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1. Abstract

Taurine is an important amiraxid derivative for marine and freshwater fisepecially
during early developmeniVe investigatedhe range of taurine concentrations that influence the
growth and'survival rates of California yellowtail (CY3eriola dorsalis) during transition from
live feeds to microparticulate dietss well ashe extent to which nutrient leaching from the
micropaticulate diets affect these ranges. We tested patrticle assisted rotationally agglomerated
(PARA) patticles withfour levels of taurine: 0.4 (Low Taurine; LT), 4.5 (Medium Taurine; MT),
9.3 (High Taurine; HT), and 12.2% (Very High Taurine; VHOQur resits showedhat CYT
post larvaéhad no significant differences growth, survival and feed consumption rates
betweerthe MT,HT and VHT treatmentsHowever, it should be noted that the PARA patrticles
containing*122 g kK§ (VHT) taurine were especially prone to leaching and may have had taurine
concentrations as low as 34.9 g'Kuefore they settled on the bottom of the tank. Therefore, the
actual dietary taurine concentrations experienced by the larvae were likelythawehe initial
dietary concentrationdMore research is needed to evaluate the potential nutrient toxicity of

elevated dietary taurine concentrations for marine fish larvae and jiszenile

2. Introduction

Taurine*(2aminoethanesufonic acid) is an important amino acid derivative for
vertebrates, with beneficial effects on mammals being extensively studied for several decades
(Hayeset al.1975, Knopf et al. 1978, Hayes & Trautwein 1989, Huxtable 1992, Stapleton &
Bloomfield 1993, Di Leo et al. 2002, Lourenco & Camilo 2002, Kuzmina et al. 2010). However,
only recently have the effects of taurine on fish physiology (osmoregulation, antioxidation,
feeding stimulation, and vision) and metabolism been extensively researcheab(el1&92,
Schaffer et al. 2000, Militante & Lombardini 2002, Lima 2004, Kim et al. 2007, 200Baydd

2013). Nutritional requiremenstudieshave shown that taurine is an essemratonditionally
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essential nutrient for various life stages of marinedistt some freshwater figdacobsen &
Smith 1968, Takeuchi 2001, Yokoyama et al. 2001, Kim et al. 2005, Gaylord et al. 2006, Takagi
et al. 2008, Salze et al. 2012, Jirsa et al. 2014a, Jirsa et al. 2014b, Hawkyard et al. 201pa, 2015b
In mammals, the major pathway for taurine biosynthesis from cysteine involvesidladon of
cysteine to.cysteine sulplate, following decarboxylation of this product to hypotaurine and
then to taurine{Worden & Stipanuk 1985). Cysteine sulphinate decarboxylase (CSDhplays a
important role"in this pathway, because it catalyzes tlatioeahat produces hypotaurine.
Several species are deficient in this enzyme, including many species of fisrif®alze&
Davis 2015). Infish, the capacity to biosynthesize taurine varies among specie®agddt
ontogenesis (Goto et al. 2001; Goto et al. 2003; Kim et al. 2008). For example, CSD activity i
red seabreanP@grus major) and Japanese floundé&afalichthys olivaceus) is approximately
half the levels observed in rainbow tro@nEorhynchus mykiss) (Yokoyama et al. 2001)he
wide-range of biosynthesis of taurine bglfnecessitate thaaurinerequirementsieed to be
evaluatedn a specieand stage specific basis

Rearingimarine fish typically begins with offering live prey (rotifer&waemia) until the
fish can be'weanetd consumdormulatedmicroparticulate dietsThetaurine concentrations
measuredsmotifers andArtemia have been reported to be much lower than the concentrations
measured«rtopepods, thprimarynatural food source for marine fish larvaarf\der Meeren et
al. 2009, Maehre et al. 2013, El-Sayed 2013, Takeuchi 2014, Hawkyard et al. 2015a). Studies
involving species such as cobR ¢anadum), Japanese floundeP.(olivaceus), red sea bream
(P. major),.amberjack $eriola dumerili), yellowtail (S. quinqueradiata), nortrern rock sole
(Lepidopsettapolyxystra) and California yellowtail$. lalandi), have shown taurinenriched
live preyimproved not only growth and survival rates, but also helped with morphological
development anonpacted thectivities of digestive enzymes (Chen et al. 2004, Chen et al.
2005, Matsunari et al. 2005, Salze et al. 2012, Matsunari et al. 2013, Hawkyard et;al. 2014
2015a, 2015b)< Juvenile taurireguirementdor marine finfish have also been described in the
literature fasspecies such as, white seab#@¢sattoscion nobilis), Atlantic Salmon $almo
salar), S. lalandi, S. quingqueradiata, P. olivaceus, P. major, andR. canadum (Kim et al. 2003,
Takagi et al. 2006a, 2006b, Lunger et al. 2007, Kousoulaki et al. 2009, Jirsa et al. 2014a, 2014b).

In these studies, juvenigowth, survival ané@dditional metrics of health statugreimpacted
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by dietary taurine concentrations, wéffectiveconcentrations ranging from 0.2 to 3.9% of the
feed

Transitioning marine fiskarvaefrom live feeds tanicroparticulate diets is a challenging
and yet critical part of marine fish culturéhis transition often utilizes a co-feeding strategy
where fish_argimultaneously offered bottve feeds andormulateddiets for a perio@f time.
Generally,.the proportion of live feeds with respedbtonulateddiets is decreased over time
until only theformulateddiet is being feda processeferred to as weanin@o-feeding has been
shown to improve diet acceptability and improve larval growth and survival in a number of
speciesRosenlund et al. 1997). While many nutritional studies have focused on either the larval
(live feed) or guvenile (after weaning orftrmulateddiets) stages, very little attention has been
focused ontthe‘transition between these two phases.

During and immediately after weaning, marine fish larvae are fed microparticulate diets
thatrequire special considerati®mwhen compared to juvenile and adult feddisst
commercially available microparticulate diets are microbomhereby nutrients are held
together inrasmatrix using a binding substance. Thagglescanbeformed directly into
microparticleg250 -700 um) through processes suchagylanerationor they may be made by
producingslarggarticles(> 1mm) generally by extrusion or pelletization, and then crushed and
sieved to.th@esired sizeange(crumbled diets). Meroparticulate dietareparticularly prone to
losses of low molecular weight watsoluble nutrientshereafter nutrient leaching due to high
surface area to volume ratifisangdon & Barrows 2011).ikewise, microparticulate diets may
undergo dramatic declines in water-soluble nutrients before they are consurhedibly.t
Unlike proteinegenic amino acids, which are predomingmbyeinbound, taurine igenerally
present in animal tissues in tiiee form (Huxtable, 1992). In addition, taurine is a relatively low
molecular,weight nutrient (125.1 g ripland has a high watsolubility (~100 g " at standard
conditions) both of which makestusceptible to nutrient leachin§ccounting fomutrient
leachingmay.influence our perception of nutrient intake rates, which are often based on the
initial (pre-leached) taurine concentratioinsthe diet. In the present study, we evaluate the
leaching of‘taurine from particle assisted rotationallylayerated (PARA) particlea
commercialprocessing method fonicrobound dietsOur overallobjectiveswere to: 1) identify
the range of taurine concentrations that influence the growth and suatesdf California
yellowtail (CYT; S dorsalis) during transition from live feeds to microparticulate diatsl 2)
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determinghe extent to which nutrient leaching from nojgarticulate dietsffect these ranges
Based omesults fromMartinezTakeshita et al. (2015), CYT species name has changedsfrom

lalandi to S dorsalis, we will now refer to CYT a$ dorsalis.
2. Materials"and Methods
2.1 Productionof . PARA particles

Particle.assisted rotationally agglomerated (PAB#}icles were preparaging the
methods described in Barrows & Lellis (200Bjiefly, this process uses thetationalforces of
a spheronizing system whergmovedplate o the bottom of a cylinder spins at a high rate of
speed. The/addition of 3 mm plastic beads helps agglomerate the ingredients piedecom
particles. "This'low pressure method results in a particle that has a slower sinking rate than
micro-extruded particle. The binding characteristics of the protein ingredients themselves holds
the particle together without tireed to adéhdigestible binders.

After particle formation and dryindgARA particles were size selected using a series of
metal sievesParticles from th&50-425 and 425-70un fractionswere retained for leaching
trials, determination o$ink rates and feeding trial$?articles containingicreasing
concentrations of taurine were prepared using the formulas shovabie2l Feed samples
were analyzed according to standard methods (AOAC 1995) on a Leco thermogiaia-
analyzer (TGA701, LECO Corporation, St. Joseph, MI, USA). Protein (N X 6.25) was
determined_ by the Dumas method (AOAC 1995) on a Leco nitrogen determinator (TruSpec N,
LECO Corporation).Total energy was determined by isoperibol bomb calorimetry (Parr 6300,
Parr Instrument Company Inc., Moline, IL, USA)ipid was deternmed by petroleum ether
extraction‘using an Ankom XT10 (Ankom Technologies, Macedon, New York, Us#)jum
oxide (Y 203), used as an inert feed markegs added to taurine-containing PARA particea
concentration of 10 g Kgof the total mash (w/w; wet weightParticles containing sodium
fluorescein(28803; Fluka, St. Louise, MO) were produced for use in leaching studies. Sodium

fluorescein,was added to PARA particles at a concentration of 10 gfitge mash.

2.2 Sinking rate of microparticulate diets
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Sinking rates were measured by placing 1 g of each deel@r2cm diameter glass
cylinder with a water depth of 50.6 @nd timing the decent of the particles with a stopwatch.
This procedure was replicatadentytimes foreach dietSink rate (cm sét) was calculated by
dividing the cylinder depth (cm) by the average decent time (seconds) of the particles in each

replicate.
2.3 Retention of water-soluble compounds by microdiets

Particles suspended in seawater gnone to nutrient leachirgyior to consumptiofy
target organisms, which can impact wadetuble nutrients concentrations in the feleadr this
reasornt was necessary to evaluate the retengitbiciencies (RE)f taurine inPARA particles
following suspensioin seawater. We approached this in two steps: Firstonducted leaching
trials toevaluate theetention of sodium fluorescein PARA particlesThis allowed us to
develop a.coemprehensive data set of retention efficiencies from which wablete perform
model seleetion. Sodium fluorescewuas used as@presentative compoutécause it is
chemicallystable in seawater and is easy and inexpensive to qualgfassumed that sodium
fluorescein could be used as a proxy for other water-soluble compounds, notably taurine,
because itiis:highly water-soluble (~500 §ib water at standard conditions) and has a
relativelyl6w molecular weight (376.3 g midlcomparableo that of taurine (125.2 g ml We
then conducted leaching trials wRIARA particles containing taurirend developed specific
model parameters for thietention efficiencies dhurine.Model parameteraereused to

interpolatetaurine retention following a 2 minute suspension in seawater.

Leaching trials were conducted as followsfore the trial period began, 100 mg of
PARA particles'wasdded to a 50 ml centrifuge tuligne test tube was used for each treatment
and sampling time, in triplicate, ensuring sample independémndbe beginning of the
experimental period (0 mind0 ml of autoclaved seawater was added to each tube tiAdter
allotted time the contents of each tuberepoured onto a Whatman GF/C filter under vacuum.
Leached patrticles were scraped from the surface of the filter and transferred to a clean centrifuge
tube.Particles containing taurine were collected after 15 and 30 minutes wR&Rasparticles
containing sodium fluorescein were collected at 10, 30, 60, 120 and 240 minutes. In addition,

triplicate samples of untreateBARA patrticles were collected to determine the initial (O min)
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taurine and sodium fluorescein concentratidiesching rates were measured from PARA
particles in the 25@25 um size range because small particles have a higher surface aréo
volume ration and should leach at a higher rate than pengieles(Langdon 2003). Therefore,
leaching from the small diameter particlsBouldrepresena “worstcase’condition. Rrticles
were freezalried in aFreezone freeze drydrgdbconcoKansas City, MQfor 72 h and were
then ground to@a powderith a mortar and pestle. Watsoluble compounds were extracted
from powderedfreeze dried particles as described in sectbf@isand 2.10Retention

efficiencies (RE) were calculategfollows:
RE (%) = Conermeasured in particles at time of sampling / Initial conc. measured in particles X 100

Where: “Concfmeasured in particles at timé {¥as the concentration of taurine or sodium
fluorescein (g k) measured in the PARA particles at the tioisampling andhitial conc.
measured in particles” was the concentration of taurine or sodium fluorégdej’) measured

in the PARA particles at prior to leaching, i.e. TO.
2.4 Larval 'Rearing

Larvae.were produced from resident broodstock popuktid CYT that are maintained
at the HubbsSeaWorld Research Institute (HSWRI). Eggs were stocked at 100 eggsl L
larvae were reared fror2 through 15 days post hatch (dph) in 1600L black conical bottom
tanks.CYT-were fed rotifersBrachionus plicatilis) enriched withOri-Green(Skretting, Tooele,
UT) from 2'through 7 dph. At 6ph larvae were cted rotifers and % instarArtemia (Artemia
franciscana) enriched with S.Presso (Inve Aquaculture, Salt Lake City, UT). Enriched second
instarArtemia were offered to the larvae in the experimental tanks ftbto 35 dph at a density
of 1 — 3ArtemiamL™. Samplesof S.PresseenrichedArtemia were collectegeriodically
throughoutthettrial (n = 3)n a 140 unsieveand rinsed with distilled watefArtemia samples
were frozen{80° C), freezeadried (Labconco Freezone freedrer; Kansas City, MO) and

analyzedsfor taurine as described in section 2.9.
2.5 Experimental Design

The tial wasstocked with 15 dph larvae and each treatment had four corresponding

replicate tanks. Larvae were stocked at a density of 6.6 lafvé2@00 larvae) into an
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experimental systa consisting of twenty, 320 L black conical-bottom tanks. The experimental
tanks were supplied with temperature controlled (21°C) recirculating seawater at a rate of 2.0

3.0 L min*. A containment screen (500 pm) was placed in the center of each tank along with an
aeration ring to maintain good water circulation. Fluoredaginis were placed 0.7 m above the
tanks for illumination (800 — 1,500 lux lights, Lithonia, Conyers, GA), the lights were set at a
continuous,photoperiod until 30 dph and then were placed on a 18 light: 6 dark photoperiod. The
duration' of'the“trials was 26 days (15 to 41 dph).

2.6 Food and feeding regime

Larvaeswere transitioned froArtemia starting at 16 dph by co-feeding with the assigned
microdiet treatmentThe live prey was added four times daily at 07:00, 10:00, 13:00, and 16:00.
Themicroparticuate dietswvere fed by hand four times daily as well as with an automatic feeder
(FISH MATE; Pentair AES, Apopka, FL) that provided food for 18 hrs. Beginning at 16 dph, 5
g of each microdiet was offered to each experimental tank. This amoumoneesedto 10 g at
27 dph and-again at 35 dph to 15 g. Tanks were cleaned once daily and screens were changed as

needed.

CYT larvae werded one of fouPARA formulateddietsas shown in Table ZThe
treatmentssincluded four levels of taurine: Ldw Taurine; LT) 4.5(Medium Taurine; MT)
9.3 (High Taurine; HT) and 12.2% (Very High Taurine; VHTJable 2). The diets were offered
within two"size ranges: 250 — 425 pm and 425 — 710 Time. smaller size range wesd from
15 to 23 dph, and therfger size range frorh8 — 41 dph.

2.7 Larval sampling and measurements

Larvalgrowth was measured on subsamples of 20 larvae per replicatetahé&sur
during the trial (16, 23, 30, and 40 dph). Larvae were euthanized with MS-222 prior to taking
the measurements. Twenty larvae were placed under a MZ16 Macro microscope (Leica
Microsystems, Inc., Bannockburn, IL), a digital photograph was taken, amthsddangth (SL)
was measuredto the nearest 0.1 mm using lrfRagélussoftware (Media Cybernetics,
Bethesda, MD). All 20 larvae were then weighed as a hatttte nearest 1\get weight
Dividing by 20 provided an average individual larval wet weight.
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Gut contents were examined every three days from 20 — 40 dph. Gut content analyses
was accomplished by sub sampling ten larvae from each tank one hour after the first feeding of
the day at 8:00 am. On these sample days the only food offered to Heewas the
microparticulate diet. Larvae were placed on a microscope slide and the gut contents were
dissected se.that food items could be identified. Feeding incidence was calculdisadiby
the number of larvae observed with food in the gut bydts number of larvae sampled (N =
10). Eachdietwasmarked with the rare earth metal yttrium oxide@¥). Larvae that were

found withmicroparticulate diets the gut were saved for yttrium analysis.
2.8 Analysisofwyttrium oxide

Yttriumoxidewasincluded into the PARA particles in order to determine feeding rates.
Both PARA patrticle samples and fish samplese analyzed for yttrium oxide using inductively
coupled plasma-optical emission spectroscopy (@ES) with a Perkin EImer Optima 3000
Radial ICROES (Perkin Elmer Instruments, Norwalk, CDarvd fish and diet samples were
prepared asgndohnson et al (2009) with a modification whereby sample ash was digested
overnight at reom temperature. The wavelength employed was 371.029 nrarafadds were
obtained{rom Ultra Scientific (North Kingstown, Rlffeed consumption was calculated from

yttrium coneentrations as follows:
Feed consumption = Yttrium conc. in fish /Yttrium conc. in food

Where: “Feed:consumption” was the weight of PAp&Aticles estimated in the gut of a fisiy (
larvae?), “yitrium conc. in fish” was théotal quantity of yttrium measured in the fighg

larvae") and “yttrium concentration in food” was the concentration of yttrium oxide measured i
PARA diets (ug g™).

2.9 Analysis of taurine

Taurine“concentratiawere determined in unleachmitroparticulate dietdeached
microparticulate dietand whole bodyish samplegsampled on 41 dph)Samples were packed
in dry ice and sent to Midwest Laboratories (Om&a) where the samples were analyzed for
taurine using method HPLC PROC 23 derived from AOAC 99®Bii2fly, taurine was

extracted using a weak acid and no hydrolysis @rried out. The extrastasanalyzed using

This article is protected by copyright. All rights reserved



HPLC with post colummlerivatizationwhere ninhydm wasused to produce a Ruham's

Purple derivative thavasmeasured using an ultwéelet (UV) detector
2.10 Analysis of sodium fluorescein

Powdered, freeze idid sample®sf sodium fluorescein containing microdistsere placed
in 15 mL centrifuge tubes and sonicated (B. Braun Labsonic sonicator, Bethleheat, PA)
mediumrpowefor 1 min Samples were then soaked overnight in a refrigerator to allow full
dissolutionef'sedium fluorescein. A 1 mL aliquot was removed from each tubesdiltéth a
0.22um syringe filter into &l.5 mL microcentrifuge tub&ifty microliters was removed and
transferredstosa 96 well plate and measured 0fabac Victor 2 flourometer (Perkiglmer,
Waltham, MA)plate reader with 485 nm narrow band excitation and a 585 sharp cut
emission filter. Sampkewere diluted as necessary to fall within the range of the standard curve
(R-square = 0.987).

2.11 Water-quality

Nitregen compounds (nitrate, nitrite, ammonia; + 0.001 Mpdnd pH (+ 0.01) were
monitored.weekly, while dissolved oxygen (+ 0.01 nigadnd + 0.1 percent saturation) and
temperature(x 0.1°C) monitored daily. Temperature, DO, and pH were measured witH a mode
HQ40d meter (Hach Company, Loveland, CO). Total ammonia, nitrite, and nitrate were

measured'with a model DI/890 colorimeter (Hach Company, Loveland, CO).
2.12 Satistics

Statistical analyses were performed using Statistica versigis&tSoft, Inc., Tulsa,
OK) ard JMP 11.0.0 (SAS Institute Inc., Cary, N@halysis of varianceANOVA) was used to
compare Sink rates of PARA particlasiongparticle sizes and treatmen®etention efficiencies
were compared among treatments (particle types) and among sampling times using a generalized
linear model{(GLM). Model selection for retentiefficiencies of sodium fluorescein was
accomplished using Akaike informatioriteria (AIC) andBayesian information criteri@BIC).
The resultant model was fitted to taurine leaching datavasdised to estimatthe retention of
taurineat 2 minutes Standard lengthsywetweights, total amino acidsgarineand yttrium

concentrations in experimental diets and fishues, feeding incidenggfeed consumptiorates
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and survival data were analyzed using ANOWA. necessargata were normalized usithig- or
arcsinsquare root transformations, raw data are displayed in figures and Radsg#soc

comparisons were performed with Tukey’s HSD with a significance level of p < 0.05.
3. Results
3.1 Microparticulate diets

Praximate composition of the experimental diets showed that protein (%) %pi and
energy densitys(kcal') were similar between the treatments (TableT2)tal amino acid
composition:ef'the experimental microparticulate diets is shown in TalAevho acid levels

tended to/decrease with increasing taurine addition (Table 4).

Thesinkrate oPARA particlesvas not significantly different amonmicrodiet
treatmentgANOVA, p = 0.733). However, large particles (425-100 in diamete) sank
significantlyfaster(0.9 +0.4cm sed') thansmall particles (25@25 micron; 0.6 + 0.2m sed).

The 320 L.tanks used in the feeding trial had a depth ofd®3.&nd therefore, we estimate that

large particlesgmained in suspension for 1.2 + 0.5 minutes and smaic¢learfor1.8 + 0.3min.

These estimates assume that tank characteristics, such as turbulence and aeration, did not impact
the sink rateof particle€YT larvae feed only on suspended particles, meaning that-after
minutes(maximun) the PARA particlesvere no longer available for consumption. Therefore,

we estimated theuantities of taurine that would have remaiimeBARA particles afte?

minutes of.suspension geawaternutrient leaching/retention trials adescribed irsection 3.2.
3.2 Retention and inclusion rates of taurine and sodium fluorescein

PARA particles produced with sodium fluorescein weérg+ 0.5 g kg' sodium
fluorescein(w/w; wet weighj. Retention of sodium fluorescein by PARA patrticles was best
modeled using.an exponential decay model (RE = 97e#5°%"x Time; Adjusted Rsquared =
0.93 Figure drand yieldedhe lowestAIC and BIC value®f all models evaluate@ablel).

Based on‘these results, an exponential decay model was used to fit taurine retention data in

subsequent analyses.

The taurine concentrations measured in the four experinmartaparticulate diets
prior to nutrient leachingyere significantly differenanmong diets (ANOVA, p < 0.001;dable
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3). Taurineretentionefficiencies (RE%) variedsignificantly based on time of suspension

(time), taurine concentration in PARA diets (treatmesmy showed a significant interaction
between taurine concentration and tiofiesuspensionGLM, p = 0.001, p <0.001 and p = 0.001,
respectively) The retentiorefficiencies of taurine, modeled asponential decay functions are
shown in Figure 2 and modgarameters were used to derive estimates of RE at 2 minutes (Table
3). Yttrium.oxide concentrations varied among experimentatoparticulate diettANOVA, p

= 0.016;7 data'not shown), consequently, diet-specific yttrium concentrations were used to
calculate feed"*consumptimalues for theirespective treatmesitArtemia nauplii enriched with

S-Presso had a mean taurine concentration of 8.1 + 0.8.g kg
3.3 Growth, survival and whole body taurine concentrations of CYT

Naturatlog transformed standard lengths (SlodIn-transformedvet weights (WWV) of
CYT post larvae were significantly different among treatments (ANOVAQ®25 and 0.012,
respectively)untransformed values are showTable5 along with the results of Tukey’s HSD.
Arcsin-square=root transformed survival rates, determined at the end of the feedlimgeteanot
significantly difference among treatments (ANOVA, p = 0.221). Whole body taurine
concentrationg$Figure 3)measured in the fish at the end of the waxied with experimental
treatmeniANOVA, p < 0.001; Figure 3)Specifically, treatments MTHT, andVHT were

greater thatheLT treatment.
3.4 Feeding incidence and feed consumption

Arcsin-square root transformed feeding incidences (proportidisiofvith feed in their
guts) variedsignificantlyamong sampling times but natong treatments (Repeatieldasures
ANOVA, p <0.001 and p = 0.69&spectively)At the end of the trial,efed consumption rates
were significantly differen(Figure 4)among treatments in terms of the amount of feed per
larvae(pg larvaé + SD) but not by the amount of feed per dry weight of the lafgaej* DW:;
ANOVA, p.=07005 and p = 0.1Xespectively. Specific pairwise comparisons can be seen in

Figure 4.

3.5 Water-quality
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Water quality measuneentsfor both trialswere similar and within an acceptable range
for marine fish larvae. Water temperature was maintained at213°C and salinity was 3.
+ 0.5 ppt. Dissolved oxygen ranged from 8.0 torBg/L™ (92 — 97% saturation), and mean total

ammonia nitrogen and unionized ammonia levels were < 0.01 and Or@02%, respectively.
4. Discussion

Taurinesis lowly conaatrated inmostterrestrial plants, such as soy, and therefore, it is
largely believed that taurine may be particularly limiting for fish when feeddpraduced using
plant-based protein (Salze & Davis 2015). However, in the present study we foundthat C
post larvae, benefitted from dietary taurine concentrations above those providadrisr ta
unsupplemented PARA particles (0.4% TAU treatment) that had been preparethwitg
animal protein sources (Krdind squid meal). These results show the importance of taurine
supplementation in a wide range of fish diets, beyond those simply produced with akernati
protein sources. Our results are consistent with other studies that evaluated the effect®of taurin
supplemented:diets on the growth of early stage marine fish. For instance, Masahd2005)
showed tha& guinqueradiata juveniles grew at higher rates when fed increasing concentrations
of dietary-taurine. In the 2005 study, digtsludedfish, krill and squid meal for the primary
protein sources. Pinto et al. (2010) found that Senegalesessiae $enegalensis) had enhanced
rates of growth and metamorphosis when fed microcapsules supplemented with taurine when
compared to those fed microcapsules without taurine supplementation. In the 2010 study,
microcapsuleswwere prepared with a mixture casein as well as fish and cuttlefish meals for the
primary protein sources. Kim et al. (2007) found that Japanese flounéeiles(Paralichthys
olivaceus) showed increasing growth rates and whole body taurine concentrations with
increasing dietaryaurine concentrations. While, diets in the 2007 study were also prepared from
marine fish_protein (jack mackerel meal) it should be noted théistnmeal hadbeen pre-
washed to partially purify the diets of taurine.

In thissstudy, CYT were co-fed wilrtemia from the beginning of the trial until 35 dph
and the experiment was terminated on 42 dple. average taurine concentratafrArtemia
usedin this studywas8.1+ 0.6 g kg DW. While feed intake of thmicroparticulate diets/as
measured throughout the study, the intak&rtémia nauplii was notTherefore the relative
consumption ofArtemia when compared to thaicroparticulate dietby CYT cannot be
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determinedn this study and is subject to speculation. PresumAbigmia were the major
source of food (and therefore taurine) during the first phases of weaning@ogarticulate
dietswere the major source of food towards ther@hases. However, given that fish grew
faster and stored higher quantities of taurine in body tissues in treatnikndsetsthatwere
supplemented.with taurine suggests trdemia were not a sufficient source of taurine during
the weaning phase. Tireeare two factors that may explain thisAtjemia have relatively low
concentrations of taurine and have been a poor source of thrthe fishand/or 2)Artemia
may have'represented a small fraction of the total diet. In eitherocas#gta suggdthat CYT
benefit from taurine-supplementedcroparticulate dietduring the weaning phase.

We found that sodium fluorescein and taurine were rapidly leached from PARAgsar
as shown by the low retention efficiencies, when suspended in seawater. The high leaching
observed in this study is likely due to the small particle sizes and theh@jbrsurface area to
volume ratios of thenicroparticulate dietd_angdon 2003). Retention efficiencies of sodium
fluorescein.were best modeled with an exponential decay model. Furthermore, espdeeai
models provided good fit for the taurine leachdata (alladjusted R-squared values > Q.98'e
also found‘that'retention efficiencies decreased, i.e. increased leauitimigcreasing taurine
inclusion‘rates imicroparticulate diet§GLM, p < 0.001)The trends we observed were similar
to those rported by Watson et al. (2013), whereby taurine leaching rates increased with
increasing taurine concentratiomtowever, leaching rates of taurine (overall mean of 59.13% +
17.54 after.40 min suspension) in the 2013 study were lower than those in the present study
(>80% after25,min in all treatments) which is likely due to differences in particle size, i.e. 4 mm
particles in'2013 study vs. ~0.25 mm in the present study.

Based on sink rates, we estinththat PARA particles were available to the larvae for
less than 2 minutes after adding them to the tanks. For this reason, we dstimabenimum
quantities of taurine, i.e. lower 95% CI that would have remained in the PARA @adftér 2
minutes of suspension in seawater. We found that they ranged from 29 to 65% (based on the
lower 95%.€:I") of the initial taurine provided in the diets. These values egpresrstease
losses and'do,not likely represent the actual dietary taurine levels expebgrhbedish since
much of the feeding occurred before 2 minutes. The potential for high leaching from

microparticulate dietsuggests that the results of the feeding trial must be interpreted with
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caution. These results highlight the importance of considering nutrient leachingarducting
larval feeding trials utilizing microparticulate did¢ts nutrient delivery.

We usedyttrium oxide (Y203) as a feed markearf PARA dietsandwereable to compare
feed consumptioby the CYT as a consequenced@tay treatmentWe found that thguantity
of feed perlarvae (Uglarvae) wassignificantlylower in theL T treatment when compared to the
HT andVHT treatments and that tlggiantity of feed per animal body weighas lower in the
LT treatmentwhen compared to all oth@rg g*; Figure 4). The most likely explanationtist
fish may have"eaten more because they were larger. That is, fish in the MT, HT and VHT
treatments were significantly larger than those in the LT treatment andawa consumed more
food as a result. This is strongly supported by the finding that feed consumption rate®ive
significantly“different wherstandardized by larval body weight$ere are two alternative,
though be it less likely, explanations: Fiisis possible thataurine may have improved the taste
or smell of the feed and thereby increhfeseding by CYT, serving asfeedstimulant or
attractant.'Few studies have investigated the role of taurine as a feed stimulant afesvthose
studies haverprovidddtle evidence fosuch an effectAlthough it was shown that the common
carp Cyprinusearpio) had an attraction effect when offered a formulated diet with an inclusion
rate 0f0.4%,(Xiaocong et al. 2006). Secomi;rieased dietary taurine may have resulted in
larvae thatvere not only larger butad more acute senses, when compared to those that received
low levels of dietaryaurine. Specifically, elevated dietary taurine may have resulted in more
improved development of visual and olfactory senses of @Xilch may have enhancdie
abilities ofdarvado locate and ingest food in tMT, HT andVHT treatmentsThis explanation
is plausiblesgiven that taurine is known to play a role in neurological function and in eye
development (Huxtable 199Bpuckenooghet al 2006). More research is needed to address
these hypothese

Based.on growth (SL and WW) differences and whole body taurine concentrations
measured.at 41 dph,appeas thatoptimal taurine concentration for newly weaned CYT is > 4
but< 45 g kg*based on initial (fe-leached) diet concentratiortdowever corrected for nutrient
leaching this'range may be expanded to > 2.6 ancbil g kg (Table 3).Our results agree
with previousstudies that have investigated the effects of dietary tauri®erasia larvae and
juveniles. For instance, Hawkyard et al. (2015b) showed that the naturally occurring tauri
concentrations ilrtemia metanauplii (~7 g kg) were sufficiento maximize larval growth (SL
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and DW)of CYT larvae In the same study they found that larval whole body taurine
concentrations where higher when larvae wereAféemia enriched with taurine to a

concentration of 16 g Kgwhen compared to those fed i@e-unenrichedArtemia. Matsunari et

al. (2005) showed th& quinqueradiata juveniles (starting weight 0.5 g fishshowed increased
growth and.bedy taurine concentrations over a rangiéetdry taurine concentratisbetween

3.9 to 13.0.g kd, however, dietary taurine concentrations above 13'thig little effectJirsa

et al. eO14Bestimated that CYT juveniles (starting weigtl g fish') had a taurine
requirement'ef3.2 g ki Future research is needed to develop a requirement for newly weaned

CYT postilarvae.This work should include dietary taurine treatments in the range of 4 and 45 g
1

kg™-.
Ourresultsprovide evidencéhat CYT post larvawere notadversely affectetly the

highesttaurineinclusion ratesested in this study (122 g k@f the diet), i.e. nutrient toxicity

was not observed. Specifically, growth, survival and feed consumption rates were not

significantly different in theviT, HT andVHT treatments.However, PARA patrticles containing

122 g kg' (VHTY taurine were especially pme to leachingind may have had taurine

concentrationsas low as 34.9 g'kuefore they settled on the bottom of the tank (2 min).

Thereforepthe actual dietary taurine concentrations experienced by the larvae were likely lower

than thenitial (pre-leacheddietary concentrationdt should be notethat growth (wet weight

and standard lengtland survival weraot significantly highem the VHT treatment suggesting

a minor negative effect of high dietary taurine concentrati@fsourse, at some inclusion

level, taurine™will have a negative effect on the fish due toemi dilution presumably fish

cannot survive‘on taurine alon®ore research is needed to evaluate the potenttaent

toxicity of elevated dietary taurine camdrationdor marine fishlarvaeand juveniles.
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Table 1. Model selection criteria (AIC and BIC) for candidate models used for retention

efficiencies of sodium fluorescein from PARA patrticles.

Model AlIC BIC

Linear 175.4 176.4
Quadratic 160.5 161.0
Cubic 144.0 143.5
Logistic 132.7 133.1
Exponential 129.3 130.3
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Table 2. Ingredients used to produce experimental microparticulate diets. Values represent the

quantities (g kg) of ingredients added to the mash unless otherwise specified.

Experimental microparticulate diets used in feeding trial

Ingredient LT MT HT VHT
Squid MeaP 392 381 370 356
Krill Meal ® 256 249 240 232
Fish Qil° 105 102 99 95
Lecithin ¢ 100 97 94 91
Wheat Gluten Med 90 87 85 82
Vitamin pfemix' 20 19 19 18
Di-calcium Phosphate 20 19 19 18
Taurine? 0 29 57 91
Astaxanthin 5 5 5 5

Vitamin-C/ 2 2 2 2

Y203 10 10 10 10
Protein (%) 49 49 50 49
Lipid (%) 26 25 25 25
Energy density (kcald 5.9 5.7 5.7 5.6

2Wilbur-Ellis, Adams, Oregon, USA, 723 gkgcrude protein
P International Proteins Corp., New York, New York,USA.

¢ Mixed Pacific Fish Oil, Bio-Oregon Proteins, Warrenton, Oregon, USA
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d Soy, refined, American Lecithin, Oxford, Connecticut, USA

® MGP Ingredients, Inc., Atchison, KS, USA, 820 g'kgrude protein.

" ARS 702; contributed, per kg diet; vitamin A 9650 1U; vitamin D 6600 IU; vitamin E 132 1U;
vitamin K3 1.1 gm: thiamin mononitrate 9.1 mg; riboflavin 9.6 mg; pyridoxine hydrochloride
13.7 mg; pantothenate DL-calcium 46.5; cyancobalamin 0.03 mg; nicotinic acid 21.8 mg; biotin
0.34 mg; felic acid 2.5; inostitol 600.

9 Alliance Nutrition, Twin Falls, Idaho, USA.

" Carophyl"Pink*10, DSM Nutritional Products, Boulder, Colorado, USA

'Stay C, DSM Nutritional Products, Boulder, Colorado, USA

Table 3. Taurine concentrations measured in experimental microparticulate diets post-production
as well as the estimated TAU concentrations remaining after 2 minutes of suspension in
seawater. Estimates were based on the exponential decay model derived from taurine retention

data. Treatments sharing superscript letters are not significantly different.

Est. TAU conc. after
Treatment Initial TAU conc. 2 min suspension (g kg)

(g kg* + SD) Lower 95%  Upper 95%

LT 40+0.2 2.6 3.3
MT 45.0 + 4 27.5 375
HT 93.0+6 41.0 70.8
VHT 122 + ¢ 34.9 115.3
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Table 4. Total amino acid (TAA mg AA'POW + SD) composition of the experimental

microdiets._Treatments sharing superscript letters within rows are not significantly different.

Experimental microparticulate diets used in feeding trial

LT MT HT VHT
AA

Ala 2.37+0.02 224+0.08° 2.19+0.0f 2.10 + 0.04
Arg 2.93+0.0% 273+0.08 2.70+0.0% 2.58 +0.0%
Asp 453+0.04 424+0.08 4.19+0.0% 4.02 +0.04
Glu 8.71+0.07 838+024 812+0.1% 7.83+0.18
Gly 2.20 + 0.04 2.06+0.00 2.02+0.0% 1.93 +0.02
His 1.18+0.08 1.09+0.02® 1.08+0.0% 1.04 +0.0%
lle 2.19+00%f 2.05+0.08° 2.00+0.0% 1.95 + 0.04
Leu 381+00f 362+0.12° 351+0.08 3.40 +0.08
Lys 305+0.0f 2.84+0.08° 2.81+0.08 2.70 +0.0%
Met 1.24+00% 1.15+00% 1.13+0.0% 1.09 +0.0%
Phe 1.99+0.0% 1.87+0.07 1.81+0.0% 1.79 + 0.08
Pro 2.69+0.16 2.31+0.43 2.23+0.30 2.37 +0.01
Set 222+0.02 2.12+0.08° 2.07+0.0 1.97 +0.08
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Thr 206+0.02 194+0.08 1.91=+0.0f 1.82 +0.02
Tyr 2.07+0.04 1.99+0.02® 1.97=+0.0% 1.80 +0.0%
val 2.18+0.0f 2.03+0.08° 1.98+0.08 1.94 + 0.04

Ala-alanine; Arg-arginine; Asp-aspartate; Glu-glutamine; Gly-glycine; His-histidine; lle-
isoleucine; eu-leucine; Lys-lysine; Met-methionine; Phe-phenylalanine; Pro-proline; Ser-serine;

Thr-threonine; Tyr-tyrosine; Val-valine

Table 5. Growth and survival for California yellowtail (S. dorsalis) at 41 dph. Values sharing

lowercase,superscripts are not significantly different.

Treatment, Wet Weight Standard Length Survival
(g £ SD) (mm £ SD) (Percent + SD

LT 024+0.12 21.3+3.7 33.9+43
MT % %9.29+012 245+3.7 31.3+2.4
HT*..0.28+0.12 238+3%" 345+3.f
VHIL-"0.26 +0.11* 23.4+3.5" 30.1+3.2
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Figure 1 Retention efficiencies (RE; %) of sodium fluorescein measured in PARA particles
following suspension in seawater. Sodium fluorescein was used as a proxy fosolabés-
nutrients and allowed for model selection using AIC and BIC (Table 1). An exponenti@bifunc
(shown) was.selected as the best model and was used for all subsequent analyses (i.e. with
taurine).Adjusted Rsquare is displayed as a summary measure and was not used for model

selection.
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Figure 2 Retention efficiencies (RE; %) of taurine measured in PARA particles following
suspensiens in seawater. The exponential decay model shown and was used to estimate taurine
retention at 2 minutes and T75 values (TableAljusted Rsquare values are displayed as

summary measures and were not used for model selection.
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MT HT CVHT
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Figure W body taurin@AU) for California yellowtail & dorsalis) fed four different

concentrations of taurine. Treatmesitgring capital letters are not significantly different.
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FC (ug g-1)

FC (ug larva-1)

MT HT
Treatment

Figure 4. Feed consumptidRC) for California yellowtail & dorsalis) at41 dph. Data are
expressed‘@seight specific feed consumption (ug g™; upper) feed consumptigrer fish (ug g™;

lower). Values sharing capital letters are not significantly different.
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