Among these acids,
eicosapentaenoic acid (EPA), docosapentaenoic acid, arachidonic acid (ARA) and a-linolenic acid (ALA) are the most
commonly found in wild or farmed Haliotis rubra (Su et al., 2004). Sterols are another class of lipids available in aba-
lone with an essential role in their growth and metabolism (Nelson, Leighton, Phleger, & Nichols, 2002). Cholesterol
is the main component, accounting for 87-96% followed by desmosterol which accounts for 1-7.6% and phytos-

terols which are present in almost undetectable amounts (Dunstan et al., 1996; Zhang et al., 2009).

3 | TYPES OF FEEDS AND THEIR EFFECTS ON NUTRITION AND
GROWTH

The most used indicators to measure aquaculture efficiency and productivity are animal growth, performance, and
survival (Kankainen et al., 2012). External conditions, such as water quality, climatic conditions, feed quantity and
quality, and tank design, as well as animal characteristics, such as sex, immune system, and age, have an impact on
stock performance, ultimately affecting the profitability of production. Among these conditions, the feed has an

extensive impact on animal health and growth (Guillaume et al., 2001). The type, quantity and quality of nutrients
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influence many aspects of the animal's performance, such as growth, immunity, and meat quality and taste. For this
reason, aquaculture nutritional studies have received considerable attention in the last decade.

General growth indicators include physical measurements of body size and shape and meat to shell ratio. Nutri-
ent utilization parameters include feed conversion ratio (FCR), nutrient deposition (ND), protein efficiency ratio
(PER), and energy efficiency ratio. These parameters are calculated based on the sum and difference of the feed
given, consumed, and excreted. In summary, growth performance indicates objectively how the feed is translated
into weight, length, and width, and nutrient utilization parameters identify how the animal can effectively transform

the feed into muscle tissue.

3.1 | Nutritional composition of seaweeds

In general, seaweeds contain between 5-27% protein, 1-5% lipids and 32-65% total carbohydrates (Bansemer, Qin,
Harris, Howarth, & Stone, 2016; Viera et al., 2005, 2011). The crude protein varies according to the algal species
(Lourenco, Barbarino, De-Paula, Pereira, & Marquez, 2002), habitat conditions and season (Gaillard et al., 2018). For
instance, crude protein in red algae (20-31%) is higher than brown algae (6-19%) (Dawczynski, Schubert, &
Jahreis, 2007; Ruperez & Saura-Calixto, 2001), and higher amounts of crude protein are often found in seaweeds
during spring compared to autumn (Gaillard et al., 2018). Generally, seaweeds have all essential amino acids and high
amounts of non-essential amino acids, such as glutamic acid (Glu) and aspartic acid (Asp) (Lourenco et al., 2002).
However, red seaweeds tend to have higher concentrations of total amino acids than green and brown seaweeds
(Gaillard et al., 2018). Other differences among the major seaweed groups include that green algae generally have
lower percentages of both aspartic and glutamic acid compared to red and brown algae (Lourenco et al., 2002).

Compared to terrestrial plants, seaweeds have a relatively low content of total lipids. Total lipids in red algae
vary from 1 to 2.8%, brown algae from 1 to 4.5% (Dawczynski et al., 2007) and green algae from 2 to 3% (Nelson,
Phleger, & Nichols, 2002; Rodrigues et al., 2015). Seaweeds contain different lipid classes, such as FAs, sterols and
triacylglycerols. Three types of FAs are present in seaweeds: saturated fatty acids (SFAs), monounsaturated fatty
acids (MUFAs) and PUFAs. Among these FAs, PUFAs represent the highest proportion (31-74%) with more n-3 spe-
cies (10-51%) than n-6 (Dawczynski et al., 2007; Nelson, Phleger, & Nichols, 2002). In general, linoleic acid (C18:2,
n-6), a-linoleic acid (C18:3, n-3, ALA), stearidonic acid (C18:4, n-3) and ARA (C20:4, n-6, AA) are the most represen-
tative FAs, while eicosapentaenoic (C20:5, n-3, EPA) is the most abundant PUFA (10-42%) in seaweeds (Dawczynski
et al., 2007). High proportions of SFAs, such as palmitic acid (C:16) and MUFAs, such as oleic acid (C18:1, n-9), are
found in red, green and brown algae (Nelson, Phleger, & Nichols, 2002; Rodrigues et al., 2015). Seaweeds contain
low n-6:n-3 ratios of 0.1-1.1 (Dawczynski et al., 2007; Floreto, Teshima, & Koshio, 1996) compared to the well-
known high levels (0.2-0.3) found in salmon (Berge et al., 2009). Macroalgae are considered to be the most impor-
tant contributors of long-chain fatty acids (n-3) (Arterburn et al., 2007), which are only synthesized de novo in photo-
synthetic organisms.

Sterols are another type of lipid present in seaweeds and are involved in cell structure and function (Mouritsen
et al., 2017). Some sterols, such as fucosterols are dominant in brown algae (>70% of total sterols), while ergosterols
are common in green algae and cholesterols and desmosterols are predominant in red algae (34-88%) (Lopes
etal, 2011).

Carbohydrates are the main macronutrients in seaweeds, accounting for 60-70% of the composition and are
available in two types: storage and structural polysaccharides. Non-starch polysaccharides account for 30-50% of
the total carbohydrates (Dawczynski et al., 2007) placing seaweeds as a very important source of dietary fiber com-
pared to terrestrial plants. Generally, sugars are stored as laminarian (brown algae), floridian starch (red algae) and
starch (green algae), whereas the cell wall polysaccharides comprise cellulose; alginic acid and fucan in brown algae;
agar, carrageenan, and xylan in red algae; and mannan and xylan in green algae (Stiger-Pouvreau, Bourgougnon, &

Deslandes, 2016). Sulphated polysaccharides are other types of carbohydrates available in seaweed, which have
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bioactive relevance as anti-coagulant, anti-proliferative, anti-tumoral, anti-inflammatory and anti-viral (Chojnacka,
Saeid, Witkowska, & Tuhy, 2012).

Vitamins (Norziah & Ching, 2000) and polyphenols are also in the nutritional profile of seaweeds. Carotenoids,
such as a and p-carotene, lutein, zeaxanthin, and fucoxanthin are present in the three divisions of macroalgae
(Burtin, 2003) while phlorotannins are the most abundant phenolic compounds in brown and red seaweeds
(de Quirds, Frecha-Ferreiro, Vidal-Perez, & Lépez-Hernandez, 2010). Vitamin B-12 levels are higher in seaweeds
than terrestrial plants (Takenaka et al., 2001) and vitamin C is high especially in brown seaweeds compared to the
other seaweed groups (Matanjun, Mohamed, Mustapha, & Muhammad, 2009).

Seaweeds can absorb inorganic substances from the marine environment and store them as mineral content.
This value is higher in seaweeds than in edible terrestrial plants and animal sources, accounting for 30.1-39.3% (ash
content) in brown algae, such as Fucus vesiculosus, Laminaria digitata, Undaria pinnatifida and 20.6-21.1% in red algae,
such as Chondrus crispus and Porphyra tenera (Rupérez, 2002). Additionally, previous reports have highlighted sea-
weeds as one of the most important vegetable sources of calcium (Ca) (Norziah & Ching, 2000; Rajapakse &
Kim, 2011), sodium (Na), potassium (K), magnesium (Mg), phosphorous (P) and trace elements, such as iron (Fe),
iodine (I), zinc (Zn) and cooper (Cu) (Robledo & Freile Pelegrin, 1997; Vieira et al., 2020).

3.2 | Use of seaweeds in aquaculture

In many countries, such as China, Korea, South Africa, and Chile, macroalgae are a common food source in abalone
farming (Flores-Aguilar, Gutierrez, Ellwanger, & Searcy-Bernal, 2007; Robertson-Andersson et al., 2007). In these
countries, seaweeds are extensively harvested or cultivated offshore to feed abalone. When seaweeds are harvested
from the wild for aquaculture production, the final operation relies on seasonal availability, which can hinder abalone
production. In other countries, legislation protects seaweed harvests against intense depletion. In these countries,
formulated feeds are the only option to promote growth in abalone aquaculture.

The selection of seaweeds depends on what grows and/or can be cultivated locally. The species of macroalgae
mostly cultivated for abalone aquaculture are Laminaria, Undaria and Porphyra in Japan, China, and Korea (Hwang,
Baek, & Park, 2009), Macrocystis in Chile (Macchiavello & Bulboa, 2014), and Ulva and Ecklonia in South Africa
(Robertson-Andersson et al., 2007; Troell et al., 2006). These species can be used as a single source, or in conjunction
with pelletized feed.

Feeding farmed abalone on an exclusive live seaweed diet has both advantages and disadvantages. Diets based
on one type of live seaweed can negatively affect the weight gain and nutrient utilization of Haliotis species. For
example, H. midae fed exclusively on macroalgal diets gained less weight and showed less protein in their tissues
compared to animals fed formulated diets (Britz, 1996). Similarly, Haliotis rufescens fed live kelp showed lower
growth than animals fed formulated feeds containing 25-38% protein (Garcia-Esquivel & Felbeck, 2009). Haliotis dis-
cus Reeve fed U. pinnatifida grew 10% less than the ones fed on formulated feed, including U. pinnatifida meal
(Ansary et al., 2019). The low growth shown in such studies suggests that an exclusive seaweed food type is not the
best choice for abalone. Indeed, a single algal species may provide a limited or poor nutritional profile, and relatively
low protein content compared to balanced commercial feeds (Bansemer, Qin, Harris, Duong, Hoang, et al., 2016d).
Alternatively, a mixture of live seaweeds may provide a better amino acid range and overall nutritional profile for
abalone. For example, Kemp et al. (2015) demonstrated that a combination of two live seaweeds (M. pyrifera and
Lessonia berterona) improved the growth performance of H. rufescens compared to a fed regime exclusively based on
formulated pellets. In that study, animals fed on those two live seaweeds increased their weight gain ratio by 20%
and length by 40% when compared to formulated pellets. In addition, Bansemer, Qin, Harris, Duong, Hoang,
et al. (2016d) showed that a mixture of seaweeds (Gracilaria sp. and Ulva sp.) resulted in enhanced growth and nutri-
ent utilization (e.g., tissue protein deposition and PERs) compared to commercial feeds in H. laevigata.
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In the last years, many attempts have been made to increase the nutritional profile of seaweeds, particularly in
terms of protein, through enrichment techniques. These techniques aim to increase protein, carbohydrate, and lipid
levels in seaweeds by growing them in high nitrogen content media (Viera, Courtois de Vigose, Robaina, &
Izquierdo, 2015). For example, Bansemer, Qin, Harris, Duong, Hoang, et al. (2016d) found that using fishpond efflu-
ents to cultivate seaweeds resulted in increased protein levels by >33%. Another study by Viera et al. (2015) showed
an increase in Halioitis coccinea Reeve growth rate by 10% and weight gain by 30-169% when animals were fed
enriched algae compared to animals fed on formulated feeds. In that study, an enriched-live mixture of Gracilaria cor-
nea and Ulva rigida promoted 50% more growth and led to a weight gain of more than doubled when compared to
formulated feeds. Furthermore, the above-mentioned studies concluded that enriched seaweeds improve not only
growth performance but also nutrient utilization.

3.3 | Composition of formulated feeds

Generally, formulated feeds are made up of a mixture of traditional and alternative sources of proteins, carbohy-
drates, and lipids to supply the animal's energy demands. Traditional ingredients include fishmeal and casein as pro-
tein sources, starch or cornflour as carbohydrates, and fish oil and cod liver oil as lipid sources. Alternative sources
have been incorporated into aquafeeds to reduce the use of traditional ingredients, which are prioritized for human
consumption or are unsustainable. These alternatives include seaweed extracts, seaweed meals, terrestrial plant
meals, agriculture by-products, insect meals and oils, and microalgae extracts. In addition, supplements, such as
immunostimulants can be added into the formulation to boost growth by strengthening the immune status of aquatic
animals. Formulated feeds have been demonstrated to be effective in generating good growth rates and nutrient uti-
lization parameters. The reason for their effectiveness is the high load of macronutrients, especially protein, and the
synergy of the variety of ingredients in the final formulation. The high diversity of nutrients positively affects nutri-
ent delivery and the digestibility of the whole formula which in turn impacts abalone growth (Agbidye, Ofuya, &
Akindele, 2009).

Seaweeds are incorporated in aquafeeds as supplements, whether dry or wet, to increase the animal feed
response. This incorporation ensures good feed intake without compromising growth, survival, and nutrient utiliza-
tion. For example, Dlaza, Maneveldt, and Viljoen (2008) supplemented fishmeal-based formulated diets with fresh
wild seaweeds (Ecklonia m. and Ulva lactuca) improving shell growth rates (wt%/day), daily increases in shell length
and condition factor (CF) of post-weaning juvenile H. midae compared to diets without supplementation. Allen
et al. (2006) mixed dried Gracilaria sp. and Macrocystis sp. with commercial feed, which resulted in a significant
increase of weight and shell growth of 110 + 3 um/day with Gracilaria ssp. compared to 87 + 4 pm/day in animals
fed AB-Feed™. Also, Nel et al. (2017) reported that the inclusion of 0.4-5.5% dry kelp (E. maxima) promoted faster
growth and higher biomass in H. midae compared to animals fed on non-supplemented feed. In addition, Ansary
et al. (2019) demonstrated that abalone fed on pelletized diets containing dry seaweeds showed an improved sur-
vival rate of 92-96% compared to 86% in the ones fed on exclusive live seaweeds with a survival of 86%. Seaweed
inclusion in aquafeeds not only increases feed intake but also improves nutritional markers, such as PER and digest-
ibility. For instance, abalone fed on aquafeeds supplemented with Macrocystis sp. (Allen et al., 2006), E. maxima (Nel,
Pletschke, Jones, et al., 2017) or Ulva sp. (Bates et al., 2017) increased their meat yield compared to animals fed on
exclusive live seaweeds (Kemp et al., 2015).

Abalone diets without seaweeds also provide good growth rates and nutritional parameters. Bansemer, Qin,
Harris, Duong, Currie, et al. (2016c) developed a seaweed-free diet that despite having a lower intake, produced
higher protein deposition levels and protein efficiency compared to aquafeeds with dried macroalgae. The formula
included three different sources of protein (non-vegetable and vegetable) that might improve ND due to a synergistic
effect between different amino acid profiles. In fact, aquafeeds composed of a mixture of fish and vegetable protein

sources produce better growth than feeds based on a singular source of protein (Bautista-Teruel, Fermin, &
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Koshio, 2003). For instance, the inclusion of a mixture of corn gluten meal, silkworm pupae meal and soy meal along
with crustacean meal has been shown to improve the growth performance of abalone by providing a good amino
acid profile including lysine, arginine, methionine, threonine, and histidine (Cho, 2010).

Agricultural by-products have been included in aquafeeds with promising results for abalone. These ingredients
include abalone silage (Viana, Ldpez, Garcia-Esquivel, & Mendez, 1996), fermented fish by-products (Jung
et al., 2016), feather meal (Campos, Matos, Marques, & Valente, 2017), insect meal (Henry, Gai, Enes, Peréz-
Jiménez, & Gasco, 2018) and grape marc (Currie, Purvis, Harris, Stone, & Bansemer, 2019). The improved growth rate
as a result of the inclusion of these ingredients is dependent on the percentage used. For instance, Guzman and
Viana (1998) showed that abalone viscera silage can entirely replace fishmeal producing comparable feed consump-
tion rates and growth in H. fulgens. Similarly, Jung et al. (2016) concluded that fermented tuna by-products can be
included at up to 21% in the whole formula without compromising growth and weight gains in H. discus. Other atypi-
cal sources, such as silkworm pupae meal, can only be included at up to 16% to produce higher growth rates in H. dis-
cus compared to other fishmeal-based feeds (Cho, 2010).

In addition to protein, carbohydrate and lipid proportions included in the feed, other ingredients can be added to
stimulate the immune system as well as growth performance. These substances are called immunostimulants and
have a direct effect on the immune response of the animal, leading to healthy animals and improved survival. Exam-
ples of immunostimulants are vitamins, minerals, nucleotides, marine-polysaccharides, prebiotics, and probiotics.
Most of these compounds have been successfully included in the feed of many aquatic species, but limited research
has been performed for abalone. One of the best-known immunostimulants is vitamin C. Nevertheless, in a previous
study, the inclusion of this vitamin in feeds for H. discus hannai did not show significant differences in growth and
survival compared to animals not receiving vitamin supplements (Mai, 1998). To our knowledge, the effect of other
vitamins on the growth of abalone has not been studied. Other types of immunostimulants are polysaccharides, such
as alginate and chitosan, which have been tested in common carp and shrimp with successful results
(Gopalakannan & Arul, 2006; Wang & Chen, 2005). However, studies on abalone species are lacking. The study by
Cheng and Yu (2013) is probably the only one, which reported the beneficial effect of the inclusion of alginate in
abalone diets. However, the results in that study were aimed to evaluate the immune capacity rather than the
growth performance of H. diversicolor supertexta. The most recent immunostimulants used in aquaculture are pro-
biotics. These bioactives have been shown to have positive effects on abalone health and growth. For instance,
Grandiosa et al. (2018) showed that H. iris fed on a diet supplemented with multi-strain probiotics improved growth
by 32% and weight gain by 110% compared to 32 and 73%, respectively, in animals fed non-supplemented feeds.
Similarly, Zhao, Ling, Zhang, Ke, and Hong (2018) concluded that H. diversicolor fed on a supplemented commercial
feed with probiotics showed a 70% growth rate compared to 36% in animals fed a non-supplemented diet.

In addition to probiotics, prebiotics have been included in aquafeeds due to their gastrointestinal benefits and
easy management. Ingredients, such as grape marc could provide many benefits to aquatic species due to their high
levels of non-digestible carbohydrates. For example, H. laevigata fed on a diet with a 5-20% inclusion of grape marc
showed 10-12% higher biomass and 5-6% better growth rates compared to animals fed non-grape meal feeds
(Currie, Purvis, Bansemer, Harris, & Stone, 2019). In that study, animals consumed 9% less grape marc-based feed,
yet the protein deposition and FCR were superior. The results from that study indicate that good nutrient utilization
parameters are not necessarily linked to feed intake.

4 | USE OF FORMULATED FEEDS

Most on-land abalone farms tend to use some kind of formulated feed, which in some cases also may contain a cer-
tain amount of dried seaweed or seaweed derivatives. Formulated feeds may also contain other sources of nutrients,
such as fish meal, shrimp meal or plant-based protein along with other trace and essential ingredients.
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Aquafeed development is often started by designing practical diets with a single source of protein, carbohy-
drates, and lipids, along with minerals and vitamins premixed to enhance growth. To shorten the growth period, aba-
lone aquafeeds may include high amounts of protein (20-50%), lipids (1-5%) and carbohydrates (30-60%) (Fleming
et al., 1996). Macronutrients are usually included in high quantities in aquafeeds, which makes it possible for abalone
to consume the carbohydrates and lipids for energy production. This leaves all the existing protein to be used for
building muscle via the “protein-spare effect” (Lee et al., 2019). The right percentage of protein in formulated feeds
is the amount that increases the current growth rate of 2-3 cm per year (achieved with natural seaweed), reducing
the on-farm rearing period to less than 5 years (Hahn, 1989).

Protein is the most studied ingredient in aquafeed due to its high price and main role in abalone growth improve-
ment. For a protein source to be adequate for aquafeeds, the amino acid profile of the source of protein must resem-
ble that of the animal (Bautista-Teruel & Millamena, 1999). Additionally, the protein source must have a good
digestibility index to promote feed consumption. Sources, such as fishmeal, casein, and defatted soybean meal are
commonly used due to their excellent amino acid profiles. Other protein sources, such as cottonseed, peanut meal,
and canola meal, show a high digestibility index of almost 96%, which also makes them suitable for aquafeeds. How-
ever, these sources of protein are not popular. From all these types of protein, fishmeal is the preferred ingredient
due to its positive effect on animal growth, palatability, and nutritional value (Britz, 1996). Despite the excellent
nutritional properties of fishmeal, it is considered an unsustainable source since it comes from wild fish. Neverthe-
less, almost 63% of the fishmeal produced worldwide is used for aquaculture purposes (Nugroho & Nur, 2018), mak-
ing it scarce and expensive.

There is a wide range of carbohydrate sources that can be used in aquaculture feeds with a maximum inclusion
of 50%. The most used are dextrin, glucose, rice starch, corn starch, a-cellulose, maltose, sucrose, cornflour, and
wheat flour, which have been demonstrated to produce good growth (Lee et al., 2017). The selection of the right car-
bohydrate type is based on the composition, interaction with other co-ingredients, digestibility, and price (Sales &
Janssens, 2004). For example, carbohydrate sources with higher degrees of polymerization are preferred for H. discus
due to the high polysaccharidase activity common for these seaweed grazers (Garcia-Esquivel & Felbeck, 2006;
Thongrod et al., 2003). Carbohydrates are included for their energy supply and binding properties that ultimately
influence water stability, which facilitates nutrient delivery and feed absorption.

Lipids, as with other macronutrients, are essential due to their role in reparation and generation of new tissues in
aquatic animals (Lee et al., 2019). The most used lipid sources in abalone aquafeeds are single sources or a combination
of fish oil, soybean oil, and cod liver oil. Other sources, such as microalgal lipids (Sarker et al., 2016) and insect oil (Belghit
et al., 2018) have also shown good results in other aquatic species. From these sources, fish oil is the most popular ingre-
dient in aquafeeds due to its PUFA profile, which includes EPA and DHA. The lipid requirements of herbivores, such as
abalone, are relatively low due to the limited lipase activity found in their digestive system (Garcia-Esquivel &
Felbeck, 2006). Thus, diets high in lipid content reduced feed intake in these herbivores (Thongrod et al., 2003). The maxi-
mum level of lipid inclusion depends on the lipid source. However, it is generally considered that 5% is the maximum
inclusion for abalone aquafeeds (Uki, Kemuyama, & Watanabe, 1985). Higher levels of lipids deteriorate the growth of
certain species, such as H. discus (Lee et al., 2019) and Haliotis asinina (Bautista-Teruel et al., 2011). As Durazo-Beltran,
D'Abramo, Toro-Vazquez, Vasquez-Peldez, and Viana (2003) reported, H. fulgens grew best when diets contained 1.5%
lipid, H. asinine grew best at a maximum of 6.1% (Bautista-Teruel et al., 2011) and H. midae at a maximum of 7% (Green,
Jones, & Britz, 2011). Abalone feeds should contain approximately 1% of omega-3 fatty acids (Uki et al., 1986) and 0.23%
cholesterol to promote optimal growth (Zhang et al., 2009).

5 | ABALONE DISEASE RESISTANCE

Blood cells or hemocytes are the main cell types involved in cell-mediated immune responses. They possess similar

functions to macrophages in vertebrates (Loker, 2010). These cells are capable of chemotaxis, antigen recognition,
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attachment followed by agglutination, phagocytosis, and elimination of invaders by respiratory burst or exocytosis of
antimicrobial factors (Loker, 2010). Other hemocyte responses include the generation of immune mediators called
chemotaxins, such as Interleukin-8, Lipopolysaccharide and formyl-methionyl-leucyl-phenylalanine (Hooper, Day,
Slocombe, Handlinger, & Benkendorff, 2007). The humoral immune response includes lectins, lysosomal enzymes,
and antimicrobial peptides.

Most of the immune responses in abalone are centered on the hemocyte. These blood cells are involved in
phagocytosis, an important process, which eliminates microorganisms or foreign particles (Bayne, 1990). During
phagocytosis, several kinds of reactive oxygen intermediates (ROIs) are produced. These species include superoxide
anion (O%7), hydrogen peroxide (H,0,), singlet oxygen and hydroxy radical (OH') (Klebanoff, 1982). The release of
superoxide anion is known as respiratory burst, which plays a microbicidal role. Hemocytes release enzymes, which
also have a role in the humoral immune response. Examples of these enzymes are acid phosphatase, alkaline phos-
phatase, superoxide dismutase (SOD), lysozyme, and phenoloxidase (Hooper et al., 2007). These enzymes are used
as markers of the immune response. Generally, the most common immune measurements in abalone include total
hemocyte count (THC), phagocytic rate, intracellular superoxide anion, phenoloxidase activity, respiratory burst, lyso-
somal membrane stability (NRR time), and antibacterial activity.

Abalone immune responses are dependent on the type of stressor and the stress duration. The prolonged pres-
ence of stressors can lead to immunosuppression, which in turn can cause early mortality. Studies have shown that
stressed abalone may present a transient drop in hemocyte count (haemacytopenia) (Yang & Min, 2019), increased
hemocyte apoptosis and necrosis (Yang & Min, 2019), increased phagocytic activity (Cheng, Juang, & Chen, 2004;
Cheng & Yu, 2013; Hooper et al., 2014), reduced phenoloxidase activity (Cheng, Hsiao, & Chen, 2004; Hooper
et al., 2014) and respiratory burst. In addition to these cell-mediated changes, there is an upsurge of antioxidant
enzyme levels, such as glutathione peroxidase (GPX) and SOD under stress conditions (Vosloo, Laas, &
Vosloo, 2013). The high antioxidant enzyme activity serves to prepare the animal from potential oxidative stress.
SOD, converts free radicals to H,O,, where-after GPX and catalase reduce H,O, to H,O and O, (Matés & Sanchez-
Jiménez, 1999).

6 | EFFECT OF FEEDS ON ABALONE DISEASE RESISTANCE

The immune markers used to evaluate the impact of environmental stressors in aquatic animals are currently used to
determine the effect of aquafeeds in different animal life stages during different exposure periods. The type of nutri-
tion affects the immune status of aquatic species as a result of the vast number of chemical feed-host interactions.
Particularly, nutrition has a high impact on gastrointestinal processes, such as digestion and ingestion. Diets can pro-
vide an important proportion of the daily fiber, which stimulates the growth of gut bacteria (prebiotic) (Nayak, 2010),
affect digestive endogenous/exogenous enzymatic activity, and cell-mediated and humoral immunity responses
(Erasmus et al., 1997).

6.1 | Effects of seaweed

Seaweed diets have been shown to produce beneficial effects on animal health. These benefits are linked to the
activity of the many bioactive compounds present in seaweed, such as sterols, polyphenols, fatty acids, polysaccha-
rides, and sulphated polysaccharides. These bioactive molecules are responsible for the anti-microbial (Garcia-Bueno
et al, 2014), anti-viral (Dang, Benkendorff, & Speck, 2011; Kitikiew et al., 2013) and anti-inflammatory effects
(Chojnacka et al., 2012) in living animals.

From these molecules, polysaccharides are highly valued due to their tested immunomodulatory effects. Sea-

weed polysaccharides are considered a potential prebiotic in aquatic animals (Mohan et al., 2019). These polymers

85UBD17 SUOWILLOD AIER1D a|qedi|dde ay Aq pausenob afe sapile YO ‘8sn Jo sajni 10) Ariqi auljuO A8|IA UO (SUONIPUOD-pUe-SWLB)/WOD A8 1M Aelq 1 puluo//Sdny) SuoipuoD pue s | 8yl 88s *[£202/.0/y0] uo Ariqi auluo A1 ‘JO AsAIUN pue PNy A £882T SeMITTTT OT/I0p/wod A8 |1 Aeiqpuljuo//sdiy wolj pepeojumoq ‘T ‘€202 'StEL6v.T



BULLON ET AL. World Aquaculture Society
|

improve intestinal health by stimulating the secretion of endogenous digestive enzymes, such as amylases (Erasmus
et al., 1997), proteases (Garcia-Carrefio, Navarrete del Toro, & Serviere-Zaragoza, 2003), lipases, and exogenous
enzymes produced by the host microbiota (Nawaz, Bakhsh Javaid, Irshad, Hoseinifar, & Xiong, 2018). The most com-
mon non-soluble polymers in seaweeds are carragenate-oligosaccharides, alginate-oligosaccharides, fucoidans,
galactofucans, and laminarin (Gomez-Zavaglia, Prieto Lage, Jimenez-Lopez, Mejuto, & Simal-Gandara, 2019).

Many studies have reported the positive immunomodulatory effects of extracted polysaccharides in aquatic spe-
cies, such as stellate sturgeon, sea bream and European sea bass (Akrami, Iri, Khoshbavar Rostami, & Razeghi
Mansour, 2013; Guerreiro, Enes, & Oliva-Teles, 2015; Guerreiro, Oliva-Teles, & Enes, 2015). However, only one
study evaluated the prebiotic effect of dietary live seaweeds on farmed abalone. The study of Dang, Li, Speck, and
Benkendorff (2011) reported that H. laevigata fed on a combination of macroalgae (Spyridia filamentosa and U. lac-
tuca) increased THC and improved the haemolymph anti-bacterial activity against Vibrio anguillarum and Herpesvirus
compared to animals fed on commercial diets. Nevertheless, this combination did not generate significant changes in
phagocytosis, superoxide anion, phenoloxidase levels, and haemolymph anti-viral activity. In the same study, an U.
lactuca diet produced abalone extracts with the higher anti-viral activity of 64% compared to 47% in abalone fed on
commercial pellets. Some studies have evaluated the effect of enriched seaweeds on the immune responses of
aquatic animals, such as rainbow trout (Aradjo et al., 2016) and Nile tilapia (Valente et al., 2016). However, the litera-
ture on gastropod immune activity is still limited. The only study available reported that the cell-mediated immune
response in abalone fed on enriched Ulva sp. had a stronger antioxidant potential (ferric ion reducing antioxidant

power) and higher SOD activity compared to animals fed on commercial diets (Stone et al., 2014).

6.2 | Effect of formulated feeds

There is a wide range of ingredients included in aquafeeds that can assist in promoting health and boosting growth
simultaneously. Seaweed meals, seaweed extracts, microalgae extracts, probiotics, postbiotics, symbiotics, prebiotics,
nucleotides, vitamins, minerals, and antioxidants are some examples of the ingredients that can supplement
aquafeeds for specific purposes in farms.

Seaweed meals have been included in aquafeeds in the past as attractants. However, their inclusion has recently
shown positive effects on the general welfare of abalone. One of the effects of seaweed meal inclusion is on the
abalone bacterial gut environment as reported by Nel, Pletschke, and Britz (2017). In their study, the inclusion of kelp
up to 3.5% in formulated diets for subadult H. midae promoted a more balanced gut bacterial composition than in
animals fed non-supplemented feeds. The researchers found that the main components of the abalone gut micro-
biota were Proteobacteria and Tenericutes, which can be modified when animals are exposed to a kelp-
supplemented diet. The authors claimed that kelp diets promoted a more balanced and regulated gut-bacterial envi-
ronment. Based on these findings, Nel, Jones, Britz, and Landzela (2018) investigated the diversity of bacterial com-
munities during the weaning phase of H. midae fed kelp and formulated feed with or without the inclusion of kelp E.
maxima. The results showed the guts of abalone weaned onto kelp were dominated by anaerobic Clostridium species,
where as a variety of bacterial genera from Proteobacteria, Actinobacteria, and Flavobacteria were prevalent in aba-
lone fed formulated feed. Another effect of seaweed meal inclusion is the effect on digestive enzyme activities. The
inclusion of 5% of Ulva sp. meal in feeds for H. laevigata produced higher trypsin activity levels, an indicator of
improved digestion and growth, compared to animals fed non-supplemented feeds (Bansemer, Qin, Harris, Schaefer,
et al., 2016).

The inclusion of probiotics and prebiotics has been widely used in aquaculture with outstanding results during
the last decade (Gao et al., 2018; Grandiosa et al., 2018; Grandiosa, Young, Van Nguyen, Mérien, & Alfaro, 2020;
Hadi, Gutierrez, Alfaro, & Roberts, 2014; Zhao et al., 2018). Probiotics have been included in abalone aquafeeds not
only to promote growth but also to boost immunity and antioxidant capacity (Grandiosa et al., 2018; Jiang, Liu,
Chang, Liu, & Wang, 2013). The mechanisms of action of probiotics can be classified as (a) modifying the host-
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associated or ambient microbial community, (b) improving the use of feed or enhancing its nutritional value, and
(c) improving the quality of its ambient environment (Das, Ward, & Burke, 2008). As reported by Zhao et al. (2018),
abalone fed on a probiotic-enriched diet showed a more diverse gut microbial environment. This diversity in the gas-
trointestinal environment promotes higher survival (Jiang et al., 2013), improved THC, higher hemocyte viability,
higher reactive oxygen species (Grandiosa et al., 2018), lysozyme activity (Gao et al., 2018), and non-apoptotic cell
levels compared to animals fed commercial feeds without probiotics.

Prebiotics have only been included in aquaculture research since the last decade (Hanley, Brown, &
Carberry, 1995), and they are defined as “non-digestible food ingredients that stimulate the growth and activity of
bacterial species in the host's colon improving the host's intestinal health” (Gibson & Roberfroid, 1995). Prebiotics
are carbohydrates, which can be monosaccharides, oligosaccharides or polysaccharides according to their molecular
size (Ringg et al, 2010). By altering the gastrointestinal microbial activity and/or composition (Dimitroglou
et al., 2009), prebiotics regulate the innate immune response of the host. This regulation may positively affect the
animal's growth (Li & Gatlin, 2004; Staykov, Spring, Denev, & Sweetman, 2007) and ability to fight pathogen infec-
tions (Wu, Tseng, & Nan, 2016). One of the advantages of prebiotics is their easy management and lower cost com-
pared to probiotics, especially in large-scale applications. Common prebiotics used in fish aguaculture to date include
soluble fermentable fibers such as alginate from seaweeds (Nel et al., 2018; Nel, Pletschke, & Britz, 2017), inulin,
fructooligosaccharides, short-chain fructooligosaccharides, mananoligosaccharides (MOS), galactooligosaccharides,
xylooligo-saccharides, arabinoxylooligosaccharides, isomaltooligosaccharides and Grobiotic™ (Ringg et al., 2010).

Prebiotics have been tested in rainbow trout (Staykov et al., 2007), hybrid striped bass (Li & Gatlin, 2004), com-
mon carp (Hoseinifar et al., 2017) and shrimp (Rungrassamee et al., 2014). However, only a couple of studies have
included them in abalone feeds. Meng et al. (2019) reported that H. discus hannai fed on a diet containing MOS,
extracted from the cell wall of Saccharomyces cerevisiae, showed 20 times more total antioxidant capacity and three
times more total superoxide (SOD) activity than animals fed non-supplemented feeds. In that study, the inclusion of
MOS caused 30% less mortality when animals were exposed to Vibrio parahaemolyticus. Other prebiotics included in
aquafeeds are B-glucans, which can be extracted from yeast, fungi, plant, and bacterial cell walls. $-glucans have not
been included as a supplement in abalone feeds, but have had success in other species, such as popano fish
Trachinotus ovatus Linnaeus (Do Huu, Sang, & Thanh Thuy, 2016) and Nile tilapia Oreochromis niloticus Linn (Amphan,
Unajak, Printrakoon, & Areechon, 2019). In these two species, f-glucan inclusion increased survival and resistance to
bacterial infections. Although - glucans have not been included in feeds for abalone, Wu et al. (2016) demonstrated
a positive effect of the injection of $-1,3-1,6 -glucan on H. diversicolor supertexta immune response. The study
showed an increased superoxide anion and phenoloxidase response, phagocytic index, phagocytic rate, and ROls.
Sodium alginate is another polysaccharide with prebiotic effects (Van Doan, Tapingkae, Moonmanee, &
Seepai, 2016) that has been tested in some abalone species. Alginic acid, its precursor, is a polysaccharide with
proven immunomodulatory activity derived from brown algae and certain bacteria. In a bacterial challenge where H.
diversicolor was exposed to V. parahaemolyticus, Cheng and Yu (2013) reported that a 0,1-0,3% sodium alginate die-
tary supplement improved immune responses. The study found that animals with sodium alginate supplementation
had higher phenoloxidase, SOD and phagocytic activity, and respiratory bursts than animals fed non-supplemented
feeds.

Other types of prebiotics which have demonstrated an immunostimulant effect on aquatic species are chitin and
the deacetylated product chitosan. Chitin is a natural polymer abundantly found in the exoskeletons of crustaceans
and insects and fungal cell walls. To our knowledge, there are no studies of dietary chitin and chitosan in abalone.
However, the effects of dietary chitin and chitosan have been tested in other species, such as rainbow trout,
Oncorhynchus mykiss (Siwicki, Anderson, & Rumsey, 1994) and gilthead seabream, Sparus aurata L (Esteban, Cuesta,
Ortuiio, & Meseguer, 2001). These studies indicate a positive regulation between chitin/chitosan and non-specific
immune responses. Although chitin or chitosan have not been included in aguafeeds for abalone, their origin sources,
such as shrimp meal or insect meal, have been used. The study of Cho (2010) obtained good growth rates with the
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replacement of fishmeal by shrimp meal and insect meal in aquafeeds for H. discus hannai Ino. Unfortunately, that
study only evaluated growth performance.

Certain prebiotics have been successfully commercialized for their use in aquaculture. An example is Grobiotic™,
a prebiotic mixture of partially autolyzed brewer's yeast, dairy ingredient components and dried fermentation prod-
ucts. Although Grobiotic™ has not been included in abalone feeds, it has been included in other aquatic species, such
as striped bass, Morone chrysops x Morone saxatilis (Li & Gatlin, 2004), Nile tilapia, O. niloticus (Zheng, Wang, Gatlin
Ill, & Ye, 2011) and largemouth bass, Micropterus salmoides (Yu et al., 2019). The study performed by Li and
Gatlin (2004) showed that the inclusion of 1 and 2% of Grobiotic™ in feeds for striped bass led to higher feed effi-
ciency and growth after 7 weeks of feeding. Additionally, animals fed on diets containing Grobiotic™ showed
enhanced fish survival rates of 73-90% compared to 53% in animals fed diets without Grobiotic™ when animals
were challenged with Streptococcus iniae. Also, Yu et al. (2019) reported that the inclusion of Grobiotic™ contributed
to the abundance of Bacillus bacteria, which promotes disease resistance in largemouth bass. Furthermore, the study
by Zheng et al. (2011), reported that the inclusion of 1.2% of Grobiotic™ improved growth rates and survival of Nile
tilapia infected with Aeromonas hydrophila.

7 | CONCLUSIONS AND FUTURE DIRECTIONS

According to the World Bank, global food demand from aquatic systems will reach 150 million tons in 2030, 27%
more demand compared to 2010 (FAO, 2018). The increasing demand for aquaculture products is promoting the
development of new feed technologies with the primary goal of attaining more growth in shorter time periods. How-
ever, with increasing consumption, food quality awareness, and sustainability, cost-effective productions are no lon-
ger the only considerations for the aquaculture industry. The studies highlighted in this review indicate that the
recent focus of abalone feed research has been directed towards alternative nutritional sources and ingredients, as
well as innovative techniques and applications to improve the efficiency and effectiveness of feeds leading to
enhanced stock nutrition and health. However, the body of published literature also suggests that while a high num-
ber of studies have focused on the effects of feed composition on abalone growth and overall nutrition, few studies
have looked at the effects of feeds on abalone health. With the increasing stocking densities and deteriorating envi-
ronmental conditions associated with the continued growth of the aquaculture sector, it is expected that health
parameters will have a more prominent role to play in feed formulation in the coming years.

There is no doubt that one of the main drivers of using alternative ingredients in aquafeeds is the reduction of
fishmeal inclusion without compromising the growth performance and nutritional quality of abalone. Therefore,
future studies should evaluate key essential metabolites in abalone, such as amino acids and fatty acids that can be
impacted by different feeding approaches and ingredient replacements. In a similar fashion, future studies should
include chemical profiling of the feed and its impact on abalone metabolites of special interest, such as free amino
acids, volatile compounds, and organic acids which are indicators of flavor.

The use of molecular tools in nutritional studies can help address the specific effects of alternative ingredient
inclusions in aquafeeds for abalone. Analytical platforms, such as GC-MS, LC-MS can be used to establish possible
links between different feeding schemes and their effects on gut bacterial diversity, microbiome and metabolomic or
enzymatic profile. In addition, histo-morphological studies can also be included in future research to provide insights
into gastrointestinal responses, such as inflammation due to the exclusive use of natural or artificial feeds. These
techniques can be used to improve our understanding of the relationship between healthy abalone production and
feed requirements within commercial settings.

It is imperative that future nutritional studies in abalone are placed into a holistic framework that includes the
environmental sustainability of alternative ingredients along with the financial profitability of the entire production.
Current methodologies to determine environmental impacts, such as life cycle assessment have been used to assess
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the entire production of other aquatic species. However, such tools have not been used to evaluate abalone
aquafeeds to date.

This review shows that many studies have already successfully extrapolated the laboratory technologies to the
farm. Thanks to the knowledge generated throughout the last 10-15 years, many technological advancements have
been possible in abalone aquaculture, creating a more robust industry in accordance with 21st century environmen-
tal needs. However, as presented earlier, there are many areas, which may represent a gap in the transfer of research
outcomes to the industry. Thus, it is recommended that future studies clearly outline a path for research uptake from
the start and that the abalone industry engages more closely with research experts and innovators in this field.

The application of aquafeeds in farm environments introduces other variables, such as the feasibility of feed pro-
duction at an industrial scale, and ease of storage and handling which are critical for the sustainability of commercial

operations. In summary, it is suggested that future research and development should focus on:

e Simultaneous evaluation of the effect of aquafeeds on animal health, growth, and nutritional quality.

e Development of long-term nutritional studies that evaluate the effect of aquafeeds across different seasons and
life stages.

e Development of nutritional studies which include a solid economic assessment of the feed production costs for
the farm and costs related to environmental impacts.

e Development of targeted nutritional studies, such as evaluating the effect of specific ingredients on the produc-
tion of bioactive compounds in abalone, which may have specific human applications.

e Inclusion of histo-morphological studies to evaluate the impact of alternative ingredients and different feeds on
the digestive health of abalone.

e Inclusion of molecular tools, such as metabolomic and microbiome analysis to evaluate the effect of different
feeds in abalone nutritional quality and digestive health.

o Development of nutritional studies on abalone integrated multi-trophic aquaculture settings.
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