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In the wild, marine fish larvae feed on copepods and other planktonic organisms.
Copepods are often considered the “gold standard” for meeting the nutritional needs
of cultured marine fish larvae; however, in captivity, marine fish larvae are generally
fed cultured live prey, i.e. rotifers (Brachionus plicatilis) and/or Artemia sp., until
they can be weaned onto artificial diets, which typically coincides with the end of the
larval phase. Concentrations of certain water-soluble nutrients in rotifers and Artemia,
notably taurine, may not be sufficient to meet the nutritional demands of some species
of marine fish larvae. The delivery of low-molecular weight, water-soluble substances
to aquatic organisms is challenging because these substances are rapidly lost from
food particles when suspended in water, referred to as nutrient leaching. One solution
to this problem is to encapsulate water-soluble substances within synthetic
microparticles that are specifically designed to reduce nutrient leaching.
Alternatively, water-soluble substances may be dissolved in the culture water of these
organisms facilitating nutrient absorption or ingestion via drinking, hereafter referred

to as the “dissolved method” of nutrient enrichment. In Chapter 2, I provide an
overview of enrichment methods for cultured live prey and put particular emphasis on
the enrichment of water-soluble compounds. In Chapters 3, 4 and 5, my co-authors
and I evaluated the use of synthetic microparticles, liposomes and wax spray beads,
for increasing the water-soluble nutrient concentrations (enrichment) of rotifers and
Artemia with the intent to increase their nutritional quality for marine fish larvae.
Furthermore, we compared microparticulate enrichment with dissolved methods
whereby the nutrients were dissolved in the culture medium. Microparticle-enriched
live prey were evaluated by: 1) using fluorescent techniques to investigate the
ingestion and digestion of microparticles by live prey and 2) determining the growth
performance of two species of marine fish larvae, northern rock sole (Lepidopsetta
polyxystra) and California yellowtail (CYT: Seriola lalandi) in response to different
enrichment methods for the water-soluble nutrient, taurine. Taurine was used as a
model nutrient because taurine concentrations are low in cultured live prey, especially
when compared to copepods, and because its was believed to be a growth-limiting
nutrient for marine fish larvae. Taurine concentrations in rotifers and Artemia
enriched with taurine-containing microparticles could be increased to levels reported
in copepods. In Chapters 3 and 4, we found that northern rock sole larvae grew
significantly larger, were more developed and had higher whole body taurine
concentrations when fed rotifers enriched with taurine-containing microparticles
when compared to control treatments. In Chapter 5, we found that CYT larvae fed
taurine enriched rotifers showed increased growth (final dry weights) and had higher
whole body taurine concentrations when compared to larvae fed unenriched rotifers

but these differences were not apparent in the subsequent Artemia phase, suggesting
that unenriched Artemia had sufficient taurine concentrations to allow compensatory
growth of CYT. Differences and similarities are discussed between the efficacy of
liposomes and wax spray beads for rotifer enrichment and subsequent nutritional
effects on fish larvae. Ultimately, this research provides the first evidence of positive
growth effects of liposome- and wax spray bead-enriched live prey on marine fish
larvae as a result of enhanced delivery of water-soluble nutrients. The outcomes of
these findings suggest that microparticles may be used as a research tool to assess the
water-soluble nutrient deficiencies of cultured live prey for marine fish larvae.
Furthermore, with further development, these methods may have application for
commercial hatcheries and could result in improved production efficiencies and cost
savings for these operations.
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CHAPTER 1 GENERAL INTRODUCTION
1. Background
A growing human population and per capita human seafood consumption has
created a demand for seafood sustainable production of wild fisheries1. World capture
fisheries production has remained relatively stable since the early 1990s and was
approximately 90 million tonnes in 20121. During the period of 2000 to 2012 alone,
aquaculture food fish production more than doubled from 32.4 to 66.6 million tonnes1
and has largely met the growing demand for seafood. However, in 2012 marine
finfish aquaculture, mostly salmon, accounted for only 5.5 million tonnes or
approximately 8.2% of total aquaculture production1. Other than salmon, growth in
marine finfish aquaculture has been relatively slow. Unlike freshwater aquaculture
and terrestrial agriculture, which are limited by the availabilities of freshwater and
arable land, marine aquaculture (mariculture) has a relatively large potential for
expansion. However, growth in this sector has been limited, in part, by technical
challenges with the culture of marine finfish.
The slow development of marine finfish aquaculture is partially attributed to
challenges associated with rearing marine fish through the early life stages. The life
history of many marine fishes involves the release of hundreds of thousands of small
(~1 mm in diameter) eggs that, upon hatching, become pelagic-living larvae that are
typically only several millimeters in length. Many pelagic marine fish larvae are
categorized as “atricial larvae”, meaning they lack fully developed organs, fins, scales
1

FAO report: State of World Fisheries and Aquaculture 2014; ISSN 1040-5489;
http://www.fao.org/3/a-i3720e/index.html
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and ossified bones. Notably, atricial larvae do not have fully developed digestive
systems, which in some species may be limited to a simple alimentary tube
(Rønnestad et al., 2007). Furthermore, the activities of several digestive enzymes in
larvae have been shown to be low or absent when compared to their juvenile and
adult counterparts (Rønnestad et al., 2007). In addition, the larval stage is a period
where organs (e.g. eyes) and physical structures (e.g. fin rays) related to prey
acquisition undergo dramatic development (Yufera 2011). Likewise, articial larvae
are limited in their abilities to locate, acquire and digest food making them
particularly sensitive to food/prey quality.
In the wild, marine fish larvae primarily feed on planktonic organisms such as
copepods and other small-bodied invertebrates. However, technical challenges
associated with growing copepods in captivity have limited their use in commercial
larviculture, discussed in Chapter 2. Instead, marine fish are often fed rotifers or
Artemia from first-feeding until they are weaned onto Artemia or particulate diets.
Rotifers and Artemia have become industry standards because they are commercially
available and can be cultured at scales needed by commercial hatcheries.
Marine fish larvae fed copepods tend to grow faster and have lower deformity
rates when compared to larvae fed rotifers and Artemia (Mæland et al., 2000; Hamre
et al., 2008; Mæhre et al., 2012). Previous studies comparing the nutrient
compositions of live prey organisms have shown that, when compared to copepods,
rotifers and Artemia have lower concentrations of highly unsaturated fatty acids
(HUFA) as well as several micronutrients, most notably of which are iodine, selenium
and taurine (Maeland et al., 2000; Hamre et al., 2008; Maehre et al., 2012). Many
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studies aimed at investigating the nutritional quality of cultured live prey for marine
fish larvae have focused on lipid quality (Izquierdo, 1996; Coutteau and Sorgeloos,
1997; Rainuzzo et al., 1997; Sargent et al., 1999; Cahu et al., 2009; Copeman and
Laurel, 2010; Mæhre et al., 2012) and a variety of enrichment techniques have been
developed to address these deficiencies in live prey (see Chapter 2). However,
substantially less research has been aimed at understanding and ameliorating the
nutritional deficiencies of water-soluble substances, such as taurine, in cultured live
prey.
The enrichment of live prey with water-soluble nutrients is particularly
challenging because these nutrients may rapidly leach from typical microparticles
when suspended in seawater (Langdon, 2003). Live prey may also be enriched by
immersion in solutions of water-soluble nutrients to facilitate uptake via drinking or
adsorption. Such approaches tend to result in wastage of large amounts of nutrients
due to low uptake efficiencies by live prey organisms(see Chapter 2). The ultimate
goal of this dissertation is to evaluate two types of synthetic microparticles, wax spray
beads (WSB) and liposomes, for their use for enrichment of live prey with watersoluble substances. These particle types were selected because they have been shown
to retain high quantities of water-soluble nutrients in seawater and can be produced in
the appropriate size range for ingestion by rotifers and Artemia.
Taurine, 2-aminoethanesulfonic acid, may be an ideal nutrient for evaluating
methods for the enrichment of live prey with water-soluble substances for several
reasons. Firstly, taurine is an essential nutrient for marine fish and has important roles
in osmoregulation, neurological function and lipid digestion (Omura & Inagaki, 2000;
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Fang et al., 2002; Li et al., 2008). Many animals are able to synthesize taurine from
methionine and cysteine (Griffith, 1987), however, marine fish have low activities of
the rate-limiting enzyme (cysteinesulfinate decarboxylase; CSD) in this pathway
(Goto et al., 2001; Yokoyama et al., 2001; Goto et al., 2003). Secondly, taurine
concentrations in cultured live prey may be growth-limiting for marine fish larvae
(see review by Salze & Davis, 2015) and require substantial enrichment (i.e. target
concentrations are 1-2% taurine in terms of total animal dry weight) to reach
concentrations previously measured in copepods. For instance, taurine has been
reported to be 4-400 times more concentrated in copepods compared to rotifers (van
der Mereen et al., 2008; Maehre et al., 2012) and 2-4 times more concentrated when
compared to Artemia (see Chapter 5). These large differences mean that experimental
enrichment methods of rotifers and Artemia must be highly efficacious to elicit such
changes. Thirdly, taurine is not used for protein synthesis and is not believed to be
catabolized by animals, though it may be catabolized by some microbes (Huxtable
1992; Conceição et al., 2011), allowing for simple fate mapping of taurine during
enrichment and feeding trials. For these reasons, taurine was used as a model watersoluble nutrient in Chapters 3, 4 and 5.
The general themes that will be addressed in this dissertation include: 1) the
retention of taurine by microparticles when suspended in seawater, 2) the ingestion
and breakdown of microparticles by live prey, 3) the enrichment of live prey with
taurine, 4) co-enrichment of live prey with lipid- and water-soluble compounds and 5)
feeding trials evaluating the use and effects of microparticle-enriched live prey on
marine fish larvae. Chapter specific objectives are discussed in the following sections.
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2. Purpose of Chapter 2
The second chapter of this dissertation is entitled “Review: Manipulation of
the nutrient concentrations of live prey for use in finfish larviculture with emphasis
on water-soluble nutrients.” The intent of Chapter 2 is to: 1) provide an overview of
the most common types of live prey used to feed marine fish larvae in commercial
hatcheries; and 2) discuss the challenges and solutions associated with improving the
nutritional quality, i.e. enrichment of live prey for marine fish larvae. Ultimately, this
chapter provides the broad rationale and implications for my dissertational research.
3. Purpose of Chapter 3
Chapter 3 is entitled: “Rotifers enriched with taurine by microparticulate and
dissolved enrichment methods influence the growth and metamorphic development of
northern rock sole (Lepidopsetta polyxystra) larvae.” The objectives of Chapter 3
were to 1) compare the efficiency of enriching rotifers using WSB versus methods
whereby rotifers were immersed in solutions of taurine dissolved in the enrichment
water (hereon referred to as the ‘dissolved method’) and 2) determine if northern rock
sole (Lepidopsetta polyxystra) larvae show increased growth and development as a
result of elevated concentrations of taurine provided by enriched rotifers.
4. Purpose of Chapter 4
The fourth chapter of my dissertation is entitled: “Evaluation of liposomes for
the enrichment of rotifers (Brachionus sp.) with taurine and their subsequent effects
on the growth and development of northern rock sole (Lepidopsetta polyxystra)
larvae.” The objectives of Chapter 4 were to: 1) compare the efficiency of enriching
rotifers using liposomes with methods whereby rotifers were immersed in taurine
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solutions, and 2) to determine if northern rock sole (Lepidopsetta polyxystra) larvae
showed increased growth and/or metamorphic development as a result of elevated
concentrations of dietary taurine.
5. Purpose of Chapter 5
The fifth chapter of my dissertation is entitled: “The enrichment of rotifers
(Brachionus plicatilis) and Artemia franciscana with taurine-liposomes and their
subsequent effects on the larval development of California yellowtail (Seriola
lalandi).” The objectives of Chapter 5 were to: 1) evaluate the digestion of liposomes
by rotifers and Artemia, 2) determine if liposomes could be used to elevate the taurine
concentrations of rotifers and Artemia to equal or exceed those reported in copepods,
3) determine if the growth, survival and body taurine concentrations of California
yellowtail (CYT) were impacted by taurine-enriched rotifers or Artemia, and 4)
determine if increased dietary taurine during the rotifer phase impacted the
subsequent effects of taurine on CYT larvae during the Artemia phase.
6. Purpose of Chapter 6
In Chapter 6, “General Discussion”, I summarize the major themes that have
been addressed in my dissertational research. Specifically I discuss: 1) the retention
of taurine by microparticles when suspended in seawater, 2) the breakdown of
microparticles by live prey, 3) the enrichment of live prey with taurine, 4) coenrichment of live prey with lipid- and water-soluble compounds, and 5) feeding
trials evaluating the use and effects of microparticle-enriched live prey on marine fish
larvae.
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7. Summary
The overall aim of my dissertation is to experimentally evaluate
microparticulate enrichment methods of live prey for improving delivery of watersoluble nutrients to marine fish larvae. Both wax spray beads and liposomes may
provide enhanced delivery of water-soluble nutrients to marine fish larvae. Such
improvements may have the proximate effects of 1) reduced wastage of nutrients
during enrichment, 2) improved water-quality during live prey enrichments and 3)
elevated growth, development and survival of marine fish larvae. These
improvements may have positive economic implications for commercial hatcheries
by way of reducing the costs associated with nutrient usage and creating shorter larval
durations as a result of higher growth rates. Furthermore, these enrichment methods
may be used as a research tool for the evaluation of the water-soluble nutrient
requirements of marine fish larvae.
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CHAPTER 2 REVIEW: MANIPULATION OF THE NUTRIENT
CONCENTRATIONS OF LIVE PREY FOR USE IN FINFISH
LARVICULTURE WITH EMPHASIS ON WATER-SOLUBLE NUTRIENTS.
1. Introduction
Copepods are a common natural prey item for marine fish larvae and are
generally considered the “gold standard” for designing the nutritional composition of
diets used in aquaculture (Shields et al., 1999; Mæland et al., 2000; Hamre et al.,
2008; Mæhre et al., 2012). Technical challenges associated with growing or obtaining
copepods has limited their use as prey to a few distinctly equipped fish hatcheries.
More commonly, marine fish larvae are fed rotifers (Brachionus plicatilis) and/or
Artemia until they can be weaned onto artificial fish feed, which generally occurs
around metamorphosis. The problem is that rotifers and Artemia are typically
deficient in several nutrients required by marine fish larvae forgrowth and
development (discussed later in this chapter).
Nutrients can be categorized by their solubility in water (water-soluble
nutrients) or lipid (lipid-soluble nutrients), which has fundamental impacts on how
they are delivered to aquatic animals. A few examples of lipid-soluble nutrients are
essential fatty acids (EFAs), such as docosahexaenoic acid (DHA), eicosapentanoic
acid (EPA) and arachidonic acid (ARA) as well as the lipid-soluble vitamins A, D, E
and K. It has been well established that several lipid-soluble nutrients in rotifers and
Artemia do not meet the needs of marine fish larvae (see reviews by Rainuzzo et al.,
1997; Izquierdo et al., 2000; Izquierdo & Koven 2011) and enrichment methods have
been developed to address these deficiencies, such as algae, emulsions and synthetic
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microparticles. Lipid-soluble nutrient deficiencies in live prey and methods of their
enrichment are discussed later in this chapter. Water-soluble nutrients include watersoluble vitamins (e.g. ascorbic acid and B-vitamins), free amino acids (e.g. taurine,
free methionine, etc.) and minerals (e.g. zinc and manganese) among others. Several
water-soluble nutrients in rotifers and Artemia may not be sufficient to meet the needs
of marine fish larvae and are discussed later this chapter.
The delivery of low molecular weight water-soluble (LMWS) substances to
aquatic animals is challenging because these nutrients are rapidly lost from food
particles when suspended in water, i.e. rapid nutrient leaching occurs (Langdon 2003,
Langdon & Barrows, 2011). Nutrient leaching can become especially problematic at
small scales because the surface area to volume ratio of a particle (opportunity for
leaching with respect to particle capacity) is inversely related to particle size. This
relationship can be represented for spheres with the following equation:
SA:V = 3/r
Where, SA:V is the surface area to volume ratio of a sphere and r is the radius of a
sphere. This relationship is particularly problematic when feeding small teleost fish
larvae (Dabrowski et al., 2003), and even more so when feeding their prey. To
address these issues, several strategies for the enrichment of live prey with watersoluble nutrients have been developed. Water-soluble substances may be: 1) included
in traditional enrichment products, such as, algae, yeasts or emulsions, 2) dissolved
directly into the live prey culture or enrichment water, or 3) encapsulated within
synthetic microparticles. The advantages and disadvantages of these methods are
discussed later in this chapter (summary shown in Table 2.1).
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The intent of this review is to: 1) provide an overview of the most common
types of live prey used to feed marine fish larvae in commercial hatcheries, and 2)
discuss the challenges and solutions associated with improving the nutritional quality,
i.e. enrichment of live prey for marine fish larvae. I will put particular emphasis on
water-soluble nutrients because these substances are especially challenging to deliver
to aquatic animals and require special consideration. Ultimately, I intend to
contextualize the significant findings of my research, described in Chapters 3, 4 and
5.
2. Live prey used for feeding marine fish larvae
2.1. Wild zooplankton and copepods
Wild-captured zooplankton may be one of the most nutritious prey items for
marine fish larvae (Ronnestad et al, 1998; Shields et al., 1999; Mæland et al., 2000;
Hamre et al., 2008; Mæhre et al., 2012) but have limited use in commercial hatcheries
due to the technical challenges of acquiring and culturing sufficient numbers at an
industrial scale. A major drawback is that the production of wild zooplankton is
seasonal and restricts their use as live feeds in hatcheries to several months of the
year. Wild zooplankton can be collected from coastal waters using plankton nets
(May, 1970). Alternatively, saltwater ponds or lagoons can be fertilized to promote
microalgal blooms that, in turn, promote the production of zooplankton (Colura et al.,
1976; Ronnestad et al, 1998; Mæland et al., 2000; Solbakken et al., 2002; van der
Meeren et al., 2014). The zooplankton may be collected from the ponds by filtration
and fed to fish in tanks, or alternatively, fish larvae may be transferred into the

12

saltwater ponds or lagoons for grow-out (Colura et al, 1976, van der Meeren et al.,
2014). Wild-zooplankton may include a wide variety of prey, such as, copepods, crab
megalope, bivalve larvae, rotifers, etc.
Despite inconsistencies and difficulties of providing wild zooplankton,
multiple studies indicate marine fish larvae perform better when provisioned wild
zooplankton compared to cultured live prey. Wild zooplankton have been used to rear
a wide range of species though the early life stages including Atlantic halibut
(Hippoglossus hippoglossus) and cod (Gadus morhua) in Norway (Ronnestad et al,
1998; Mæland et al., 2000; Solbakken et al., 2002) as well as red drum (Sciaenops
ocellatus), spotted sea trout (Cynoscion nebulosus) and striped bass (Morone
saxatilis) in the United States (Colura et al, 1976) among others. Halibut larvae fed
wild-zooplankton survive better and have lower rates of malpigmentation compared
to larvae fed Artemia nauplii (Ronnestad et al, 1998; Shields et al., 1999). Atlantic
cod larvae fed wild-zooplankton have higher rates of growth and survival than larvae
fed rotifers and Artemia (Hamre et al., 2008). Due to these differences, it has been
suggested that the nutrient concentrations of wild-zooplankton are optimal for marine
fish larvae and can therefore be used for reference for establishing the nutrient
requirements of marine fish larvae (Shields et al., 1999; Mæland et al., 2000; Hamre
et al., 2008; Mæhre et al., 2012).
Copepods may be cultured in intensive systems and can be used to feed
marine fish larvae year-round, however, challenges associated with large-scale
culture have limited their use in finfish hatcheries. Copepods are generally cultured
using batch systems and are limited to relatively low copepod densities (1-28
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copepods ml-1; Ajiboye et al., 2011; Ribeiro & Souza-Santos, 2011). In addition,
these systems require large quantities of space, high water-usage and have high labor
requirements, which limit their use in commercial-scale aquaculture. Harpacticoid
copepods are benthic oriented and can be cultured on a wide variety of food items
including algae, flake food and organic waste. Calanoid copepods are pelagic living
and are typically fed live microalgae (Ajiboye et al., 2011), which must also be
cultured in intensive systems and contributes to the high cost of copepod culture.
Despite the high potential of copepods to meet the nutritional requirements of
marine fish larvae, their nutritional quality can vary naturally and by way of their
culturing techniques in the laboratory. For instance, Parrish et al. (2012) found that
both the lipid class and fatty acid compositions of four species of calanoid copepods
varied in response to different monocultured microalgal diets. Also, Van
Nieuwerburgh et al. (2005) showed that astaxanthin concentrations varied in calanoid
copepods as a result of silica limitation. Chang and Reinfelder (2002) found that the
copper concentrations of copepods increased in response to increasing levels of
dietary and dissolved sources of copper. A complete review of copepod culture
techniques and their nutritional impacts on marine fish larvae is beyond the scope of
this chapter. For more information I direct the reader to the review by Ajiboye et al.
(2011).
2.2. Rotifers
Rotifers are small planktonic organisms that are commonly used as live prey
for first-feeding fish larvae, largely because they can be cultured at relatively high
densities (e.g, >1000 ml-1) in a relatively small amount of laboratory space. Most
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hatchery-cultured rotifers belong to the taxonomic group Brachionus plicatilis, which
is a species complex consisting of more than 15 sub-species (Cisos-Perez et al., 2001;
Suatoni et al., 2006; Baer et al., 2008). For practical purposes rotifers are classified by
body-size and are referred to as L-types (lorica length ~130-340 µm) and S-types
(lorica length ~100-210 µm) with the latter belonging to the sub-species Brachionus
rotundiformis (Fu et al. 1991; Cisos-Perez et al., 2001; Suatoni et al., 2006; Baer et
al., 2008). In addition to Brachionus, several extra small-bodied (lorica length <100
µm) rotifers have been investigated for use for feeding small-mouthed marine fish
larvae (Wuller et al., 2009, 2011; Cassiano et al., 2012).
Rotifers are often cultured using a two-phase method consisting of a
production phase and an enrichment phase (Olsen et al., 1993). During the production
phase, all-female populations are maintained in batch or semi-continuous systems in a
manner to promote parthenogenesis. Rotifers are typically fed microalgae or yeast
during the production phase. Production phase diets are often selected based on cost
or based on rotifers production rates (Øie & Olsen, 2011). However, feeding rotifers
with low cost production diets, such as yeasts, may result in rotifers that are less
nutritious for marine fish larvae. Consequently, rotifers harvested from the production
phase may be subjected to a secondary phase that is used to enhance their nutritional
value for marine fish larvae, hereafter referred to as “enrichment”. Enrichments may
include a combination of proteins, lipids, essential fatty acids, and/or water-soluble
nutrients (Øie & Olsen, 2011) sourced from microalgae, yeasts, oil-based emulsions,
dissolved and suspended nutrients or synthetic microparticles (discussed later in this
chapter). Enrichment methodologies are often tailored to meet the species-specific
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nutritional needs of the fish larvae by suspending (or creating an emulsion) of the
nutritional components in the rearing water of the rotifers. Although rotifers are
seemingly indiscriminant filter feeders, they show selection based on particle size.
For instance, Brachionus “Cayman” will ingest particles ranging from 1.6 to 10 µm in
diameter and show preference for particles with a diameter of 4.5 µm (Baer et al,
2008). While size selectivity likely varies among species, these differences have not
been explicitly examined and may play a major role in the efficacy of various particle
types used for the enrichment of rotifers (see Chapters 3 and 4).

2.2.1. Lipid-soluble nutrients in rotifers
The highly unsaturated fatty acids (HUFA) concentrations measured in
rotifers have been shown to be lower than those measured in wild-captured
zooplankton (Sheilds et al, 1999; Maeland et al., 2000; Hamre et al., 2008; Mæhre et
al., 2012). It has been well established that marine fish larvae benefit from elevated
concentrations of n-3 and n-6 HUFA, such as EPA, DHA and ARA (see reviews by
Rainuzzo et al., 1997; Izquierdo et al., 2000; Izquierdo & Koven 2011). The type and
the duration of enrichments in known to impact the total lipid content, lipid class
composition and fatty acid concentrations of rotifers (Rainuzzo et al., 1997).
Microalgae, emulsions and synthetic microparticles can be used to enrich rotifers with
HUFAs, lipids and lipid-soluble vitamins, all of which are discussed later in this
chapter.
2.2.2. Water-soluble nutrients in rotifers
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Several water-soluble nutrient concentrations in rotifers may not meet the
nutritional needs of marine fish larvae. When compared to copepods, rotifers have
lower concentrations of iodine, selenium and taurine (Sheilds et al, 1999; Mæhre et
al., 2012). Moreover, several studies have provided evidence that marine fish larvae
benefit from elevated concentrations of these nutrients. Penglase et al (2010) showed
that Atlantic cod (Gadus morhua) larvae fed selenium-enriched rotifers had increased
concentrations of whole body Se as well as elevated levels of the selenium-dependent
protein, glutathione-peroxidase (GPx), activities when compared to those fed
unenriched rotifers. On the other hand, Atlantic cod larvae fed iodine enriched rotifers
(129 mg I kg-1) did not show increased growth but had altered thyroid follicle
morphologies, possibly due to excessive dietary iodine (Penglase et al., 2013). Pacific
cod (Gadus macrocephalus; Matsunari et al., 2005), Japanese flounder (Paralichthys
olivaceus; Takeuchi et al., 2001), cobia (Rachycentron canadum; Salze et al., 2011)
and amberjack (Seriola dumerili; Matsunari et al., 2013) have been shown to benefit,
in terms of growth or whole body taurine concentrations, from taurine enriched live
prey when compared to larvae unenriched live prey. Methods to enrich rotifers with
water-soluble substances include microalgae, emulsions, dissolved and suspended
nutrients and synthetic microparticles, all of whichare discussed later in this chapter.
In Chapters 3, 4 and 5, my coauthors and I provide evidence that synthetic
microparticles are an efficient method for the enrichment of rotifers with taurine and
demonstrate that Northern rock sole and California yellowtail larvae benefit from
taurine-enriched rotifers.
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2.3. Artemia
Artemia, brine shrimp, are crustaceans that naturally occur in saline-waters
throughout the world. Using genetic techniques, Artemia have been categorized into
six taxa including A. sinica, A. urmiana, A. salina, A. tibetiana, A. persimilis, and A.
fransiscana (Baxevanis et al., 2006). Of these, A. fransiscana, harvested from the
Great Salt Lake, has been the most widely used in aquaculture (Lavens & Sorgeloos,
2000). Artemia can be hatched, as needed, from cysts making them convenient for use
in larviculture. The use of Artemia nauplii for first-feeding larval fish was one of the
early developments that made the intensive culture of marine finfish possible at large
scales (Shelbourne, 1963).
Artemia have a multi-stage life cycle that includes an egg/cyst stage, several
naupliar stages, juvenile and finally adult stages. However, only the egg and first few
naupliar stages are the appropriate prey size for most marine fish larvae (Øie &
Olsen, 2011). Likewise, this chapter limits the discussion of Artemia to those stages
that are commonly used in larviculture. Once Artemia begin to feed at the secondinstar stage (~20h post-hatch), they will ingest a wide variety of food items including,
algae, oil droplets and synthetic microparticles. Particle size can influence the
ingestion of particles by Artemia and is an important consideration when
selecting/optimizing enrichment diets. However, studies that have specifically
examined size-selective feeding by Artemia have varied in their findings. For
instance, Fernandez (2001) found that A. franciscana ingested particles with
diameters ranging from 6.8 to 27.5 µm. Makridis and Vadstein (1999) reported that A.
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franciscana showed preference for particles with diameters ranging from 4 and 8 µm
and remained the same among the various life stages tested.
2.3.1. Lipids and lipid-soluble nutrients in Artemia
When compared to copepods, unenriched Artemia have low concentrations of
n-3 and n-6 HUFAs (Rainuzzo et al., 1997; Sargent et al., 1999). Many studies have
shown the benefits of lipid-enriched Artemia to marine fish larvae, including
increased rates of growth and survival, lower rates of skeletal deformities and lower
incidents of malpigmentation (see reviews by Rainuzzo et al., 1997; Sargent et al.,
1999; Izquierdo et al., 2000; Izquierdo & Koven 2011). Oil emulsions, microalgaes
and synthetic microparticles can be used to enrich Artemia with lipid-soluble
nutrients and are discussed later in this chapter. However, unlike rotifers, Artemia
may catabolize or retro-convert essential FAs into less desirable FAs before fish
larvae ingest them. For instance, Navarro et al. (1999) enriched Artemia with radiolabeled DHA ethyl esters and found that approximately 30 and 60% of the enriched
DHA was converted to other fatty acids, predominantly 20:5, 22:5 and 18:5,
following periods of enrichment and starvation, respectively. In order to reduce lipiddepletion and retro-conversion, Artemia may be cold-stored to slow their metabolic
processes (Evjemo et al., 2001).
2.3.2. Water-soluble nutrients in Artemia
With respect to water-soluble nutrients, unenriched Artemia have relatively
low concentrations of iodine compared to copepods (Moren et al., 2006; Hamre et al,
2007). Furthermore, several species of fish have been shown to benefit from the
provision of iodine-enriched Artemia during the early life stages. For example,
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Atlantic halibut (Hippoglossus hippoglossus) larvae fed iodine-enriched Artemia
showed elevated whole-body iodine concentrations compared to larvae fed
unenriched Artemia, although larval growth and development rates were not impacted
(Moren et al., 2006; Hamre et al., 2007). Iodine enriched Artemia also increased the
survival, whole body iodine concentrations and thyroid follicle colloid to epithelium
ratios of larval zebrafish (Hawkyard et al. 2011). Furthermore, Senegalese sole larvae
fed iodine-enriched rotifers and iodine-enriched Artemia has higher whole body
iodine concentrations and were heavier at the end of the experiment when compared
to sole larvae that fed live prey that has not been enriched with iodine (Ribeiro et al.
2010). In the same study, larvae in the control treatment showed thyroid follicle
morphologies typical of goiter. It should be noted that in both studies where dietary
iodine had a positive effect on fish larvae, the trials were conducted in recirculation
systems where dissolved iodine may have been limiting. For instance, Pacific
threadfin (Polydactylus sexfilis) larvae reared in iodine deficient water had lower
growth rates than those reared in iodine-rich seawater (Witt et al., 2012).
Marine fish larvae may benefit from trace metal concentrations above those
provided by unenriched Artemia. For example, Artemia enriched with the trace metals
cobalt, zinc and manganese have been shown to impact the growth of larval
barramundi (Lates calcarifer; Fehér et al., 2013). In addition, Nguyen (2008) found
that red sea bream (Pagrus major) had higher average total lengths at 30 dph when
fed Mn enriched Artemia.
It is not clear if Artemia require taurine enrichment to meet the nutritional
needs of marine fish larvae. The taurine concentrations of unenriched Artemia (~7 g
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kg-1; Chapter 5) are relatively low compared to those measured in copepods (7-19 g
kg-1; Shields et al., 1999; Mæhre 2012). A previous study showed that cobia grew
faster when supplied with taurine enriched rotifers followed by taurine enriched
Artemia (Salze et al., 2011). However, it was not clear whether these effects were due
to taurine enrichment during the rotifer or Artemia dietary phases, or both. In Chapter
5, we investigate the effects of taurine-liposome enriched Artemia on yellowtail
(Seriola lalandi) larvae.

3. Methods and materials used for the production and enrichment of live prey
3.1. Microalgae
Microalgae are commonly used as the primary food during the production and
enrichment of live prey. During intensive culture, microalgae are produced in
monocultures utilizing either batch, semi-continuous or bioreactor systems (MullerFeuga, 2000). They are grown in sterilized or highly filtered seawater and must be
provided with sufficient lighting, nutrients and oxygen to support exponential growth.
Microalgae can be provided to live prey organisms as : 1) living cells, 2) concentrates
(pastes) by centrifugation, which can be preserved by refrigeration, freezing or by the
addition of chemical preservatives or 3) spray-dried cells that can be stored as
powders. Live algae, concentrates and spray-dried microalgae are all commercially
available for production and enrichment of live prey.
The advantage of using microalgae diets for the production and enrichment of
live prey is that they can be used to deliver both lipid- and water-soluble nutrients to
target organisms. For example, rotifers enriched with Isochrisis sp. or
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Nannochloropsis oculata have higher ascorbic acid concentrations (2.5 and 17 g kg-1
DW, respectively) than those enriched with yeasts (0.6 g kg-1 DW; Brown et al.,
1998). Monocultures of microalgae are more likely to result in nutritional deficiencies
of target organisms. However, interspecies nutrient compositions are highly variable
and favorable nutrient concentrations can be obtained though appropriate selection of
microalgae species (Brown et al., 1997). For example, For example, Tetraselmis sp.
has higher taurine concentrations (0.6-1.6 g kg-1 DW) than other algal species (<0.02g
kg-1 DW; Tevatia et al., 2015), suggesting that Tetraselmis may be a means of
supplementing microalgae enrichments lower in taurine (as is typically the
circumstance; (Mæhre et al., 2012). It is also possible to manipulate specific nutrient
concentrations, such as total lipids, protein and HUFA concentrations, in microalgae
by altering the conditions in which they are grown (Brown et al., 2002; Rossoll et al.,
2012). Matsumoto et al. (2009) demonstrated that zinc (Zn) concentrations could be
increased in Chlorella V12 by incubating the live algae cells in Zn solutions for 16h.
Similarly, Tevatia et al. (2015) showed a 2.4 fold increase in the taurine
concentrations of Tetraselmis sp. by increasing the salinity of the growth media.
The nutritional composition of microalgae and their retention of nutrients in
seawater may be impacted by preservation techniques such as spray-drying or
freezing and thawing. Many studies have shown that filter-feeding organisms fed
spray- or drum-dried algae grow at slower rates than those fed live algae (see review
by René & Trintignac, 2006). These differences may be attributed to multiple factors
including: 1) loss of labile nutrients, e.g. ascorbate and HUFA, during processing and
2) degradation of cellular membranes resulting in enhanced leakage of water-soluble
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substances (René & Trintignac, 2006). Storage by freezing may have similar negative
effects on the use of microalgae for the delivery of water-soluble substances. In the
absence of cryoprotectants, Nannochloropsis oculata cells experienced lethal cellular
injuries during freezing and thawing (Poncet & Véron, 2003). Cryoinjuries are likely
associated with physical rupture of membranes by ice crystals as well as osmotic
imbalances during freezing and thawing, both of which would result subsequent
losses of water-soluble compounds. In summary, microalgae can be used to deliver a
large range of nutrients to marine filter-feeders. The specific nutrients delivered by
microalgae to target organisms may be altered, within limits, by selecting appropriate
species and by manipulating the conditions with which they are cultured. However,
the use of microalgae for the delivery of water-soluble nutrients to target organisms
may be compromised as a result of preservation.
3.2. Yeasts
Baker’s yeast (Saccharomyces cerevisiae) is an inexpensive and easily
acquired alternative to microalgal diets and has been used in hatcheries for rotifer
production since the 1960’s (Hirata & Mori, 1967). Rotifers cultured on baker’s yeast
tend to be low in total lipids, HUFA and protein and may require a secondary
enrichment phase to meet the nutritional needs of marine fish larvae (Olsen et al.
1993; Øie & Olsen, 1997; Srivastava et al., 2006). Furthermore, baker’s yeast does
not contain detectable levels of taurine (Srivastava et al., 2006), which is an essential
amino acid for many marine fish. Rotifers have also been cultured with a variety of
other species including “marine yeast” (Candida sp.). However, Candida sp. has
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many of the same disadvantages associated with the less expensive baker’s yeast and
is therefore rarely used in commercial hatcheries.
Baker’s yeast may be enriched with specific nutrients to better meet the needs
of target organisms. For instance, Saccharomyces cerevisiae can be enriched with
selenium resulting in selenoyeast (Se-yeast). Penglase et al. (2011) demonstrated that
Se-yeast could be used to elevate the selenium concentrations of rotifers. They
reported that rotifers enriched with Se-yeast for 3 h had 40-fold higher selenium
concentrations when compared to rotifers enriched with inorganic selenium added to
the enrichment water.
3.3. Emulsions
Oil-in-water emulsions are formed when oil is dispersed in an aqueous phase
and have been used to enrich rotifers and Artemia with HUFA and other lipid-soluble
nutrients since the early 1980’s (Watanabe et al., 1983; Léger et al., 1987). Generally,
physical mixing (e.g. blending or sonication) and chemical dispersants are needed to
produce and stabilize emulsions (Han et al., 2005). For instance, marine-derived oils
can be emulsified to form droplets that are in the size range for ingestion by live prey.
Emulsions have been used in a vast number of studies focused on the lipid- and fatty
acid requirements of marine fish larvae (see reviews by: Coutteau & Sorgeloos, 1997;
Rainuzzo et al., 1997; Sargent et al., 1999; Izquierdo et al., 2000; Dhert et al., 2001;
Bell et al., 2003; Izquierdo & Koven, 2011). In general, emulsions are effective for
the enrichment of live prey with lipids and lipid-soluble substances because they can
be custom-formulated to obtain a range of different fatty acid concentrations in live
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prey. Furthermore, lipid-soluble vitamins, such as vitamin A and E, can be included
in oil emulsions and subsequently enriched in live prey.
There are several disadvantages associated with the use of emulsions for the
lipid-enrichment of live prey. Firstly, emulsions often contain high concentrations of
polyunsaturated fatty acids that are prone to oxidation, especially under typical
enrichment conditions, i.e. aeration, illumination and high (26-28° C) water
temperatures (McEvoy et al., 1995). Therefore, antioxidants, such as ethoxyquin, are
often added to emulsions to minimize lipid-peroxidation. Secondly, lipid-soluble
vitamins, such as vitamin A, may be naturally present in some oils at concentrations
that may be toxic for fish (Dedi et al., 1995; Takeuchi et al., 1998; Moren et al., 2004;
Fernández et al., 2012). Lastly, live prey may rapidly metabolize essential fatty acids,
such as DHA, before the prey are consumed by target organisms (Navarro et al.,
1999; Han et al., 2001).
Emulsions are not well suited for the enrichment of live prey with watersoluble nutrients and therefore lipid-soluble alternatives have been investigated.
Water-soluble nutrients may be rapidly lost from the oil droplets when suspended in
water, i.e. nutrient leaching (Moren et al., 2006). One solution to this problem is to
replace water-soluble nutrients with their lipid-soluble forms, hereafter referred to as
lipid-soluble nutrient analogs (LSNA). However, the bioactivity of LSNA may be
limited by the abilities of target organisms to metabolize these substances. Merchie et
al. (1995a) demonstrated that ascorbyl palmitate (AP), a lipid-soluble form of vitamin
C, could be added to oil emulsions and used to enrich rotifers and Artemia. Ascorbyl
palmitate appears to be a bioactive form of vitamin C when provided to fish larvae
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via enriched live prey. For example, catfish (Clarius gariepinus) larvae fed Artemia
enriched with AP (20% w/v of emulsion) grew at higher rates and had higher whole
body ascorbic acid (AA) concentrations than larvae in the control group (0% AP).
Ascorbyl palmitate enriched rotifers and Artemia did not affect the growth or survival
of seabass but did increase their survival following a salinity stress test (Merchie et
al., 1995b). Turbot larvae fed AP-enriched live prey did not show improved growth or
survival but did have higher whole body AA concentrations and higher rates of skin
pigmentation when compared to larvae in the control group (Merchie et al., 1996). In
these studies, the bioactivity of AP may have been impacted by the metabolic
activities of Artemia. For instance, Noshirvani et al. (2006) found that enrichment of
Artemia urmiana with AP resulted in elevated concentrations of AA in the nauplii
following 18-24 h enrichment periods.
Iodine, water-soluble in its molecular (I2) and ionized (I-) forms, can be
chemically bound to unsaturated lipids and subsequently used to enrich live prey.
Iodinated poppy seed oil, with the commercial name Lipiodol® (Laboratoire Guerbet,
France), has been used to enriched rotifers and Artemia with iodine (Moren et al.,
2006; Srivastava et al., 2011). Srivastava et al. (2011) found a positive linear
correlation (r = 0.95) between the concentrations of dietary (emulsified) Lipiodol®
and the iodine concentrations measured in enriched rotifers:
Rotifer-iodine (mg kg-1 DW) = 4.6 + 0.88 * Dietary iodine (mg kg-1 DW)
Moren et al. (2006) enriched Artemia with emulsified DHA-Selco (INVE,
Dendermonde, Belgium) containing either 3.35 mg KI or 6.25 microgram Lipiodol®
g-1 of emulsion. They found that both Lipiodol® and potassium iodide (KI) enriched
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Artemia had similar iodine concentrations at the end of a 24 h enrichment period.
However, approximately 500 times less iodine was needed when Lipiodol® was used
compared to KI, which they attributed to the high leaching of KI from the emulsified
droplets. Moren et al. (2006) also found that halibut (Hippoglossus hippoglossus L.)
larvae had higher whole body iodine concentrations (23 µg I g-1) compared to control
groups (9 µg I g-1) at the end of the feeding trial. Moreover, the majority of the iodine
measured was in the fat free fraction of the larvae, suggesting that iodine had been
liberated from the fatty acids and was biologically available to the larvae.
The substitution of water-soluble nutrients with their LSNA can be an
effective way to include these nutrients in lipid-emulsions, thereby eliminating the
problem of nutrient leaching during the enrichment process. However, this strategy
has several drawbacks: 1) it is limited to nutrients that have cost effective LSNA; 2)
lipid-soluble analogs may have reduced bioactivity compared to their water-soluble
(naturally occurring) forms; 3) the lipid-soluble forms of these nutrients may replace
large volumes of the lipid-enrichment, which may limit the co-delivery of other
essential lipids. For instance, ascorbyl palmitate replaced 10-20% of the lipid
emulsion by volume and Lipiodol® replaced 100% of the lipid-emulsion (Merchie et
al., 1997; Moren et al., 2006). In summary, emulsions can effectively deliver lipids
and lipid-soluble nutrients to live prey, but the delivery of water-soluble substances
requires the use of LSNA to prevent nutrient leaching. Finally, while LSNA have
been discussed as a component of emulsions, it should be noted that these substances
could be delivered in other enrichment products, such as synthetic microparticles.
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3.4. Dissolved and suspended nutrients
Enrichment of live prey can be accomplished by dissolving water-soluble
nutrients, or suspending water-insoluble (crystalline) nutrients, directly in the culture
water for nutrient uptake to occur by ingestion or absorption. Nordgreen et al. (2013)
showed that manganese (Mn), zinc (Zn), copper (Cu) and selenium (Se) could be
enriched in rotifers by adding either the inorganic metals or organic-bound metals to
the rotifer enrichment water. Uptake rates by rotifers were also higher for the organicbound metals compared to the inorganic metals, possibly due to the insolubility and
therefore ingestibility of the organic-bound metals (Nordgreen et al. 2013). Similarly,
Matsumoto et al. (2009) showed that Zn concentrations of rotifers could be elevated
by dissolving inorganic Zn in the rotifer enrichment water.
Free amino acid concentrations have been manipulted in live prey using
dissolved methods. Tonheim et al., (2000) showed that the free methionine
concentrations of Artemia franciscana were elevated 20-30 fold following 16 h
enrichment with free methionine (5.3 mM) dissolved into the enrichment water.
Several studies have shown that rotifers and Artemia can be enriched with dissolved
taurine (Matsunari et al., 2005; Takahashi & Amano 2005; Salze et al., 2012). For
instance, Salze et al. (2012) found that 4 g taurine L-1 dissolved in the rotifer
enrichment water, elevated the taurine concentrations of rotifers from <0.01%, when
unenriched, to approximately 0.5% on dry weight basis. Similarly, Matsunari et al.
(2005), showed that 1.2 g L-1 dissolved taurine (Aquaplus ET; Marubeni-Nisshin
Feed Co, Ltd.) increased the taurine concentrations of rotifers from ~0.1%
(unenenriched) to 0.61% taurine on a dry weight basis.
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In general, dissolved and suspended enrichment methods have several
drawbacks. Firstly, only a small fraction of dissolved nutrients are taken up by the
live prey, resulting in nutrient wastage. Secondly, dissolved nutrients may be lost or
degraded in the enrichment water though oxidation, chemical reactions with cooccurring substances or biotransformation by bacteria. Thirdly, dissolved nutrients
may be directly toxic to the live prey or promote bacterial growth in the culture water.
For example, copper is highly toxic to aquatic invertebrates and may result in high
mortality of rotifers when dissolved in the enrichment water (personal obs.). These
issues may become increasingly problematic when multiple nutrients are added to the
culture or enrichment water. In Chapters 3 and 4, my co-authors and I evaluate the
use of dissolved taurine for the enrichment of rotifers and compare these methods
with microparticulate enrichment methods.
3.5. Synthetic microparticles
Synthetic microparticles can be used to feed or enrich of live prey and may
have several advantages over algae, yeasts, emulsions and dissolved nutrients. Firstly,
synthetic microparticles can be custom formulated to meet, or test, the nutritional
needs of marine organisms. Secondly, microparticles can encapsulate, water-soluble
substances to prevent leaching during feeding and enrichment processes. Thirdly,
microparticles may be used to protect HUFA and other reactive compounds from
oxidative losses during enrichment conditions that otherwise promote oxidation, i.e.
oxygen, heat, and saltwater.
The efficacy of synthetic microparticles for the enrichment of live prey is
affected by many factors. Ideally, microparticles should: 1) be neutrally buoyant and
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readily dispersed in seawater, 2) permit efficient incorporation of nutrients during
production, i.e. inclusion efficiency (IE; for calculations see Onal & Landon, 2004),
3) retain nutrients when suspended in water, i.e. retention efficiency (RE; for
calculations see Onal & Landon, 2004), 4) be within an appropriate size range for
ingestion by live prey, 5) be digestible by target organisms, 6) be non-toxic and 7)
non-pathogenic. Furthermore, for practical use in hatcheries, microparticles should
also be 8) cost-effective to produce, 9) easy to prepare/handle and 10) able to be
stored for practical lengths of time (weeks to years). There might be trade-offs
between some of the aforementioned factors. Of particular note, the efficiency with
which nutrients are retained by a given particle type may be inversely related to
particle digestibility (Langdon & Barrows, 2011). Microparticle types that have been
evaluated for the enrichment and culture of live prey include gelatin-acacia
microcapsules, protein-walled microcapsules, lipid-walled microcapsules, lipid (or
wax) spray beads, liposomes, alginate microcapsules and nanoparticles. The benefits
and challenges of these microparticles types are reviewed below.
3.5.1. Gelatin-acacia microcapsules
Gelatin-acacia microcapsules are comprised of lipid-droplets bound within a
gelatin-acacia matrix (Figure 2.1, G) and are useful for the delivery of lipid in
stabilized emulsion. These particles were first described in a patent held by Green and
Schleicher (1957). Langdon and Waldock (1981) demonstrated that gelatin-acacia
microcapsules could be used as a partial replacement for microalgae for filter-feeding
oysters. Southgate and Lou (1995) showed that particles containing cod liver oil or
squid oil had particle diameters of 4.8 (± 2.8) and 5 (± 3.1) microns, respectively, and
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were readily ingested by Artemia nauplii. Several studies have demonstrated that that
gelatin-acacia microcapsules can be used to enhance the total lipid and HUFA levels
of Artemia and rotifers for feeding marine fish larvae (Southgate & Lou, 1995;
Southgate & Kavanagh 1999; Ando & Oomi 2001; Arulvasu & Manuswamy 2009).
The advantage of gelatin-acacia microcapsules over emulsions is that the gelatin
outer-matrix minimizes the interaction between the encapsulated oil and surrounding
water, which decreases the opportunity for bacterial contamination and lipid
oxidation (Southgate & Lou, 1995). Furthermore, encapsulation of oil reduces tank
fouling and adhesion to live prey, which can be problematic when emulsions are
used. Water-soluble nutrients have not been encapsulated within gelatin-acacia
microcapsules because the production technique is prohibitive.

3.5.2. Protein-walled microcapsules
Cross-linked nylon-protein microcapsules (Figure 2.1, E) can be used to
encapsulate nutritional substances and were the first synthetic microparticles
described for feeding Artemia (Jones et al., 1974). These particles can be produced in
a size range from 20-200 microns in diameter and have been used to provide Artemia
with macronutrients, such as carbohydrate (starch) and protein. For example, Jones et
al. (1974) showed that Artemia fed nylon-protein cross-linked microcapsules
containing 5% starch and 10% haemoglobin grew and survived at higher rates than
unfed (control) Artemia (Jones et al, 1974). The production of nylon-protein crosslinked microcapsules is expensive due to the need for organic solvents and
crosslinking agents (Langdon, 2003). To reduce costs, these particles have been
produced without nylon resulting in commercial-viable products, i.e. Frippak
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microencapsulated feeds (Inve Technologies NV, Dendermonde, Belgium). The
primary disadvantage of protein-walled microcapsules is that they have a semipermeable outer-layer and may not be ideally suited for the delivery of water-soluble
nutrients (Jones et al., 1974). However, leaching rates from protein-walled
microcapsules has been reported to be lower than that of microbound particles (Alabi
et al., 1999).
3.5.3. Lipid-walled microcapsules
Lipid-walled microcapsules (LWM) utilize a lipid-based hydrophobic outer
matrix or wall to encapsulate and retain water-soluble compounds. They are produced
using a double emulsion method described by Langdon & Siegfried (1984). During
this process, droplets of aqueous core materials are emulsified within molten lipid,
such as triolein, tripalmitin or fish oil which is then emulsified a second time in water,
resulting in a double emulsion (i.e. aqueous droplets within lipid droplets; Langdon,
2003). The double emulsion is chilled and the solidified particles can be collected by
centrifugation or filtration (Landon, 2003). A conceptual drawing of the structure of
LWM is shown in Figure 2.1, H. One drawback of LWM is that they may lose watersoluble core materials as a result of particle leaching during production. Another
drawback is that LWM produced with tripalmitin are poorly digested by marine fish
larvae (Langdon, 2003). To improve digestibility, tripalmitin may be partially or fully
replaced with low-melting point lipids at the cost of increased nutrient leaching
(Lopez-Alvarado et al., 1994). The maximum quantities of water-soluble nutrients
that can be encapsulated within LWM are limited by two factors: 1) encapsulated
nutrients must be fully dissolved in the core (i.e. limited by nutrient solubility) and 2)

32

the aqueous core cannot exceed ~15% (v/v) of the total particle (Langdon, 2003). The
use of LWM for the enrichment of live prey has not been reported in the scientific
literature.
3.5.4. Lipid/wax spray beads
Lipid spray beads (LSB) were first described by Buchal and Langdon (1998)
and consist of water-soluble core materials distributed within a lipid-matrix. Watersoluble substances can be included in the core of LSB as aqueous substances,
crystalline particles or as slurries. Core materials are randomly distributed in the
lipid-matrix and may protrude thought the particle surface (Figure 2.1, C & D). Lipid
spray beads are produced using a spray process that occurs in dry conditions therefore
preventing nutrient leaching during the production phase.
The efficiency with which nutrients in the original formula are included
within LSB (inclusion efficiency; IE) is affected by a variety of factors including: 1)
the form of core materials, i.e. particulate vs. aqueous, 2) the concentration of core
materials, 3) the type of lipid, 4) the type of emulsifier used and 5) the lipid to core
ratio. The use of particulate core materials allows for higher final nutrient
concentrations in LSB, but may reduce the percent of materials that are encapsulated
with respect to the original formula and may also increase nutrient leaching when
particles are suspended in water (Onal & Langdon, 2004; Clack 2006).
Retention of water-soluble nutrients by LSB suspended in seawater is
impacted by a variety of factors. Glycine was retained at higher percentages by LSB
produced from 75% menhaden and 25% spermaceti oil when glycine was included in
aqueous form when compared to particulate form following suspension in seawater
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(Onal & Langdon, 2004b). Clack (2006) found nutrient leaching of glycine from lipid
spray beads was not impacted by the concentration of glycine within the core of LSB
(100, 200 and 400 mg l-1 of core) but was significantly impacted by the lipid to core
ratio. They found that (holding core concentration constant) leaching rates of glycine
were lowest when particles were produced with a lipid to core ratio of 2:1, i.e.
particles were 33% core. Furthermore, they found that particle produced with a 2:1
core has the highest total quantities of glycine (delivery efficiency) following 60 min
suspension in seawater.
Lipid spray beads have been used to enrich live prey with water-soluble
substances. Nordgreen et al. (2007) demonstrated that riboflavin concentrations could
be elevated approximately 6-fold in Artemia using LSB produced with menhaden
stearine and soy lecithin. Langdon et al. (2008) showed that LSB produced with
beeswax, hereafter referred to as wax spray beads (WSB), could be used to enrich
Artemia with the water-soluble antibiotic, oxytetracycline. Furthermore, they
produced WSB with a nutrient mixture containing free amino acids, vitamins and
trace metals and measured retention rates >50% for all nutrients following 5 min
suspension in seawater, suggesting that Artemia could be enriched with a suite of
water-soluble nutrients. In a 2010 study, iodine concentrations similar to those
previously measured in copepods were obtained in Artemia following enrichment
with iodine containing WSB (Hawkyard et al., 2011). Moreover, zebrafish larvae fed
iodine-WSB enriched Artemia had higher survival rates and altered thyroid follicle
morphologies when compared to larvae in the control group suggesting that a portion
of the WSB-delivered iodine was biologically available.
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In Chapter 3, my co-authors and I investigated the use of WSB for the
enrichment of rotifers with taurine and evaluate their subsequent effects on marine
fish larvae. Rotifers enriched with Taurine-WSB for 1h had taurine concentrations of
approximately 3.5 g kg-1 DW and were marginally lower than the range previously
reported in copepods (5-19 g kg-1 DW; van der Meeren et al., 2008; Mæhre et al.,
2013). Eighty times more taurine was needed to obtain similar concentrations in
rotifers using methods whereby taurine was dissolved into the enrichment water,
suggesting that WSB were highly efficient for the enrichment of taurine. Northern
rock sole larvae grew larger when fed Taurine-WSB enriched rotifers when compared
to those fed taurine-unenriched rotifers. However, rock sole larvae fed Taurine-WSB
enriched rotifers grew slower and had lower whole body taurine concentrations than
rock sole fed similar taurine concentrations by way of rotifers enriched using the
dissolved methods. In general, Taurine-WSB were an efficient method to increase the
taurine concentrations of rotifers, but the WSB-encapsulated nutrient, provided in
enriched rotifers, did not appear to be fully available to rock sole larvae.
3.5.5. Liposomes
Liposomes are synthetic microparticles that utilize phospholipids bilayers
(lamellae) to encapsulate aqueous core materials. Liposomes are categorized by their
lamellar structure. For example, unilamellar vesicles have a single outer-lamellae
(Figure 2.1, A) whereas multilamellar vesicles have more than one lamellae within a
single particle (Figure 2.1, B). The hydrophobic outer lamellae protect aqueous core
materials from leaching into the surrounding seawater. The high retention (low
leaching) of water-soluble compounds from liposomes makes them highly effective
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for delivery of these nutrients to marine organisms. For instance, liposomes retained
<85% of encapsulated taurine following suspension in seawater for 1h (Chapter 4).
Similarly, Barr and Helland (2007) reported ~90% retention of liposomeencapsulated free amino acids following 120 minutes of suspension in seawater.
Liposomes were first adapted for use in bivalve aquaculture by Parker &
Selivonchik (1986). Liposomes can be produced with a size range of 2-8 µm and are
readily ingested by Artemia and rotifers (Hontoria et al., 1994; Ozkizilcik & Chu et
al., 1994). Liposomes appear to be partially digested in the digestive tract of rotifers
and Artemia, releasing their core materials (Chapters 4 and 5) and presumably
making substances more available to the final consumers, i.e. fish larvae. Similarly,
Artemia fed liposomes prepared with 14C-labeled phosphatidylcholine had high
concentrations of radioactivity in their triacylglyceride fraction suggesting that
liposomes were digested and assimilated by the Artemia (Ozkizilcik & Chu et al.,
1994). In the same study, they found that Artemia had taken up 15% of the total (14Clabeled) glycine provided by liposomes after a 24 h enrichment period.
Liposomes have been used to enrich live prey with a number of water-soluble
substances, including vitamins and free amino acids (Touraki et al., 1995; Tonheim et
al., 2000; Monroig et al., 2003; Monroig et al., 2006; Monroig et al., 2007; Saavedra
et al., 2009; 2010; Pinto et al., 2013a). In chapters 4 & 5, I demonstrate that
liposomes can be also used to elevate the taurine concentrations of rotifers and
Artemia above those previously measured in copepods. Enrichment with taurineliposomes resulted in a 300-fold increase in the taurine concentrations of rotifers
ultimately achieving the highest concentrations yet reported for rotifers (Chapter 5).
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Similarly, Artemia metanauplii enriched with taurine-liposomes had taurine
concentrations (17.2 ± 1.1 g kg-1 DW; Chapter 5) similar to those previously
measured in copepods (5-19 g kg-1 DW; van der Meeren et al., 2008; Mæhre et al.,
2013). These results show the high efficacy of liposomes for the enrichment of live
prey with water-soluble substances.
Few studies have investigated the effects of liposome-enriched live prey on
marine fish larvae. This is partly because, until recently, production methods yielded
only a few grams of liposomes per batch. However, improved production methods,
developed by Barr & Helland (2007) allow for the production of much larger
quantities of liposomes (>30 g per batch). These advances have made the use of
liposomes feasible for conducting growth trials with marine fish larvae. For example,
Saavedra (2009, 2010) conducted growth trials with white seabream (Diplodus
sargus) whereby larvae were fed rotifers enriched with liposomes containing either 1)
balanced mixtures of indispensible amino acids (IAA) or 2) IAA mixtures with
additional supplementations of tryptophan (Try), phenylalanine (Phe) or
phenylalanine and tyrosine (Phe+Tyr). While no differences were found in terms of
larval growth and survival among treatments, they did show that larvae survived a
temperature stress test at higher rates when larvae were fed rotifers enriched
liposomes containing supplements of Phe+Tyr (Saavedra et al., 2009; 2010). Pinto et
al. (2013) conducted growth trials to test the effects of taurine liposome-enriched
rotifers on gilthead seabream (Sparus aurata) larvae. No differences in terms of
growth were found, however, larvae fed taurine liposome-enriched rotifers had higher
whole body methionine concentrations when compared to larvae in the control
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treatment (Pinto et al., 2013b). In Chapters 4 and 5, my co-authors and I investigate
the use of liposomes for the enrichment of live prey with taurine and evaluate their
effects on marine fish larvae.
The use of liposomes for the enrichment of live prey has several drawbacks.
Firstly, the production of liposomes requires expensive equipment, organic solvents
and highly purified phospholipids all of which result in high production costs. The
high costs of liposomes may restrict their use to research applications. However, it is
possible that future improvements in liposome production methods may make the use
of liposomes more economically feasible for commercial applications. The second
drawback to liposomes is that there may be a compromise between the delivery of
water-soluble and lipid-soluble nutrients. In Chapters 4 and 5, liposomes were
produced with saturated phospholipids and therefore did not provide dietary HUFA to
fish larvae. The addition of unsaturated fatty acids, such as HUFA, to the liposome
membrane is possible but may increase leaching of water-soluble nutrients (Monroig
et al., 2007). Future research should be aimed at the co-enrichment of live prey with
both lipid- and water-soluble substances.
3.5.6. Alginate microparticles
Alginate particles have been used to feed aquatic organisms and have been
proposed for use with rotifers and Artemia (Coutteau & Sorgeloos, 1997). Alginate
particles are formed when the anionic polysaccharides are stabilized by means of
ionic bridging, usually by calcium. Oil droplets and other macronutrients can be
included in the alginate matrix (Figure 2.1, F). The alginate matrix is water permeable
and is prone to nutrient leaching (Lopez-Alvarado et al., 1994). For this reason,
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simple alginate particles are not well suited for the enrichment of water-soluble
nutrients in live prey. Alginate particles may be used to enrich live prey with HUFA
or other macronutrients, however, this application not been evaluated in the peerreviewed literature.
3.5.7. Nanoparticles
Nanoparticles are a category of particles that range in size from one to
several-hundred nanometers in diameter and have become increasingly popular in
food and biotechnology applications. Many types of nanoparticles have been
developed but are not depicted in Figure 2.1 because of their wide ranging size and
structural complexity. Jiménez-Fernández et al. (in press) recently demonstrated that
nanoparticles may have applications in the field of aquaculture nutrition. Specifically,
they found that chitosan-cyclodextrin nanoparticles could be used to encapsulate
ascorbic acid (AA) and that greater than 90% of encapsulated AA remained after 2h
of suspension in seawater. They reported a doubling of rotifer AA concentrations
following 2h of enrichment with chitosan-cyclodextrin nanoparticles. They also
provided evidence that the liver cells of zebrafish (Danio rerio) and Senegalese sole
(Solea senegalensis) showed uptake of AA-containing nanoparticles when incubated
in the nanoparticle suspensions. Finally, they found that high concentrations of AAcontaining nanoparticles induced cytotoxicity in the zebrafish cells, which they
attributed to the bioactivity of ascorbic acid delivered by this means.
The use of nanoparticles for the enrichment of live prey is in the very early
stages of research. A great deal of research is still needed to evaluate the efficiency of
these particles when compared to existing enrichment methods as well as the
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nutritional availability of nanoparticle-encapsulated water-soluble substances when
fed to fish larvae via enriched live prey. In addition, the commercial viability of
nanoparticles as a live prey enrichment method requires further investigation.
4. Summary
In summary, copepods appear to be nutritionally superior to Artemia and
rotifers for feeding marine fish larvae. However, large-scale copepod production is
logistically problematic for most commercial hatcheries, thereby necessitating the use
of rotifers and Artemia. As such, methods to enrich rotifers and Artemia with both
lipid- and water-soluble nutrients are needed. A variety of enrichment methods are
currently available including algae, yeasts, emulsions, dissolved nutrients and
synthetic microparticles. While several of these methods can be used for lipidenrichments, few are effective for the enrichment of live prey with water-soluble
nutrients. Synthetic microparticles, such as lipid spray beads and liposomes, appear to
be a potentially efficient means for the enrichment of live prey with water-soluble
nutrients, and is one of the main questions I address in this PhD thesis.
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Figures

Figure 2.1 Conceptual drawing of synthetic microparticle types used to enrich
live prey. Cutaway depictions of: A) unilamellar liposome, B) multilamellar
liposome, C) lipid spray bead with aqueous core, D) lipid spray bead with
crystalline core, E) protein walled microcapsule, F) alginate microparticle, G)
gelatin-acacia microcapsule, H) lipid walled microcapsule. Particles have not
been drawn to scale.
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Table 2.1 Methods of enrichment of low molecular weight water-soluble (LMWS) substances in cultured live prey. Includes: 1)
the types of live prey that have been evaluated, 2) whether or not the method can be used for enrichment of lipids, 3) the
LMWS substances that have been elevated in live prey and 4) references for studies that evaluated the enrichment of LMWS
substances or lipid soluble nutrient analogs (LSNA).
Method of enrichment

Live prey
enriched

Lipid
enrichment

Microalgae

R, A

Y

Yeasts

R, A

Y

Emulsions

R, A

Y

R, A

N

R, A

Y

N

Southgate & Lou, (1995); Southgate & Kavanagh (1999); Ando & Oomi (2001);
Arulvasu & Manuswamy (2009)

A

Y

Various

Jones et al. (1974)

n.r.

Y*/***

Y***

None

R, A

Y*

R, A

Y*

Dissolved/
Suspended
Synthetic
microparticles
Gelatin-Acacia
microcapsules
Protein-walled
microcapsules
Lipid-walled
microcapsules
Lipid (wax) spray
beads
Liposomes

LMWS substances enriched
Various naturally occurring
nutrients
Various naturally occurring
nutrients, selenium
Vit C** (ascorbyl palmitate),
iodine** (Lipiodol)
Iodine, Trace metals, free
amino acids

Iodine, free amino acids,
oxytetracycline
Vitamin C (ascorbate), free
amino acids

References
Brown el al., (1997; 1998); Mæhre et al., (2012); van der Meeren et al., (2008)
Penglase et al. (2011)
Merchie et al., (1995a; 1995b; 1996; 1997); Moren et al., (2006); Noshirvani et al.
(2006); Srivastava et al. (2011)
Hamre et al., (2007); Matsumoto et al. (2009); Matsunari et al., 2005; Nordgreen
et al. (2013); Ribeiro et al., (2010); Takahashi & Amano (2005); Tonheim et al.,
(2000); Salze et al., 2012

Nordgreen et al., (2007); Langdon et al. (2008); Hawkyard et al., (2011, 2014)
Barr & Helland (2007); Hawkyard et al., (2015a; 2015b); Hontoria et al., (1994);
Monroig et al., (2003; 2006, 2007); Ozkizilcik & Chu et al., (1994); Pinto et al.,
(2013); Saavedra et al., (2009; 2010); Tonheim et al., 2000; Touraki et al., 1995

Alginate
None
n.r.
Y***
N***
microparticles
Jiménez-Fernández et al., (in press)
Nanoparticles
R
n.r.
Vitamin C (ascorbate)
*May promote leaching of LMWS substances; **In the form of LSNA; ***Presumed attribute; n.r. = not reported; R = rotifers; A= Artemia
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Abstract

Naturally-occurring taurine concentrations in rotifers may not meet the nutritional
requirements for species of cultured marine fish during the larval stages. Traditional
methods for the enrichment of rotifers by immersion in a nutrient solution may be
inefficient and may promote the growth of pathogenic bacteria. Microparticles,
specifically wax spray beads (WSB), have the potential to efficiently enrich live prey
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with water-soluble substances while maintaining optimal water quality for
larviculture. The objectives of this study were to 1) compare the efficiency of
enriching rotifers using wax spray beads versus methods whereby rotifers were
immersed in solutions of taurine dissolved in the enrichment water (hereon referred to
as the ‘dissolved method’) and 2) determine if northern rock sole (Lepidopsetta
polyxystra) larvae show increased growth and development as a result of elevated
concentrations of taurine in enriched rotifers. Leaching trials and rotifer enrichment
trials were conducted to address Objective 1, and a seven-week larval growth trial
was conducted to address Objective 2. Results indicated that taurine-WSB enrichment
was highly efficient, in that rotifers had higher taurine concentrations (by dry weight)
and less taurine was used to enrich rotifers compared to the dissolved method. At the
end of the seven-week feeding trial, larvae fed taurine-WSB enriched rotifers
(Taurine-WSB) as well as those fed rotifers enriched in 4000 mg taurine l-1
(Dissolved 4000 mg l-1) were larger than larvae fed rotifers that had not been enriched
with taurine (control). However, larvae fed rotifers enriched in 50 mg taurine l-1
(Dissolved 50 mg l-1) were not significantly larger than larvae in the control
treatment. We conclude that northern rock sole larvae benefit from taurine-enriched
rotifers and that enrichment via WSB is an effective and efficient method for
delivering water-soluble nutrients to cold-water fish larvae.
Keywords
Taurine, wax spray beads, microparticles, rotifers, enrichment, prey quality, sole,
larvae
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1. Introduction
Traditional methods for determining the nutritional requirements of fish,
which utilize purified particulate diets, cannot be used in most larval marine fish
studies because of variable food intake and poor growth of larvae when fed
particulate diets (Dabrowski, 1984). As a result, the amino acid requirements of
marine fish larvae are poorly understood (Conceição et al., 2003). It has been
observed that marine fish larvae cultured in semi-extensive systems tend to grow
faster and have lower deformity rates when compared to larvae grown in intensive
systems (Mæland et al., 2000; Hamre et al., 2008; Mæhre et al., 2012). One
explanation for this difference in larval performance is that copepods, the primary
prey for larvae both in semi-extensive systems and the wild, better meet the
nutritional requirements of marine fish larvae than cultured prey species, such as
rotifers. Compared with copepods, rotifers possess much lower concentrations of
highly unsaturated fatty acids (HUFA) as well as several micronutrients, most notably
of which are iodine, selenium and taurine (Maeland et al., 2000; Hamre et al., 2008;
Maehre et al., 2012). There has been a great deal of research addressing the
enrichment of HUFA and other dietary lipids in rotifers, and as a result, several
commercial products, such as Algamac (Bio-Marine Inc., Hawthorne, CA, USA),
Selco® (Inve Technologies, Dendermonde, Belgium), Ori-Green (Skretting,
Stavanger, Norway) are currently available to address these deficiencies. However,
far less research has been directed towards understanding nutritional deficiencies of
water-soluble substances, such as taurine, particularly on how live prey can be
efficiently supplemented with such substances in intensive larviculture.
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The enrichment of live prey with water-soluble nutrients presents a unique set
of challenges because these nutrients rapidly leach from typical microparticle types
suspended in seawater (Langdon, 2003). Live prey are usually enriched by immersion
in solutions of water-soluble nutrients to facilitate uptake via drinking or adsorption,
an approach which Tonheim et al. (2000) referred to as the ‘dissolved method’. While
arguably simple, such approaches tend to result in wastage of large amounts of
nutrients due to low uptake efficiencies by live prey organisms. A potentially more
efficient way to deliver water-soluble nutrients is to encapsulate them in
microparticles (e.g., wax spray beads; WSB) and feed them either directly to the
larvae or indirectly by way of WSB-enriched live prey. In a previous study, wax
spray beads containing potassium iodide (KI WSB) were shown to elevate the iodine
concentrations of Artemia more efficiently than when KI was dissolved directly into
the seawater (Hawkyard et al., 2011). In the same study, it was shown that zebrafish
larvae fed KI WSB-enriched Artemia survived at higher rates and had increased
whole-body iodine concentrations when compared with zebrafish fed unenriched
Artemia.
Taurine (2-aminoethanesulfonic acid) has been reported to be 10-400 times
more concentrated in copepods compared to rotifers used for aquaculture (van der
Mereen et al., 2008; Maehre et al., 2012). Lacking a carboxyl group, taurine cannot
be used for protein synthesis (Conceição et al., 2011). However, taurine has been
shown to be important for many biological functions in fish, such as lipid digestion,
osmoregulation neurological functions and visual acuity (Omura & Inagaki, 2000;
Fang et al., 2002; Li et al., 2008). Many animals are able to synthesize taurine from
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methionine and cysteine, and to a lesser extent 4’-phosphopantetheine, through a
series of enzymatic conversions (Griffith, 1987). Two of the key enzymes needed in
these processes, cysteamine dioxygenase and cysteinesulfinate decarboxylase, have
lower activities in fish when compared to mammals and vary greatly among fishes
(Goto et al., 2001; Yokoyama et al., 2001; Goto et al., 2003), suggesting that there is
a large degree of variability among fishes in their abilities to synthesize taurine. For
instance, Kim et al. (2008) found that dietary taurine was required by juvenile
Japanese flounder (Paralichthys olivaceus) but not by common carp (Cyprinus
carpio;) for growth and survival. Therefore, the essentiality of taurine for marine fish
requires assessment for each specific species and perhaps life-stage. Currently,
enrichment of rotifers with taurine has resulted in increased growth when fed to
several species of marine fish larvae, including Pacific cod (Gadus macrocephalus),
red sea bream (Pagrus major), Japanese flounder (Paralichthys olivaceus) Senegalese
Sole (Solea senegalensis), cobia (Rachycentron canadum) and amberjack (Seriola
dumerili) (Omura & Inagaki, 2000; Chen et al., 2005; Fang et al., 2002; Matsunari et
al., 2005; Li et al., 2008; Salze et al., 2011; Salze et al., 2012; Matsunari et al., 2013).
In this study, we investigate the means and effects of delivering taurineenriched rotifers on larval growth and development in northern rock sole
(Lepidopsetta polyxystra). Northern rock sole is a commercially important species in
the capture fisheries of the northeast Pacific and may have potential for aquaculture.
In captivity, northern rock sole are reared at temperatures between 2 and 12° C and
undergo a relatively long (> 2 months) larval pelagic stage. Northern rock sole larvae
are generally fed rotifers through the majority of the larval stage but may be
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transferred to diets of Artemia or artificial particulate diets prior to settlement. We
chose northern rock sole as a model species to examine the effects of taurine because:
1) they are cold-water marine fish that feed on taurine-rich wild zooplankton during
their pelagic larval stage; and 2) like other Pleuronectids, northern rock sole undergo
a distinct metamorphosis at the end of the larval stage that is energetically and
nutritionally demanding (Laurel et al. in review). The objectives of this study were to
1) compare the efficacy of wax spray beads for taurine enrichment of rotifers with
“dissolved” methods whereby taurine is dissolved in the enrichment water and 2)
determine if northern rock sole larvae show increased growth and development as a
result of elevated concentrations of taurine in enriched rotifers.
2. Material and Methods
2.1. Production of WSB
Taurine (T-0625; Sigma-Aldrich, St. Louis, MO, USA) was ground for one
hour using a jar mill (U.S. Stoneware, NJ, USA) to obtain particle sizes smaller than
0.5 µm. Five grams of powdered taurine was added to 11.67 ml distilled H2O and
resulted in a taurine-water slurry. The slurry was preheated to 75° C immediately
prior to emulsification with 33g of melted beeswax (refined, Sigma-Aldrich, St.
Louis, MO, USA). To facilitate emulsification and to promote bead dispersion in
seawater, 0.33 g sorbitan tristearate (Sigma-Aldrich, St. Louis, MO, USA) was added
to the molten-lipid mixture, representing 1% of the lipid-fraction by formula weight.
The taurine-water slurry was added to the molten-lipid mixture and sonicated with a
Labsonic L sonifier (B. Braun Biotech Inc., Allentown, PA, USA) until a stable
emulsion was achieved. The emulsion was then added to a preheated (75° C) spray
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apparatus described in detail in Hawkyard et al. (2011). The lipid mixture was
atomized using nitrogen gas (20 psi) and WSB were collected in a steel cone, cooled
(approx. -80° C) with liquid nitrogen. Wax spray beads without taurine (“empty
WSB”) were produced as described without the addition of taurine.
2.2. WSB leaching and particle size analysis
For leaching trials, a total of 100 mg of WSB were weighed into a 50 ml
polyproplylene centrifuge tube and suspended in 25 ml 0.5% sodium dodecyl sulfate.
Sodium dodecyl sulfate was used to disrupt WSB aggregates and promote even
dispersion of particles in suspension as described in Langdon (2008) and Hawkyard et
al. (2011). Wax spray bead suspensions were sonicated gently for 10 seconds to
disrupt WSB clumps, capped and placed on a culture rotator at 20 rpm. After the
allotted time (0, 5, 15, 30 or 60 min), WSB were collected on a 0.2 µm Durapore
membrane filter (EMD Millipore, Billerica, MA, USA). The filter was placed in a
clean test tube with a perforated cap and freeze dried for 72 h in a Labconco Freezone
freeze drier (Labconco Inc, Kansas City, MO, USA). Freeze-dried WSB were scraped
from the filter with a metal spatula and stored under an atmosphere of nitrogen at -20˚
C for later taurine analysis. Particle sizes were determined by suspending 10-20 mg
WSB in 5 ml 0.5% sodium dodecyl sulfate. Particle clumps were disrupted with brief
(1-2 seconds) sonication and 50 µl of the resulting suspension was placed on a glass
slide with cover slip. Digital images were taken with a Leica DM 1000 microscope
(Leica Microsystems, Wetzlar, Germany) microscope fitted with a Leica DFC 400
camera (Leica Microsystems, Wetzlar, Germany). Particle diameters were measured
using Image-J software (National Institute of Health, Bethesda, MD, USA) software.
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2.3. Rotifer culture and enrichments
Rotifers were cultured on a diet of Rotigrow algae paste (Reed Mariculture,
Campbell, CA, USA) using methods described in Copeman and Laurel (2010).
Rotifer enrichments were carried out in 15 l polycarbonate enrichment cones (Aquatic
Habitats, Apopka, FL, USA) filled with 2 l filtered seawater (32 ppt, 26° C) at a
density of 500 rotifers ml-1. Experimental enrichments are shown in Table 3.1.
Briefly, rotifers were enriched with: 1) 500 g empty WSB l-1 (Control); 2) 50 mg
dissolved taurine l-1 in addition to 500 g empty WSB l-1 (Dissolved 50 mg l-1); 3) 500
g empty WSB l-1 and 4000 mg dissolved taurine l-1 (Dissolved 4000 mg l-1); or 4) 500
g taurine WSB l-1 (Taurine WSB). Enrichment with 50 mg l-1 dissolved taurine
(Dissolved 50 mg l-1) was chosen because this was estimated to be equivalent to the
quantity of taurine provided to the rotifers in the Taurine-WSB treatment. Enrichment
with 4000 mg l-1 (Dissolved 4000 mg l-1) was chosen because this was the estimated
quantity of taurine required for dissolved enrichment to obtain equivalent taurine
concentrations in rotifers enriched with taurine-WSB. “Empty” wax spray beads were
added to the Dissolved and Control treatments to ensure that enrichments for rotifers
in all treatments were equivalent in both energy and lipid quality. In order to disrupt
clumps of beads, WSB were sonicated using a Labsonic L sonifier in 200 ml 1% w/v
gum Arabic (Sigma-Aldrich, St. Louis, MO, USA) solution prior to addition to the
enrichment water. In the Dissolved treatments, taurine (T-0625; Sigma-Aldrich, St.
Louis, MO, USA) was ground into a powder for 1h using a jar mill (U.S. Stoneware,
NJ, USA) and dissolved in filtered seawater prior to adding to the rotifer enrichment
water. Rotifers were enriched for one hour, collected on an 80 µm sieve and re-
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suspended in seawater taken from the inflow of the larval culture system prior to
feeding to the larvae. Concurrently, rotifers were enriched twice daily for 6-16 h
using 0.3g Algamac 3050 per million enriched rotifers (Aquafauna, Hawthorne, CA,
USA ). Algamac-enriched rotifers were collected on an 80 µm sieve and reconstituted
in cold (8° C) seawater. Equal quantities (by number) of Algamac-enriched rotifers
and WSB-enriched rotifers were combined and stirred immediately prior to feeding
larval fish. The two pools of rotifers were fed to larval fish to ensure that larvae
received elevated dietary EFAs and lipids. Rotifers were enriched as previously
described and sampled for amino acid analysis (see section 2.6). Each enrichment
treatment was tested in triplicate. Rotifers from each culture were collected on an 80
µm sieve, rinsed with distilled water and washed into a 100 ml sample jar and frozen
(-20° C). Rotifers were freeze dried (Labconco freeze dryer) for 72 h, ground with a
mortar and pestle and stored under an atmosphere of nitrogen gas at -20° C for amino
acid analyses.
2.4. Northern rock sole husbandry
Northern rock sole gametes were collected from broodstock held at the
Hatfield Marine Science Center in Newport, OR. Eggs were strip-spawned from one
female and mixed with milt from two males. Gametes were gently swirled in a dry,
five-liter polypropylene beaker for one minute and then repeatedly rinsed with clean
seawater to remove excess milt. Eggs were transferred to black plastic trays in flowthrough incubation tanks provided with 4-6° C, 10 µm-filtered seawater (32 ppt).
Larvae hatched between 20 and 22 days post-fertilization (dpf) and were transferred
to 12, 100 l black-walled fiberglass tanks (2000 larvae tank-1) in a temperature-
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controlled room. The larval tanks were set up in a flow-through system supplied with
seawater from Yaquina Bay, Oregon, and temperatures were increased to 9° C (32
ppt) by increasing the water temperature 1° C day-1. Tanks were configured to
provide upwelled seawater from the base of the tank (flow rates ~0.6 L min-1). The
outflow of each tank was fitted with a “banjo” covered with a 250 µm Nitex® screen.
Each tank was provided gentle aeration by an airstone, which was placed on the
bottom of the tank directly below the banjo. This configuration helped prevent
fouling of the banjo and discouraged larvae from swimming near the outflow. Five
milliliters of Nanno 3600 algae paste (Reed Mariculture, Campbell, CA, USA) was
added to each tank to provide “greenwater” prior to each feeding. Larvae were fed
Algamac-enriched rotifers twice daily at a feeding density of five rotifers per
milliliter until the beginning of the feeding trial, which began at seven to nine days
post-hatch (dph; see section 2.5).
2.5. Feeding trial
A seven-week feeding trial was conducted to determine if taurine-enriched
rotifers had an effect on the growth and development of larval northern rock sole. In
addition, this trial was designed to compare the effectiveness of WSB for the
enrichment of taurine in rotifers compared with dissolved enrichment methods.
Replicate tanks of larvae (n=3) were fed one of four dietary treatments described in
Table 3.1 and were assigned to each tank using a random number sequence. One half
of the daily ration was provided by experimentally-enriched rotifers, while the other
half consisted of Algamac-enriched rotifers. Algamac-enriched rotifers were provided
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to ensure larvae received sufficient lipids and HUFA. Larvae were fed enriched
rotifers twice daily at a feeding density of 5 rotifers ml-1.
Ten larvae from each tank were sampled on day one of the trial and at the end
of every week for the seven-week period. Larvae were euthanized with MS-222 and
individually photographed with a Leica dissecting scope (Wetzlar, Germany) fitted
with a Spot insight QE camera (Sterling Heights, MI, USA). Digital images of larvae
were analyzed using Image J (NIH, Bethesda, MD, USA) for standard length (SL),
myotome height and developmental stage. Developmental stages were determined
from digital images based on the following criteria: Stage 1) larvae showed no signs
of flexion, Stage 2) larvae were identified by the formation of a “node” near the
posterior end of the notochord and no bending of the notochord was observed, Stage
3) larvae were identified by bending of the notochord and the notochord protruded the
posterior end of the caudal peduncle and Stage 4) larvae were identified by bending
of the notochord and the envelopment of the notochord by the caudal peduncle (i.e.
the notochord did not protrude beyond the caudal peduncle). Larval dry weights
(DW) were taken by placing ten larvae from each tank on pre-weighed aluminum foil
sheets and placing them in a drying oven (60° C) for 72 h. All larvae were rinsed with
0.5M ammonium formate to remove salts prior to drying. Dried larvae were cooled
for five minutes at room temperature (~20° C) and then weighed to the nearest
microgram using a Mettler Toledo MT5 microbalance (Columbus, OH, USA).
Twenty larvae from each tank were sampled on week six for amino acid
analysis. The following methods were used to ensure larval guts were free of
experimental diets prior to sampling for amino acid analysis. First, rotifers were
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enriched as previously described with experimental diets with one modification: WSB
containing a lipid-soluble fluorescent dye (DiI, Molecular probes, Eugene, OR, USA)
with or without taurine, replaced the taurine WSB and empty WSB, respectively. DiI
was chosen because it allowed DiI-stained WSB to be easily seen in rotifers and rock
sole guts with epifluorescent microscopy. In addition, DiI has a low-toxicity and is
commonly used in cellular biology and embryo development studies (Lukas et al.
1998). Larvae were fed fluorescent-labeled rotifers two days before sampling for
amino acid analysis. On the day prior to sampling, larvae in all treatments were fed
Algamac enriched rotifers to purge experimental diets from the larval guts. Upon
sampling, 20 larvae were removed from each tank, euthanized with MS-222 and
observed under an epifluorescent microscope to ensure their guts were free of
fluorescent beads; larvae with any visible fluorescence were discarded. The
remaining larvae were rinsed with 0.5M ammonium formate, transferred to a
polypropylene centrifuge tube and placed in a freezer (-20 °C). Larvae were then
freeze dried (Labconco freeze dryer) for 72 h, ground with a mortar and pestle and
stored under an atmosphere of nitrogen at -20 °C for amino acid analysis.
2.6. Amino acid and taurine analyses
Total amino acids were analyzed at the UC Davis Amino Acid laboratory
(Davis, CA, USA). Briefly, five mg of each sample was added to a glass ampoule
together with five ml lithium citrate loading buffer. Ampoules were sealed and placed
in an oven (115 °C) for two hours to facilitate hydrolysis. The samples were then
removed, allowed to cool and filtered with a 0.45 PTFE syringe filter. Samples were
diluted as necessary to fall within the detectable range for the assay. Amino acids
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were measured with a Biochrom 30 amino acid analyzer (Biochrom, Holliston, MA,
USA).
2.7. Statistics
Statistics were performed using JMP software, version 10.0.0 (SAS Institute
Inc., Cary, NC, USA). Leaching data was analyzed with an ANOVA and post-hoc
comparisons were conducted with Tukey’s HSD. For the larval feeding trial,
repeated-measures restricted maximum likelihood (REML) models were used for
morphometric measurements (SL, myotome height and dry weight; DW). In all cases,
the resultant p-values were based on the F-statistic derived from the REML model
(DF = 3). A repeated-measures model was used because larvae were repeatedly
sampled from the same tanks on a weekly basis. Multiple comparisons were
performed with Tukey’s HSD with a threshold of p < 0.05. All non-taurine amino
acids in fish and rotifers were analyzed with ANOVA and corrected with the
Bonferroni method for simultaneous comparisons (Bonferonni corrected significance
level: p-value = 0.003). Post-hoc comparisons for taurine were analyzed using
Tukey’s HSD (significance level: p-value = 0.05). For growth data, “tank” was the
statistical unit and therefore tank means (i.e. average SL per tank) were used to
estimate model parameters. As necessary, data were normalized with natural-log or
arc-sin square root transformations to ensure data met the assumptions of the model.
Metamorphic stage was first analyzed with a Chi-squared test, utilizing tank means as
the statistical unit, to determine if there were differences in the percentage of stage
three and stage four larvae among treatments at the end of the trial (week seven). In
addition, larval development data were further analyzed with a logistic model, to
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assess whether developmental stage varied with respect to fish length (SL), dietary
treatment and whether there was an interaction between SL and dietary treatment. We
used a logistic model because it allowed the un-coupling of growth from larval
development. Specifically it was used for the comparison of multiple categorical
responses (stage) with respect to a continuous variable (SL) and categorical variable
(treatment). Metamorphic stage and SL were factors that varied at the level of the
individual; therefore (for the logistic model only), it was necessary to analyze these
factors using “larva” as the statistical unit.
3. Results
3.1. WSB leaching and particle size
On average, taurine-WSB were 8.75 + 10.1 (1 S.D.) µm in diameter. Bær et
al. (2008) found that rotifers (Brachionus “Cayman”) readily consumed particles with
diameters less than 10 µm. In this study, 71% of the measured particles were less than
10 µm in diameter; however, the volume of all particles under 10 µm in diameter
represented only 1.5% of the total volume of WSB measured. Wax spray beads had
an initial taurine concentration of 12.2% (w/w) on a dry weight basis. When
suspended in seawater, taurine concentrations underwent a significant decline within
the first five minutes but did not decline further during the remaining 55 minutes of
the test period (Figure 3.1).
3.2. Rotifer enrichments
Taurine concentrations in rotifers (percent dry weight, % DW) were higher in
Dissolved 4000 mg l-1 and Taurine-WSB treatments when compared to the Dissolved
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50 mg l-1 and Control treatments (Table 3.2; Tukey’s HSD, significance level p =
0.05); however, taurine concentrations in the Dissolved 4000 mg l-1 were not
significantly different than those measured in Taurine-WSB nor were taurine
concentrations in Dissolved 50 mg l-1 significantly different from those of the Control
(Tukey’s HSD, significance level p = 0.05). With respect to proteinogenic amino
acids (i.e. not including taurine), there were no statistical differences in the
concentrations among enriched rotifers, both by percent of total amino acids (% AA)
as well as on a dry weight basis (Bonferroni estimate, significance level p = 0.003;
data not shown), suggesting that taurine enrichment of rotifers did not alter the
concentrations of non-taurine amino acids.
3.3. Feeding trial
When data from all weeks were analyzed, larval standard lengths (SL),
myotome heights, and dry weights were significantly different among dietary
treatments (repeated-measures REML, p = 0.0005, 0.0012, 0.0076, respectively;
Figure 3.2). Larval lengths (SL) and myotome heights were greater in the Dissolved
4000 mg l-1 and Taurine-WSB treatments, but not the Dissolved 50 mg l-1 when
compared to the Control treatment (Tukey’s HSD, significance level p = 0.05).
Larvae in the Dissolved 4000 mg l-1 had significantly higher dry weights when
compared to larvae in the Control treatment (Figure 3.2). Northern rock sole larvae in
the Dissolved 4000 mg l-1 treatment had higher whole body taurine concentrations (%
DW) when compared to all other treatments (Tukey’s HSD, significance level, p =
0.05; Table 3.2). With respect to proteinogenic (i.e. not including taurine) amino
acids, there was no difference in the whole body amino acid concentrations measured
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in fish larvae (% DW and % AA) among treatments (Bonferroni estimate,
significance level p = 0.003; data not shown). Dietary treatment had a significant
impact on the developmental stage of larvae at week seven (Figure 3.3; Chi-square, p
= 0.0001). Our results suggest that SL (logistic model, p < 0.0001) and dietary
treatment (logistic model, p < 0.0001) were significantly related to the developmental
stage of larvae. In addition, there was a significant interaction between dietary
treatment and SL (logistic model, p = 0.037). Larval survival at the end of the trial
was not significantly different among treatments (ANOVA, p = 0.97) and had a grand
mean of 6.5%.
4. Discussion
Northern rock sole larvae grew significantly larger over a 7 week period when
fed on rotifers either enriched with Dissolved 4000 mg l-1 or enriched with TaurineWSB, when compared to larvae fed on rotifers that were not enriched with taurine
(Figure 3.2). On the other hand, larvae fed rotifers enriched with 50 mg taurine l-1
dissolved in the enrichment water (Dissolved 50 mg l-1) - which was equivalent to the
quantities of taurine provided to rotifers in the Taurine-WSB treatment - did not grow
significantly larger than larvae in the control treatment. These results suggest that
taurine-WSB were effective for the delivery of taurine to marine fish larvae via
enriched live prey. To our knowledge, this is the first study to demonstrate enhanced
growth of marine fish larvae as a result of increased water-soluble nutrients delivered
by WSB-enriched live prey. Furthermore, our results suggest unenriched rotifers have
suboptimal taurine concentrations for growth of northern rock sole larvae. Our
findings are consistent with those reported for the larvae of other marine fish species,
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such as Pacific cod, Senegalese sole, cobia, and red seabream (Omura and Inagaki,
2000; Chen et al., 2005; Fang et al., 2002; Matsunari et al., 2005; Li et al., 2008;
Salze et al., 2011; Salze et al., 2012; Matsunari et al., 2013). It should be noted that
even in the Dissolved 4000 mg l-1 treatment, which supported the highest average
growth rates in this study, taurine concentrations in rotifers were only 0.28 (±0.03)%
DW (Table 3.2), which was lower than the range (0.56-1.96% DW) previously
measured in copepods (van der Mereen et al., 2008). These differences suggest that
northern rock sole may benefit from dietary taurine levels above concentrations tested
in this study. It should also be noted that, in all treatments, half of the rotifers fed to
rock sole larvae were enriched with Algamac and were not enriched with taurine.
This was to ensure that larvae were provided with sufficient EFAs and total lipids.
Due to the dilution of taurine-enriched rotifers with Algamac-enriched rotifers,
dietary taurine concentrations in the Taurine-WSB treatments and Dissolved 4000 mg
l-1 treatments were effectively half of those reported. Furthermore, since the use of
microparticles for the enrichment of live prey competed with the enrichment of live
prey with EFAs, future studies should be aimed at developing methods for the
simultaneous enrichment of live prey with both lipid and water-soluble nutrients.
Four grams of taurine, dissolved per liter of rotifer enrichment water were
needed to obtain similar taurine concentrations in enriched rotifers when compared to
the Taurine-WSB treatment, which used only 0.5 g taurine-WSB l-1 (equivalent to
0.05 g taurine l-1). In other words, enrichment by WSB obtained similar taurine
concentrations in rotifers when compared to dissolved methods, with a 80-fold
reduction in taurine usage. While there are no published examples of WSB-
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enrichment of rotifers with taurine, our results compare well to previous studies using
dissolved methods. Salze et al. (2012) dissolved 4 g taurine l-1 in the rotifer
enrichment water, resulting in taurine concentrations of approximately 0.08% by
rotifer wet weight (WW) or approximately 0.5% DW. In a study by Matsunari et al.
(2005), 1.2 g l-1 taurine supplement (Aquaplus ET; Marubeni-Nisshin Feed Co, Ltd.)
was dissolved directly in the rotifer culture water and resulted in taurine
concentrations between 0.33-0.61% DW. Differences in rotifer taurine concentrations
following enrichment with dissolved taurine were likely due to differences in the
duration of rotifer enrichments among studies as well as other methodological
differences. In the current study, one-hour enrichment periods were selected to
minimize the nutrient leaching from WSB prior to ingestion of WSB by live prey. It
is currently unknown whether longer-term (> 1h) enrichment protocols would
increase the taurine concentrations of WSB-enriched live prey. However, it is likely
that longer enrichment periods could increase the taurine concentrations of rotifers
enriched with dissolved methods as shown in Matsunari et al. (2013). Therefore,
further research is needed to compare the taurine concentrations of rotifers enriched
with WSB and dissolved taurine following extended enrichment periods.
Larval whole body taurine concentrations were lower in rock sole fed taurineWSB when compared to rock sole larvae fed rotifers enriched with 4000 mg
dissolved taurine l-1. In addition, larval growth rates in the taurine-WSB fed larvae
appeared lower, though not statistically significant, when compared to larvae fed
rotifers enriched with 4000 mg dissolved taurine l-1; however, the concentrations of
taurine in the enriched rotifers were similar. These results suggest that some quantity
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of taurine measured in taurine-WSB enriched rotifers was not available to the larvae
at the time of ingestion or digestion. There are two possibilities that may explain this
observation. First, rotifers may have lost taurine at a higher rate following
enrichment with taurine-WSB when compared to enrichment with dissolved taurine.
This may have been facilitated by the consumption of “green water” (Rotifgrow
Nanno 3600, Reed Mariculture, CA) by rotifers that resulted in them purging their
guts of taurine-WSB prior to ingestion by larval fish. Alternatively, a fraction of
taurine in the rotifers may have been contained within undigested WSB reducing its
availability to the larvae. This latter possibility would support the idea that there may
be a trade-off between the capacity of a microparticle type to retain and deliver watersoluble substances to a target organism and its digestibility by the target organism, as
suggested by Langdon and Barrows (2011).
We found that higher dietary taurine increased development rates and earlier
onset of metamorphosis in northern rock sole. Similar effects have been shown by
Pinto et al. (2010) for Senegalese sole larvae using taurine-supplemented
microparticulate diets. It is well known that metamorphosis is associated with larval
size, making it difficult to disentangle these two factors as they relate to dietary
taurine. For instance, in this study as well as in the study by Pinto et al. (2010), it is
possible that increased dietary taurine levels resulted in bigger larvae that, in turn,
were more developed. However, our results suggest that developmental stage was
influenced by larval size, dietary taurine, as well as the interaction between these two
factors. The interaction between size and taurine concentrations suggests that there
may be some degree of developmental plasticity associated with dietary factors, in
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this case with dietary taurine concentrations. Other experimental studies on northern
rock sole larvae indicate temperature can decouple size- and developmental rates
(Laurel et al. in review). Whether taurine was directly or indirectly related to
metamorphic development is interesting from a physiological standpoint but requires
further investigation.
The results of this study indicate that northern rock sole larvae benefit from
taurine concentrations above those typically reported in non-taurine supplemented
rotifers. In addition, we found that WSB may be used to improve the delivery of
water-soluble substances to marine larvae and suggest that microparticulate
enrichments could result in a significant reduction in costs and nutrient losses for
larviculturists. These reductions in nutrient losses could also reduce the risks
associated with high nutrient use, such as bacterial infection and altered water-quality
parameters during the culture of live prey.
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Figures and Tables
Table 3.1 Comparison of treatments in the seven-week feeding trial. The type and concentrations of WSB, concentrations of
taurine dissolved in the water, concentrations of taurine provided by various enrichment methods and the measured
concentrations of taurine in enriched rotifers are given. Larval fish were fed experimentally enriched rotifers and Algamac
enriched rotifers in equal parts during the feeding trial, therefore estimated dietary taurine concentrations of the larval diets
are shown.
Experimentally enriched rotifers
Conc. of
Conc. of taurine
taurine
provided by various
dissolved in
enrichment methods
water

Measured
concentrations of
taurine in enriched
rotifers

Larval diets
Estimated taurine
concentrations in larval diets
(50% experimentally
enrichmented rotfiers + 50%
Algamac enriched rotifers)
0.01 % DW

Treatment

WSB added to
enrichment

Control

500 mg l-1
empty WSB

None

0 mg l-1

0.01 % DW

Taurine
WSB

500 mg l-1
Taurine WSB

None

50 mg l-1

0.35-0.55 % DW

0.18-0.28 % DW

Dissolved 50
mg l-1

500 mg l-1
empty WSB

50 mg l-1

50 mg l-1

0.02 % DW

0.01 % DW

Dissolved
4000 mg l-1

500 mg l-1
empty WSB

4000 mg l-1

4000 mg l-1

0.35-0.55 % DW

0.18-0.28 % DW

76

Figure 3.1 Percent retention of taurine in WSB after suspension in seawater
containing 0.5% sodium dodecyl sulfate. Different letters denote significant
differences (Tukey's HSD, threshold p < 0.05).
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Figure 3.2 Larval dry weights (DW; mg larvae-1±SD) of northern rock sole larvae
throughout 7 week feeding trial. Ten larvae were removed from each tank (n = 3),
anesthetized, rinsed with 0.5M ammonium formate, dried at 75° C for 72 h, and
weighed. Different letters denote significant differences among treatments (all
weeks) derived from the repeated-measures models (Tukey’s HSD, significance
level, p = 0.05).
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Figure 3.3 Myotome heights (mm larvae-1 ±1 SD) of northern rock sole larvae
throughout 7 week feeding trial. Ten larvae were removed from each tank (n = 3),
anesthetized, photographed and measured each week during the seven-week
feeding trial. Different letters denote significant differences among treatments (all
weeks) derived from the repeated-measures models (Tukey’s HSD, significance
level, p = 0.05).
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Figure 3.4 Standard lengths (SL; mm larvae-1±SD) of northern rock sole larvae
throughout 7 week feeding trial. Ten larvae were removed from each tank (n = 3),
anesthetized, photographed and measured each week during the seven-week
feeding trial. Different letters denote significant differences among treatments (all
weeks) derived from the repeated-measures models (Tukey’s HSD, significance
level, p = 0.05).
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Figure 3.5 Percentages and standard deviations of larvae at developmental stages 3
and 4, in each treatment, determined from digital images (n = 12) on week 7 of the
feeding trial. Stage 3 larvae were identified by a bending of the notochord that
protruded the posterior end of the caudal peduncle. Stage 4 larvae were identified
by the envelopment of the notochord by the caudal peduncle. There was a
significant effect of treatment on the transformed percentage of larvae in each
stage at the end of week 7 (untransformed data shown; ANOVA, p = 0.0187).
Different letters denote significant differences between treatments (Tukey’s HSD,
significance level p = 0.05).
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Table 3.2 Taurine concentrations (mean %DW±SD), measured in rotifers
enriched with 1) empty WSB only (Control), 2) empty WSB and 50 mg taurine l-1
dissolved in the enrichment water (Dissolved 50 mg l-1) 3) WSB containing taurine,
or 4) empty WSB and 4000 mg taurine l-1 dissolved in the enrichment water
(Dissolved 4000 mg l-1) and larval fish tissues fed the respective diets at the end of
the trial. Different letters denote significant differences among treatments
(Tukey’s HSD, significance level, p = 0.05).
Control

Dissolved
50 mg l-1

WSB

Dissolved
4000 mg l-1

Mean % DW±SD
Rotifers

0.04±0.02a

0.02±0.00 a

0.35±0.11b

0.28±0.03b

Fish larvae

0.08±0.01a

0.08±0.01a

0.10±0.01a

0.43±0.06b

82

EVALUATION OF LIPOSOMES FOR THE ENRICHMENT OF ROTIFERS
(BRACHIONUS SP.) WITH TAURINE AND THEIR SUBSEQUENT EFFECTS
ON THE GROWTH AND DEVELOPMENT OF NORTHERN ROCK SOLE
(LEPIDOPSETTA POLYXYSTRA) LARVAE.

Matt Hawkyard, Ben Laurel and Chris Langdon

Aquaculture
Elsevier B.V.,
Radarweg 29
1043 NX Amsterdam,
The Netherlands
Issue: 441, pages 118-125

83

CHAPTER 4 EVALUATION OF LIPOSOMES FOR THE ENRICHMENT OF
ROTIFERS (BRACHIONUS SP.) WITH TAURINE AND THEIR SUBSEQUENT
EFFECTS ON THE GROWTH AND DEVELOPMENT OF NORTHERN ROCK
SOLE (LEPIDOPSETTA POLYXYSTRA) LARVAE.
Matt Hawkyarda*, Ben Laurelb, Yoav Barr, Kristin Hamrec and Chris Langdona

a

Coastal Oregon Marine Experiment Station and Department of Fisheries and Wildlife,

Oregon State University, Newport, OR 97365 USA

b

Fisheries Behavioral Ecology Program, Alaska Fisheries Science Center, NOAA,

Hatfield Marine Science Center, Newport, OR 97365, USA

c

National Institute of Nutrition and Seafood Research (NIFES), PO. Box. 2029

Nordnes, N-5006 Bergen, Norway

⁎

Corresponding author

Tel.: +1 5418670254
Fax: +1 5418670345
E-mail address: Hawkyard@onid.orst.edu (M. Hawkyard).
Abstract
The naturally occurring taurine concentrations of rotifers (Brachionus sp.) may not be
sufficient to meet the nutritional demands of several species of marine fish larvae. In
this study, we evaluated the use of liposomes for taurine-enrichment of rotifers and
compared them with standard methods in which taurine was dissolved in the rotifer
enrichment water i.e., the “dissolved method”. Each enrichment method was further
evaluated by determining the growth performance of northern rock sole (Lepidopsetta
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polyxystra) larvae fed on taurine-enriched rotifers. Results indicated rotifers enriched
with taurine-containing liposomes obtained approximately 1.2% taurine on a dry weight
basis, similar to the upper concentrations reported in wild copepods and approximately
10-fold higher than in control rotifers. Northern rock sole larvae grew significantly
larger, were more developed and had higher whole body taurine concentrations when
fed rotifers enriched with taurine-containing liposomes, compared to larvae fed either
unenriched rotifers or rotifers enriched with equivalent concentrations of taurine using
the dissolved method. The dissolved method required 60x more taurine to achieve
rotifer enrichment levels and larval growth performance observed using the liposomeenrichment method. Fluorescent markers indicated that rotifers were able to break down
liposomes, liberating water-soluble nutrients into their guts and body cavity.
Differences and similarities are discussed between the efficacy of liposomes and
previously studied wax spray beads (WSB) for rotifer enrichment and subsequent
nutritional effects on fish larvae.
Keywords
Taurine; liposomes; microparticles; rotifers; enrichment; prey quality; fish larvae;
marine
1. Introduction
In commercial hatcheries, marine fish are often fed rotifers from first-feeding
until they are weaned onto Artemia or particulate diets. With respect to the nutritional
requirements of marine fish larvae, rotifers may be deficient in one or more watersoluble nutrients (Hamre et al., 2008; van der Meeren et al., 2008; Mæhre et al., 2012)
notably among them the amino-sulphonic acid, taurine. Taurine is present in the free
form in cells and body fluids and is an important compound in osmoregulation and bile
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salt production. It can be synthesized from methionine through cysteine (Espe et al.,
2008), the rate-limiting enzyme being cysteine sulfinate decarboxylase (CSD; Griffith
1987). Cysteine sulfinate decarboxylase deficiency may also be present in fish shown to
benefit from taurine supplementation (Kim et al., 2008). Taurine has several important
biological functions and deficiencies may result in lipid accumulation, mitochondrial
damage and resulting oxidative stress, neurological anomalies and heart failure
(Chesney et al., 1998; Millitante et al., 2004; Espe et al., 2008; Espe et al., 2012; Jong et
al., 2012).
The aquatic habitat makes delivery of water-soluble nutrients especially
challenging due to loss of water-soluble substances from food particles to the
surrounding seawater or “nutrient leaching”. This problem is exacerbated with
microparticulate diets because their surface area to volume ratios dramatically increase
as particle sizes decrease (Langdon and Barrows, 2011). In living aquatic organisms,
such as rotifers, cellular membranes serve to limit the losses of water-soluble
substances. As such, living organisms may be used to bioencapsulate and deliver
specific nutrients for fish larvae.
Enrichment of rotifers with water-soluble nutrients is most often accomplished
by dissolving the nutrient in the rotifer’s aqueous culture medium (Salze et al., 2012;
Takahashi and Amano 2005; Matsunari et al., 2005), hereafter referred to as the
“dissolved method”. However, there are several drawbacks to this approach in that: 1)
only a small fraction of the aqueous water-soluble nutrient is taken up by rotifers during
enrichment resulting in nutrient wastage, 2) water-soluble nutrients may interact with
other solutes in the enrichment medium and are, therefore, prone to oxidation and/or
other chemical reactions, 3) substances may be metabolized by the microbial
community during enrichment processes and 4) high quantities of dissolved water-
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soluble nutrients may increase the likelihood of bacterial infection of cultured
organisms. To ameliorate these issues, water-soluble substances may be encapsulated
within microparticles, such as liposomes, which are fed to rotifers resulting in nutrient
enrichment. Liposomes have been shown to elevate the concentrations of several watersoluble substances in rotifers (Monroig et al., 2003; Barr and Helland 2007; Monroig et
al., 2007b; Pinto et al., 2013). However, the impact of liposome-enriched rotifers on
marine fish larvae has not been thoroughly investigated. In one of the only documented
studies in this area, taurine-liposome enriched rotifers were fed to Gilthead seabream
but had little effect, presumably due to the low taurine requirements of seabream (Pinto
et al., 2013). To our knowledge, there are no studies that demonstrate positive effects of
rotifers enriched with taurine-containing liposomes on marine fish larvae.
Taurine concentrations are very low (not detected-0.05% DW) in rotifers when
compared to those measured in copepods (0.5-1.9% DW), the natural prey of marine
fish larvae (van der Meeren et al., 2008; Mæhre et al., 2012). Several species of marine
fish have been shown to benefit from taurine concentrations well above those measured
in rotifers (Omura and Inagaki 2000; Chen et al., 2005; Matsunari et al., 2005; Salze et
al., 2011; Salze et al., 2012). Specifically, northern rock sole larvae have been shown to
grow and develop faster when fed rotifers enriched with taurine-containing lipid-spray
beads, compared to those fed rotifers that were not enriched with taurine (Hawkyard et
al., 2014). In this study, we investigate the use of taurine-liposomes to improve the
nutritional value of rotifers for larval northern rock sole, a species that is known to
benefit from elevated dietary taurine during the larval phase (Hawkyard et al., 2014).
Improvements in the nutritional quality of live prey through enrichment with watersoluble nutrients provide opportunities for higher productivities and cost-savings for
commercial hatcheries.
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2. Material and Methods
2.1. Production of liposomes
Liposomes were produced based on the methods described by Barr and Helland
(2007). Liposomes were produced from Phospholipon 90H (294-KG-1, Lipoid, Newark,
NJ, USA), which is a hydrogenated phosphatidylcholine (PC) with 16:0 and 18:0 as the
predominant (>99%) fatty acids (product technical data). Hydrogenated PC was used
because liposomes produced from saturated lipids have been shown to better retain
amino acids when suspended in seawater compared to those containing highly
unsaturated fatty acids (HUFA; Monroig et al., 2003). In addition, HUFA-containing
liposomes are more susceptible to lipid-peroxidation (Monroig et al., 2007a) and could
subject fish larvae to oxidative stress during feeding trials. Thirty-seven and a half
grams of Phospholipon 90H were dissolved in 750 ml chloroform. An equal volume of
distilled water was added to the organic solution and mixed until a stable emulsion was
obtained. The emulsion was placed in a rotary evaporator (Labconco, Kansas City, MO,
USA; water bath 60° C) and rotated at 90-120 rpm. Vacuum pressure was maintained
between 700 and 900 mbar with a KNF Laboport vacuum pump system (KNF
Neuberger Inc., Trenton, NJ, USA). After 1.5 h of rotational evaporation, the resultant
suspension was poured into plastic 250 ml beakers, frozen (-20° C) and lyophilized in a
Labconco Freezone (Labconco, Kansas City, MO, USA) freeze dryer resulting in
freeze-dried, empty liposomes (FDEL).
Taurine (T-0625; Sigma-Aldrich, St. Louis, MO, USA) was ground for one hour
using a jar mill (U.S. Stoneware, NJ, USA) to obtain particle sizes smaller than 0.5 µm.
The small particle size facilitated the dissolution of the taurine-crystals and reduced the
need for heating during the preparation of taurine solutions. Liposomes containing
taurine (taurine liposomes) were prepared by hydrating 100 mg FDEL ml-1 with a
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preheated (60° C) 10% (w/v) taurine and 0.86% (w/v) NaCl solution whereas “salineliposomes” were prepared by hydrating 100 mg FDEL ml-1 with a preheated 2.6% NaCl
solution. Sodium chloride was added to both particle types to obtain isosmotic
concentrations in the core with respect to the rotifer enrichment water. The resultant
suspensions were stirred for 15 minutes and then extruded for 20 min (for every 100 ml
suspension prepared) at a rate of 14.1 ml min-1 through a 22 gauge smooth-flow tapered
tip (Nordson EDF, Westlake, OH, USA) by means of a peristaltic pump (Heidolph
pumpdrive 5201; SP Quick pumphead, Heidolph Instruments Schwabach, Germany).
Liposomes were refrigerated (2-4° C) in suspension until use.
Fluorescent liposomes were prepared to qualitatively examine ingestion and
digestion of liposomes by rotifers. These were made as described above with the
following modifications: five mg DiI (1,1′-dioctadecyl-3,3,3′,3′tetramethylindocarbocyanine perchlorate; D282; Molecular Probes, Oregon, USA) were
dissolved in the organic phase during rotary evaporation. DiI remained in the
phospholipid-water suspension and was not observed in the chloroform distillate. A
solution of sodium fluorescein (5% w/v) was prepared and encapsulated within DiIstained liposomes, as described above for taurine. DiI was used to stain the outer-lipid
lamellae of liposomes whereas sodium fluorescein was used to stain the aqueous core
and, therefore, act as a proxy for water-soluble nutrients. Using this methodology we
could determine if water-soluble substances were released from ingested liposomes.
2.2. Taurine retention and particle size analyses
Liposomes were centrifuged at 3500 rpm for 15 minutes to obtain a liposome
pellet, the supernatant was discarded and this process was repeated 3 times. The pellet
was not disturbed between centrifugations thereby minimizing the leaching of particles
during washing. For leaching trials, 25 mg (wet weight) liposomes were removed from
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the washed pellet and added to a 50 ml polypropylene centrifuge tube. Twenty-five ml
of 1-micron filtered seawater (20° C) was added to each tube at the beginning of the
trial. Tubes were capped and rotated at 20 rpm on a culture-rotator. One and a half ml
aliquots were removed at 5, 15, 30 and 60 minutes, placed in a 1.6 ml microcentrifuge
tube and centrifuged for 1 minute at 20,000 rcf to removed liposomes from suspension
(sample leachate). The liposome-free supernatant (verified microscopically in
preliminary trials) was then filtered though a 0.2 micron syringe filter to further ensure
that any remaining liposomes were removed and the filtrate was collected in a clean
microcentrifuge tube. An additional aliquot was removed to determine the total
quantity of taurine present in the liposome suspension. Total taurine concentrations
were determined after the liposomes were fractured to release taurine, using the freezefracture method described by Niesman et al. (1992). After-freeze fracturing (i.e. 100%
loss), samples were centrifuged and taurine concentrations in the supernatant were
determined as described above and in section 2.6. Taurine retention was calculated as
follows:
Retention (%) = 100 - (taurine conc. measured in sample leachate/total taurine
conc. in sample X 100)
Where, “taurine conc. measured in sample leachate” represents the taurine
measured in the supernatant of a given sample after removal of the liposomes by
centrifugation and “total taurine conc. in sample” represents the total taurine
concentration measured in a given sample after taurine was liberated by the freeze
fracture method.
For particle size analysis, one drop of liposome suspension was placed on a
glass slide with cover slip. Samples were diluted as necessary to obtain 20-50 particles
within the field of view and to minimize clumping. Digital images were taken with a
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Leica DM 1000 (Leica Microsystems, Wetzlar, Germany) microscope fitted with a
Leica DFC 400 camera (Leica Microsystems, Wetzlar, Germany). Particle diameters
were measured using Image-J (National Institute of Health, Bethesda, MD, USA)
software. Only individual liposomes diameters were measured. If two particles were in
contact, each liposome was measured independently; however, clumping of liposomes
was rarely observed.
2.3. Rotifer culture and enrichments
Rotifers were cultured on a diet of RotiGrow algae paste (Reed Mariculture,
Campbell, CA, USA) using methods described in Hawkyard et al. (2014). Liposome
enrichments were carried out in 15 l polycarbonate enrichment cones (Aquatic Habitats,
Apopka, FL, USA) in 2.5 l of filtered seawater (32 ppt, 26° C) at a density of 500
rotifers ml-1. Rotifers were enriched for 1h with: 1) saline-liposomes (250 mg liposome
phospholipid l-1; “Control”); 2) 250 mg dissolved taurine l-1 in addition to salineliposomes (250 mg liposome phospholipid l-1; “Dissolved Low”); 3) saline-liposomes
(250 mg liposome phospholipid l-1) and 15 g dissolved taurine l-1 (“Dissolved High”); or
4) taurine-liposomes (250 mg liposome phospholipid l-1; “Liposomes”). The
concentration of dissolved taurine in the “Dissolved Low” treatment was chosen so that
rotifers were exposed to the same concentration of taurine as in the “Liposome”
treatment during the enrichment process. The concentration of taurine in the “Dissolved
High” treatment was chosen to enrich rotifers with the same concentration of taurine as
obtained with the “Liposome” treatment, based on the results of preliminary
experiments. Saline-liposomes were provided to rotifers in the Dissolved Low, High
and Control treatments to ensure that rotifers had equivalent energy and lipid contents in
all treatments. In the Dissolved Low and High treatments, taurine (T-0625; SigmaAldrich, St. Louis, MO, USA) was ground into a powder for 1h using a jar mill (U.S.
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Stoneware, NJ, USA) to facilitate dissolution in filtered seawater prior to adding to the
rotifer enrichment water. Rotifers were collected, washed and sampled using the
methods described in Hawkyard et al. (2014).
Rotifers were enriched with a commercial enrichment product, Algamac 3050
(Bio-Marine, CA, USA), using the methods described by Hawkyard et al. (2014).
Briefly, rotifers were enriched twice daily for 6-16 h using 0.3g Algamac 3050 per
million rotifers. Algamac-enriched rotifers were collected on an 80 µm sieve and
reconstituted in cold (8° C) seawater.
In a separate trial, rotifers were fed fluorescently-stained liposomes for 1 h (500
rotifers ml-1; 250 mg liposomes [by lipid dry weight] l-1; 32 ppt, 26° C). Rotifers were
collected on an 80-micron sieve, repeatedly rinsed with clean seawater and observed
under an epifluorescent microscope (Leica DM 1000 microscope with DFC 400 camera;
Leica Microsystems, Wetzlar, Germany). Fluorescence of DiI (excitation max 549 nm,
emission max 565 nm) and fluorescein (excitation max 460 nm and emission max 515
nm) were visually isolated using an Endow GFP Bandpass Emission and TRITC filter
sets (Chroma Inc., VT, USA), respectively (Figure 4.1).
2.4. Northern rock sole husbandry
Northern rock sole larvae were hatched and reared using the methods described
by Hawkyard et al. (2014). Larvae were transferred to 20, 100 l black-walled fiberglass
tanks (2000 larvae tank-1) in a flow-through system maintained at 9 °C. The larval tanks
were set up in a flow-through system supplied with sand-filtered seawater from Yaquina
Bay, Oregon, and temperatures were maintained at 9° C (32-35 ppt). Temperature was
adjusted by controlling the flow rates of ambient and chilled seawater inputs. Tanks
were configured to provide upwelled seawater from the base of the tank (flow rates ~0.6
L min-1) and the outflow of each tank was fitted with a “banjo” covered with a 250 µm
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Nitex® screen. Gentle aeration was provided to each tank by an airstone placed at the
bottom of each tank. Due to the high turnover rates of water in the larval tanks (~9 times
day-1) nitrogenous compounds were not monitored. Larvae were fed Algamac-enriched
rotifers twice daily at a feeding density of five rotifers per ml until feeding was
observed in >95% of larvae (determined using digital microscopy) which marked the
beginning of the feeding trial (section 2.5). In addition, 5 ml RotiGrow algae paste
(Reed Mariculture, Campbell, CA, USA) was added to each larval tank prior to feeding
to obtain “greenwater”.
2.5. Feeding trial
A six-week feeding trial was conducted to compare the growth and survival
response of northern rock sole larvae fed rotifers enriched with either taurine-liposomes
or taurine dissolved in the enrichment water. Five replicates tanks of larvae were
assigned to one of four dietary treatments described in section 2.3: 1) Control, 2)
Dissolved Low, 3) Dissolved High and 4) Liposomes. It has been well established that
marine fish larvae benefit from live prey enriched with poly unsaturated fatty acids (see
reviews by Rainuzzo et al., 1997; Sargent et al., 1999; Izquierdo et al., 2000; Izquierdo
and Koven, 2011). However, the liposomes in this study were produced from saturatedPC and did provide rotifers with HUFA. Likewise, fish larvae were fed Algamacenriched rotifers for half of their daily ration. This was done to ensure that the fish
larvae obtained essential fatty acids and lipids not provided by liposome-enriched
rotifers. We chose to avoid simultaneous enrichment of rotifers with both Algamac and
liposomes because rotifers are highly selective of particles based on size (Baer et al.,
2008). Likewise, day-to-day differences in Algamac preparations (i.e. blending) would
have resulted in elevated variability in the liposome uptake, and therefore, taurine
concentrations of rotifers. Since Algamac-enriched rotifers were not enriched with
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taurine, the provision of Algamac-enriched rotifers had a dilution effect on the dietary
taurine concentrations experienced by the larvae during the feeding trial. We accounted
for this dilution by reporting the “estimated dietary taurine” (est. dietary TAU), which
was calculated as follows:

Est. dietary TAU = (taurine conc. of Algamac rotifers + taurine conc. of experimental
rotifers)/2

Where, “taurine conc. of Algamac rotifers” was the average taurine concentration (%
DW) measured in rotifers enriched with Algamac over the study period and “taurine
conc. of experimental rotifers” was the average taurine concentration (% DW) measured
in rotifers enriched with either 1) no added taurine (Control), 2) taurine dissolved in the
rotifer enrichment water (Dissolved Low, Dissolved High) or 3) taurine-liposomes.
These calculations were based on the assumption that both Algamac- and liposomeenriched rotifers were consumed at equal rates by the fish larvae. Rotifers were added to
larval tanks two times per day to obtain a prey density of five rotifers ml-1, greenwater
was also provided as previously described.

Ten larvae from each tank were sampled on day one of the trial and at the end of
every week over the six-week period. Larvae were euthanized with MS-222 and
individually photographed with a Leica dissecting scope (Wetzlar, Germany) fitted with
a Spot insight QE camera (Sterling Heights, MI, USA). Digital images of larvae were
analyzed using Image J (NIH, Bethesda, MD, USA) for standard length (SL) and body
depth. Developmental stages were determined from digital images based on the criteria
described by Hawkyard et al. (2014). Stage 2 was identified by the appearance of a node
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on an unbent notochord. Stage 3 was identified by a bent notochord that protruded past
the caudal peduncle. Stage 4 was identified by a bent notochord that was enveloped by
the caudal peduncle. Larval dry weights (DW) were taken by rinsing ten larvae from
each tank with 0.5 M ammonium formate to remove salts and then placing them on a
pre-weighed aluminum weighing dish. Samples were dried in an oven (65° C) for 72 h.
Once dried, samples were cooled for five minutes at room temperature (~20° C) and
then weighed to the nearest microgram using a Mettler Toledo MT5 microbalance
(Columbus, OH, USA).
Twenty larvae from each tank were pooled and sampled on week six for amino
acid analysis. Twenty-four hours prior to sampling, larvae in all treatments were fed
Algamac-enriched rotifers to purge them of experimentally enriched rotifers. This
method of purging was found to sufficiently purge experimentally enriched rotifers
from the larval gut in previous trials (Hawkyard et al., 2014). Larvae were frozen (20 °C) and then freeze dried (Labconco Freezone freeze dryer) for 72 h. Dried samples
were ground with a mortar and pestle and stored under an atmosphere of nitrogen at 20 °C for amino acid analysis.
2.6. Amino acid and taurine analyses
Total amino acids were extracted and analyzed by the UC Davis Amino Acid
laboratory (Davis, CA, USA) as described in Hawkyard et al., (2014). Amino acids
were measured with a Biochrom 30 ion exchange column with post ninhydrin
derivatization (Biochrom, Holliston, MA, USA). L-norleucine (General Biochemicals
Inc.) was used as an internal standard.
2.7. Statistics
Statistics were performed using JMP software, version 10.0.0 (SAS Institute
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Inc., Cary, NC, USA). Leakage data was analyzed with an ANOVA and post-hoc
comparisons were conducted with Tukey’s HSD. Homogeneity of variances was
checked with Levene’s test and normality was assessed graphically. Repeated-measures
models, using restricted maximum likelihood (REML) methods, were used to analyze
standard lengths (SL), body depths (BD) and larval dry weights (DW) among
treatments. Repeated-measures models were used because larvae were repeatedly
sampled from the same tanks on a weekly basis. In all cases, the resultant p-values were
based on the F-statistic derived from the fixed effects within the REML model. For
growth data, “tank” was the statistical unit and therefore tank means (i.e. average size of
larvae per tank) were used to estimate model parameters. As necessary, growth data
were normalized with natural-log transformations to ensure data met the assumptions of
the model. Larval survival and stage data were analyzed at the end of the trial using
ANOVA. Larval survival data were arcsin square root transformed to meet the
assumption of equal variance. Post-hoc comparisons were performed with Tukey’s HSD
with a threshold of p < 0.05. Amino acids in fish and rotifers were analyzed with
ANOVAs and multiple comparisons were corrected for using the Bonferroni method.
3. Results
3.1. Liposome particle size and leakage
Liposomes were found to have an average diameter of 4.0 + 0.3 µm (1 S.D.;
maximum diameter = 8.9 µm; minimum diameter = 1.3 µm). All liposomes measured
were within the range reported to be appropriate for consumption by rotifers (Baer et
al., 2008; Hotos et al., 2003). Taurine concentrations of liposomes suspended in
seawater declined to approximately 85 ± 5% of the initial concentration but did not
decline further during the remaining 55 minutes of the test period (Figure 4.2).
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3.2. Rotifer enrichments
After a 1h feeding period with fluorescently-stained liposomes, the lipid-soluble
dye (DiI) was observed in the digestive tract and fecal material of rotifers. DiI stained
liposomes appeared both spherical and as fragments in both the gut and fecal material.
The water-soluble fluorescent dye sodium fluorescein was also observed in the gut and
fecal material of rotifers. However, unlike DiI, sodium fluorescein was also visible in
the body region (beyond the gut) of rotifers. Images of a rotifer fed fluorescent-stained
liposomes are shown in Figure 4.1.
Taurine concentrations in rotifers (% DW; Figure 4.3) were higher in Dissolved
High and Liposome treatments when compared to the Dissolved Low and Control
treatments (Tukey’s HSD, significance level p = 0.05); however, taurine concentrations
of rotifers in the Dissolved High treatment were not significantly different than those
measured in Liposome treatment (Tukey’s HSD, significance level p = 0.05; Figure
4.3). Taurine concentrations in the Dissolved Low treatment were not significantly
different from those of the Control (Tukey’s HSD, significance level p = 0.05). With the
exception of taurine, no statistical differences were observed in the amino acid
concentrations (% DW) of rotifers in the different treatments (ANOVA, Bonferroni
correction, p-values above p = 0.003 were not significant).
3.3. Feeding trial
Sudden and high larval mortality was observed in 3 larval tanks (two Control,
one Dissolved Low) during the feeding trial. The cause of these high-mortality events is
unknown but appeared to be associated with a fungal-like growth in the affected tanks.
Tanks that did not contain larvae at week 6 were excluded from statistical analyses
(except estimates of survival). Northern rock sole larvae in the Liposome and Dissolved
High treatment had higher whole body taurine concentrations (statistics performed with
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arc-sin square-root transformed proportional dry weight concentrations; raw data shown
in Figure 4.3) when compared to the Control and Dissolved Low treatments (ANOVA,
significance level, p < 0.001). With the exception of taurine, there was no difference in
the whole body amino acid concentrations measured in fish larvae (% DW) among
treatments (Bonferroni estimate, significance level p = 0.003). When data from all
weeks were analyzed, larval standard lengths (SL), body depths, and ln-transformed dry
weights (raw data shown in Figures 4.4 and 4.5) were significantly different among
dietary treatments (repeated-measures REML, fixed-effect p-values < 0.001; Figures 4.4
and 4.5). All growth measurements were significantly higher in the Dissolved High and
Taurine-liposome treatments when compared to the Dissolved Low and the Control
treatments (Tukey’s HSD, significance level p = 0.05). Larval survival (statistics
performed on arcsine square root transformed survival; reported as % survival) varied
among treatments (ANOVA, p = 0.012) with the highest survival in the Liposome
treatment; specific comparisons are shown in Figure 4.6. Larval flexion stage, measured
on week 6, varied among treatments (ANOVA, p = 0.0032, 0.05 for stage 2 and 3,
respectively; specific pairwise comparisons shown in Figure 4.7); however larvae in
flexion stage 4 were only observed in the Taurine-Liposome and Dissolved High
treatments and were not significantly different between these two treatments (T-test, p =
0.10; Figure 4.7).
4. Discussion
4.1. Retention of taurine by liposomes
In this study, 85% of the taurine encapsulated within liposomes remained after
one hour of suspension in filtered seawater, with most of the loss occurring in the first
five minutes of suspension. Barr and Helland (2007) reported 90.9% retention of free
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amino acids by liposomes prepared with soybean phosphaidylcholine (Epikuron® 200
SH, Degussa Texturant Systems GmbH, Germany) following 120 minutes of
suspension in seawater, with the greatest losses occurring in the first five minutes. In the
same study, taurine was lost in proportion to its inclusion rate in the free amino acid
solution, suggesting that approximately 90% of encapsulated taurine was retained after
120 minutes. Liposomes show higher retention of taurine than wax spray beads (WSB)
when suspended in seawater. Langdon et al. (2008) reported 55% and 23% retention of
taurine following 4 minutes in aqueous suspension for WSB produced from 100%
beeswax and 95% beeswax/5% marine phospholipids, respectively. Hawkyard et al.
(2014) reported 40% retention of taurine in WSB (99% beeswax, 1% sorbitan
tristearate) following one hour of suspension. Structurally, WSB are comprised of
emulsified aqueous droplets or crystals within a lipid phase to form a particle matrix.
The interconnected nature of the aqueous droplets and/or crystals in the matrix will
likely facilitate loss of encapsulated substances during suspension, especially if the core
material is not fully encapsulated. In contrast, liposomes are composed of layers of
phospholipid-based lamellae that fully encapsulate the aqueous core materials.
Therefore, losses from liposomes are likely due to diffusion of substances across the
membrane as well as their physical rupture. The higher retention of taurine by
liposomes when compared to WSB partially explains their higher efficacy during the
enrichment of rotifers with taurine.
4.2. Rotifer enrichments
Taurine-liposome enriched rotifers contained approximately 1.2% taurine on a
dry weight basis and were within the range of concentrations previously reported in
copepods (~0.5-1.9% DW; van der Meeren et al., 2008; Mæhre et al., 2012). The
average taurine concentration achieved in taurine-liposome enriched rotifers was greater
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than that obtained with equivalent concentrations (250 mg taurine l-1) of taurine
dissolved in the rotifer enrichment water (Dissolved Low; 0.17% taurine by rotifer
DW). Furthermore, 60-times more taurine had to be dissolved in the enrichment water
to obtain taurine concentrations (1.3% taurine by rotifer dry weight) equal to those
obtained by enrichment with taurine-liposomes. It should be noted that rotifers in the
present study were enriched for 1h and that longer enrichment durations would likely
impact the efficiencies for both methods. We chose 1h enrichment periods because it
allowed for direct comparisons with a parallel trial that focused on the use of taurinewax spray beads (taurine-WSB) for the enrichment of rotifers (Hawkyard et al., 2014).
These results are similar to those reported for taurine-WSB, whereby, enrichment of
rotifers with taurine-WSB beads for 1h required 80-fold less taurine than dissolved
methods to obtain similar concentrations (0.35% by rotifers DW) in rotifers (Hawkyard
et al., 2014). The taurine concentrations of taurine-liposome enriched rotifers in this
study were 4-fold higher in taurine in terms of percent indispensible amino acids
(%IAA; data not shown) than those previously reported for taurine-liposomes by Pinto
et al. (2013). This difference was likely a result of differences in the formulations of
liposomes as well as differences in enrichment methods. In the current study,
enrichment of rotifers with taurine-liposomes resulted in 3.5-fold higher dry weight
concentrations of taurine in rotifers when compared to a previous study using taurineWSB (~0.34 % DW; Hawkyard et al., 2014). The higher concentrations of taurine
achieved in liposomes may have been attributed to a variety of factors including: 1)
higher leaching rates of taurine from wax spray beads, 2) differences in ingestion rates
by rotifers associated with particle size selectivity and/or 3) high losses of particles
during the enrichment process due to floating and clumping of wax spray beads.
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There are physical constraints as to the maximum particle size that a rotifer can
ingest which varies by rotifer size and strain. For instance, Brachionus “Cayman” do
not ingest inert particles over 12 microns in diameter (Baer et al., 2008). Hotos et al.
(2003) found that L-type Brachionus plicatilis, similar to those used in this study, could
not ingest particles over 22 microns. Differences in particle size distributions may have
partially explained the differences in efficacies between WSB and liposomes. Hawkyard
et al. (2014) estimated that only 71% of the WSB particles (by number) and 1.5% of the
particles by volume were in the size range appropriate for consumption by L-type
rotifers. In contrast, all of the liposomes measured (100% by number and volume) in the
present study were under 10-microns and were therefore ingestible by rotifers.
4.3. Larval feeding trial
All metrics of growth indicated Northern rock sole larvae fed liposome-enriched
rotifers grew significantly larger than larvae in the Control and Dissolved Low
treatment. In addition, the most developed larvae, in terms of flexion, were observed in
the Liposome and Dissolved High treatments (Figure 4.7). These findings are consistent
with a previous study that showed positive effects of taurine-enriched rotifers on the
growth and development of northern rock sole larvae (Hawkyard et al., 2014). In
contrast, Pinto et al. (2013) did not find differences in growth indices of gilthead
seabream (Sparus aurata) after a feeding trial comparing taurine-liposome enriched
rotifers and non-taurine enriched rotifers. Such differences may reflect species-specific
taurine requirements or abilities to use taurine precursors (methionine) to meet taurine
requirements. Alternatively, the differences observed between studies may reflect the
taurine concentrations used in growth trials.
Rotifers in the present study were not purged of liposomes and therefore taurine
concentrations measured in rotifers represented taurine contained in the rotifer gut and
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body tissues as well as taurine that was encapsulated within undigested liposomes in the
gut (supported by fluorescent images; Figure 4.1). Likewise, it was possible that taurine
encapsulated within liposome-enriched rotifers could have been unavailable to the fish
larvae. To address this issue, we included the “Dissolved High” treatment, whereby
rotifers contained equal concentrations of taurine (by percent rotifer DW) when
compared to liposome-enriched rotifers, but taurine was not delivered in an
encapsulated formulation. Therefore, reduced digestibility of microparticles (by rotifers
or fish larvae) should have manifested as differences in larval growth rates or whole
body taurine concentrations. However, in this study larvae grew equally well when fed
liposome-enriched rotifers when compared to those fed rotifers with equal
concentrations of taurine (by rotifer DW) obtained by the dissolved method. In addition,
whole body taurine concentrations measured in the larvae at the end of the trial were
similar in the dissolved high and liposome treatments (Figure 4.3). These findings
suggest that a large fraction of the taurine provided in liposome-enriched rotifers was
biologically available to the larvae. In contrast, rock sole larvae fed taurine-wax spray
bead enriched rotifers had lower larval growth rates and lower whole body taurine
concentrations when compared to the larvae fed rotifers with equal taurine
concentrations (by rotifer DW) obtained by dissolved methods (Hawkyard et al., 2014).
It is likely that these differences were related to differences in the digestibility of wax
spray beads and liposomes. It has been well established that marine fish larvae have
high capabilities to digest and metabolize phospholipids (see reviews by Rainuzzo et al.,
1997; Sargent et al., 1999; Izquierdo et al., 2000; 2011), which may explain the high
availability of liposome-encapsulated substances to northern rock sole larvae in the
present study. Waxes are highly concentrated in copepods (Parrish 2013) and therefore
it seems to follow that fish larvae should have high capacities for wax digestion.
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However, as previously noted, larvae do not appear to digest beeswax to a great extent,
which may have been attributed to the degree of saturation, and the respective hardness,
of beeswax. Alternatively, the physical structure of wax spray beads (solid wax with
aqueous core droplets) may be less digestible than the cell-like structure of liposomes,
which may release their contents upon rupture. Fluorescent techniques reveal that
rotifers appear to break down liposomes, liberating water-soluble nutrients into their
body cavity, prior to ingestion by larval fish (Figure 4.1). These findings suggest that
rotifers may have aided in the digestion of liposomes and therefore increased the
availability of encapsulated substances to the fish larvae.
In the present study it was necessary to co-feed larvae with Algamac- and
liposome-enriched rotifers to provide both lipid- and water-soluble nutrients,
respectively. However, this strategy resulted in lower dietary taurine concentrations for
the larvae than would have been achieved using l00% liposome-enriched rotifers. We
assumed equal ingestion rates of the differently enriched rotifers by the larvae and
therefore estimated dietary taurine concentrations were 0.6 and 0.65% DW for
Liposome and Dissolved High treatments, respectively (Figure 4.3). However, ingestion
rates of the liposome- and Algamac-enriched live prey by fish larvae were not explicitly
examined in this study and therefore such estimates should be interpreted with caution.
Furthermore, liposome-enriched rotifers likely acted to dilute the concentrations of
dietary HUFA delivered to fish larvae compared to larvae fed a 100% Algamacenriched rotifers diet. Future work should be aimed at the simultaneous enrichment of
rotifers with both water- and lipid-soluble substances. This might be accomplished by
adding HUFA to the liposome membranes or by developing suspensions of both
liposomes and HUFA rich algae or oil emulsions. The addition of HUFA to the
liposome membranes will likely reduce their retention of water-soluble substances by
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liposomes, whereas, algae or oil droplets may be preferentially ingested or may compete
for space in the rotifers guts. In both cases, there is likely a trade-off between the
enrichment of lipid- and water-soluble nutrients. These different enrichment methods
should be tested for their ability to obtain concentrations of taurine and HUFAs that
meet the nutritional needs of marine fish larvae.
4.4. Summary
We have found that liposomes are highly effective for the taurine-enrichment of
rotifers. Specifically, enrichment with taurine liposomes elevated the taurine
concentrations of rotifers to those previously reported in copepods. Furthermore,
taurine-liposome enriched rotifers promoted rapid growth of northern rock sole larvae
suggesting that enriched taurine was utilized and biologically available to the larvae.
While similar taurine concentrations can be achieved with dissolved taurine, taurine
liposomes required 60 times less taurine to achieve similar concentrations. It should be
noted that liposomes also have the potential to deliver a suite of water-soluble
substances to marine suspension feeders e.g., vitamins, minerals and antibiotics. The
use of liposomes for the enrichment of rotifers has the potential to reduce the wastage of
water-soluble substances and improve water-quality during live prey culture. Future
work should be aimed at investigating the efficacy of liposomes in delivering additional
water-soluble substances as well as co-delivery of lipids and lipid-soluble nutrients.
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Figure 4.1 Digital images of a rotifer fed fluorescent liposomes for 1h taken with a
40X objective. A 5% solution of sodium fluorescein (w/v; green flourescence) was
encapsulated in liposomes as a proxy for taurine. The lipid fraction of liposomes
was stained with DiI (0.5 mg g-1 w/w orange fluoresence). Liposome-fed rotifers
were veiwed under an epifluorescent microscope using filters to optimize
visualization of the fluorescence of these two markers. Left: rotifer viewed under
non-fluorescent conditions. Center: same rotifer viewed under conditions to show
fluorescence of fluorescein. Right: same rotifer viewed under conditions to show
DiI fluorescence.
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Figure 4.2 Retention of taurine in liposomes suspended in seawater (%; ± 1 SD).
Different letters denote significant differences in % retention among time points
(Tukey’s HSD, significance level p = 0.05).
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Figure 4.3 Taurine concentrations (% dry weight; %DW; ± 1 SD) measured in
taurine-enriched (Dissolved Low, Liposome and Dissloved High) and non-taurine
supplemented (Control) rotifers, as well as the whole body tissue concentrations of
northern rock sole larvae fed each of the experimental diets at the end of the trial.
Estimated dietary taurine concentrations are corrected for 50% dilution of the
taurine-enriched rotifers with Algamac-enriched rotifers (see section 2.3 for
calculations). Letters denote significant differences among treatments (Tukeys’s
HSD, significance level p = 0.05).
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Figure 4.4 Standard lengths (SL; ± 1 SD) of northern rock sole fed experimentally
enriched rotifers. Different letters denote significant differences among treatments
over all weeks (Tukey’s HSD, significance level p = 0.05).
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Figure 4.5 Individual larval dry weight (mg) of northern rock sole fed
experimentally enriched rotifers. Different letters denote significant differences
among treatments over all weeks (Tukey’s HSD, significance level p = 0.05).
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Figure 4.6 Survival rates (%; ± 1 SD) of northern rock sole larvae at the end of the
trial. Different letters denote significant differences (Tukey’s HSD, significance
level, p = 0.05).

113

Figure 4.7 Percent (%; ± 1 SD) of larvae classified in each of three developmental
(flexion) stages at the end of the trial (see text for criteria; section 2.5). Different
letters denote significant differences (Tukey’s HSD, p = 0.05); (-) indicates groups
excluded from statistical comparisons due to lack of data.
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Abstract
Taurine is an essential or conditionally essential nutrient for many species of
marine fish, especially during early development. There is growing evidence that
marine fish larvae benefit from taurine-enriched rotifers; however, it is unknown if
larvae benefit from taurine-enriched Artemia. We investigated the effects of taurineenriched rotifers (Brachionus plicatilis) and Artemia franciscana on the growth and
whole body taurine concentrations of California yellowtail (Seriola lalandi; CYT)
larvae. The approach used in this study was to encapsulate taurine within microparticles
(liposomes), which were then fed to rotifers and Artemia. We found that feeding taurine
liposomes to rotifers and Artemia resulted in taurine concentrations in these prey
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species that were similar to or above those previously reported in copepods. At the end
of the rotifer phase, CYT larvae fed taurine-enriched rotifers showed increased growth
(final dry weights) and had higher whole body taurine concentrations when compared to
larvae fed unenriched rotifers. At the end of the Artemia phase, CYT whole body
taurine concentrations varied among dietary treatments. Larval lengths and dry weights
were not significantly different among treatments at the end of the Artemia phase,
suggesting that the taurine concentrations of unenriched Artemia were sufficient to
support the growth of CYT larvae.
Keywords
Taurine, liposomes, microparticles, rotifers, Artemia, enrichment
1. Introduction
Taurine (2-aminoethanesulfonic acid) is a free organic acid in animal tissues and
is used for a variety of physiological processes in fish. For instance, taurine is
conjugated with cholesterol to produce bile salts that facilitate lipid digestion and
absorption (Kim et al., 2007; 2008). Furthermore, taurine performs key functions in
osmoregulation, neural transmission and counteracting oxidative stress via hypotaurine
(Huxtable 1992). In vertebrates, taurine is produced from cysteine and the reaction is
catalyzed by the enzyme cysteine sulfinate decarboxylase (CSD), which is the ratelimiting step in this pathway (Griffith 1987). Low CSD activities appear to limit de
novo taurine production for a number of marine fish species (Yokoyama et al. 2001;
Kim et al. 2008) necessitating that they obtain taurine from dietary sources.
The taurine concentrations of rotifers (Brachionus sp.; 0 to 0.5 g kg-1) have been
shown to be much lower than those previously measured in copepods (5-19 g kg-1), the
natural prey of marine fish larvae (van der Meeren et al. 2008; Mæhre et al. 2013) and
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several species of marine fish larvae have been shown to benefit from elevated
concentrations of dietary taurine; see reviews by El-Sayed (2013), Pinto et al. (2013b)
and Takeuchi (2014). Taurine concentrations reported in Artemia nauplii (7.2-8.2 g kg1

) are higher than those reported in rotifers but are still relatively low when compared to

those measured in copepods (van der Meeren et al. 2008); however, little information is
available regarding taurine-enrichment of Artemia and subsequent effects of feeding
these enriched prey to marine fish larvae.
It is currently unknown whether taurine concentrations of unenriched Artemia
are sufficient to meet the requirements of cultured marine fish larvae. Salze et al. (2011,
2012) demonstrated that larval cobia (Rachycentron canadum) grew larger after
receiving a diet of taurine-enriched rotifers followed by taurine-enriched Artemia when
compared to larvae that were fed rotifers and Artemia that had not been enriched with
taurine; hereafter referred to as “unenriched”. While cobia grew better when fed taurineenriched live prey, it was not possible to determine if the increased growth was in
response to the taurine enrichment during the rotifer or the Artemia phase or both. In the
current study, we attempted to resolve the relative importance of taurine enrichment of
rotifers (Brachionus plicatilis) versus Artemia franciscana in rearing larvae of
California yellowtail (Seriola lalandi; CYT).
Water-soluble substances, such as taurine, are often enriched in live prey by
dissolving the nutrient in the culture or enrichment water (Takeuchi et al. 2001;
Matsunari et al. 2005; Takahashi et al. 2005; Chen et al. 2005; Langdon et al. 2008;
Salze et al. 2012; Matsunari et al. 2013; Hawkyard et al. 2014, 2015). However, this
process requires large quantities of dissolved nutrients that may negatively impact the
water-quality in live prey cultures and it also results in significant wastage of nutrients
(Hawkyard et al. 2014). Several studies have attempted to solve this problem by
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encapsulating water-soluble substances in microparticles, such as liposomes or
lipid/wax spray beads, which were then used to enrich live prey (Monroig et al. 2003,
2006, 2007; Barr & Helland 2007; Langdon et al. 2008; Srivastava et al. 2011; Pinto et
al. 2013a; Hawkyard et al. 2011, 2014, 2015). However, water-soluble nutrient
concentrations must not only be elevated in live prey, but they must be physically
available to target organisms i.e. marine fish larvae. In the present study, we used
fluorescent techniques to determine if water-soluble substances were released from
liposomes as a result of digestion by live prey.
Multiple studies have shown that liposomes can be used to enrich rotifers and
Artemia with taurine and free amino acids (Tonheim et al. 2000; Monroig et al. 2007;
Pinto et al. 2013a; Hawkyard et al. 2015). Furthermore, northern rock sole
(Lepidopsetta polyxystra) larvae fed rotifers enriched with taurine-liposomes grew and
developed faster and had higher whole body taurine concentrations compared with those
fed unenriched rotifers (Hawkyard et al., 2015). In another study, gilthead seabream
(Sparus aurata) were fed taurine-liposome enriched rotifers or rotifers fed emptyliposomes (no taurine) but no apparent effects on larval growth rates or whole body
taurine concentrations were observed (Pinto et al. 2013a). To our knowledge, no studies
have evaluated the effects of taurine-liposome enriched Artemia on marine fish larvae.
In this study, we investigated the use of liposomes for the enrichment of rotifers and
Artemia and evaluated their subsequent effects on CYT larvae.
Little is known regarding the taurine requirements of CYT during the larval
period; however, Matsunari (2003) showed that Japanese amberjack (Seriola
quinqueradiata) fed a regime of rotifers and Artemia had markedly lower whole body
taurine concentrations (4.1 to 7.9 g kg-1 dry weight; DW) when compared to the
concentrations of wild captured larvae (17.9 to 23.8 g kg-1). In a more recent study, it
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was shown that Seriola dumerili grew at higher rates when supplied rotifers enriched to
a mean taurine concentration of 7.2 g kg-1 DW when compared to larvae fed rotifers
with lower taurine concentrations (1.5-4.2 g kg-1 DW) (Matsunari et al. 2013). It is
currently unknown whether S. lalandi have taurine requirements above those provided
by unenriched rotifers and Artemia. The objectives of this study were: 1) evaluate the
digestion of liposomes by rotifers and Artemia, 2) determine if liposomes could be used
to elevate the taurine concentrations of rotifers and Artemia to equal or exceed those
reported in copepods, 3) determine if the growth, survival and body taurine
concentrations of CYT were impacted by taurine-enriched rotifers or Artemia, and 4)
determine if increased dietary taurine during the rotifer phase impacted the subsequent
effects of taurine on CYT larvae during the Artemia phase.
2. Methods
2.1. Production and evaluation of liposomes
Freeze dried empty liposomes (FDEL) were prepared based on the methods
described by Barr & Helland (2007) as follows: Phospholipon 90H (50 g L-1; 294-KG1, Lipoid, Newark, NJ, USA) was dissolved in 750 mL chloroform. An equal volume of
distilled water was added to the organic solution and was mixed until a stable emulsion
was achieved. The emulsion was placed in a rotary evaporator (Labconco, Kansas City,
MO, USA; water bath 60° C) and rotated at 90-120 rpm. Vacuum pressure was
maintained between 700 and 900 mbar with a KNF Laboport vacuum pump system
(KNF Neuberger Inc., Trenton, NJ, USA). Chloroform distillate accumulated in the
collection flask for the first 30 minutes of rotational evaporation at which point it
appeared to cease. An addition 1 h of rotational evaporation was necessary for the
development of liposome membranes and also served to remove residual chloroform.
The proto-liposome suspension was frozen and shipped to Apex Lyo Inc. (Moses Lake,
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WA, USA) where it was freeze-dried in a commercial freeze dryer for 72 h. Freezedrying was necessary to produce FDEL which could be subsequently loaded with water
or nutrient-solutions. In addition, freeze-drying is an effective method for removal of
organic solvents from biological materials (Quinn & Scanlon 2000) and helped to
ensure that liposomes were chloroform-free. Liposomes containing taurine were
prepared by adding 100 mg FDEL ml-1 to a preheated (60° C) 10% (w/v) taurine
solution whereas “empty-liposomes” were prepared by adding 100 mg FDEL mL-1 to
preheated (60° C) distilled water. The resultant suspension was stirred for 15 minutes
and then extruded by means of a peristaltic pump (Heidolph pump drive 5201; SP
Quick pump head, Heidolph Instruments Schwabach, Germany) for 90 min at a rate of
14.1 mL min-1 through a 22 gauge smooth-flow tip (Nordson EDF, Westlake, OH,
USA). Liposomes were prepared throughout the feeding trials to avoid long-term
storage (< 7 days storage) and stored in suspension at room temperature (~20° C) until
use. Liposomes were stored at room temperature, rather than refrigerated, to prevent
potential precipitation and formation of taurine crystals that could negatively affect
liposome integrity.
We used a double-staining technique to aid visualization of liposomes in feeding
studies. The outer lipid lamellae of the liposomes were stained with the lipid-soluble
dye DiI (0.5 mg DiIg phospholipid-1;1,1′-dioctadecyl-3,3,3′,3′tetramethylindocarbocyanine perchlorate; D282; Molecular Probes, Oregon, USA)
which appears orange in digital images. The aqueous core was stained with the watersoluble dye, sodium fluorescein (5% w/v; Fluka, St. Gallen, Switzerland), which was
used as a proxy for water-soluble nutrients and appears green in digital images. Using
this methodology we determined if water-soluble substances were released from
liposomes into the gut and/or body tissues of rotifers and Artemia. Fluorescent
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liposomes were prepared as described above with the following modifications: a lipidsoluble fluorescent dye (0.5 mg DiI g phospholipid-1) was dissolved in the phospholipid
membranes during production of FDEL. A solution of sodium fluorescein (5% w/v) was
prepared and encapsulated within DiI-stained liposomes, as described above for taurineliposomes. The resultant suspension was centrifuged (3000 rcf) for 15 minutes and the
supernatant was poured off to remove unencapsulated sodium fluorescein. This washing
process was repeated three times and the pellet (composed of fluorescent stained
liposomes) was used to feed Artemia during the trial.
2.2. Live prey culture and enrichments
Rotifers were cultured on a diet of Rotigrow® Plus algae paste (2 mL paste per
million rotifers; Reed Mariculture, Campbell, CA, USA) in a 600 L recirculating
system. Rotifer enrichments were carried out in 60 L black-walled fiberglass cones (Red
Ewald Inc., Karnes City, TX, USA) filled with 24 L of filtered seawater (salinity: 25 g
L-1; temperature: 24-26° C) at a density of 4000 rotifers mL-1. Rotifers were enriched
with either: 1) 1 g (by lipid DW) empty liposomes L-1 (U-Rot) or 2) 1 g taurine
liposomes L-1 (TL-Rot). Empty liposomes were used in the unenriched treatments so
that rotifers were fed on diets with similar lipid content and composition in all
treatments. Rotifers were enriched with liposomes for one hour, collected on an 80-µm
sieve and re-suspended in clean (24-26° C) seawater.
Polarized Great Salt Lake Artemia cysts (1.4 g L-1; Inve Technologies,
Dendermonde, Belgium) were hatched in 1-micron filtered seawater (salinity 35 g L-1;
temperature: 30-32° C) obtained from Mission Bay, San Diego. After hatching (~18 h
after adding the cysts to seawater), Artemia nauplii were rinsed with clean seawater and
passed though a SEP-Art magnetic device (Inve Technologies, Dendermonde, Belgium)
designed to remove cysts and then collected on a 200 micron seive. Nauplii were then
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transferred to 200 L of clean seawater in plastic cylinders and enriched with Selco®
S.presso (0.4 g L-1; Inve Technologies, Dendermonde, Belgium; 5000 nauplii L-1;
salinity 35 g L-1; temperature 26-27° C). This step was necessary to increase the highly
unsaturated fatty acid (HUFA) content of the Artemia. After 18 h of enrichment with
Selco® S.presso, metanauplii were transferred to 60 L enrichment cones at a density of
1000 metanauplii ml-1 and enriched for 1 h with taurine-liposomes (TL-Art) or emptyliposomes (U-Art) at a concentration of 500 mg liposomes (by lipid DW) L-1. Artemia
were enriched with liposomes for one hour, collected on an 80-µm sieve and resuspended in clean (24-26° C) seawater.
Fish larvae were fed four times per day, however, it was not logistically possible
to perform four live prey enrichments per day; therefore, freshly enriched live prey were
used for the first and third feedings of the day whereas cold-stored (4-10° C) live prey
were used for the second and fourth feedings. Enriched live prey and cold-stored live
prey were sub-sampled from daily enrichments, collected on a 60-µm sieve, rinsed with
deionized water for 30 seconds and frozen at -80° C for taurine analysis (n = 3). Rotifer
and Artemia samples were freeze dried (Labconco freeze dryer) for 72 h, ground with a
mortar and pestle and stored under an atmosphere of nitrogen gas at -20° C for taurine
analyses.
Two additional trials were conducted to qualitatively evaluate the breakdown
and release of core materials from liposomes during digestion by rotifers and Artemia
metanauplii. Rotifers were fed fluorescently stained liposomes for ~45 min (250 rotifers
mL-1; 250 mg liposomes [by lipid DW] L-1; salinity: 26 g L-1; temperature: 26° C)
whereas Artemia were fed fluorescently stained liposomes for ~1 h (500 metanauplii
mL-1; 250 mg liposomes [by lipid DW] L-1; salinity: 35 g L-1; temperature: 26° C).
Rotifers and Artemia were collected on a 40-micron sieve, repeatedly rinsed with clean
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seawater and observed under an epifluorescent microscope (Leica DM 1000 microscope
with DFC 400 camera; Leica Microsystems, Wetzlar, Germany). Fluorescence of DiI
(excitation max: 549 nm, emission max: 565 nm) and fluorescein (excitation max: 460
nm and emission max: 515 nm) were visually isolated using Endow GFP band pass
emission and TRITC filter sets (Chroma Inc., VT, USA), respectively.
2.3. CYT husbandry
Eggs were obtained from CYT broodstock (19 males, 18 females) held at
Hubbs-SeaWorld Research Institute in San Diego, California. The collection and
husbandry of broodstock as well as egg collection methodologies are described in detail
in Stuart & Drawbridge (2013).
2.4. Feeding trial
A two-week feeding trial was conducted to determine if taurine-enriched live
prey had an effect on the growth and development of CYT. Initially, 50 eggs L-1 were
stocked in sixteen 300 L tanks configured in a recirculation system. Water temperature
was measured continuously and ammonia, nitrites, nitrates and pH were measured
weekly. Replicate tanks of larvae (n=4) were assigned to one of four dietary treatments:
1) unenriched rotifers followed by unenriched Artemia (U-Rot:U-Art), 2) unenriched
rotifers followed by taurine-liposomes enriched Artemia (U-Rot:TL-Art), 3) taurineliposome enriched rotifers followed by unenriched Artemia (TL-Rot:U-Art) or 4)
taurine-liposome enriched rotifers followed by taurine-liposome enriched Artemia (TLRot:TL-Art). The experimental design is depicted in Figure 5.1. Rotifers were fed to
larvae from 2 to 8 days post hatch (dph) at a density of 20 rotifers mL-1. During 8 dph,
Artemia (3 metanauplii mL-1) were co-fed to larvae along with rotifers (10 rotifers mL1

). From 9 dph until the end of the trial (14 dph), larvae were fed solely on Artemia at a
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density of 3 metanauplii mL-1. The trial was terminated on day 15 post-hatch, which
was chosen because this was the point when larvae would normally be co-fed with
artificial diets (Stuart & Drawbridge, 2013).
Periodically (3, 5, 7 and 9 dph), ten larvae were sampled from each tank,
euthanized in MS-222 and their digestive tract opened by dissection. Samples were
taken one hour after the first feeding of the day so that live prey were not fully digested
and were easily identified and enumerated from dissections. Feeding incidence i.e. the
percentage of larvae with one or more rotifers or Artemia in their guts and the number
of prey in the gut of each larva were determined. Fifty larvae from each tank were
sampled at 2, 8, and 14 dph and were euthanized with MS-222. Twenty larvae were
selected at random and photographed with a Leica MZ16 dissecting scope (Wetzlar,
Germany) fitted with Evolution™MP Color digital camera (Media Cybernetics, Inc.,
MD, USA). Digital images of larvae (20 larvae tank-1) were analyzed using Image Pro
version 5.0.1 (Media Cybernetics, Inc., MD, USA) for standard lengths (SL). Larval dry
weights (DW) were determined by placing a pooled sample of fifty larvae from each
tank on a pre-dried GF/C filter and placing the filter in a drying oven (65° C) for 48 h.
All larvae were rinsed with deionized water to remove excess saltwater prior to drying.
Dried larvae were cooled for five minutes at room temperature (~20° C) and then
weighed to the nearest microgram. Larval survival (%) was determined by collecting
and counting all remaining larvae from each tank at the end of the trial (15 dph). The
number of larvae remaining was divided by the total number of eggs initially added to
each tank less the number of larvae sampled throughout the trial. Larvae were sampled
before the morning feeding (guts were empty based on visual observations) on 0, 2, 8
and 15 dph for taurine analysis. Larvae were then freeze dried (Labconco freeze dryer)
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for 72 h, ground with a mortar and pestle and stored under an atmosphere of nitrogen at
-20 °C until analysis.
Nitrogen compounds (nitrate, nitrite, ammonia; ± 0.001 mg L-1) and pH (± 0.01)
were monitored weekly, while dissolved oxygen (± 0.01 mg L-1 and ± 0.1 percent
saturation) and temperature (± 0.1°C) were monitored daily. Temperature, dissolved
oxygen, and pH were measured with a model HQ40d meter (Hach Company, Loveland,
CO). Total ammonia, nitrite, and nitrate were measured with a model DI/890
colorimeter (Hach Company, Loveland, CO).
2.5. Taurine analysis
Taurine concentrations were analyzed at the UC Davis Amino Acid laboratory
(Davis, CA, USA). Briefly, five mg of each sample was added to a glass ampoule
together with five mL lithium citrate loading buffer. Ampoules were sealed and placed
in an oven (115° C) for two hours to facilitate hydrolysis. The samples were then
removed, allowed to cool and filtered with a 0.45 µm PTFE syringe filter. Samples were
diluted as necessary to fall within the detectable range for the assay. Taurine was
measured with a Biochrom 30 amino acid analyzer (Biochrom, Holliston, MA, USA).
2.6. Statistics
Statistics were performed with JMP version 10.0.0 (SAS Institute Inc., Cary,
NC, USA). Tank 6 (TL-Rot:TL-Art) showed a high degree of mortality early in the trial
and was therefore excluded from all statistical analyses. Growth metrics (SL and DW),
survival and larval whole body taurine concentrations at the end of the rotifer phase
were analyzed with T-tests (larvae fed taurine-enriched rotifers vs. unenriched rotifers).
At the end of the Artemia phase, ANOVA were used to analyze growth metrics,
survival and whole body taurine concentrations. Taurine concentrations in enriched and
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cold-stored live prey were analyzed using ANOVA Ingestion rates of rotifers by larvae
i.e. “feeding incidence” and “number of prey” were analyzed with two-way ANOVA
with “day of sampling” and “treatment” as main effects. However, since there was only
one sample point during the Artemia phase, ingestion rates of metanauplii were
analyzed with a one-way ANOVA. Post-hoc comparisons were performed with Tukey’s
HSD, significance level p < 0.05. Equal variance was checked with the Levene’s test for
homogeneity and normality was checked graphically. When necessary, data were
transformed using natural log or arcsine-square root transformations to meet the
assumption of equal variance.
3. Results
3.1. Live prey enrichments and cold-storage
The fluorescent dyes, DiI and sodium fluorescein were clearly visible using
epifluorescent microscopy and could be optically isolated from one another using the
described filter sets. Fluorescent-stained liposomes were observed in the guts of both
rotifers and Artemia following short-term enrichments (Figure 5.2 and 5.3). The lipidsoluble dye (DiI), associated with the phospholipid membranes of liposomes, was
confined to the gut regions and fecal material of rotifers and Artemia. Sodium
fluorescein, indicative of aqueous core materials, was observed throughout the gut
regions of both organisms including regions where DiI was not present. In Artemia,
sodium fluorescein was confined to the gut region, whereas in rotifers, sodium
fluorescein could also be seen beyond the gut and in the body cavity.
Rotifers contained 29.8 ± 1.6 g kg-1 DW taurine following 1 h enrichment with
taurine-liposomes whereas unenriched rotifers contained only 0.16 ± 0.01 g kg-1 DW
taurine. After 3 hours of cold storage, taurine-liposome enriched rotifers showed a
significant 20% decline in taurine content to 24.3 ± 0.1 g kg-1 DW taurine (Tukey’s
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HSD, significance level p = 0.05; Figure 5.4, A). Since larval fish were fed a diet
composed of 50% cold-stored and 50% fully-enriched rotifers (provided in alternate
feedings), we estimated that the taurine concentration fed to the larvae was the mean of
these two concentrations at 27g kg-1 DW. Artemia enriched with taurine-liposomes had
significantly higher taurine concentrations (17.2 ± 1.1 g kg- 1 DW) when compared to
unenriched Artemia (8.1 ± 0.6 g kg-1 DW) and neither showed a decline in taurine
concentrations following 3 h cold-storage (Tukey’s HSD significance level, p = 0.05;
Figure 5.4, B).
3.2. Feeding trial
California yellowtail eggs were 1.39 ± 0.02 mm in diameter and hatched two
days after collection (fertilization) with a hatch rate of 63.0 ± 11.5%. Throughout the
trial, water temperature averaged 21.52 ± 0.44 °C. Nitrite, nitrate and total unionized
ammonia concentrations and pH were 0.018 ± 0.008, 2.58 ± 0.71, 0.006 ± 0.001 mg L-1
and 7.89 ± 0.07, respectively. Larval CYT survival rates, measured at the end of the
trial, were not significantly different among treatments and had a grand mean of 9.9%
(ANOVA, p-value 0.63; treatment values shown in Table 5.1).
At the end of the rotifer phase (8 dph), larvae fed taurine-enriched rotifers
(treatments TL-Rot:U-Art and TL-Rot:TL-Art combined) had significantly higher
individual dry weights than larvae fed unenriched rotifers (treatments U-Rot:U-Art and
U-Rot:TL-Art combined; T-test, p-value 0.048; Table 5.1). Whole body taurine
concentrations were higher in treatments where larvae were fed taurine-enriched rotifers
(combined mean: 15.1g kg-1 DW) than those fed unenriched rotifers (combined mean:
8.0g kg-1 DW; Tukey’s HSD, significance level p = 0.05). In contrast, at the end of the
Artemia phase, SL and DW of larvae were not statistically different among treatments
(ANOVA, p-values 0.57 and 0.56, respectively; Table 5.1).
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Larval whole body taurine concentrations were significantly different among
treatments at the end of the Artemia phase (measured at 15 dph; ANOVA, p = 0.001;
Figure 5.5) and were highest when larvae were fed taurine-liposome enriched Artemia
(U-Rot:TL-Art and TL-Rot:TL-Art), lowest when larvae were fed unenriched live prey
(U-Rot:U-Art) and intermediate when larvae were fed taurine-liposome enriched
rotifers and unenriched Artemia (TL-Rot:U-Art; Tukey’s HSD, significance level p =
0.05).
During the rotifer phase, the percentage of larvae that had rotifers in their guts
(feeding incidence; %) and number of prey measured in the guts of larvae (number of
prey larva-1) increased with larval age (ANOVA, p < 0.001 and 0.001 for feeding
incidence and number of prey, respectively) but were not significantly different among
treatments (ANOVA, p = 0.40 and 0.91 for treatment main effects for feeding incidence
and number of prey, respectively). The average numbers of rotifers in the larval guts
were 3.2, 5.4 and 14.3 rotifers larva-1 at 3, 5 and 7 dph, respectively. During the Artemia
dietary phase (measured on 9 dph), there were no differences in the feeding incidences
or number of prey larva-1, (ANOVA, p = 0.81 and 0.98, respectively). Overall, 56 ±
25% of larvae fed on 9 dph and on average contained 2.9 nauplii larva-1 after 1 h of
feeding.
4. Discussion
Fluorescent images (Figures 5.2 and 5.3) provide evidence that: 1) liposomes
were ingested by rotifers and Artemia, 2) the phospholipid fraction of liposomes was
restricted to the gut regions of both organisms and 3) the water-soluble substance,
sodium fluorescein, was released into the guts of both organisms. One difference
between these two organisms is that sodium fluorescein was observed in the body of
rotifers, i.e. beyond the gut region, but was not evident outside of the alimentary tract of
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Artemia. In general, these images suggest that rotifers and Artemia “bioencapsulate”
liposome-delivered, water-soluble substances and have the ability to partially digest
liposomes, potentially making their contents more available to predators. Similarly,
Hontoria et al. (1994) found that carboxy fluorescein (CF) did not fluoresce when
encapsulated within unilamelar liposomes (due to self-quenching) but fluoresced when
CF was released into the guts of Artemia during digestion.
Rotifers and Artemia have very different processes for the acquisition and
digestion of food. Brachionus plicatilis use cilia located on the corona to capture and
transfer particles into the mouth. Upon ingestion, particles are passed though the mastax
that contains specialized hard parts (trophi) used to “chew” food particles (Kleinow et
al. 1996, Kleinow1998). This chewing action may assist in the mechanical breakdown
of liposomes. Particles are then moved to the rotifer stomach where they can be further
digested by chemical processes. Lipases have been detected in the stomach of
Brachionus sp. (Štrojsová & Vrba 2007) and may aid in the digestion of liposomes.
Taken as a whole, rotifers appear to have a high capacity for particle breakdown and
digestion. Artemia nauplii ‘sweep’ particles into the mouth by means of setae located on
the antennae (Makridis & Vadstein 1999) and have a hooked, tube-like alimentary tract
comprised of a fore, mid and hindgut (Gunesekara et al. 2011). Particles appear to be
moved through the alimentary tract by means of gut peristalsis (pers. obs.). Lipases
have been detected in Artemia (Gawlicka et al. 2000) and likely assist in the digestion
of liposomes as they pass through the digestive system. While, rotifers and Artemia
appear to process food in different ways both appear to be effective for the ingestion
and digestion of liposomes.
Rotifers enriched with taurine-liposomes (29.8 ± 1.6 g kg-1 DW) showed a 300fold increase in taurine concentrations when compared to those of unenriched rotifers
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(Fig. 5.4, A). These concentrations are the highest yet obtained in rotifers; previous
studies ranged from 6 to 13 g taurine kg-1 DW (Takahashi et al. 2005; Matsunari et al.
2005; Matsunari et al. 2013; Hawkyard et al. 2014, 2015). The variation in taurine
concentrations previously reported in rotifers can be attributed to differences in: 1)
durations of enrichment, 2) the quantities of taurine used and 3) the means by which
taurine was provided to the rotifers (Takahashi et al. 2005; Matsunari et al. 2005;
Matsunari et al. 2013; Hawkyard et al. 2014, 2015). The high concentrations obtained in
the present study, when compared to those previously reported for liposome-enriched
rotifers (Hawkyard et al. 2015) were likely the result of the increased liposome densities
used in the present study (1 g l-1 vs. 250 mg phospholipid l-1). These results show the
high efficacy of liposomes for enrichment of rotifers with water-soluble substances. It is
currently unknown if increased liposome densities or longer enrichment durations may
further increase taurine concentrations in rotifers.
Our results are consistent with previous studies showing that rotifers retain
enriched substances when stored at cold (< 26° C) water-temperatures. For instance,
Baer et al. (2008) found that Brachionus “Cayman” showed high, medium and low rates
of particle retention when rotifers were stored at 4, 10 and 26° C, respectively.
Penglase (2009) found that rotifers retained higher concentrations of selenium when
rotifers enriched with selenium-containing yeast were stored at 9-14° C when compared
to those stored at 20-25° C. Cold storage allowed us to enrich rotifers with liposomes
less frequently and store them for subsequent feedings; an approach that would be
useful for hatcheries if the use of liposomes for prey enrichment was commercialized.
Artemia metanauplii enriched with taurine-liposomes had taurine concentrations
(17.2 ± 1.1 g kg-1 DW; Figure 5.4, B) similar to those previously measured in copepods
(5-19 g kg-1 DW; van der Meeren et al. 2008; Mæhre et al. 2013). To our knowledge,
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this is the first study to enrich Artemia with taurine. Monroig et al. (2007) showed that
Artemia could be enriched with free methionine and achieved a concentration of 1.2 g
kg-1 DW using multi-lamellar liposomes. We found that Artemia retained high (~100%
of initial) concentrations of taurine following 3 hours of cold storage (4-10 °C; Figure
5.4, B). Similarly, Hawkyard et al. (2010) found that Artemia enriched with wax spray
beads containing iodine and yttrium retained approximately 75% of enriched substances
after 8 hours of storage; however, the retention rates were not affected by water
temperature. Evjemo et al. (2001) found an inverse relationship between water
temperature and the depletion rates of total lipids, protein and fatty acids of A.
fransiscana nauplii during starvation. In the current study, we did not compare the
retention of taurine by taurine-enriched Artemia stored at different water temperatures.
Therefore, since the CYT feeding trial was conducted at 22 °C, taurine-enriched
Artemia might have lost some quantity of taurine in the 300 L tanks prior to
consumption by the CYT larvae; however, we believe these losses were minimal due to
the high retention rates of taurine (~100%) by Artemia starved at cold temperatures and
aggressive larval feeding behavior and presumably rapid consumption of nauplii by
CYT larvae (pers. obs.). More research is needed to investigate the effects of water
temperature on the retention of water-soluble substances by liposome-enriched Artemia
during starvation.
Whole body taurine concentrations (8.4 ± 0.4 g kg-1 DW) in newly hatched
larvae (0 dph) and increased to 10.3 ± 0.1 g kg-1 DW by 2 dph (Figure 5.5). These
concentrations are similar to those reported for S. dumerili whereby 1 dph larvae had
whole body taurine concentrations of 8 g kg-1 DW (Matsunari et al. 2013). Matsunari
(2003) reported that taurine concentrations in eggs and newly hatched S. quinqeradiata
larvae were 4.1 and 7.6 g kg-1 DW, respectively (Matsunari et al. 2003). The increase in
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whole body taurine concentrations prior to exogenous feeding, in both the 2003 study
and present study, may have been attributed to decreasing larval weights associated with
the catabolism of endogenous nutrients. In the present study, larvae decreased in dry
weight by 37% between 0 and 4 dph (dry weights were not measured at 2 dph) which
could more than explain the 18.5% increase in taurine concentrations, assuming taurine
was not excreted nor catabolized during this time. It is also possible that these increases
could have been driven by de novo taurine synthesis during the embryonic and larval
stages. However, given the apparently high requirement for taurine during the
exogenous feeding phase (discussed later), we suspect that de novo taurine synthesis in
CYT is rate-limited in the embryonic and larval stages. If true, the relatively high
concentrations in eggs and pre-feeding larvae suggest that taurine must have been
provided during vitellogenesis and may be therefore be impacted by broodstock
nutrition. More research is needed to determine the impact of broodstock nutrition on
the taurine concentrations of eggs and larvae.
Larval growth indices (Table 5.1) and whole body taurine concentrations (Figure
5.5) provided evidence CYT larvae benefitted from taurine-enriched rotifers. Our
results are similar to those found for S. dumerili whereby larvae showed increased
growth (in terms of fish length) and whole body taurine concentrations with increasing
dietary taurine concentrations provided by enriched rotifers (dietary taurine
concentrations tested: 1.5 - 7.4 g kg-1 DW; Matsunari et al. 2013). These results are also
consistent with those shown in other species of marine fish. For instance, Pacific cod
(Gadus macrocephalus), northern rock sole (L. polyxystra), cobia (R. canadum) and
Senegalese sole (Solea senegalensis) larvae have also been shown to benefit from
taurine-enriched rotifers (Matsunari et al. 2005; Pinto et al. 2010; Salze et al. 2011,
2012; Hawkyard et al. 2014, 2015).
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At the end of the Artemia-dietary phase, the highest larval whole body taurine
concentrations were observed when larvae were provided taurine-enriched Artemia
from 8 to 14 dph (sampled at 15 dph; Figure 5.5). These results suggest that larvae
absorbed and stored the additional taurine provided by the taurine-liposome enriched
Artemia. Larvae that were fed taurine-enriched rotifers and unenriched Artemia had
intermediate whole body taurine concentrations, suggesting that larvae maintained
elevated body taurine levels as a result of early provision with taurine-enriched rotifers.
Whole body taurine concentrations were the lowest in CYT that were fed unenriched
live prey in both the rotifer and Artemia dietary phases. However, even though larvae in
this treatment had the lowest concentrations at 15 dph, they were still higher than those
measured in larvae fed unenriched rotifers at 8 dph. This difference was likely attributed
the higher quantities of taurine provided by unenriched Artemia when compared to
unenriched rotifers and was even more pronounced when larvae were fed taurineenriched Artemia. In general, larval whole body taurine concentrations were elevated in
response to increased dietary taurine provided by taurine-enriched live prey.
The overall survival rates observed in this study (9.9% at 15 dph) were typical
for the larval rearing system used in this study. Using the same larval rearing system,
Stuart and Drawbridge (2011) reported an overall survival rate of 9.3% at 16 dph for
CYT. Coupled with previous studies with northern rock sole larvae (Hawkyard et al.,
2015), it does not appear that liposomes, prepared by the described methodologies,
negatively impact marine fish larvae when provided in enriched live prey. The low
survival rates of CYT in this and the 2011 study were likely impacted by the small-scale
(research-scale) system used in these experiments. Higher survival rates can be obtained
using commercial-scale systems (Stuart & Drawbridge, 2013), however, commercialscale systems are not conducive to highly replicated experimental designs.
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There were no differences in the lengths or weights of larvae at the end of the
Artemia dietary phase among treatments suggesting that unenriched Artemia contained
sufficient taurine to facilitate growth of CYT. Furthermore, since there were differences
in larval weights at the end of the rotifer phase attributed to taurine enrichments, but not
at the end of the Artemia phase, it appears that the concentrations of taurine in
unenriched Artemia (~7 g kg-1) were sufficient to nutritionally compensate larvae that
did not receive taurine-enriched rotifers earlier in life. Growth metrics may be limited it
two ways: First, growth is highly variable in larval fish and therefore analyses using this
metric may fail to identify differences among treatments i.e. type II error. Secondly, the
short length of this study, confined to only the live prey dietary phases, may have not
been sufficient to capture delayed growth or developmental effects. As a whole, while
the taurine concentrations in unenriched Artemia may not maximize the whole body
taurine concentrations of larvae, they are sufficient to promote larval growth and do not
result in a nutritional deficiency for CYT larvae.
Feeding rate data collected in this study suggests that taurine did not stimulate
feeding behavior in CYT larvae during the rotifer or Artemia phases. Therefore, we
propose that the biological effects of taurine observed in this study, i.e. increased larval
DW at 8 dph and variation in larval whole body taurine concentrations, were attributed
to the increased utilization of taurine by larvae from taurine-enriched live prey and not
increased rates of prey consumption. While taurine did not appear to act as a feeding
stimulant in this study, more research is needed to determine if taurine stimulates
feeding in other species, life stages and different feed types, e.g. when included in
artificial diets.
This study is the first to show that fish larvae are able to utilize water-soluble
substances provided by liposome-enriched Artemia. As previously noted, CYT larvae
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had higher whole body taurine concentrations when fed Artemia enriched with taurinecontaining liposomes than when fed unenriched Artemia. These findings are consistent
with our visual observations that showed release of water-soluble fluorescent dye into
the gut and body of the nauplii, suggesting that water-soluble substances, such as
taurine, should be at least partially available to fish larvae. It is currently unknown if
Seriola larvae were able to further digest liposomes obtained from liposome-enriched
Artemia. More research is needed to quantitatively determine the availability of watersoluble substances, delivered by liposome-enriched Artemia, to marine fish larvae.
It has been well established that cultured live prey require enrichment of highly
unsaturated fatty acids (HUFA) to meet the dietary needs of marine fish larvae
(Izquierdo, 2011; Mæhre et al. 2013; Takeuchi, 2014). In the present study, rotifers
were cultured with a HUFA-rich algae paste and then “finished” with short-term
enrichments with liposomes. Similarly, Artemia were enriched with HUFA using a
commercial enrichment product and then finished with liposomes. In both cases,
liposome enrichments likely displaced HUFA-containing materials from the guts of live
prey. Furthermore, liposomes are largely made of phospholipids and, therefore, likely
impacted the phospholipid content of enriched live prey. As previously noted, we
controlled for this by providing the “unenriched” live prey with empty-liposomes.
However, changes in the lipid compositions of live prey as a result of liposome
enrichments were not explicitly investigated and may have been suboptimal for CYT
larvae. Future research should be aimed at the co-enrichment of live prey with both
lipid- and water-soluble substances.
Summary: Enrichment of rotifers and Artemia with taurine-liposomes resulted in
taurine concentrations at or above those previously reported in copepods. California
yellowtail larvae appeared to benefit from taurine-enriched rotifers as indicated by
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increased growth and whole body taurine concentrations at the end of the rotifer phase.
Taurine concentrations in unenriched Artemia did not maximize the larval whole body
taurine concentrations measured in CYT but appeared to be sufficient to sustain larval
growth rates. More research is needed to determine if there are delayed effects of
different taurine levels of live prey on CYT after the Artemia-dietary phase i.e. postweaning. These results provide “proof of concept” for the use of liposomes for the
enrichment of Artemia and subsequent delivery of water-soluble nutrients and other
substances to marine fish larvae.
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Figures and Tables

Figure 5.1 Diagram of experimental treatments used in the larval feeding trial.
Larval California yellowtail were fed either: 1) unenriched rotifers followed by
unenriched Artemia (U-Rot:U-Art), 2) taurine-liposome enriched rotifers followed
by unenriched Artemia (TL-Rot:U-Art), 3) unenriched rotifers followed by
taurine-liposome enriched Artemia (U-Rot:TL-Art) or 4) taurine-liposome
enriched rotifers followed by taurine-liposome enriched Artemia (TL-Rot:TL-Art).
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Figure 5.2 Digital images of a rotifer fed for one hour with liposomes stained with
a lipid-soluble dye (DiI; orange fluorescence; excitation max: 549 nm; emission
max: 565 nm) and a core containing a water-soluble dye (5% w/v sodium
fluorescein; green fluorescence; excitation max: 460 nm; emission max: 515 nm).
Left: Digital image taken without optical filter i.e. full spectrum image, sodium
fluorescein appears green (20 millisecond exposure). Middle: Digital image of the
same rotifer taken with a filter set (Chroma set #41017) optimized for sodium
fluorescein (200 millisecond exposure; blue-green fluorescence). Right: Digital
image of the same rotifer taken with a fluorescent filter set (Chroma set #41002)
optimized for DiI (200 millisecond exposure; orange fluorescence). Images were
taken with a 20X objective.

Figure 5.3 Digital images of an Artemia nauplii fed fluorescent stained liposomes.
Left: Digital image taken without optical filter (25 millisecond exposure). Middle:
Digital image of the same nauplii taken with a filter set optimized for sodium
fluorescein (150 millisecond exposure; green fluorescence). Right: Digital image of
the same nauplii taken with a fluorescent filter set optimized for DiI (150
millisecond exposure; orange fluorescence). All images were taken with a 20X
objective.
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Figure 5.4 Taurine concentrations (g kg-1 DW ± 1 SD) of rotifers enriched with
either empty-liposomes (Unenriched) or with taurine-liposomes (Taurine-liposome
enriched). Rotifers were collected immediately after a one hour enrichment period
(Enriched for 1h) and after 3 hours of cold storage at 6-10° C (Cold stored).
Different letters denote significant differences among treatments (Tukey’s HSD,
significance level p < 0.05).
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Figure 5.5 Taurine concentrations (g kg-1 DW ± 1 SD) of Artemia enriched with
either empty-liposomes (Unenriched) or with taurine-liposomes (Taurine-liposome
enriched). Artemia were collected immediately after a one hour enrichment period
(Enriched for 1h) and after 3 hours of cold storage at 6-10° C (Cold stored).
Different letters denote significant differences among treatments (Tukey’s HSD,
significance level p < 0.05).
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Figure 5.6 Taurine concentrations (g kg-1 DW ± 1 SD) measured in California
yellowtail larvae just after hatching (0 dph; from pooled egg samples), immediately
prior to first feeding (2 dph; from pooled larval samples), at the end of the rotifer
phase (8 dph) and at the end of the Artemia phase (15 dph). Different letters denote
differences between treatments (Tukey’s HSD, significance level p < 0.05).
Statistical comparisons are indicated by letters that are alphabetically adjacent,
e.g. A and B.
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Table 5.1 Individual larval dry weights (DW; μg larva-1), notochord lengths (NL; mm) and survival (%) of California
yellowtail larvae sampled at the end of the rotifer dietary phase (8 dph) and at the end of the Artemia dietary phase (14 dph for
DW and NL; survival determined on 15 dph). Values represent treatment means (± 1 SD) and different letters denote
significant differences among treatments.
Rotifer dietary phase
(2-8 dph)

Unenriched rotifers
(U:Rot)

Taurine-liposome enriched rotifers
(TL-Rot)

99.0 ± 8a

114.0 ± 9b

5.08 ± 0.11a

5.15 ± 0.14a

DW (μg larva-1)
NL (mm)

Unenriched Artemia
(U-Rot:U-Art)

Taurine-liposome enriched
Artemia
(U-Rot:TL-Art)

Unenriched Artemia
(TL-Rot:U-Art)

Taurine-liposome enriched
Artemia
(TL-Rot:TL-Art)

DW (μg larva-1)

411 ± 102a

398 ± 98a

389 ± 76a

373 ± 49a

NL (mm)

6.53 ± 0.70a

6.65 ± 0.61a

6.30 ± 0.56a

6.44 ± 0.59a

6.8 ± 3.0a

11.4 ± 9.0a

9.3 ± 5.3a

12.1 ± 13.2a

Artemia dietary phase
(8-14 dph)

Survival (%)
7
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CHAPTER 6 GENERAL CONCLUSION
1. Overview of general conclusions
The following chapter summarizes the major themes that have been addressed in
my dissertational research. Specific themes include: 1) the retention of taurine by
microparticles when suspended in seawater, 2) the breakdown of microparticles by live
prey, 3) the enrichment of live prey with taurine, 4) co-enrichment of live prey with lipidand water-soluble compounds and 5) feeding trials evaluating the use and effects of
microparticle-enriched live prey on marine fish larvae.
2. Retention of taurine by microparticles
In Chapters 3 and 4, we found that wax spray beads (WSB) and liposomes
retained 40% and 85% of encapsulated taurine, respectively, after one hour of suspension
in filtered seawater. Our results were similar to those reported in previous studies. For
instance, WSB retained 23-55% of taurine following 4 minutes in suspension, when
prepared with 100% beeswax or 95% beeswax and 5% phospholipids, respectively
(Langdon et al., 2008). On the other hand, liposomes retained ~91% of free amino acids
following 2h of suspension in seawater (Barr & Helland, 2007). Differences in retention
of water-soluble substances between WSB and liposomes may be partially explained by
differences in particle structure. Core materials are randomly distributed in the particle
matrix of wax spray beads and may not be fully encapsulated, which may facilitate
nutrient leaching. Rather, liposomes are comprised of phospholipid-bilayers, i.e. lamellae
that fully encapsulate the aqueous core materials. Consequently, nutrient leaching from
liposomes may be attributed to diffusional losses as well as their physical rupture. The
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higher retention of taurine by liposomes when compared to WSB partially explains their
higher efficacy during the enrichment of rotifers (see section 5.5).
3. Particle size
Rotifers and Artemia show a high selectivity of particles based on size, which
may influence on the efficacy of microparticulate enrichments. Baer et al. (2008) showed
that Brachionus “Cayman” do not ingest inert particles over 12 microns in diameter and
have a preference for particles with a diameter of ~4 microns. In a study by Hotos et al.
(2003), Brachionus plicatilis did not ingest particles over 22 microns. We estimated that
71% of the WSB particles (by number) and 1.5% of the particles by volume were in the
size range appropriate for consumption by L-type rotifers (Chapter 3) but 100% of the
liposomes (by number and volume) were ingestible by rotifers (Chapter 4). Particle size
distributions of liposomes and WSB are shown in appendix 1.
4. Microparticle breakdown by rotifers
In Chapters 4 and 5, fluorescent images (Figures 4.1, 5.2 and 5.3) provided
evidence that liposomes were ingested and digested by rotifers and Artemia. That is, the
lipid-vesicles, indicated by the lipid-soluble dye (DiI), were restricted to the gut regions
of both organisms, whereas, the water-soluble core material, sodium fluorescein, was
released into the surround gut regions. These observations suggest that rotifers and
Artemia predigest liposomes, potentially making their contents more available to fish
larvae. Live prey ingested wax spray beads, however, evidence for particle digestion was
not clear. Fluorescent images show that fluorescein was released from WSB into the gut
and body of rotifers. Furthermore, the intensity of fluorescence (determined
quantitatively and qualitatively) was influenced by the WSB formulation. Images of
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rotifers fed fluorescein-containing WSB and associated fluorescein measurements are
included in the appendix (Figure A1.5). The mechanisms that rotifers and Artemia use to
ingest and digest particles are discussed in Chapter 5.
5. Enrichment of life prey with taurine
5.1. Enrichment of rotifers with taurine-microparticles
In Chapter 3, we found that rotifers enriched with taurine-WSB had taurine
concentrations of ~3.5 g kg-1 DW. In order to obtain similar concentrations in rotifers
using the dissolved method, 4 grams of taurine were needed, which was an 80-fold
increase in taurine usage when compared to rotifers enriched with WSB. Our results
compare well to previous studies using dissolved methods (Matsunari et al., 2005; Salze
et al., 2012).
In Chapter 4, we found that taurine-liposome enriched rotifers had taurine
concentrations of approximately 12 g kg-1 DW, which were within the range of
concentrations previously reported in copepods (~5-19 g kg-1 DW; van der Meeren et al.,
2008; Mæhre et al., 2012). Rotifers enriched with the same quantities of taurine, in terms
of usage, by means of dissolved methods had much lower taurine concentrations (1.7 g
kg-1 DW) suggesting that liposomes more efficiently enriched rotifers with taurine. In
order to obtain similar concentrations to those of liposome-enriched rotifers, 60-times
more taurine had to be dissolved in the enrichment water. Taurine-liposome enriched
rotifers had 3.5-fold higher taurine concentrations when compared to those enriched with
taurine-WSB. These differences are likely attributed to: 1) lower retention of taurine by
wax spray beads when suspended in seawater, 2) lower ingestion rates of WSB when
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compared to liposomes by rotifers associated with particle size selection and 3) losses of
wax spray beads during the enrichment process due to floating and particle clumping.
In Chapter 5, rotifers enriched with taurine-liposomes had concentrations of 29.8
± 1.6 g kg-1 DW, which was more than twice the concentration reported in liposomeenriched rotifers in Chapter 4. The high concentrations obtained in Chapter 5, when
compared to Chapter 4 were likely the result of the increased usage of liposomes (1 g l-1
vs. 250 mg phospholipid l-1). More research is needed to determine increasing liposome
densities or enrichment durations can further enhance the taurine concentrations of
rotifers.
In Chapter 5, we found that rotifers retained liposome-enriched substances when
stored at cold (4-10° C) water-temperatures. Our results were similar to previous studies
that suggest that cold-storage increased particle or nutrient retention by rotifers (Baer et
al., 2008; Penglase 2009). Cold storage is a convenient way to reduce the number of
enrichments and yet have live prey available for multiple feedings throughout the day.
5.2. Enrichment of Artemia with taurine-liposomes
Enrichment of Artemia with taurine-liposomes resulted in taurine concentrations
(17 ± 1.1 g kg-1 DW; Chapter 5) that were similar to those previously reported in
copepods (5-19 g kg-1 DW; van der Meeren et al. 2008; Mæhre et al. 2013). These results
were similar to those obtained with free methionine (1.2 g kg-1 DW) using multi-lamellar
liposomes (Monroig et al., 2007). We also showed that Artemia retained high
concentrations of taurine following 3 hours of cold storage (4-10 °C; Chapter 5). These
results were similar to previous reports of nutrient retention by cold-stored Artemia
(Hawkyard et al., 2010; Evjemo et al., 2001).
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6. Co-enrichment of live prey with lipid- and water-soluble compounds
It has been well established that marine fish larvae benefit from highly
unsaturated fatty acid (HUFA) enriched live prey (Izquierdo, 2011; Mæhre et al. 2013;
Takeuchi, 2014). However, the WSB and liposomes used in the present research were
produced from saturated lipids and were not meaningful sources of dietary HUFA. The
addition of HUFA to liposomes and WSB was avoided because this would likely have
enhanced nutrient leaching (Monroig et al., 2007; Langdon et al., 2008). In Chapters 3
and 4, we addressed this issue by co-feeding larvae with Algamac- and liposomeenriched rotifers. However, this strategy presumably resulted in lower dietary taurine
concentrations and lower dietary HUFA concentrations for the larvae than would have
been achieved using l00% liposome- or Algamac-enriched rotifers, respectively. In
general, there may be trade-offs between the enrichment of live prey with lipid- and
water-soluble nutrients.
In Chapter 5, we took a different approach for the co-enrichment of live prey with
lipid- and water-soluble substances. In this case, live prey were first enriched with HUFA
rich products and then enriched with taurine-containing liposomes. For instance, rotifers
were cultured with a HUFA-rich algae paste (Rotigrow Plus, Reed Mariculture,
Campbell, CA) and then enriched with taurine-containing liposomes. Similarly, Artemia
were enriched with HUFA using S.Presso (Inve, Dendermonde, Belgium) and then
enriched with taurine-containing liposomes. In both cases, liposome enrichments likely
displaced HUFA-containing materials from the guts of live prey and also impacted the
phospholipid content of enriched live prey. However, the lipid composition of enriched
live prey was not explicitly examined. In Chapters 3, 4 and 5, we controlled for
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differences in lipid nutrition, caused by experimental microparticles, experimentally.
However, future research should be aimed at improving methods for the co-enrichment of
live prey with both lipid- and water-soluble substances.
7. Larval feeding trials
7.1. Northern rock sole
In Chapters 3 and 4, northern rock sole larvae fed rotifers enriched with taurine to
concentrations previously measured in copepods, grew larger, in terms of length and
weights, and were more developed than larvae fed unenriched rotifers. These results
provide strong evidence that unenriched rotifers have suboptimal taurine concentrations
for the growth and development of northern rock sole larvae, which is consistent with
results obtained for the larvae of other marine fish species, such as Pacific cod,
Senegalese sole, cobia, and red seabream (Omura and Inagaki, 2000; Chen et al., 2005;
Fang et al., 2002; Matsunari et al., 2005; Li et al., 2008; Salze et al., 2011; Salze et al.,
2012; Matsunari et al., 2013).
An important outcome of this research is that we found that microparticleenriched live prey were effective means to provide the water-soluble nutrient, taurine, to
marine fish larvae. Rock sole larvae fed taurine-WSB and taurine-liposome enriched
rotifers were larger and were more developed than those fed unenriched rotifers
(Chapters 3 and 4) and larger than those fed rotifers enriched with equivalent quantities
of taurine, in terms of usage, dissolved in the rotifer enrichment water. However, the
extent to which microencapsulated taurine was available to marine fish larvae appeared to
vary with particle type. For instance, in Chapter 3 we found that larval whole body
taurine concentrations were lower in rock sole fed taurine-WSB when compared to larvae
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that had been fed rotifers with equal concentrations of taurine (by rotifer dry weight) that
had been obtained with the dissolved method. These results suggest that a lower
proportion of taurine was available to larvae fed rotifers enriched by WSB to those fed
rotifers enriched by dissolved methods. Larval growth rates appeared to support this
pattern, though differences were not statistically significant. To contrast, in Chapter 4 we
found that larvae whole body taurine concentrations and growth rates were similar
between larvae that had been fed liposome-enriched rotifers and those that had been fed
rotifers with equal concentrations of taurine (by rotifer dry weight) obtained by the
dissolved method. These findings suggest that a high fraction of the taurine provided in
liposome-enriched rotifers was biologically available to the larvae. Several factors may
explain the differences between the nutrient availabilities between WSB- and liposomeenriched live prey and are discussed in Chapter 4. The most likely explanation is that
these differences were related to differences in the digestibility of wax spray beads and
liposomes. Moreover, these outcomes highlight the importance larval growth studies for
the evaluation of experimental diets, such as microparticulate-enriched live prey.
7.2. California yellowtail
The first aim of the larval growth trial conducted with California yellowtail
(CYT) larvae (Chapter 5) was to determine if taurine, provided by taurine-liposome
enriched Artemia, was biologically available to the larvae. Overall, we found that larval
whole body taurine concentrations were higher dietary treatments where larvae were
provided with taurine-supplementation via taurine-liposome enriched Artemia. The larvae
had been sampled with empty guts suggesting that larvae had absorbed taurine from
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liposome-enriched Artemia. These results suggested that the taurine provided by taurineliposome enriched Artemia was biologically available to CYT larvae.
The second aim of the larval growth trial with CYT (Chapter 5) was to determine
the relative importance of taurine enriched rotifers when compared to taurine-enriched
Artemia for marine fish larvae. California yellowtail larvae fed taurine-liposome
enriched rotifers grew larger, in terms of larval dry weights, and had whole body taurine
concentrations (Chapter 5, Figure 5.5) than those fed rotifers that were not enriched with
taurine. These results were similar to those reported by Matsunari et al., (2013) for S.
dumerili whereby larvae showed increased growth and whole body taurine concentrations
with increasing dietary taurine concentrations provided by enriched rotifers. However,
there were no differences in the lengths or weights of larvae at the end of the Artemia
dietary phase among treatments suggesting that unenriched Artemia contained sufficient
taurine to facilitate growth of CYT. In addition, it appeared that the concentrations of
taurine in unenriched Artemia (~7 g kg-1) were sufficient to nutritionally compensate
larvae that did not receive taurine-enriched rotifers earlier in life.
Taurine supplementation did not stimulate feeding behavior in CYT larvae during
the rotifer or Artemia phases (Chapter 5). Therefore, the enhanced growth of larvae was
likely due to the physiological effects of taurine on the larvae, such as enhanced lipid
digestion or osmoregulation, and was not due to increased rates of prey consumption.
8. General Summary
Northern rock sole and California yellowtail larvae benefitted from taurine
concentrations above those typically reported in non-taurine supplemented rotifers. These
results provide evidence that taurine is a critical nutrient for the larvae of these two
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species. However, the growth of California yellowtail larvae was not impacted by
taurine-enriched Artemia when compared to unenriched controls suggesting that Artemia
may not require taurine enrichment to meet the needs of marine fish larvae. These
findings suggest that larvae with long rotifer feeding phases (i.e. several weeks to
months), such as northern rock sole, are likely to benefit from taurine-enriched rotifers
more than species with short rotifer feeding phases (i.e. several days).
Microparticulate enrichment methods were an effective means for the delivery of
water-soluble substances to marine fish larvae. While similar taurine concentrations can
be achieved with dissolved taurine, WSB and liposomes required 80 and 60 times less
taurine, respectively, to achieve similar concentrations in live prey. Furthermore, these
methods avoid the need to dissolve large quantities of nutrients in the live prey
enrichment water and should reduce losses of labile nutrients, decrease opportunities for
bacterial growth and improve water quality. Both microparticles have the potential to
deliver a suite of water-soluble substances to marine suspension feeders e.g., vitamins,
minerals and antibiotics ultimately reducing the wastage of water-soluble substances and
improve water-quality during live prey culture. These methods provide new tools to
evaluate the water-soluble nutrient requirements of marine fish larvae though more
controlled enrichment techniques. These tools have the potential to greatly improve our
knowledge in the area of larval fish nutrition and ultimately improve our ability to rear
fish in captivity. Furthermore, potential knowledge gains may have ecological
significance and impact the areas of fisheries and fish ecology in addition to aquaculture.
Currently, liposomes appeared to be more efficacious than WSB for the delivery
of water-soluble compounds to marine fish larvae. It is possible that further refinement of
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WSB may improve their efficacy. Future studies with wax spray beads should be directed
at increasing the availability of encapsulated substances without compromising nutrient
retention/delivery.
In this dissertation, my co-authors and I have used taurine as a model nutrient; it
is likely that the full potential of microparticulate enrichment methods will be realized
when they are used to deliver complex nutrient mixtures. Future research should be
aimed at investigating the efficacy of both microparticle types for the delivery of
additional water-soluble substances as well as co-delivery of lipids and lipid-soluble
nutrients. Specifically, nutrient concentrations that are highly different between copepods
when compared to rotifers and Artemia should be investigated. Finally, economic
analyses are needed to determine the feasibility of WSB or liposomes for use in
commercial hatcheries. If economic production techniques can be developed and adopted,
these methods may result in increased production efficiencies for finfish hatcheries.
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APPENDIX 1 SUPPLEMENTAL DATA

Figure A1.1 Particle size distribution of liposomes and wax spray beads shown as
the percentage by total number of particles measured (%). Particle diameters were
measured from digital images using image analysis software (Image Pro v.7).
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Figure A1.2 Particle size distribution of liposomes and wax spray beads shown as
the percentage by total volume of particles measured (%). Particle diameters were
measured from digital images using image analysis software (Image Pro v.7).
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Figure A1.3 Concentration (% wet weight; w/w) of sodium fluorescein measured in
WSB produced with various waxes. Different letters denote significant differences
(Tukey’s HSD, significance level p < 0.05).
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Figure A1.4 Percent leakage of sodium fluorescein (%) following suspension of WSB
in seawater. All particle types included 1% sorbitan tristearate (w/w of lipid), which
was added as an emulsifier and to aid in particle dispersion. Different letters denote
overall differences in leaching rates among particle types (Tukey’s HSD,
significance level p < 0.05).
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Figure A1.5 Fluorescent images of rotifers enriched with WSB containing sodium
fluorescein for 1 h. Images taken with Leica DM 1000 microscope fitted with Spot
Insight QE camera using a filter set optimized for excitation and emission spectra of
fluorescein. All images were taken with similar settings (i.e. 100 ms exposure, 10X
objective, etc.).
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Figure A1.6 Concentrations (µg g-1 DW) of sodium fluorescein measured in rotifers
following 1 h enrichments with WSB, similar quantities of sodium fluorescein
dissolved in the water or with no additions (Unenriched). Different letters denote
significant differences (Tukey’s HSD, significance level p < 0.05). Sodium
fluorescein concentrations in the Aqueous SF, Aqueous SF + empty WSB and
Unenriched treatments was below detectable limits (bdl) and were excluded from
statistical analyses.
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Figure A1.7 Image of Pacific cod larval gut after having been fed rotifers that had
been enriched with beeswax-WSB containing sodium fluorescein.
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APPENDIX 2 STATISTICS

Table A2.1 Results of ANOVA and Tukey’s HSD comparing retention (arcsinsquareroot transformed proportion) of taurine by WSB different sampling times
following suspension in in seawater. Different letters denote significant differences
(significance level p < 0.05). Specific methods and significant results are discussed in
Chapter 3.
ANOVA
Source
Time
Error
Total
Tukey’s HSD
Treatment
0 min
5 min
15 min
30 min
60 min

Sum of
Squares
1.3675
0.0596
1.4271

DF

Mean Square

F-ratio

p-value

4
10
14

0.3419
0.0060

57.360

<0.0001

Significance
A
B
B
B
B

Least Square Mean
1.4526
0.7096
0.7051
0.6899
0.6878
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Table A2.2 Results of ANOVA and Tukey’s HSD comparing taurine concentrations
(% DW) in experimentally enriched rotifers following 1h enrichments. Different
letters denote significant differences (significance level p < 0.05). Specific methods
and significant results are discussed in Chapter 3.
REML
Source
Treatment
Error
Total

Sum of
Squares
0.2991
0.0151
0.3142

Tukey’s HSD
Treatment
Aqueous taurine, 4000 mg l-1
Taurine-WSB
Aqueous taurine, 50 mg l-1
Control
Algamac

DF

Mean Square

F-ratio

p-value

4
10
14

0.0747
0.0015

49.666

<0.0001

Significance
A
A
B
B
B

Least Square Mean
0.351
0.284
0.049
0.027
0.023
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Table A2.3 Results of Restricted Maximum Likelihood model (REML) and Tukey’s
HSD comparing natural log-transformed larval dry weights (lnDW) of northern
rock sole fed experimentally enriched rotifers for 6 weeks. Different letters denote
significant differences for overall effects (significance level p < 0.05). Specific
methods and significant results are discussed in Chapter 3.
REML
Fixed Effect
(Source)
Week
Treatment
Random Effect
Tank[Treatment]
Residual
Total

DF DFDen

F-ratio

p-value

7
3

93.7
8.3

<0.0001
0.0076

77
8

Variance
Ratio
0.0387

Variance
Component
0.0005
0.0150
0.0156

Tukey’s HSD
Treatment

Significance

Aqueous taurine, 4000 mg l-1
Taurine-WSB
Aqueous taurine, 50 mg l-1
Control

A
AB
B
B

Std
Error
0.001
0.002
0.002

Least
Square
Mean
0.45
0.37
0.32
0.26

% of
total
3.8
96.3
100.
0

180

Table A2.4 Results of Restricted Maximum Likelihood model (REML) and Tukey’s
HSD comparing larval standard lengths (SL) of northern rock sole fed
experimentally enriched rotifers for 6 weeks. Different letters denote significant
differences for overall effects (significance level p < 0.05). Specific methods and
significant results are discussed in Chapter 3.
REML
Fixed Effect
(Source)
Week
Treatment
Random Effect
Tank[treatment]
Residual
Total

DF DFDen

F-ratio

p-value

7
3

505.8
19.8

<0.0001
0.0005

77
8

Variance
Ratio
-0.0118

Variance
Component
-0.0011
0.0906
0.0906

Tukey’s HSD
Treatment

Significance

Aqueous taurine, 4000 mg l-1
Taurine-WSB
Aqueous taurine, 50 mg l-1
Control

A
AB
BC
C

Std
Error
0.005
0.014
0.014

% of
total
0.0
100.0
100.0

Least
Square
Mean
8.08
7.85
7.64
7.48

181

Table A2.5 Results of Restricted Maximum Likelihood model (REML) and Tukey’s
HSD comparing larval body depths (BD) of northern rock sole fed experimentally
enriched rotifers for 6 weeks. Different letters denote significant differences for
overall effects (significance level p < 0.05). Specific methods and significant results
are discussed in Chapter 3.
REML
Fixed Effect
(Source)
Week
Treatment
Random Effect
Tank[treatment]
Residual
Total

DF DFDen

F-ratio

p-value

7
3

505.8
19.8

<0.0001
0.0006

77
8

Variance
Ratio
-0.0310

Variance
Component
-0.0018
0.0593
0.0593

Tukey’s HSD
Treatment

Significance

Aqueous taurine, 4000 mg l-1
Taurine-WSB
Aqueous taurine, 50 mg l-1
Control

A
AB
BC
C

Std
Error
0.003
0.009
0.009

% of
total
0.0
100.0
100.0

Least
Square
Mean
2.04
1.84
1.70
1.61
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Table A2.6 Results of ANOVA and Tukey’s HSD comparing arcsin-squareroot
transformed survival of larvae fed experimentally enriched rotifers for six weeks.
Survival was measured at the end of the trial. Different letters denote significant
differences (significance level p < 0.05). Specific methods and significant results are
discussed in Chapter 3
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
0.0032
0.2984
0.3017

Tukey’s HSD
Treatment
Aqueous taurine, 4000 mg l-1
Taurine-WSB
Aqueous taurine, 50 mg l-1
Control

DF

Mean Square

F-ratio

p-value

3
12
15

0.0011
0.0249

0.0428

0.9876

Significance
A
A
A
A

Least Square Mean
0.2031
0.2422
0.2208
0.2158
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Table A2.7 Results of ANOVA and Tukey’s HSD comparing whole body taurine
concentrations (%DW) of larvae fed experimentally enriched rotifers for six weeks.
Taurine concentrations were measured at the end of the trial. Different letters
denote significant differences (significance level p < 0.05). Specific methods and
significant results are discussed in Chapter 3.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
0.2672
0.0084
0.2756

Tukey’s HSD
Treatment
Aqueous taurine, 4000 mg l-1
Taurine-WSB
Aqueous taurine, 50 mg l-1
Control

DF

Mean Square

F-ratio

p-value

3
8
11

0.0891
0.0011

84.849

<0.0001

Significance
A
B
B
B

Least Square Mean
0.43
0.10
0.08
0.08
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Table A2.8 Results of ANOVA and Tukey’s HSD comparing retention of taurine by
WSB different sampling times following suspension in in seawater. Different letters
denote significant differences (significance level p < 0.05). Specific methods and
significant results are discussed in Chapter 4.
ANOVA
Source
Time
Error
Total

Sum of
Squares
457.15
86.397
543.55

DF

Mean Square

F-ratio

p-value

4
10
14

114.28
8.640

13.228

0.0005

Tukey’s HSD
Treatment

Significance

0 min
5 min
15 min
30 min
60 min

A
B
B
B
B

Least Square
Mean
100
84.9
85.8
87.5
87.7
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Table A2.9 Results of ANOVA and Tukey’s HSD comparing arcsin-squareroot
transformed taurine concentrations (% DW) in experimentally enriched rotifers
following 1h enrichments. Different letters denote significant differences
(significance level p < 0.05). Specific methods and significant results are discussed in
Chapter 4.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
0.0169
0.0002
0.0171

Tukey’s HSD
Treatment
Aqueous taurine, 15 g l-1
Taurine-liposomes
Aqueous taurine, 250 mg l-1
Control

DF

Mean Square

F-ratio

p-value

3
8
11

0.0056
<0.0001

249.6

<0.0001

Significance
A
A
B
B

Least Square Mean
0.11
0.11
0.04
0.03
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Table A2.10 Results of Restricted Maximum Likelihood model (REML) and
Tukey’s HSD comparing natural-log transformed larval dry weights (lnDW) of
northern rock sole fed experimentally enriched rotifers for 6 weeks. Different letters
denote significant differences for overall effects (significance level p < 0.05). Specific
methods and significant results are discussed in Chapter 4.
REML
Fixed Effect
(Source)
Week
Treatment
Random Effect
Tank[Treatment]
Residual
Total

DF DFDen

F-ratio

p-value

6
3

290.7
20.0

<0.0001
0.0001

82.8
10.4

Variance
Ratio
-0.03611

Variance
Component
-0.0021
0.0602
0.0602

Tukey’s HSD
Treatment

Significance

Aqueous taurine, 15 g l-1
Taurine-liposomes
Aqueous taurine, 250 mg l-1
Control

A
A
B
B

Std
Error
0.003
0.009
0.009

% of
total
0.0
100.0
100.0

Least Square
Mean
0.27
0.25
0.19
0.19
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Table A2.11 Results of Restricted Maximum Likelihood model (REML) and
Tukey’s HSD comparing dry weights (DW) of northern rock sole larvae fed
experimentally enriched rotifers for 6 weeks. Different letters denote significant
differences for overall effects (significance level p < 0.05). Specific methods and
significant results are discussed in Chapter 4.
REML
Fixed Effect
(Source)
Week
Treatment
Random Effect
Tank[treatment]
Residual
Total

DF DFDen

F-ratio

p-value

5
3

185.9
20.5

<0.0001
0.0001

67.2
10.1

Variance
Ratio
-0.0284

Variance
Component
-0.0040
0.1413
0.1413

Tukey’s HSD
Treatment

Significance

Aqueous taurine, 15 g l-1
Taurine-liposomes
Aqueous taurine, 250 mg l-1
Control

A
A
B
B

Std
Error
-0.023
0.103
0.103

% of
total
0.0
100.0
100.0

Least Square
Mean
8.71
8.46
8.05
8.02
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Table A2.12 Results of Restricted Maximum Likelihood model (REML) and
Tukey’s HSD comparing body depths (BD) of northern rock sole fed experimentally
enriched rotifers for 6 weeks. Different letters denote significant differences for
overall effects (significance level p < 0.05). Specific methods and significant results
are discussed in Chapter 4.
REML
Fixed Effect
(Source)
Week
Treatment
Random Effect
Tank[treatment]
Residual
Total

DF DFDen

F-ratio

p-value

6
3

96.3
20.5

<0.0001
<0.0001

82.5
10.7

Variance
Ratio
-0.0594

Variance
Component
-0.0049
0.0816
0.0816

Tukey’s HSD
Treatment

Significance

Aqueous taurine, 15 g l-1
Taurine-liposomes
Aqueous taurine, 250 mg l-1
Control

A
B
C
C

Std
Error
0.003
0.013
0.013

% of
total
0.0
100.0
100.0

Least Square
Mean
2.18
2.01
1.81
1.76

189

Table A2.13 Results of ANOVA and Tukey’s HSD comparing arcsin-squareroot
transformed survival of larvae fed experimentally enriched rotifers for six weeks.
Survival was measured at the end of the trial. Different letters denote significant
differences (significance level p < 0.05). Specific methods and significant results are
discussed in Chapter 4.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
0.2115
0.2258
0.4373

Tukey’s HSD
Treatment
Aqueous taurine, 15 g l-1
Taurine-liposomes
Aqueous taurine, 250 mg l-1
Control

DF

Mean Square

F-ratio

p-value

3
16
19

0.0705
0.0141

4.9954

0.0124

Significance
A
AB
AB
B

Least Square Mean
0.38
0.32
0.18
0.13
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Table A2.14 Results of ANOVA and Tukey’s HSD comparing arcsin-squareroot
transformed whole body taurine concentrations of larvae fed experimentally
enriched rotifers for six weeks. Survival was measured at the end of the trial.
Different letters denote significant differences (significance level p < 0.05). Specific
methods and significant results are discussed in Chapter 4.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
0.0479
0.0001
0.0481

Tukey’s HSD
Treatment
Aqueous taurine, 15 g l-1
Taurine-liposomes
Aqueous taurine, 250 mg l-1
Control

DF

Mean Square

F-ratio

p-value

3
12
15

0.0160
<0.0001

1392.8

<0.0001

Significance
A
A
B
B

Least Square Mean
0.1472
0.1448
0.0368
0.0291
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Table A2.15 Results of ANOVA and Tukey’s HSD comparing arcsin-squareroot
transformed percentage of larvae in stage 2 at the end of 6 week feeding trial.
Different letters denote significant differences (significance level p < 0.05). Specific
methods and significant results are discussed in Chapter 4.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
1.235
0.690
1.925

Tukey’s HSD
Treatment
Aqueous taurine, 15 g l-1
Taurine-liposomes
Aqueous taurine, 250 mg l-1
Control

DF

Mean Square

F-ratio

p-value

3
13
16

0.4117
0.0531

7.75

0.0032

Significance
B
B
A
AB

Least Square Mean
0.16
0.16
0.81
0.42
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Table A2.16 Results of ANOVA and Tukey’s HSD comparing arcsin-squareroot
transformed percentage of larvae in stage 3 at the end of 6 week feeding trial.
Different letters denote significant differences (significance level p < 0.05). Specific
methods and significant results are discussed in Chapter 4.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
0.6337
0.8471
1.481

Tukey’s HSD
Treatment
Aqueous taurine, 15 g l-1
Taurine-liposomes
Aqueous taurine, 250 mg l-1
Control

DF

Mean Square

F-ratio

p-value

3
13
16

0.2112
0.0651

3.24

0.05

Significance
AB
A
B
AB

Least Square Mean
0.95
1.28
0.76
1.08
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Table A2.17 Results of T-test comparing arcsin-squareroot transformed percentage
of larvae in stage 4 at the end of 6 week feeding trial. Different letters denote
significant differences (significance level p < 0.05). Specific methods and significant
results are discussed in Chapter 4.
T-test
Variable
Treatment

DF
8

Treatment group

t-value
-1.83
Mean

Aqueous taurine, 15 g l-1 0.50
Taurine-liposomes
0.18

p-value
0.10
n
5
5

Std.
Dev.
0.29
0.26
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Table A2.18 Results of ANOVA and Tukey’s HSD comparing taurine
concentrations (% DW) in experimentally enriched rotifers following 1h
enrichments (warm) and after cold storage (cold). Different letters denote
significant differences (significance level p < 0.05). Specific methods and significant
results are discussed in Chapter 5.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
22.192
0.0494
22.242

Tukey’s HSD
Treatment
Taurine-liposomes, Warm
Taurine-liposomes, Cold
Control, Warm
Control, Cold

DF

Mean Square

F-ratio

p-value

3
8
11

7.397
0.006

1197.7

<0.0001

Significance
A
B
C
C

Least Square Mean
2.98
2.43
0.02
0.01
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Table A2.19 Results of ANOVA and Tukey’s HSD comparing taurine
concentrations (% DW) in experimentally enriched Artemia following 1h
enrichments (warm) and after cold storage (cold). Different letters denote
significant differences (significance level p < 0.05). Specific methods and significant
results are discussed in Chapter 5.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
2.2558
0.2418
2.4978

Tukey’s HSD
Treatment
Taurine-liposomes, Warm
Taurine-liposomes, Cold
Control, Warm
Control, Cold

DF

Mean Square

F-ratio

p-value

3
8
11

0.752
0.030

24.87

0.0002

Significance
A
A
B
B

Least Square Mean
1.72
1.59
0.82
0.78
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Table A2.20 Results of T-test comparing natural log-transformed dry weights (DW)
of California yellowtail larvae on day 8 of the feeding trial. Specific methods and
significant results are discussed in Chapter 5.
T-test
Variable
Treatment

DF
12.9

t-value
2.10

p-value
0.0281

Treatment group

Mean

n

TAU-Rot
Control-Rot

-9.08
-9.25

8
7

Std.
Dev.
0.18
0.15

197

Table A2.21 Results of ANOVA and Tukeys’s HSD for dry weights (DW) of
California yellowtail larvae on day 14 of the feeding trial. Different letters denote
significant differences (significance level p < 0.05). Specific methods and significant
results are discussed in Chapter 5.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
2.51e-9
8.20e-8
8.45e-8

Tukey’s HSD
Treatment
TAU-Rot, TAU-Art
Control-Rot, TAU-Art
TAU-Rot, Control-Art
Control-Rot, Control Art

DF

Mean Square

F-ratio

p-value

3
11
14

8.39e-10
7.45e-9

0.112

0.951

Significance
A
A
A
A

Least Square Mean
0.0005
0.0005
0.0005
0.0005
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Table A2.22 Results of T-test comparing notochord lengths of California yellowtail
larvae on day 8 of the feeding trial. Specific methods and significant results are
discussed in Chapter 5.
T-test
Variable
Treatment

DF
11.4

t-value
1.111

p-value
0.289

Treatment group

Mean

n

TAU-Rot
Control-Rot

5.154
5.083

7
8

Std.
Dev.
0.137
0.107
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Table A2.23 Results of ANOVA and Tukey’s HSD for notochord lengths of
California yellowtail larvae on day 14 of the feeding trial. Different letters denote
significant differences (significance level p < 0.05). Specific methods and significant
results are discussed in Chapter 5.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
0.2556
1.3347
1.5903

Tukey’s HSD
Treatment
TAU-Rot, TAU-Art
Control-Rot, TAU-Art
TAU-Rot, Control-Art
Control-Rot, Control Art

DF

Mean Square

F-ratio

p-value

3
11
14

0.0852
0.1213

0.7024

0.5701

Significance
A
A
A
A

Least Square Mean
6.08
6.27
5.91
6.14
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Table A2.24 Results of ANOVA and Tukeys’s HSD for arcsin-squareroot
transformed survival of California yellowtail larvae upon termination (day 15) of
the feeding trial. Different letters denote significant differences (significance level p
< 0.05). Specific methods and significant results are discussed in Chapter 5.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
0.0084
0.2546
0.2629

Tukey’s HSD
Treatment
TAU-Rot, TAU-Art
Control-Rot, TAU-Art
TAU-Rot, Control-Art
Control-Rot, Control Art

DF

Mean Square

F-ratio

p-value

3
12
15

0.0028
0.0212

0.1318

0.939

Significance
A
A
A
A

Least Square Mean
0.306
0.324
0.299
0.261
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Table A2.25 Results of T-test for notochord lengths of California yellowtail larvae
on day 8 of the feeding trial. Specific methods and significant results are discussed
in Chapter 5.
T-test
Variable
Treatment

DF
10.5

t-value
22.7

p-value
<0.0001

Treatment group

Mean

n

TAU-Rot
Control-Rot

1.51
.0.56

7
8

Std.
Dev.
0.06
0.09
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Table A2.26 Results of ANOVA and Tukey’s HSD for whole body taurine
concentrations (% DW) of California yellowtail larvae on day 14 of the feeding trial.
Different letters denote significant differences (significance level p < 0.05). Specific
methods and significant results are discussed in Chapter 5.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
0.5116
0.2787
0.7903

Tukey’s HSD
Treatment
TAU-Rot, TAU-Art
Control-Rot, TAU-Art
TAU-Rot, Control-Art
Control-Rot, Control Art

DF

Mean Square

F-ratio

p-value

3
11
14

0.1705
0.0253

6.730

0.0077

Significance
A
A
AB
B

Least Square Mean
1.54
1.52
1.26
1.10
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Table A2.27 Results of 2-way ANOVA and Tukey’s HSD for the number of CYT
larvae that had one or more rotifers in their gut (feeding incidence) throughout the
feeding trial. Different letters denote significant differences (significance level p <
0.05). Specific methods and significant results are discussed in Chapter 5.
2-way ANOVA
Source
Day
Treatment
Treatment X Day
Model
Error
Total

Sum of
Squares
1.714
0.0522
0.0696
1.8356
0.6225
2.4581

DF

Mean Square

F-ratio

p-value

2
3
6
11
36
47

0.1669
0.0172

49.55
0.4004
0.6738
9.6506

<0.0001
0.4004
0.6738
<0.0001

Tukey’s HSD
Treatment
TAU-Rot, TAU-Art
Control-Rot, TAU-Art
TAU-Rot, Control-Art
Control-Rot, Control Art

Significance
A
A
A
A

Least Square Mean
0.70
0.73
0.79
0.75

Tukey’s HSD
Day
7
5
3

Significance
A
B
C

Least Square Mean
0.94
0.81
0.49
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Table A2.28 Results of 2-way ANOVA and Tukey’s HSD for the number of rotifers
counted in the guts of CYT larvae (# of prey consumed) throughout the feeding
trial. Only larvae that had one or more rotifers in their gut were included. Different
letters denote significant differences (significance level p < 0.05). Specific methods
and significant results are discussed in Chapter 5.
2-way ANOVA
Source
Day
Treatment
Treatment X Day
Model
Error
Total

Sum of
Squares
1098.3
4.3617
14.533
1117.2
301.61
1418.4

DF

Mean Square

F-ratio

p-value

2
3
6
11
36
47

101.56
8.378

65.544
0.1735
0.2891
12.122

<0.0001
0.9136
0.9383
<0.0001

Tukey’s HSD
Treatment
TAU-Rot, TAU-Art
Control-Rot, TAU-Art
TAU-Rot, Control-Art
Control-Rot, Control Art

Significance
A
A
A
A

Least Square Mean
7.44
7.98
7.93
7.28

Tukey’s HSD
Day
7
5
3

Significance
A
B
B

Least Square Mean
14.3
5.45
3.22
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Table A2.29 Results of ANOVA and Tukey’s HSD for the number of CYT larvae
that had one or more rotifers in their gut (feeding incidence). Different letters
denote significant differences (significance level p < 0.05). Specific methods and
significant results are discussed in Chapter 5.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
0.0523
2.4058
2.4581

Tukey’s HSD
Treatment
TAU-Rot, TAU-Art
Control-Rot, TAU-Art
TAU-Rot, Control-Art
Control-Rot, Control Art

DF

Mean Square

F-ratio

p-value

3
44
47

0.0174
0.0547

0.3188

0.8117

Significance
A
A
A
A

Least Square Mean
0.70
0.73
0.79
0.75
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Table A2.30 Results of ANOVA and Tukey’s HSD for the number of rotifers
counted in the guts of CYT larvae (# of prey consumed). Only larvae that had one or
more rotifers in their gut were included. Different letters denote significant
differences (significance level p < 0.05). Specific methods and significant results are
discussed in Chapter 5.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
4.3617
1414.4
1418.8

Tukey’s HSD
Treatment
TAU-Rot, TAU-Art
Control-Rot, TAU-Art
TAU-Rot, Control-Art
Control-Rot, Control Art

DF

Mean Square

F-ratio

p-value

3
44
47

1.4539
32.146

0.0452

0.9871

Significance
A
A
A
A

Least Square Mean
7.44
7.97
7.93
7.28
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Table A2.31 Results of ANOVA and Tukey’s HSD for sodium fluorescein
concentrations (% total particle wet weight; w/w) meausured in WSB produced
with various waxes and oils. Different letters denote significant differences
(significance level p < 0.05). Figure shown in appendix 1, supplemental data.
ANOVA
Source
Treatment
Error
Total
Tukey’s HSD
Treatment
Beeswax
Jojoba
Methyl Palmitate
Paraffin
Soy Oil

Sum of
Squares
1.6886
3.7549
5.4435

DF

Mean Square

F-ratio

p-value

4
10
14

0.4221
0.3754

1.124

0.3984

Significance
A
A
A
A
A

Least Square Mean
5.52
5.40
5.38
5.37
4.59
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Table A2.32 Results of Restricted Maximum Likelihood (REML) model and
Tukey’s HSD comparing leakage of sodium fluorescein from WSB in seawater.
Different letters denote significant differences for overall effects (significance level p
< 0.05). Figure shown in appendix 1, supplemental data.
REML model
Fixed Effect
(Source)
Time
Treatment
Random Effect
Tube[treatment]
Residual
Total

DF DFDen

F-ratio

p-value

4
3

13.76
5.114

<0.0001
0.0289

44
8

Variance
Ratio
1.937

Variance
Component
111.03
57.325
116.36

Tukeys’ HSD
Treatment

Significance

Jojoba
Methyl Palmitate
Paraffin
Beeswax

A
A
AB
B

Std
Error
61.30
12.22
62.03

% of
total
66.0
34.0
100.0

Least
Square
Mean
88.2
86.3
75.9
56.7
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Table A2.33 Results of ANOVA and Tukey’s HSD for sodium fluorescein
concentrations (µg g-1 DW) measured in rotifers enriched with various fluoresceincontaining WSB. Different letters denote significant differences (significance level p
< 0.05). Figure shown in appendix 1, supplemental data.
ANOVA
Source
Treatment
Error
Total

Sum of
Squares
15780553
2100842
17881359

Tukey’s HSD
Treatment
Beeswax
Jojoba
Paraffin
Methyl Palmitate

DF

Mean Square

F-ratio

p-value

3
8
11

5260184
262605

20.03

0.0004

Significance
A
AB
BC
C

Least Square Mean
3198.7
2074.4
1102.1
105.7

