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Abstract

With the increasing use of plant protein mealsface fishmeal in aquafeeds, there is a
concomitant need to properly characterise the reménts for individual amino acids in the diet of
carnivorous fish species such as barramurate$ calcarifer). This may be especially important
for methionine (Met) and taurine (Tau) which ar@kmn to be limiting in these ingredients. This
project aimed to define the requirements for thedeents for barramundi, as well as to elucidate
some of the mechanisms underpinning any obseriedlatory effect on growth.

The aim of the first experiment was to evaluatentie¢hionine (Met) and total sulphur
amino acid (TSAA) requirements of juvenile barramiiuio act as a baseline for further study. A
requirement for Met of between 10.5 (95% of maxinmasponse) and 13.69kg99% of
maximum response) in a diet with 592g*KOP and 6.6g K§Cys (17.1-20.2g K§TSAA; 1.8-2.3%
CP Met + 1.1% CP Cys) was established. Additign@liwas concluded that at least 40% of
dietary Met can be replaced by Cys. The impaciubfient response model choice and the mode
of expression of requirements on interpretatiothete figures is discussed in Chapter Two.

The experiment presented in Chapter Three wagmesito elucidate some of the metabolic
roles of Met. Results suggested that expressigeés of the sulphur amino acid turnover
pathways may be chiefly regulated by feed ingestioeh not, as was expected, by the amino acid
profile of the feed. Taurine biosynthesis was app& as was the conservation of previously
described markers of proteolytic pathways. Sigaiiily, two forms of Methionine
Adenosyltransferase (MAT) appeared to be activeuber of important genes were investigated
for the first time in this species and shown tabéitionally regulated.

Whether Tau is required in the diet of juvenilerbeundi, and what effect dietary Met has
on this requirement, was investigated and is ptegen Chapter Four. The best-fit response model
predicted a Tau requirement of 5.5g*KgM (0.96% CP), similar to reported values for gave
other species. The fit of this model, however vedatively weak (R= 0.183). The response to
variable dietary Met was more pronounced, highiighits importance to this species. It was
concluded that taurine appears to be conditioresential to barramundi.

An experiment investigating the role of dietary Taaffecting protein and SAA turnover in
juvenile barramundi was undertaken, the resultgloth are presented in Chapter Five. Most
significantly, two pathways of Tau biosynthesis &ebserved to be active in this species with the
sulphinoalanine pathway being more responsiveddifigy. Changes in the utilisation of Cys when
dietary Tau was in excess were also suggestedy alith an apparent link between adequate

supply of taurine and both somatotropic index a@dRTpathway-mediated growth stimulation.



Unexpectedly, the expression profile of severakgesuggested that excessive Tau may have a
negative impact on protein accretion and growth.

Calculation of protein and amino acid loss exposieand their application to predicting
requirements for Met for maintenance and growtharramundi, was the focus of Chapter 6.
Contrary to previous assumptions used in nutritiomadels, the exponents derived for the
proteinaceous amino acids were significantly déférto that of protein. An influence of fish size
on the utilisation of non-protein nitrogen was asggested. Similarly, predicted partitioning of
ingested Met was proposed to change with incredshgsize, with weight gain suggested to drive
the requirement for this amino acid in smaller #gtd maintenance requirements representing a
greater proportion of the total requirement in érfish. Consequently, it was concluded that the
use of the Met-loss-adjusted metabolic body wegymonent derived in this study may provide a
more accurate representation over the protein wegbonent in modelling Met utilisation during
growth in this species.

The main findings of this thesis were that juvefiarramundi do have a defined
requirement for Met, a proportion of which can pared by dietary Cys, and that the mode of
expression and choice of nutrient response modehage a significant impact on the interpretation
and application of this requirement. As well, saVgenes associated with SAA and protein
metabolism in this species were investigated, &odva to be nutritionally regulated, for the first
time in this species. Significantly, two formsMAT appear to be active and it was suggested that
barramundi possess the capacity to synthesiserdaugdrecursor SAA through two separate
pathways. Thus, Tau was concluded to be conditioaasential in this species. Finally, the
utilisation of individual amino acids was showrditfer significantly from that of protein as a
whole but, in the case of Met, consideration of thia published nutrient utilisation model

appeared not to significantly improve the accuraicytilisation efficiency predictions.
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Chapter 1 - General Introduction

1.1 Introduction

Traditionally, fishmeal has been the major sourfggrotein in diets for carnivorous fish
species such as barramundi, mainly due to its faae amino acid profile in relation to that of the
culture species and its ready acceptance by fispgdE al., 2006). In the last 20 years, with the
rapid expansion of intensive aquaculture movingdasingly towards the use of nutrient dense
diets, demand for fishmeal has risen dramaticélscheet al., 2013). The use of this ingredient,
however, is becoming increasingly economically andironmentally unsustainable, stimulating a
focus on replacement with more sustainable alteremsuch as those derived from plant materials
or animal processing waste (Ayadiial., 2012). These alternative protein sources, howewer
often deficient in one or more essential nutrié@atlinet al., 2007) so careful formulation of diets
including these ingredients is paramount.

Determining the optimal inclusion of essential rerits in diets for fish requires a range of
parameters be considered. Primarily, the requinéimiethe species for these individual nutrients
must be ascertained. Early research in barramastdblished the requirements for crude nutrients
(lipid and protein) (Cuzost al., 1989; Catacutan and Coloso, 1995) while morenta@search has
focussed on individual nutrients such as aminofattyg acids (Murillo-Gurreat al., 2001; Coloso
et al., 2004; Glencross and Rutherford, 2011; Salirai., 2015b).

One of the more widely used and studied alterpatte fishmeal protein in feeds for
carnivorous fish species is soy protein concen{&RC). It is more cost effective, compared to
fishmeal and has a generally acceptable nutrierfii@rhaving a generally favourable amino acid
profile and protein which is relatively highly diggéble (Glencrosst al., 2004; Walkeet al., 2010).

It is, however, low in methionine in comparisorfishmeal (Mambrinkit al., 1999; Dersjant-Li,
2002), making accurate assessment of the requitdorahis nutritional component a priority if
SPC inclusion in diets for carnivorous fish is eodptimised.

Methionine (Met) is the only amino acid in the sulp amino acid group which is
considered indispensable to the growth and devedopof barramundi, on the basis that it cannot
be synthesised by the animal from other amino anitise required quantities so is an essential
component of the diet. While its requirement hasrbestablished in other species (Radtial.,

1994; Rodehutscoret al., 1995; Luocet al., 2005), only one study has estimated this fordvaundi
(Colosoet al., 1999). In addition to its primary role as a cament of protein, and the associated
effect on protein synthesis when it is limiting, Mas been shown in other animals to be involved

in the initiation of protein synthesis (Drabkin aRdjBhandary, 1998) and so deficiencies in the
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diet can greatly impact the growth, developmentaealth of the fish. It also acts as a precursor
for S-adenosylmethionine (SAM), cysteine (Cys) tauttine (Tau) which are known in terrestrial
animals to be involved in other important metab#liactions such as enzyme activity regulation,
protein structure, osmoregulation and regulatiooxidlative stress (Brosnan and Brosnan, 2006;
Lungeret al., 2007; Jonget al., 2012). These functions are assumed, but yet twhfirmed, to

also be active in aquatic species. While the rofesulphur amino acids are relatively consistent
across species, their specific roles in barramarelunknown (and cannot be deduced from gross
compositional changes in currently published grorggponse studies).

Growth response studies with fish have been useshsively in the past to determine the
value of inclusion of individual amino acids in ttiet of various fish species (Twibetlal., 2000).
The design of these studies was generally limibetthe evaluation of changes in the gross
composition of the animal and overall growth pareargein response to the dietary manipulation.
While some studies incorporated enzyme assays ¢Wetlal., 1986; Dabrowskét al., 2005) and
metabolite measurement (Conceighal., 1997; Luocet al., 2005; Helland and Grisdale-Helland,
2011), until recently, the interpretation of thewth response was discussed primarily with
reference to the role of the amino acid as a comptoof protein (i.e. in terms of balance and
imbalance of the amino acid profile of the dietthst of the body protein). In these studiedelitt
reflection was given on the exact mechanism ofélsponse and thus offered no indication of
whether these underlying processes could be reglthtough other means.

One approach which does allow consideration o&ffext of an individual nutrient on the
multitude of metabolic pathways which control grbwef the animal is assessment of the
differential expression of the genes which codetiervarious regulators of these pathways. The
utility of this approach has gained recent attentiothe fish nutrition field, being applied to dieis
investigating lipid (Richardt al., 2006; Panserat al., 2008; Martinez-Rubiet al., 2013), and
amino acid metabolism (Gémez-Requetral., 2003; Lansarét al., 2011; Belghikt al., 2014). It
has, however, only thus far been used in barramspeliific studies to evaluate lipid metabolism
(Mohd-Yusofet al., 2010; Alhazzaat al., 2011; Tuet al., 2012a) and, recently, energy (Waatle
al., 2014) and fatty acid (Saliet al., 2015b; Salingt al., 2016) metabolic pathways. Amino acid
metabolism in barramundi is poorly understood apmesents a significant gap in our knowledge
which can be addressed through the applicationdi sutrigenomic techniques. This review is
intended to outline the current knowledge in figkd darramundi in particular, with a focus on
amino acid utilisation. A major aim was to ideptiinowledge gaps and emerging techniques for
the evaluation of amino acid metabolism, leadingi¢ilighted opportunities for further

investigation.



As a footnote:for the purpose of consistency (and to avoid amyfusion),Lates calcarifer will

herein be referred to by the Australian common nafiearramundi’, regardless of the name given
it in the respective publication. By the same tokbe 18 element on the periodic table (and its
derivatives) will be spelt ‘sulphur’, however thigeanate spelling is recognised (e.g.
transulphuration/transulfuration). Additionallyhen discussing sulphur amino acid requirements,
these are referred to as being in relation to requents for cystine (and not cysteine). There seem
to be little consensus in the literature on thenfoeported to be “required” by the animal. Cystein
Is considered to be the standard amino acid incated into proteins, however a high degree of
crosslinking between cysteine molecules occurkerprotein, forming the dimer cystine, an
important process in determining protein structUfeee cystine, however, is readily reduced to
cysteine under certain conditions. As such, threedve essentially interchangeable and each can
fulfil the requirements for the other. The dimeysgtine) will be referred to in this document ais th
is generally the standard in the literature. Idigoin, the processing conditions for amino acid
determination of the feed and carcass samples dsrveth cysteine and cystine to cysteic acid so

any reported compositions are by effect a comtnati both forms.

1.2 Barramundi (Lates calcarifer)
1.2.1Biology

Lates calcarifer, commonly known as barramundi, giant perch, gsaat perch or Asian sea
bass, is a euryhaline fish species with a natwhitht ranging throughout the Indo-Pacific region
from eastern Australia, through south-east Asipadand eastern Africa (Keenan, 1994). They
have been reported to grow to sizes up to 1.8rerigth and 60kg in weight (Harrisehal., 2013)
and are protandrous hermaphrodites (changing eexrmnale to female at around 5 years of age).
The catadromous nature of this species dictateéshitbadults migrate from their usual fresh or
brackish water habitat to spawn in the saltwattragges (Pender and Griffin, 1996). The larvae
and early juveniles, therefore, are classified agma fish with the associated implications of more
active osmoregulatory mechanisms, higher metabelcands and reliance on a marine food
source nutritional profile (Houde, 1994; Sargetrdl., 1999; Evans, 2008). In addition, these fish
are top-order carnivores (Tanimadioal., 2012), deriving the majority of their energetaeds from

protein and lipids, with a limited capacity to mmtéise dietary carbohydrates (Glencross, 2006).



1.2.2Aquaculture production statistics

Commercial culture of this species began in Thadilen the mid- 1970s and in Australia in
the mid-1980s (Boonyaratpalin and Williams, 200By. 2014, worldwide production was
estimated by the FAO to be 71,581 tonnes (http:¥iwao.org/fishery/species/3068/en). Rapid
expansion of this industry in Australia saw growitiproduction of over 530% between 2000 and
2011 (Harrisoret al., 2013). In that year, Australian production, alyoh352 tonnes, represented a
small proportion of global production volume (esabed at 68,557t) but, with a value of AU$35.7
million (Skirtunet al., 2012), represented 14% of the global productaloe/for barramundi
(Harrisonet al., 2013). The latest statistics put this productbB,772 tonnes in 2014-15 at a value
of AU$37.1 million (Savage, 2016).

1.2.3Nutrition research

Compared to more widely cultured species sucheasamonids, the nutritional
requirements of barramundie relatively poorly understood. Early studids itne feed conversion
rates of barramundi fed trash fish were undertakdrhailand as early as 1971 (Dhebtarasoal .,
1979) but it wasn't until the mid to late 1980sttaHorts to determine the requirements for
individual nutrients were made (e.g. Cuabml., 1989). Since that time, a number of studieghav
investigated the protein, individual amino andyfatid, lipid and energy requirements and
utilisation by this species (See review by Glenssbsl., 2013; Salinket al., 2015a; Salinet al.,
2015b; Salinkt al., 2016).

1.2.3.1 Protein

The protein requirement of juvenile barramundi 4£3.01g) was determined by Catacutan
and Coloso (1995) to be 42.5% of the diet (at agimeenergy ratio of 30.6g protein MJ Weight
gain was observed to be numerically, but not sigaitly, higher at the 50% protein inclusion
level; however, condition factor, protein efficign@tio and apparent protein retention were
significantly reduced. This compares to an eads&imate of 45-50% by Cuzehal. (1989) (at a
comparable protein:energy ratio of 31.8g proteintMahd reported values of between 40 and 50%
outlined by Boonyaratpalin and Williams (2002). iSfaariation in estimates could be due to the
lifestage of the fish (which differed among stugliesthe composition of the diets used. Cuebn
al. (1989), for example, used increasing levels dirfisal with decreasing corn content to achieve
increasing protein level so it is not possibledparate the effect of compositional change frorh tha
of crude protein level. While the requirement$ome amino acids have been defined for this
species (reviewed below), further work is needeithis area.
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1.2.3.2 Lipid

The requirement of barramundi for lipid has beeregtigated in a number of studies,
initially with the assumption that it plays a siarilrole in protein sparing and/or as an energycsour
to that seen in other fish species. Williaghal. (2003), investigated the protein-sparing effect of
lipid through two experiments (one with plate sz — 230g initial body weight — and one with
fingerlings — 80g initial body weight) assessing #ifect of feeding diets with differing crude
protein (CP) to lipid ratios on growth, feed corsien and body composition. They observed a
linear increase in feed conversion ratio (FCR) gimivth in response to increasing dietary protein
(within each lipid level) and a similar step-wiseprovement with increasing dietary lipid content
(within diets with the same crude protein contémt)oth experiments, all the way up to the diet
with the highest protein and lipid level (18.8%di%2.4% CP in Experiment 1; 18% lipid/60.3%
CP in Experiment 2). It was calculated that, ia pifate size fish, every 1% increase in dietarng lip
content allowed a reduction in CP inclusion of O.x##thout affecting weight gain (reported as
average daily gain — ADG) or FCR and, in fingertinthis was improved to a protein-sparing
potential of 1.1% per 1% dietary lipid. This sparieffect, however, was based on total weight gain
of the fish which was later attributed to an insexhdeposition of body lipid. Lean gain was
examined and found to be primarily a function of & not lipid content of the diets, leading to
the conclusion by these authors that barramund dimited capability to utilise lipid as an
energy source, in agreement with observations bgddtan and Coloso (1995). A recent study
with barramundi by Glencrogs al. (2017), however, found equivalent efficienciegonérgy
utilisation in this species from both dietary protand lipid. As lipid was also reported to be
deposited with a high efficiency in that study (wén energetic cost of as little as 0.65kJ perfkJ o
deposited lipid), this may support the prospegirotein sparing for deposition by lipid as reported
in other carnivorous fish species (Cho, 1992¢tlal., 2012). Either way, barramundi do have a
minimum requirement for lipid for other function¥he maximum weight gain and significantly
higher FCR reported by Willianet al. (2003) for fingerling barramundi fed a diet witB%
(analysed content) dietary lipid inclusion (with.8@ CP), compares to estimates of 10% (with
42.5% CP) (Catacutan and Coloso, 1995) and 12% @@% carbohydrate) (Catacutan and
Coloso, 1997), with the latter authors, similadyWilliamset al. (2003), finding no significant
difference in growth between fish fed diets contegnl2/13% and 18% dietary lipid at the same
level of the other nutrient in question (CP or cdmjdrate), indicating a minimum dietary
requirement in the vicinity of 12% of dietary dnyatter. Inclusion over this level appears to be
surplus to requirement and is deposited mainlypéd, Iresulting in undesirably fatty flesh
(Williams et al., 2003). Demands for lipid, however, can be higihe-dependent with projections
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of optimal inclusions of crude fat in the diet @rtamundi made by the model of Glencross (2008)
ranging from 75 g kg (7.5%; for 50g fish) up to 325 g Rd32.5%; for 2000g fish).

Few studies have investigated the requirementwabaindi for specific individual fatty
acids. Estimates of demand for several esseatigl &cids (EFA) for maintenance, gain and
growth, over a range of fish sizes, were derive@alniet al. (2016a), based on the predictive
growth model for this species (Glencross, 2008n&less and Bermudes, 2012) and utilisation
efficiencies for these fatty acids from publish&ges (Salinet al., 2015a; Salinét al., 2015b;
Saliniet al., 2017), although many of these are yet to be exgeertally validated. In a study, by
Glencross and Rutherford (2010), it was observatidttdietary inclusion of 10g Kg
docosahexaenoic acid (DHA) elicited numericallyt ot significantly, higher weight gain in
barramundi, compared to diets with varying (higied lower) levels of this EFA. A similar lack
of response was also seen by Sairal. (2016c) to variable dietary inclusion of two othamng
chain polyunsaturated fatty acids (Ic-PUFA), eigesdaenoic acid (EPA) and arachidonic acid
(ARA). Significantly improved growth was, howevehserved by Glencross and Rutherford
(2010) when this level of DHA was accompanied bygquivalent amount of EPA. These authors
noted the similarity between this result and tHatvdliams et al. (2006) who observed maximum
growth in response to diets containing 19¢ kiyPUFA (in that case, DHA+EPA combined)
provided in similar proportion to each other. Thiswth, however, was not significantly different
to that of fish fed a diet at 12 g kg-3 Ic-PUFA, suggesting that either the EPA:DHAcar
combined n-3 Ic-PUFA level is more important thae tequirement for the individual fatty acids,
provided they are supplied at a minimum combinedll€l2 g kg'), although this is theory is not
supported by the findings of Mort@hal. (2014) who reported no significant effect of DHRA
ratio on barramundi performance. More work is regflito elucidate whether one EFA can spare a
proportion of the other at the observed minimununesment fom-3 Ic-PUFA or whether the ratio
of EPA:DHA is truly the most important consideratioClearly, deficiencies in these dietary
components can have substantial effects on théhheadl growth of these fish with Saletial.
(2015b) reporting significantly reduced growth anghificantly higher prevalence of external
abnormalities (such as inflammation and erosiofingfand skin) after as little as two weeks
feeding on diets containing low levelsreB Ic-PUFAs. This class of lipids, however, hasrbe
shown able to be spared from oxidation by suppl¢atiem of additional dietary monounsaturated
and saturated fatty acids (Salaial., 2017), which may be especially significant sitluese were
derived primarily from plant oils (olive oil andfimeed palm oil, respectively) in that study, sparin

the use of more expensive, and potentially lesg@mwentally sustainable, fish oils. The utiliti o



these ingredients for replacing fish oil, howewaay differ depending on their origin (Salastial .,

2016b), suggesting assessment of individual oilg beanecessary.

1.2.3.3 Carbohydrate

While, due to the diminished capacity of mariné fis process complex carbohydrates
(Wilson, 1994), it is traditionally included in wamundi feeds primarily for its pellet-binding
properties, there is some evidence that this spelties possess an, albeit limited, ability toasili
this nutrient for energetic purposes. In a stuglfChtacutan and Coloso (1997), it was observed
that replacement of dietary lipid with carbohydr@eductions of lipid by 6%, accompanied by an
increase in carbohydrate of 5%) in isonitrogendassddid not significantly affect specific growth
rate or weight gain, despite an overall reductiodietary energy content. Similarly, feed
conversion ratio was significantly improved whenaaidlitional 5% carbohydrate was supplemented
to the diet with the lowest inclusion of dietargil. On this basis, these authors recommended a
carbohydrate content of 20% in diets containingvieen 6 and 18% lipid and 42.5% CP. No
higher levels of carbohydrate were tested, howeeit cannot be said if they are suggesting this
as an ideal or a minimum level.

Several studies by Glencross and others, howergtredhat starch is an extremely poor
source of energy for this species, with signifibareduced efficiency of energy utilisation repakte
in fish fed a high starch diet by Glencrassl. (2017), for example, compared to those with high
inclusions, as a proportion of dietary digestiblergy, of either lipid or protein. While a
proportion of dietary starch was proposed to haenlefficiently deposited as lipid in that study,
suggesting it may spare some dietary lipid for pfbhactions, it was also observed that increasing
dietary starch had a negative impact on proteiisation, significantly impacting growth in these
fish. This effect was also seen in barramundnirarlier study by Glencrossal. (2014) who
reported a drop in protein deposition efficienaynfr41% in fish fed a diet high in lipid to 33% in
those fed a high starch diet, contributing to actusion that this species has a clear hierarchy for
energetic substrate preference, with protein beiogt preferable, followed by lipid, then
carbohydrate/starch. A proportion of this pooligdtion may be related to an apparently limited
capacity of barramundi to digest starch, even feorange of sources (Glencrassl., 2012). As a
result, Glencroset al. (2014) recommend a formulation strategy whereaychtinclusion in the
diet is minimised and replaced by protein, thodgdytconcede that this may cause difficulties for

extruded diets which require a minimum inclusiorstarch for binding of the pellets.



1.3 Amino acid utilisation by fish

Since the advent of semi-purified diets in the X9%0major topic in fish nutrition has been
determining the requirement for individual esséraraino acids/indispensable amino acids
(EAA/IAA). In recent years, this has become esgdicimportant given the variation in the amino
acid profile of emerging alternative sources otalig protein, particularly the plant meals, to toat
fishmeal, historically the primary source of praté aquafeeds (Gatliet al., 2007).

The principal role of the standard 20 proteinogemtno acids is in the synthesis of body
proteins which have a defined balance of each amwibin relation to one another (Trusheretki
al., 2006). This concept of amino acid balance arghiance is also regarded as an important
consideration in dietary formulation for fish. Ay&o (2004) observed that amino acid oxidation
was higher in Senegalese sdeléa senegalensis) fed a diet with an imbalanced amino acid profile
than in those supplemented with a dipeptide salutmntaining leucine and phenylalanine (which
were deficient in the imbalanced diet). They httted this to the fact that, since free amino acid
pools are relatively small, any amino acid whichrissent in excess of its proportion in the
balanced profile would not be used in the synthefsggotein and is more likely to be catabolised
(most likely oxidised via the TCA cycle) rather thaetained. As a result, it has been argued that
amino acid requirements should be expressed agpamion of the dietary protein supply and in
relation to each other to ensure this balance iataiaed. This mode of expression, however, has
been debated, with arguments made that requirerberggpressed as a proportion of dietary
energy or as a proportion of the whole diet (seeerein NRC, 2011 and arguments presented
below). The different modes of expression, andatigeiments surrounding them, are presented
here.

In addition to their role as building blocks of prm, amino acids, and their metabolites,
play a number of important functions in fish metéo including transport of long chain fatty
acids from the cytosol into the mitochondria fleoxidation (carnitine from lysine, (lysine, Ei al.,
2009)), osmoregulation (taurine, Lunggtal., 2007), initiation of protein synthesis (methiogin
Kolitz and Lorsch, 2010), eye lens protein turnoaed prevention of cataracts (histidine, Resho
al., 2014) and appetite stimulation (alanine and gigcBhamushalkt al., 2007). Additionally,
while their excess is not considered a stimulagficeencies in some individual EAAs (arginine,
leucine, lysine and tryptophan) has been showrpoass feed intake (De la Higuera, 2001; Tibaldi
and Kaushik, 2005; Kaushik and Seiliez, 2010). Sieration of their supply, then, is an important
component of dietary formulations for fish.



1.3.1Estimation of essential amino acid requirements

Traditional amino acid requirement studies invadbservation of the growth responses to
variable dietary inclusion of the amino acid okirgst and then repetition of this process for edich
the 10 essential amino acids. This approach, hexyévtime consuming, especially given the rate
at which novel species are being introduced (witlagsociated need for nutrient requirements to be
established). Several methods have been used past to provide more rapid estimates for these
requirements. While these estimates have severnighiions and may not completely represent the
true values, they serve as a starting point forengietailed analysis and as rough approximations

where exact values are not required.

1.3.1.1 The Ideal Protein concept

One efficient method of estimating these regpaents involves incorporating the ideal protein
concept. This approach entails empirical assessofi¢he requirement for a single amino acid
(usually lysine) and subsequent estimation of gdugiirement of the remaining essential amino
acids based on their relative proportions to lyamine whole body amino acid profile of fishmeal
or of the fish itself.

This profile (considered to be the “ideal” aminada@tio) shows a general homology with
experimentally derived requirement figures (Mambaind Kaushik, 1995; Kaushik, 1998),
however, it has been observed that the intake meapaints for some EAA may be under- or
overestimated (Rolliet al., 2003). Twibellet al. (2003) found that threonine, isoleucine and
tryptophan may have been inadequate in diets f@tedlto reflect the balance (the proportions
relative to each other) of the whole body amina geofile of hybrid striped bass and adjusted to
meet the requirement for lysine. Those authorsuteted that this may be a reflection of the higher
turnover rate of these amino acids relative tanlgsiA similar effect may have been seen in a study
undertaken by Hast al. (2010) who found significantly improved weight gaf juvenile yellow
perch Perca flavescens) fed a diet with an EAA profile reflecting that tife whole body profile of
that species but supplied at a level 20% in exott®e reported Met requirement (i.e. the “ideal
protein” relative to Met). This suggests one orenof the EAA may have been required in the diet
at a level exceeding that predicted by the carnpesfde. No consideration was made, however, of
the protein:lipid/energy ratio so it is hard to dee if the extra 20% was catabolised to meet

energetic demands.



1.3.2The amino acid deletion model

The amino acid deletion model is another technighieh can be used to rapidly estimate
the ideal amino acid profile for a particular sgsci It was first established for swine by Wang and
Fuller (1989) and has been used subsequentlyhridisstimate ideal dietary amino acid profiles
for rainbow trout Oncorhynchus mykiss) (Green and Hardy, 2002)flantic salmon $almo salar)
(Rollin et al., 2003) and gilthead seabreafpdrus aurata) (Peres and Oliva-Teles, 2009). This
method assumes that each essential amino acidadlyefmiting for protein synthesis. On this
basis, a basal diet is formulated to reflect eitherwhole body profile of the fish (Green and
Hardy, 2002) or of fishmeal (Peres and Oliva-Tek¥)9) and a series of diets are designed with
levels of the test amino acid 40-45% lower than thand in the basal diet (one amino acid deletion
per treatment). Nitrogen retention for each tremiis then compared to the control and the
proportions of each EAA required in the ideal amaeal profile are calculated based on the degree
of difference in nitrogen retention between fistl fee limiting and basal diets. While Peres and
Oliva-Teles (2009) noted that the EAA profile estted by the deletion method in their study
corresponded well #’20.99;p<0.001) with that estimated by Kaushik (1998) ugimgideal
protein concept, they, along with the other twdhats, acknowledged several limitations of the use
of this method. Several assumptions requiredhisrodel (linearity of the nitrogen retention
response, independence of the EAA utilisation ifficy from its dietary inclusion level and
identical maintenance requirement for each EAA)raealways true and are therefore susceptible
to artefact from experimental conditions. Greed Hardy (2002) further point out that, as all
EAAs are estimated in a single experiment, the es@dphe data is reduced in comparison to that
generated by dose-response studies incorporatuggaddevels of dietary inclusion. This was
illustrated by the lack of improvement in nitrogdtiisation of fish fed a diet formulated to this

profile compared to that of the whole body proiiiea follow-up experiment.

1.3.3Expression of individual amino acid requirements

There has, in the past, been a great deal of elelat the most appropriate mode of
expression of individual amino acid requirementdfigh. The general standard has been to express
these figures as a percent of the diet dry mattetenit. The utility of this, however, is reliantarp
the assumption that these requirements will begaddent of the dietary digestible nutrient density
(NRC, 2011), a condition which is largely invalilkgn the wealth of evidence of the effect of
variable protein (Rodehutscoetial., 2000; Kim and Lee, 2005; Wamgal., 2006a) and overall
energetic composition (Lupatsehal., 2001; Azevedet al., 2004) of the diet on nutrient
utilisation in various fish species. As suchas been proposed that individual amino acid
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requirements be expressed on the basis of eiteatigfestible energy (i.e. as g/ MJ DE) or

digestible protein (i.e. g/kg DP) content of thetdi

1.3.3.1 Digestible energy basis

Expression of the requirement on a proportion gédiible energy basis has been advocated
by several authors (Cho, 1990; Rodehutsebsad., 1997; Tibaldi and Kaushik, 2005). This
approach is thought to be preferable due to the wadiation in reported digestible energy contents
of diets used in studies predicting amino acid megouents and would thus act as a correcting
factor. Itis also considered to be a suitablenétaiion for normalisation on the basis that fisteha
been shown to adjust feed intake in response targi®E content (presumably to meet an
energetic requirement) (Cho, 1992; Lupatech., 2001; Yamamotet al., 2002). It was,
however, shown by Encarnacéal. (2004) that the lysine requirement of rainbow trou
(Oncorhynchus mykiss) was not significantly affected by dietary DE camit In this study, fish
were observed to reduce diet intake with increadiatary DE, as reported by others, but the
efficiency of utilisation of the ingested nutrierfids protein deposition was increased, negating the
effect of intake and suggesting that it may noappropriate to express individual amino acid

requirements in this way.

1.3.3.2 Percentage of protein basis

An alternative basis for expression is to considerrequirement for individual amino acids
as a proportion of dietary protein (g 16§ or g kg DP/CP). This school of thought is based on
the foundation that the relationship between araitid requirement and protein intake is constant.
However, this is only true up to the level at whibk DP requirement of the animal is met (Cowey
and Cho, 1993). This is supported by the findingSleenget al. (2003) who found no effect on
performance of feeding rainbow trout diets withtpno levels varying from 37% to 42% CP and a
constant lysine level, suggesting that, at leakdvatis approaching the CP requirement of the
animal, dietary protein level does not significgraffect the requirement for individual amino
acids. After this point, the limiting factor @mino acid utilisation becomes the proportion ef th
dietary amino acids which are catabolised for eneag dictated by the digestible protein to
digestible energy ratio (DP:DE). The higher the D, the more amino acids are catabolised for
energy and the lower the utilisation efficiencytloé ingested amino acids. It is not known,
however, whether amino acids are catabolised atlegtes, leading to uncertainty about the extent
to which EAA are spared by non-essential aminosa@RC, 2011) and confounding the estimate
of requirement for maximum growth at higher dietprgtein levels. A study by Encarnagéal.
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(2006), for example, found that non-essential anaicids provided at high levels of inclusion have
limited nutritive value for rainbow trout and coundked that they may not preferentially spare EAA
when the rate of amino acid catabolism is high.

Additionally, a comparison made by NRC (2011) betwéhe studies of Encarnagéal.
(2004) and Rodehutscoetlal. (1997) illustrated that growth rates and lysinguiseement estimates
were similar when compared on a dietary concepindiasis but considerably different when
expressed as a proportion of dietary protein cantending further doubt to the suitability of this
mode of expression.

While neither of these approaches are complesdigfactory, what is clear is that some
consensus needs to be reached as to a standaraidedf expression (or for expression on

multiple bases to be reported) to allow simpler parison between studies.

1.3.4Protein-bound vs. crystalline amino acid utilisatia

Supplementation of alternative protein sourcdssimfeeds with crystalline amino acids
(CAA) is one method to redress the imbalance (itian to the requirements of the target species)
of the amino acid profiles of these ingredientsarligr studies into plant protein utilisation igHi
(Steffens, 1994; Gomet al., 1995), where serial replacement of fishmeal witnt protein meals
resulted in variable amino acid profiles betweertigiroutinely used CAAs to restore this balance.
Due to differences in utilisation between the twarses of EAA, however, it has been
recommended that closer attention needs to betpalad proportions of free to protein-bound
amino acid inclusion in the diet (Rgnnesghdl., 2000).

Several studies have suggested that protein-baumbaacids are more efficiently utilised
by fish than free amino acids (Zarate and Lové&B7;, Webb and Gatlin, 2003), introducing a
confounding factor when different levels of eachrse are used between diets. El-Haroun and
Bureau (2007), for example, observed significagtlyater weight gain and retained nitrogen in fish
fed a diet containing 1.8% lysine from flash-dri#dod meal than those fed a diet with the
equivalent level of lysine provided by L-lysine H8lggesting the protein-bound lysine was more
available for protein synthesis. This is likelyedine fact that CAAs are more readily absorbed than
those that are bound in proteins (Rgnnestatl, 2000). Ambardekaat al. (2009), in a study
investigating the time-course of absorption of fseidi amino acids by channel catfidict@lurus
punctatus) compared to those in practical feedstuffs, suggethat the utilisation efficiency of
dietary CAAs is reduced when used in conjunctiothslowly digested proteins since the rapidly
absorbed CAAs, which if being used to supplemenharacids deficient in the protein source will

be out of balance with that recommended for pragginthesis, may be catabolised instead of
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stored. The solution then lies in either incregsire rate of digestion of the protein source ube
of rapidly digested proteins, or reducing the rHtabsorption of CAAs. Reductions in the rate of
absorption can be achieved through coating of #v&<Cwith agar (Fournieet al., 2002; Peres and
Oliva-Teles, 2005; 2009; Kaushik and Seiliez, 2H6étland and Grisdale-Helland, 2011). Alam
al. (2004) observed improved feed conversion efficgyepeotein efficiency and specific growth
rate of kuruma shrimpg\Var supenaeus japonicas) fed with diets where the CAAs were coated in
either carboxymethyl cellulose, zelacarrageenan or agar, compared to those contaimogated
CAAs and concluded that was due to the effect tairdation of intestinal absorption and/or
leaching of the CAAs into the water before ingeastio

There has been shown, however, to be a threshalmylwhich CAAs can effectively
replace a proportion of protein. Peres and Olie&e3 (2005) found that CAAs could replace up to
19% of the dietary protein without negatively affeg performance or feed utilisation by turbot
(Scophthalmus maximus) juveniles, in diets with an amino acid profiléleeting that of the whole-
body of that species. This compares to estimatasonind 20% (reported as 10% of the diet) for
Atlantic salmon almo salar) (Espeet al., 2006) and up to 50% for Senegalese sabeé
senegalensis) (Pérez-Jiméneat al., 2014). Williamset al. (2001), however, suggested that the
ideal inclusion level of CAAs is dependent on tbilk protein level of the diet, finding that
crystalline lysine was utilised as efficiently astein-bound lysine at levels up to 3.3g L-lysine
HCI kg! in a high protein diet (540g protein'kgry matter) while up to 6g L-lysine HCI Rgcould
be supplemented in a low protein diet (390g prokegihdry matter) without affecting utilisation
efficiency compared to protein-bound lysine. Tinigy be due to the fact that as dietary protein
level increases, more amino acids are catabolmeeniergy (NRC, 2011). As previously
discussed, CAAs are absorbed and catabolisedighartrate than protein bound amino acids so at
the higher protein level, a greater proportionhaf supplied CAAs would have been catabolised. It
is for this reason that a number of researcherecde the statement of individual amino acid
requirements on a “percent of dietary protein” basiallow comparison between studies.

1.3.5Incorporation of amino acid requirements into nutrient utilisation models

A number of models exist for the prediction of fgtowth in response to variable dietary
nutrient supply for the purposes of feed formulaiptimisation. These have traditionally been
primarily bioenergetic-based models (e.g. Cho, 199® and Bureau, 1998) where biomass gain is
predicted based on the relationship between enetalye and the requirements for energy for
various metabolic processes (Burehal., 2002). This approach, however, has several vwessHas
which limit its application within the dynamic naguof commercial aquaculture. Firstly, they are
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focussed primarily on the conversion of ingestecktained energy, ignoring the sources of that
energy (protein vs. lipid vs. carbohydrate) andabsociated variation in the efficiencies of
utilisation of these different inputs (Azevedal., 2004) as well as the differing impact deposition
of these nutrients has on the live weight of thienah(Bureau and Hua, 2008). Additionally, they
do not provide any indication of the compositiorttté biomass gain. This is an especially
important consideration for the aquaculture industnich is often interested in manipulating the
final composition of the animal (Johnstetral., 2006). As a result, nutrient-based models are
becoming more widely used and are considered tadre representative of true biological
metabolic functioning (Dumaet al., 2010).

While mechanistic models (e.g. Machiels and Henk&86) have been developed in the past,
and are often considered to be more theoreticaligect (Glencross, 2008), it has been argued that
less complex forms such as the factorial modelpgsed, and later developed further, by Glencross
(2008) and Lupatsc#t al. (1998), and their associates, adequately dest¢hbse responses in fish.
These models, however, do not account directlynfdividual amino acid requirements or
utilisation. Rather, the utilisation efficiencycdamaintenance requirement for crude protein,
derived from dose-response studies, is incorpoliatedhese models, allowing calculation of the
requirement for maximal growth. Subsequent dietarynulations are then derived on the basis of
meeting this protein demand, with the individualmoracid composition established according to
inferential requirements, such as those basedeidé#al protein, according to the assumption that
the sum of the amino acid requirements is equtdabof protein (Lupatscét al., 1998). This
assumption may not, however, be entirely accurkigh are thought not to have a specific
requirement for protein but rather for individuatiao acids (NRC, 2011). As conceded by
(Lupatsch and Kissil, 2005), the protein (i.e.aggen) utilisation value used in these models may be
dependent on the amino acid profile of the “prdteised to derive this requirement. In the event
that this profile is “imbalanced” compared with thequired by the fish, efforts to meet
requirements for the first limiting amino acid nmawpd to oxidation of superfluous amino acids
(Wilson, 2002; Aragéo, 2004) and reduced protemisssis (Hepher, 1988) resulting in
overestimation of the requirements for crude protéidditionally, individual amino acid
requirements may change as the animal grows, dsmsed by the surmised changes in amino acid
profile of the carcass of African catfis@lérias gariepinus) throughout the larval and juvenile
stages of development reported by Conceetab. (2003), possibly due to the rate of development
of individual organs which are known to have vagyamino acid profiles (Ng and Hung, 1995).
The percentage of whole body protein has also bbewn to change during the ontogeny of
salmonid species (Shearer, 1994), however, it babeen shown whether these changes occur at
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the same rate as that of individual amino acidkwihg for the differing utilisation of individual
amino acids, particularly as fish size changes, beg valuable development of growth and
nutrient utilisation models. In this way, consi#sn of amino acids as individual dietary
components, allowing incorporation of updated reguents as they become available, may
improve the accuracy of model predictions.

1.4 Amino acid requirements of barramundi

Studies focussing on individual amino acid requieats of barramundi are limited, with
estimations made for only four of the ten aminaadinown to be essential to fish. The earliest of
these studies, that of Colosbal. (1999) determined the Met requirement to be 1Rg8bdry diet
(2.24% of protein). This equates to 13.4¢' kiyy diet (2.9% of protein) TSAA (Met+Cys) in a tlie
containing 46% crude protein, 10.5% lipid and astant 0.31% Cys level. More recent studies
from the same authors have determined the requireimelysine and arginine to be 20.6g%dry
diet (4.5% of protein) and 18.2g%glry diet (3.8% of protein) respectively (Murillou@eaet al.,
2001) and that of tryptophan to be 2.1¢'kiyy diet (0.41% of protein) (Colosbal., 2004).

All of these studies employed a broken-line assagdrding to Zeitouet al., 1976 and
Robbinset al., 1979). Coloset al. (2004) and Coloset al. (1999) incorporated linear equations
derived from the linear regression method but itrislear which models were used in Murillo-
Gurreaet al. (2001), who reported using “the most appropriatelet’. Selection of the model(s)
used to estimate nutrient requirements is an importonsideration. As discussed in Robleira.
(2006), the response to nutrient dose is genemaliyinear, with the magnitude of the response at
each step decreasing as the requirement is ap@aaahd so in most cases is best described by a
guadratic equation. In this case (but not algtraight-line single-breakpoint model may
underestimate the requirement. Shearer (2000)rtoukea re-evaluation of data from a number of
nutrient does-response studies, applying diffeneodels to determine that which best fit the
response. This author found that, out of 30 s8)di8 were best described by a second-order
polynomial model, a 4 parameter saturation kineticslel (SKM) provided the best fit for 8 data
sets and a 5 parameter SKM for the remaining fages. Perhaps “the most appropriate model”
used in Murillo-Gurreat al. (2001) did indeed have a quadratic componentucin & model was
applied and found not to best describe the resp@mbdoes therefore estimate the requirement to
a high degree of accuracy. It would, however, Haaen useful for the purposes of repeatability, if
the model used was stated.
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1.5 The sulphur amino acids

One of the main limitations of the use of planttpnes in diets for carnivorous fish species
is the departure from the amino acid profile ofifieeal (Table 1.1), long considered to have the
ideal profile for marine fish culture due to itsndarity to that of the culture species (henceugs
as a reference protein in some amino acid requinestadies adhering to the ideal protein
concept). Of the alternative protein sources baiagstigated for use in barramundi diets, soy
products (SPC, SBM etc), are the most widely udaftiile the composition of these products differ
from fishmeal in a number of ways (e.qg. lipid canitend profile), the most marked difference is in
the amino acid profile, in particular the sulphari@o acid content. The content of Met, an
“indispensible” or “essential” sulphur amino acia( one which is required to be included in the
diet due to the inability/greatly reduced abilityfish to synthesis itle novo), for example, is
considerably lower in plant protein meals suchasmoducts than in fishmeal and is generally
considered one of the first two limiting amino actd fish (along with Tau — another sulphur amino
acid) in these products (Takaggial., 2001; Jirsat al., 2013). This group of amino acids play
significant roles in protein and energy metabolisrfish and, as such, careful consideration needs

to be taken of their inclusion in the diet.

Table 1.1.Essential amino acid compositions (+Cys) of sonmaraonly used protein sources for
carnivorous fish species (g k@f ingredient dry matter).

Essential Amino Acids Source

Arg His lle Leu Lys Met Phe Thr Val Cys
Plant Proteins
Soybean Meal 35 14 20 40 31 10 26 20 22 10 Riche and Williams (2011)
Soy Protein Concentrate 52 17 33 59 41 10 39 27 3510 Denget al. (2006)
Soy Protein Isolate 60 17 42 75 54 11 47 35 41 8 Riche and Williams (2011)
Wheat gluten 14 8 30 40 3 7 22 28 30 a8 Reigh aitlibvis (2013)
Canola Meal 25 11 17 29 23 7 16 19 32 2 Chenget al. (2010)
Lupin Meat 39 7 14 25 13 3 14 14 14 8 Tabmettal. (2012)
Animal Proteins
Fishmeal 38 21 28 51 50 22 27 29 33 8 Tabrettet al. (2012)
Feather Meal 5 8 37 63 20 6 32 28 48 J1 Wetrad. (2006b)
Meat and Bone Meal 37 12 21 41 37 10 20 18 27 4 Wanget al. (2006b)

1Lupinus angustifolius cv. Myallie
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1.5.1Structures of the sulphur amino acids

The sulphur amino acid class comprises those aatius containing a sulphur atom in the
side-chain (Fig. 1.1). These include Met (oneheften essential amino acids for fish) and cysteine
two of the 20 proteinogenic amino acids (those Wiaie incorporated into polypeptides), as well as
two non-proteinogenic amino acids: homocysteinetandne, which play important roles in many
metabolic functions. The presence of the sulplmman the side-chain, due to its low
electronegative nature, gives rise to many of ierdjuishing features of these amino acids.
Methionine, for example, is highly hydrophobic,attribute which is thought to be central to its
role in initiating eukaryotic protein synthesis.

Cysteine, while generally classed as a polar amaid due to chemical similarities between
its thiol group and the hydroxyl group of otherguoamino acids, is considered to be equivalently
hydrophobic to Met (Nagans al., 1999). As a result, these amino acids are mastraanly found
on the interior of proteins. Unlike most other amacids, cysteine is rarely present in cellssn it
free form. It is more commonly found in the formayfstine (two cysteine residues covalently
bound), due to its tendency to ionise, formingtttielate anion and subsequently oxidising and
forming disulphide linkages with other cysteineidess (Houghlandt al., 2013), another function

of the low electronegativity of sulphur.

METHIONINE S-ADENOSYLMETHIONINE CYSTEINE  TAURINE
H H H NHs
| | | |

H2N —C—COOH HzN — C — COOH H:N—C —COOH CHz
| | | |

CH; CHz HO OH CH; CH;
| | | |
CH: CH; SH SOy

| |
|S Tf’ — CHh2 0 A
CHs CHs

Figure 1.1.Molecular structures of the sulphur amino acids.
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1.5.1.1 Metabolism of the sulphur amino acids

The sulphur containing amino acids are metabolisemligh a number of pathways (Fig.
1.2). The first of these, transmethylation (Stepgrjolves the activation of Met to S-
adenoslymethionine (SAM) in a reaction catalysedngyenzyme Met Adenosyltransferase (MAT),
before SAM is converted to S-Adenosylhomocystemenethyl transferases (Step 2) and finally
homocysteine by S-Adenoslyhomocysteine Hydrolagei(d) (Step 3).
From this point, remethylation of homocysteine tetMan occur by either methionine synthase
(MS) or betaine:homocysteine methyltransferase (B){&tep 4)(the latter occurring only in the
liver and, in some species, the kidney). In thgeabe of a need for remethylation, homocysteine is
catabolised via the transsulphuration pathway, elheit is converted to cystathionine (Step 5) and
then on to Cys by cystathionifiesynthase and cystathionipdyase respectively (Step 6).

This is an irreversible chain of reactions andstitates why Met is considered a dietary
essential amino acid while Cys (which can be sysisieel from Met but not the reverse) is not,

provided sufficient Met is available (Brosnan ano$han, 2006).

NH,
NHS AT\ PPP, </N | =y
- St /‘ \)\/\ + N /)
N
\ o}
Methionine

OH OH
S-Adenosylmethionine

X
2
NS-methyl
A-CH,
THF

NH3 NH; 74 t]fj\
O-\¥/]\3ASH _ 3 O- ~g < )
8]

Adenosine  H,O
Homocysteine OH OH

Serine S-Adenosylhomocysteine

NH3
o
I
NH3 NH3

Cystathionine C\/stelne

0\||/\/CH3 7“~T A )K/CHz

a—ketobut\/rate CoA-SH CO,+ Propionyl-CoA
+ NAD* NADH

Figure 1.2.Pathways of sulphur amino acid metabolism (Inosi&005).
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Production of Tau from Cys can then occur via oihisvo pathways (Fig. 1.3). The first
involves the oxidation of Cys to 3-sulphinoalanioyecysteine dioxygenase (CDO), then on to
hypotaurine (by either glutamic acid decarboxylaggAD — or sulphinoalanine decarboxylase —
SAD) before final alteration to Tau by hypotauraehydrogenase (HTDeHase). Alternately, a
shorter pathway can be used whereby Cys is covrteysteate glutamic acid by cysteine lyase
(CL). The final step, conversion of cysteate ghitaacid to Tau can be catalysed by either
glutamic acid decarboxylase (GAD), sulphinoalardeearboxylase (SAD) or cysteine sulphinic
acid decarboxylase (CSAD) (Turasal., 2012).

Cysteine

Sulfite CDO
A v

3-sulfinoalanine

CL SAD Cysteamine
Cysteate or
GAD y ADO .
Hypotaurine succinate Sulfit
SAD uitite
or HTDeHase | 2-oxoglutarate
GAD

TDO

Pyruvate Taurine
TPAT keHase
Sulfo-

Alanine Ammonium
acetaldehyde

Orthophosphate
SA
Sulfite
Acetyl
phosphate

Figure 1.3.Pathways of taurine biosynthesis (Turahal., 2012)
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1.5.2Metabolic roles of the sulphur amino acids
1.5.2.1 Methionine

In addition to the incorporation of Met and Cywiproteins, the sulphur amino acids, and
their metabolites, play vital roles in many metabplocesses. Methionine, as suggested
previously, is an initiating factor in the syntresf proteins in eukaryotic organisms. This preces
is most commonly instigated when the AUG codorhefihitiator Met tRNA binds to the
eukaryotic initiation factor EIF2. Drabkin and Bapndary (1998) showed that the mutant tRNAs
AGG (with Met) and GUC (with valine) could both tigite protein synthesis in mammalian COS1
cells, however, they maintain that Met is still6pably the best”. Deficiencies in Met have been
reported to result in the formation of cataractbaith rainbow trout@ncorhynchus mykiss) (Cowey
et al., 1992) and Arctic charSalvelinus alpinus) (Simmonset al., 1999).

S-adenosylmethionine (SAM), an intermediate intthasmethylation of Met to
homocysteine, acts as the principle methyl doner lsrge number of metabolic reactions,
including transmethylation (transfer of methyl gosy transulphuration (Cys homocysteine) and
aminopropylation (leading to the synthesis of polyges)(Matoet al., 1997). It is estimated that
there are around 300 Class 1 SAM-dependent medhglerases alone in humans (Kettal.,

2003; Brosnan and Brosnan, 2006). Methyl groupaton by SAM is involved in the synthesis of
nucleic acids, proteins, phospholipids and bioganmines (Espet al., 2008) and is known to
regulate enzyme activity, inhibiting methylene aétydrofolatereductase (an enzyme involved in
remethylation reactions) and activating cystatmeifirsynthase (stimulating transsulphuration).
This functional diversity is largely a factor oktlactivation, by its sulphonium ion, of the
electrophilic carbons adjacent to the sulphur ammmucleophilic attack (Lieber and Packer, 2002).
Additionally, SAM can donate sulphur atoms, methgleamino and aminoisopropy! groups for the

synthesis of a range of compounds from fatty aimdgtamins.

1.5.2.2 Cysteine

The main biological function of cysteine is iniitde in the folding and stability of many
proteins, due to the ease with which it forms cemtilisulphide bridges with other cysteine
molecules (forming cystine). Disulphide bondingvieen Cys residues is important in both the
rigidity of proteins (when bonds are crosslinkingtgins) and the tertiary structure of individual
polypeptides (when bonding occurs within the poptjmie) as well as minimising proteolysis due to
the resistance of these bonds to proteaseset aiu(2012), for example, found that adding a

disulphide bond to a recombinant immunotoxin enkdrits resistance to trypsin degradation.
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1.5.2.3 Taurine

Taurine (Tau) is not an amino ag@e se, as it lacks a carboxyl group, possessing a
sulphonate group in its place (so, technicallyusthbe classed as an amino sulphonyl acid) but is
generally referred to as a sulphur amino acids tiot incorporated into proteins and yet, in ieef
form, is one of the most abundant amino acidsettain, retina, muscle tissue and various organs
(Ripps and Shen, 2011). Itis also found in thie®yl but accumulates in “excitable tissues” (those
which are able to go through rapid change in thenbrane potential of their cells) (Huxtable,
1992). Tau is perhaps the most intriguing of thielsur amino acids due to the variety of
biological functions in which it is involved andetfiact that the exact mechanism of its action is
poorly understood. In mammals, it is known to pdale in the control of neurotransmitter and
synaptic activity, calcium uptake and antioxidargtection of retinal rod outer segments (Pigto
al., 2013) as well as modulating osmoregulation, &diel conjugation, membrane stabilisation and
hormone release (Lungetral., 2007). Its bile acid conjugating action is imaoit in the
absorption of nutrients (Esgeal., 2010). Due to its antioxidant properties, Taodasidered a
significant cytoprotectant and plays a pivotal riol¢he regulation of oxidative stress. Jahgl.
(2012) concluded that this was due to Tau serving egulator of mitochondrial protein synthesis.
In doing so, it stabilises the electron transpbeie and inhibits excessive superoxide generation
(Ripps and Shen, 2011). Schaféerl. (2000) stated that many of the processes affdxtaxtliular
Tau content are associated with fluctuations intiansport and that the three most common
methods of manipulating cellular ion transporteanaty (influencing expression, protein
phosphorylation status and cytoskeletal changesalaaltered by osmotic stress, a condition
directly related to Tau’s major role as an orgarxsmolyte. In addition to affecting cell volume
through influencing fluid fluctuation, Tau has als®en shown to regulate the influx and efflux of a
number of important electrolytes such asakd Na through stimulation of the activity of N&*
ATPase (the ‘NdK* pump’) (Nandhini and Anuradha, 2003), another pssoof cell volume
regulation. Ribeirat al. (2009) showed that Tau supplementation signifigantreased C4
uptake and expression of the L-tyfesubunit C&" channel. C is known to activate a
phosphatase which dephosphorylates pyruvate detgdase (PDH), increasing its activity (Pizzo
etal., 2012). This enzyme (PDH) catalyses the transition of pyruvate to acetyl-CoA, linking
the glycolytic and citric acid cycle energetic nieikc pathways, releasing NADH in the process.

Thus, it can be said that cellular Tau level mayeha direct influence on energy metabolism.
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1.6 Sulphur amino acid requirement studies in fish spaes
1.6.1Methionine and cystine (TSAA) requirement

All fish species, as is the case for all monogastnimals, have a defined dietary
requirement for Met, given that it cannot be sysibed, or at least is not synthesised efficiemtly i
the required quantities, by the animal (Websterlang 2002). Cys is able to be synthesised from
Met, provided sufficient quantities are presernthia diet. Therefore it is not considered an
indispensible or essential amino acid. Howevas, known to have a sparing effect on the
requirement for Met (i.e. if adequate Cys is predgda lower proportion of dietary Met is required
for Cys synthesis)(Wang al., 2014). As a result, Met requirements of fishgaeaerally reported
as either a total sulphur amino acid (TSAA) requieat (Met+Cys) or as a Met specific
requirement but “in the presence of (a certain priogpn of) Cys”. For the purposes of comparison
in this review, | will report all values in “g kg (they can be reported in the literature as %rgf d
diet, % of protein, g 164N or g kg' diet dry matter).

Estimates of the Met requirement for salmonid fistiary widely. Sveiegt al. (2001)
estimated the Met requirement for maximum growtAtdntic salmon $almo salar) to be 9.2 g
kg™ of diet dry matter (2.24% of CP), derived fromreetar best-fit model of Met intake vs. mean
weight increase (kg fist). If it is assumed that feed, and thus Met, iatalas comparable between
diets (data which was not reported but can be astithbased on the feed conversion ratio (FCR)
and growth data provided), and considering the rnoicelicted maximum growth response as
occurring at a Met inclusion level between thathef diets with 8.5 and 10.6 g kgf Met (which
contained 12.9 and 15.3 g’k SAA respectively), it can be estimated that tiSAR requirement
estimate would have been approximately 13.74(kg. the requirement for TSAA would be equal
to 9.2 g kg- Met in the presence of 4.5 gk@ys). This estimate compares to other experimgntall
derived reported values for Atlantic salmon Metuiegment of 11.4 g k§(2.85% of CP) (Scott,
1998) and 11 g k§(2.4% of CP) by Rolliret al. (1994). Rollinet al. (2003) estimated the TSAA
requirement of Atlantic salmon to be 15.3 g'K8.4% of CP) from a model calculating the
optimum indispensible amino acid balance, but diipnovide individual figures for Met and Cys.

TSAA requirement figures for rainbow troudricorhynchus mykiss) vary from 8g kgt DM
(2.3% CP)(Kimet al., 1992) to 14 g k¢ (3.5% CP) (Hardy, 2002). Earlier figures basediose-
response growth studies, such as that proposeatgtRtscordt al. (1995), have been used as the
basis for the formulation of experimental rainbeoout diets for many years and little research has
been done recently to confirm these estimationis aliernative techniques. One study which has
attempted to do so is that by Baial. (2011) who used plasma Met and ammonia concentisain
surgically modified (dorsal aorta canulated) raiwkicout to re-evaluate the dietary requirement for
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Met. They found that post-prandial and post-absplasma free Met (PPmet and PAmet)
concentrations were significantly elevated wheh figre fed diets with 6 g Kgpr more (of dietary
dry matter) Met, with the assumption that dietargtlih excess of the requirement would be present
in the free amino acid pools, either stored orarie to the liver for excretion, rather than
incorporated into protein or immediately catabali$er other metabolic functions. Similarly, post-
prandial plasma ammonia (PPA) concentrations werasored as excess amino acids are
catabolised in the liver and excreted as ammonfigese levels were seen to remain low and
constant in fish fed the diets with up to 6gtkget, after which point (from 7 g K9, they

increased significantly. A broken-line model arsédyon these three parameters (PPmet, PAmet
and PPA), indicated the dietary requirement todtevben 5.9 and 6.7 g Rd/let in the presence of
5gkg! Cys (TSAA=10.9-11.7 g Ky (3.1 — 3.3% CP). In a study by Belgdital. (2014), the
authors considered 8.2 gkilet in the presence of 4.3 gk€ys(12.5 g kg' (3.15% CP) TSAA)
as an “adequate” level as part of a comparisohettfect of dietary Met level (deficient vs.
adequate vs. excess) on growth and the expresksganes involved in the regulation of mMRNA
translation and the ubiquitin-proteosomal and Abtagy-Lysosomal proteolytic systems. They
found that fish fed diets with a deficient levelMét (5.6 g kg Met + 4.7 g kgf Cys = 10.3 g kg
(2.61% CP) TSAA) had a significantly lower body glei and feed efficiency than those fed a diet
with an adequate or excess level of Met. Additiiyna decreased activation of ribosomal protein
s6 and elF@, translation initiation factors was observed shffed the Met deficient diets. This
suggests that a Met level of 8.2 g'in the presence of 4.3 g k@Cys= 12.5 g kg (2.07% CP)
TSAA) is adequate for rainbow trout but it cannetdmown whether a lower level would produce
the same result so an accurate estimation of mmimaguirement based on this data is not
possible. A replicated study including a greaterge of dietary TSAA levels would allow this and
would be extremely useful for comparison to grostiidies.

Estimates of the TSAA requirement of other fishcsge vary widely based on species and
assessment criteria (Table 1.2). Disparity in negpents of fish for protein and amino acids such
as this may be the result of several variablesudhcg differences in the ecological niches of the
species (natural habitat affecting the turnovespafcific amino acids and/or trophic level
influencing the composition of natural food souroesransport of amino acids in the gut) (Ferraris
and Ahearn, 1984; Auerswadtlal., 1997; Hertrampf and Piedad-Pascual, 2012), feh@ age
(Tacon and Cowey, 1985) or experimental desigrigdrecrude protein level and source (Cowey
and Cho, 1993; NRC, 2011), range and spacing &fsian levels of the amino acid of interest
and/or model used to define the requirement (She2®0); proportions of dietary Met:Cys (as
discussed previously), feeding regime (Cowey, 198ajer temperature (Bermudetsal., 2010);
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and the use of crystalline amino acids and whettesse were bound or encapsulated prior to feed
production (as also referred to earlier in thisptag).

The response parameter on which the requiremdaisisd, in particular, can have a major
impact on the requirement value reported. Twibtedl. (2000) showed that Cys can spare up to
51% of the Met requirement of juvenile yellow pe(Blerca flavescens). In a follow up
experiment, these authors used this maximum rempiacevalue of Cys (i.e. a ratio of 51:49%
Cys:Met) in diets with graded levels of TSAA. Thagtermined, by broken line analysis, the
dietary TSAA requirement to be between 8.5 (basedight gain) and 10g Kgbased on feed
efficiency)(4.2 — 4.9 g kgMet + 4.3-5.1 g kg Cys).

Table 1.2.Selected estimates of total sulphur amino acidirements of various fish species.
Figures are g kg-1 of diet with % of crude proteifrackets, unless otherwise stated.

Species CP TSAA Met Cys Reference
Yellow Perch 8.5-10 42-49 43-51 ]
] 336 Twibell et al. (2000)
(Perca flaviscens) (25-3.0%) (1.3-1.5%) (1.3-1.5%)
Indian Catfish 14.9 10.9 4.0
. 400 Ahmed (2014)
(Heteropneustes fossilus) (3.7%) (2.7%) (1.0%)
Stinging Catfish 14.7 7.1 7.6
] 380 Khan (2014)
(Heteropneustes fossilus) (3.8%) (1.9%) (2.0%)
Black Sea Bream 20.2-20.3 17.1-17.2 3.1
380 Zhouet al. (2011)
(Sparus macrocephal us) (5.3%) (4.5%) (0.8%)
Rohu 9.6-11.9 58-7.1 3.8-4.8 o
] 400 Abidi and Khan (2011)
(Labeo rohita) (25-3.1%) (1.5-1.9%) (1.0-1.3%)
Golden Pompano 14.6 12.9 1.7 ]
. 430 Niu et al. (2013)
(Trachinotus ovatus) (3.4%) (3.0%) (0.4%)
Atlantic Salmon 13.7 9.2 4.5 )
412 Sveieret al. (2001)
(Salmo salar) (3.3%) (2.2%) (1.1%)
Rainbow Trout 11 8 3
. 340 Rodehutscoreét al. (1995)
(Oncorhynchus mykiss) (3.2%) (2.4%) (0.8%)
Blunt Snout Bream 10.6 — 10.7 8.4-8.5 2.2 )
340 Liao et al. (2014)
(Megal obrama amblycephala) (3.2%) (2.5%) (0.7%)
Cobia 18.6 11.2 6.7
438 Zhouet al. (2006)
(Rachycentron canadum) (4.3%) (2.6%) (1.5%)
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Table 1.2(cont.)

Yellowtail 14.2 111 3.1 )
) ) i 434 Ruchimatet al. (1997)
(Seriola quinqueradiata) (3.3%) (2.6%) (0.7%)
Grouper 15.7 13.1 2.6
] o 485 Luo et al. (2005)
(Epinephelus coioides) (3.2%) (2.7%) (0.5%)
European Sea Bass 13.1 12 1.1 ]
] 440 Tulli et al. (2010)
(Dicentrarchus labrax) (3.0%) (2.7%) (0.3%)
Indian Major Carp 22 12 10
o ) 396 Ahmedet al. (2003)
(Cirrhinus nrigala) (5.5%) (3.0%) (2.5%)
Large Yellow Croaker 16.8-17.3 13.9-144 2.9 )
] 428 Mai et al. (2006)
(Pseudoscianena crocea) (3.9-4.0%) (3.2—-3.3%) (0.7%)
Arctic Charr 17 7 10 ]
. . 400 Simmonset al. (1999)
(Salvelinus alpinus) (4.3%) (1.8%) (2.5%)
Japanese Flounder 15.0-156 14.4-149 0.6
i ) 500 Alam et al. (2000)
(Paralichthys olivaceous) (3.0-3.1%) (2.9-3.0%) (0.1%)
Channel Catfish 5.6 5.6 0.0 )
240 Hardinget al. (1977)
(Ictalurus punctatus) (2.3%) (2.3%) (0.0%)
Red Drum 10.6 9.4 1.2 .
) 350 Moon and Gatlin (1991)
(Sciaenops ocellatus) (3.0%) (2.7%) (0.3%)
Mossambique Tilapia 12.7 5.3 7.4
] 400 Jackson and Capper (1982)
(Saratherodon mossambicus) (3.2%) (1.3%) (1.9%)
Nile Tilapia 9.4 4.9 4.5 )
o 280 Nguyen and Davis (2009)
(Oreochromis niloticus) (3.4%) (1.8%) (1.6%)
Barramundi 13.4 10.3 3.1
) 460 Colosoet al. (1999)
(Lates calcarifer) (2.9%) (2.2%) (0.7%)

The estimates by Zhaat al. (2006 and 2011) and Ahmed (2014) of the TSAA negpents
of Cobia, Black Sea Bream and Indian major carpeetvely stand out as elevated in comparison
to reported values for other fish species. Theesrs no obvious reason, however, to conclude that
these estimates are not correct. Fish of betwdslgAhmedkt al., 2003) and 14.21g (Zhaat
al., 2011) starting weight were used in these experiswhich is within the size range used in
several other TSAA requirement studies concludingmlower requirement estimates (Jackson
and Capper, 1982; Moon and Gatlin, 1991; NguyenRends, 2009). Similarly, fish in all
experiments were fed to satiation, second-ordgmuouwhial or quadratic regression was used to
estimate requirements (a valid statistical apprpaol there were no dietary or environmental
conditions differing significantly from studies Wwisimilar fish which may point to erroneous
conclusions. It must, therefore, be acceptedth®afigures presented are, in fact true

representations of the requirement of these sp&mdsSAA. Another species of Indian carp, with
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a similar lifestyle to Indian major carp (freshwabennivore), rohul{abeo rohita), was shown by
Abidi and Khan (2011) to have a comparatively l@guirement for TSAA of between 9.6 to 11.9
g kg! DM (Table 1.2), despite similar starting weightghe fish in the study to those studied by
Ahmedet al. (2003) (0.66g and 0.50g, respectively), suggediiegtyle alone is not a reliable
indicator of the metabolic needs for this dietasynponent.

1.6.2Taurine Requirement

The Tau requirements of fish have not receivgteat deal of attention in the past due to
the relatively high level of this amino acid in ttnaditional main (or often, sole) source of protei
in aquaculture feeds, fishmeal. However, the rettend towards reducing fishmeal inclusion in
fish dietary formulations, and associated increasése use of plant meals, which are devoid of
Tau, has provided a great impetus for determiningramum requirement for various species.

As Tau can be synthesised from Met or Cys, it lrdgraditionally been considered an
essential amino acid. Recent work, however, hag/shhat the activity of cysteinesulphinate
decarboxylase (CSD), otherwise known as sulphimiraa(or cysteine sulphinic acid)
decarboxylase (CSAD/SAD), the enzyme which catalyse conversion of cysteinesulphinate to
hypotaurine, varies widely between fish species:t tRose species with a reduced activity of this
enzyme, and thus a reduced capacity to biosynth@sis, this amino acid may be considered to be
conditionally indispensible (i.e. it is requiredriohg conditions where Tau synthesis from Met or
Cys does not meet the metabolic demand). Spedileshis reduced activity include red sea bream
(Pagrus major) and yellowtail Geriola quinqueradiata), the latter having no detectable activity of
CSD at all (Yokoyamat al., 2001), while salmonids are known to have a hipecity for Tau
biosynthesis. According to Yokoyaragal. (2001), Japanese flound&afalichthys olivaceus)
also have little capacity to synthesis Tau, howetherse authors surmised that this was related less
to CSD activity (despite the fact it was measureld one third to one half that of rainbow trout)
than to a possible preference for the transaminaticysteinesulphinate tesulphinylpyruvate
rather than decarboxylation to hypotaurine.

These variations in Tau biosynthetic capacity matyhave been significant in fish fed diets
with high inclusion of fishmeal as the major souo@rotein, however, the increasing use of Tau
deficient plant meals has prompted a number ofggaa investigate the effect of supplementing
plant protein based diets with Tau on the perforreasf various fish species with the view to
allowing maximum inclusion of these more sustaiaabid economical ingredients. Lungeal.
(2007) showed that supplementation of 0.5g Tau 100gdiet dry matter to a diet containing high
levels of fishmeal replacement with a yeast-basetem source significantly improved weight gain
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in juvenile cobia Rachycentron canadum). In a second experiment, where fishmeal was
increasingly replaced by the yeast-based protemnseries of diets, these authors again observed
weight gain, specific growth rate and feed efficignatios to be improved by Tau supplementation,
although these parameters decreased with increeegateicement of fishmeal. Tau supplementation
level remained at 0.5g Tau 10bof diet dry matter for all diets, although it wast glear why this
level was chosen and no discussion was made he fmwssible effect of increased
supplementation.

The beneficial effects of Tau supplementation ahplbased diets on growth has also been
seen in rainbow trouthcor hynchus mykiss) fed Met deficient soy protein concentrate-basetsd
(Gaylordet al., 2006; Gaylordet al., 2007), red sea brearggrus major) (Matsunariet al., 2008b;
Matsunariet al., 2008a; Takaggt al., 2010), larval cobiaRachycentron canadum) (Salzeet al.,

2012), yellowtail Geriola quinqueradiata) (Takagiet al., 2008) and juvenile turboS¢ophthal mus
maximus L.) (Qi et al., 2012) with the latter authors going on to giveeatimate of dietary Tau
requirement of 1.0% (10g K for turbot of 6.3+0.01 g weight and 0.5% (5gY%dor larger turbot
(165.9+5.01 g weight) fed the same diets. Taunae also seen to benefit gilthead seabream
(Sparus auratus) larvae through an apparent sparing of Met foepthetabolic processes
(increasing Met retention in body tissue and fredna acid fractions with a related reduction in
Met catabolism) (Pintet al., 2013).

1.6.3Studies with barramundi

To date, only one study has been undertaken tordieie the sulphur amino acid
requirements of barramundidtes calcarifer). Using a break point analysis on the basis owgn
response, Colosd al. (1999) estimated the TSAA requirement of juvebgeramundi to be 13.4g
kg dry diet (10.3 g kg Met+3.1 g kg'Cys) (2.24% of protein in a 46% protein diet). iAs
standard for studies estimating TSAA requiremerdsable Cys level was not examined so the
Met requirement can only be stated as being dwaatdével of Cys. One factor which makes
comparison of the results of this study with anyfa estimations of Met or TSAA requirement in
barramundi difficult is the calculated amino actinposition of the diets, in particular the analysed
Cys content.

The level of Cys in the SBM used in this study wegsorted to be 0.46% of dry weight
(based on a back-calculation of Table 2 in thafipation, which outlines the amino acid
contribution of each of the ingredients). This games to an average of 0.7% reported by
Cromwellet al. (1999) from 31 samples of SBM and 0.91% in a resample of locally sourced

SBM in our lab (Bourne, 201f2ers comm.). Accurate measurement of this amino acid isin¢lon
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the use of an additional oxidation step prior tdrayysis of the protein (Rutherfurd and Gilani,
2009). The procedure for amino acid analysis vedgeported so it cannot be known if this
protocol was used, lending doubt to the figuresvaer If, indeed, the Cys content of the SBM
used in this study was underestimated, so too woellithe requirement, suggesting that revisitation
of this estimate would be wise.

1.7 Nutrigenomics

Nutrient metabolism is a complex process, involvimg combined action of a large number of
factors through a myriad of pathways. In orderdtedmine the true metabolic requirement for
individual nutrients, we must further understang ithpact of the provision of these compounds on
the various processes which control the growtlhefanimal. This is particularly important in fish
nutrition presently given the pressing need to priypassess the suitability of alternative sounfes
protein to fishmeal.

Traditional growth response studies are limitedhiservations of the effect of feeding these
products on growth, feed intake and body compasitiath little consideration of the metabolic
basis of how and why these changes occur. One@agpmvhich allows the simultaneous
guantification of the effect of individual nutrieimtake on the various metabolic pathways (and thus
the mechanisms behind the observed manifestatfdhese processes) is the assessment of its

effect on expression of the multitude of genes@ased with their control.

1.7.1Health-related gene expression

Optimal growth of an animal is achieved primatilyough maximising utilisation of dietary
nutrients. This is a two-fold consideration wher#e nutrient profile of the diet needs to meet or
exceed the requirement of the animal for energyimmam protein synthesis and other biological
functions as well as maintaining the health (nemune function) of the animal. A lack of
consideration of the latter may lead to an undbkrproportion of dietary energy, otherwise
sparing protein for muscle gain, being utilise¢@mbating disease and, in chronic cases, may even
lead to catabolism of these protein stores, regpiti an animal that is less saleable and econdmica
to produce. Understanding the mechanism of thexcedf dietary composition on health-related
markers of response may provide vital clues to enraing these issues, whether it be
characterising the importance of the stimulatingepressant effect of certain nutrients on the
immune response or identifying dietary componerigkwhave direct detrimental effects on the

health of the animal (e.g. causative agents of SBidiced enteritis).
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One example of the complementary nature of comgigrowth and pathology studies with
examination of gene expression levels is that ohBledezt al. (2013). These authors
investigated the effect of feeding juvenile rainbwawt diets with varying levels of lupit@pinus
albus), pea Pisum sativum) and rapeseed(assica rapus) cake meals on growth performance and
expression of immune-regulatory genes. They olesetivat lupin inclusion up to 2509 kgnd pea
up to 50 g kg had no significant effect on growth parametersigivegain and feed efficiency) or
protein efficiency compared to the control dietlusion over these levels were reported to cause
significant reductions in these growth parametdisis result was reflected in the molecular
response. RT-gPCR was used to determine the expnesf the genes for the immunological
proteins ‘transforming growth fact@d’ (TGF-1), ‘nuclear factonp’ (NF-xp) and Mx-1 isolated
from head kidney tissue, an important immune oigaeleost fish (Chest al., 2012). No
significant effect of protein source or level wags on the constitutive gene expression of P&F-
or NF«f. However, the Mx-1 gene in fish fed those sane¢sdshowing significant reductions in
growth was determined to be significantly downreggd in comparison to the control group. The
Mx-1 protein has been linked to protection agaimigctious pancreatic necrosis in Atlantic salmon
and viral haemorrhagic septicaemia and hirame ihahgs in Japanese flounder (Caipa@l .,

2003; Larseret al., 2004). No histological examination (other th@p&itosomatic index — liver
weight:body weight ratio which was not significaat)immune challenge was performed in
Hernandezt al. (2013), so no link between plant meal-induced Mdetvnregulation and

incidence of viral infection could be made, nor aaysative effect of expression of this gene on the
depressed growth rate (or vice versa), which ntiglve added considerably to the findings. The
observation that there appears to be an effegipefand level of plant meal inclusion on Mx-1 gene
expression, which is likely unrelated to the obsdrgrowth depression, is nonetheless interesting
and would benefit from further investigation. itdinks between plant protein inclusion,
histological observations and molecular changeg Haswever been made in Atlantic salmon in
response to soybean meal inclusion in the diehingmnnet al. (2013) observed that salmon fed
diets containing 200g KgSBM started to show the first histological sighsnflammation

associated with SBM-induced enteritis after fivggaf feeding the SBM diet. Significantly, this
macroscopic response was preceded by changesriessign of a number of genes associated with
the immune response as early as one day aftefdeding of this diet, highlighting the utility of

this tool as a means of rapid assessment of adiegredient’s suitability. Without listing every
gene which was differentially expressed in respaogeeding the SBM diet, compared to the
control diet, it should be noted that, by day tra&er first feeding, this list included 37 genés o
varying functions in addition to eight specificitomune regulation. Most of the observed
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molecular responses were directly linked by théanstto known histological responses to SBM
(e.g. upregulation of the p100 sub-unit of MEwhich is involved in the inflammatory response).
While a wealth of information can be extracted fribms study (which also included investigation
of response of protein and lipid metabolic genesragat others), a similar study isolating the
response to specific antinutritional factors, wieileluding the effects of others could be very
useful. Similar results were reported in Atlan@dnson in an earlier study by Marjaggal. (2012),
who highlighted the significant upregulation of 1I7A, the proinflammatory cytokine responsible

for regulating the activity of Nk#f.

1.7.2Protein metabolism gene expression

Studies focussing on the molecular response loftéisvarying nutritional stimuli are
important in the confirmation of the roles indivadunutrients play in affecting overall growth and
body composition and in the identification of attete pathways in which these nutrients are
involved, through which they may indirectly influsnthese parameters. This is particularly
important when novel ingredients are being fechtoanimal, where the form of the individual
nutrients can vary according to processing tectenmumetabolism of those same nutrients can be
confounded by the presence of other factors.

A study undertaken by Wacyk al. (2012) investigated the effect of either replaang
proportion of the protein in a fishmeal-based digh soy protein isolate (SPI) or supplementing
increasing amounts of branched-chain-amino aci@A\@) on growth, nutrient utilisation, plasma
variables and hepatic gene expression in rainbowt ©ncorhynchus mykiss). They observed a
significant reduction in growth performance of figll the SPI diets, independent of BCAA
content, as well as significant elevation of plasntispensable amino acid, BCAA and alanine
levels. This response was accompanied by signifieliects on the regulation of genes involved in
hepatic intermediary protein metabolism. Thes&uoed reductions in the expression levels of
alanine aminotransferase (hence the elevated plesnt@ntration of alanine) and glutamine
synthetase 2 (an enzyme which catalyses the prioduaft glutamine from glutamate, a reaction
which binds toxic ammonia as well as producing mergy substrate so could potentially be a very
important element). Upregulation of aspartate atnansferase 2 (which catalyses the ‘aspartate +
a-ketoglutarate— oxaloacetate + glutamate’ interconversion reac@onalternative pathway for
metabolism of excess glutamate) and asparaginbetase (which converts aspartate to asparagine)
were also reported. While these specific geneg wet mentioned, a more comprehensive array of
genes were analysed in a study by Panseeht (2009), who observed 176 hepatic genes to be
differentially expressed at 8h after feeding irpmsse to complete replacement of fishmeal and fish
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oil with plant-derived alternatives in a diet faimbow trout, 32 of which were for factors involved
in protein metabolism. A comparison of longer-taanges to protein metabolism with this post-
prandial response may have been interestingclea, however, that, even in diets with similar
crude compositions, the source of dietary protathlgid can have a significant effect on nutrient

metabolism.

1.7.3Novel gene networks/metabolic pathways

One of the major advantages of the molecular ambréo nutrient metabolism studies is the
ability to simultaneously map the response to @ifipenutrient across a large number of genes and
their associated metabolic pathways, includinge¢hakich are not necessarily known to be affected
by variations in supply of that nutrient. The cdexpnature of metabolism, whereby individual
nutrients, amino acids in particular, can have naore seemingly unrelated functions, gives rise to
the possibility of discovering novel pathways inigéhcertain nutrients can exert previously
undocumented effects. For example, most nutrigecdirased studies investigate the effects of
varying the nutrient source or inclusion level antbrs directly related to metabolism of that
nutrient (e.g. the effect of protein source on egpron of genes for enzymes known to regulate
amino acid catabolism and synthesis), howeverntestadies have used these techniques to
investigate the role of individual nutrients asnsily for the activation of metabolic pathways
indirectly involved in nutrient metabolism.

The TOR pathway, for example, has gained significacent attention due to its role as a
regulator of energy homeostasis and protein trdoslalt is known to be activated by amino acids
(although the exact mechanism of this action remaitknown). In an in-vitro study with rainbow
trout hepatocytes by Lansaetal. (2010), it was observed that cells incubated nmeaium
containing a concentrated amino acid solution ¢tiveent of which was not disclosed), in
comparison to an amino acid-free solution, exhibgmgnificant changes in expression of several
genes (including glucose-6-phosphatase, phosphogunehte carboxykinase, pyruvate kinase, 6-
phospho-fructo-1-kinase and serine dehydratasayesult of an unknown molecular pathway.
When cells were incubated in a concentrated angitbslution with added insulin, however, a
dramatic upregulation of lipogenic and glycolytengs in a TOR-dependent manner was observed
(as evidenced by comparison with rapamycin-inhtbiteatments). This implies that the combined
action of amino acids and insulin can activatet@& transduction pathway and in this way have a
modulating effect on both lipid and energy metatlpathways. In another study by Lanssrd
al. (2011), the amino acid responsible for TOR acibratvas suggested to be leucine (in

combination with insulin), which resulted in a retlan in the expression of G6Pase 90% and a 4-
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fold increase in expression of fatty acid synthet@&AS) in cells incubated in a medium containing
these two products. Wacykal. (2012) also observed a TOR-related responsenbaai trout in

that the expression &edd-1, a gene known to repress TOR function, was sicanifily upregulated
in the livers of fish fed diets containing SPI carmgd to those on the control diet, possibly
contributing to the reduced growth seen in thesaals.

1.7.4Nutrigenomic research in barramundi

A number of studies have been undertaken in ctearsing non-nutrition related gene
expression in barramundi (X al., 2006; Heet al., 2012; Leeet al., 2012; Sinthusamraet al.,
2013), as well as one using gene expression tactaise the development of digestive enzymes
during larval development of this species (Srichegiwal., 2013). The few studies which have
investigated the influence of nutritional manipidaton gene expression in barramundi have
focussed on fatty acid metabolism (Mohd-Yustdl., 2010; Alhazzaat al., 2011; Tuet al.,
2012Db; Tuet al., 2012a; Salinet al., 2016). One study, however, looked at the expyess genes
involved in the regulation of a number of intermagglimetabolism pathways in this species (Wade
et al., 2014). In this study, the authors first assechblg@artial liver transcriptome, due to the
paucity of genes for nutrient metabolism which baén identified in barramundi, and used this to
investigate changes in expression of 24 genes knowa key regulators of glycolytic and
lipogenic pathways in response to feeding. Thidysprovided important information in moving
forward with barramundi nutrition research in thatlentified a number of markers for use, or
avoidance, in future studies of this type. Fomepke, the authors concluded that the use of
farnesoid X receptol€ FXR), pyruvate dehydrogenase kinake PDK) and citrate synthaséq
CS) was effective in indicating the time-course of A €ycle utilisation of metabolic intermediates.
As well, it was suggested that genes controllingagien turnover were not reliable markers of
glycogen regulation. In addition, the moleculaalgsis revealed metabolic responses to feeding
which are apparently unique to this species comtptrether fish, for example the repression of
the final step of gluconeogenesis and a responseeinX receptor I(c LXR) expression normally
seen in mammals. A number of important areas nasitigated in the study were identified by the
authors, providing direction for future studiese(tiesponse of hepatic glucose regulating genes to
high levels of starch to quantify the ability ofrtmmundi to metabolise starch and simple sugars,
investigation of the presence of L AT2 isoform of ALAT and correspondence of enzyme
activity with the gene expression responses). Heaiihvestigation should also include the role of

individual amino acids in these pathways.

32



1.8 Conclusion

Sulphur amino acids have been proven to be impoectanponents in the diet of a number of
fish species, including barramundi, with dietarfidencies reported to cause pathologies ranging
from muscular degeneration to the formation of rizatis. While a great deal of research on this
topic has been undertaken in other animals, theifspeoles of these nutrients in fish metabolism,
particularly in barramundi, are not fully knowm adrder to optimise nutritional models used in the
formulation of manufactured diets for these animialis necessary to more fully quantify the
contribution of these nutrients to the various rbetia pathways which promote the growth of the
fish (primarily the deposition of protein). Thislhallow more accurate determination of their
optimal required inclusion in the diet. The usermfiecular techniques as a complementary tool to
phenomic (growth, feed utilisation, composition)des, can provide a more complete picture of
the animal’s response. Isolation of the specifezhanism(s) of action of a nutrient on the growth
of an animal allows for determination of the optineaels/acceptable limits of the supply of each
specific component, as well as providing eviderfdde efficacy of use of alternative components
which share the same metabolic roles and may haparang effect. In addition, the response to
manipulation of the dietary supply of these compisenay be measurable on a molecular scale
after a shorter experimental period than mightdagiired for manifestation on a phenomic level in
the animal. While they has been used previousgxtonine lipid and energy metabolic pathways
in barramundi, these techniques have not beeneapidithe investigation of amino acid
metabolism in this species.
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1.10 Ouitline of the thesis

Methionine (Met) is commonly the first limiting anma acid in diets formulated to contain
high levels of plant proteins. Its metabolite eysé (Cys), however, is often relatively abundant i
these ingredients and has been shown to be al#plaxe a certain proportion of dietary Met in
various fish species, resulting in an assertiohftela have a requirement for total sulphur amino
acids (TSAA; Met+Cys). As such, it is becomingragesingly important, with the growing use of
plant proteins in aquafeeds, that the requiren@miet is properly defined for each species and
that the replacement value of dietary Cys be asdassorder to optimise the inclusion of these
more environmentally and economically sustainableces of protein. Similarly, the inclusion of
taurine (Tau) in the diet of carnivorous fish spscisuch as barramundliafes calcarifer) has
become an important consideration due to its abwela fishmeal and absence in plant meals. As
a metabolite of the sulphur amino acids, the regoént for Tau may be significantly affected by
the dietary inclusion of Met and Cys. For thesesoms, the aim of the first experiment was to
confirm a previously published estimate of Met &I®AA requirement in barramundi and to
investigate the degree to which Cys can replaceviitéin this requirement. These results,
presented herein in Chapter Two, enabled the apptegormulation of diets/choice of treatments
for the subsequent experiments.

Following on from Chapter Two, the second studlioed in Chapter Three, aimed to
elucidate some of the mechanisms underpinningltsereed growth responses seen by comparing
the expression of several genes isolated from famdi liver tissue of fish fed either a deficient,
adequate or excessive level of dietary TSAA. Wagtablishing the requirement for an amino acid
is an important step in optimising the inclusiorttu#se dietary components, elucidation of their
metabolic roles, particularly those relating dilgtd growth such as protein turnover, underlines
their importance to the animal. Additionally, tim$ormation may allow the supplementation or
substitution of other compounds which fulfil thergaroles, including those which may be more
abundant in available ingredients.

Chapter Four describes the results of an expetinesigned to establish the essentiality of
dietary Tau provision to juvenile barramundi thrbwbservation of the effect of graded dietary
Tau supplementation to a diet already sufficierdulphur amino acids (SAA). A secondary aim of
this experiment was to assess the effect of varidigtary Met supply on the response to varying
Tau, in an effort to determine whether the demand &u is dependent on supply of precursors.
The results of this experiment may suggest theneéxtewhich this species can synthesise Tau,
given sufficient precursors and, in the event thest capacity is limited, could be used to estéldis
baseline inclusion level of this amino acid in didr barramundi.
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This capacity of carnivorous fish to synthesise fam precursor amino acids has been
reported to vary widely, which can have a significanpact on the requirement to supplement
aquafeeds with this amino acid. Additionally, vehilau has been observed to positively affect
growth in a number of species, the exact mechaafdims stimulatory effect is poorly understood.
The experiment outlined in Chapter Five aimed t@sgtigate the impact dietary Tau supply has on
the activity of some established protein turnovet growth-related pathways known to be affected
by its precursor SAA in other species. As welg tapacity of barramundi to synthesise Tau, the
mechanisms by which it does this and the effedtanf supplementation on the activity of these
pathways was investigated.

The final experimental chapter, Chapter Six, ingegées the inevitable losses of the
proteinaceous amino acids from barramundi overi@agef starvation. It also provides an
alternative way to examine the demand for certagemtial nutrients (e.g. Met), as derived from
endogenous reserves, and the rate at which thessead, relative to animal size, to assist in
deriving estimates of basal and maintenance denfandsich nutrients. This approach allows us to
establish allometric scaling exponents for usexam@ning nutrient utilisation and growth models
on a size independent basis. The scaling expodentged for Met were then applied to the
assessment of marginal utilisation efficienciethed amino acid in two previous experiments
(including that discussed in Chapter Two). Thegerés were further applied in the calculation of
maintenance, growth and total requirements for Médte utility of using the derived Met exponent
over the protein loss exponent traditionally applie the derivation of both marginal utilisatiordan
the prediction of requirements is also assessed.

Chapter Seven, the General Discussion, is a sumafdhng major findings of the
experimental chapters and how they relate to times aif the project. The relationships between the
growth, body composition and molecular responspsrted in those chapters are examined and
conclusions are made regarding their implicatiamdded formulations and future amino acid
nutrition studies in this species. As well, angrstomings in the techniques used in this thess ar

identified and recommendations made for ameliogatirem in future studies.

52



Chapter 2 - Redefining the requirement for total siphur amino acids
in the diet of barramundi (Lates calcarifer) including assessment of
the cystine replacement value.

2.1 Abstract

This study was designed to confirm a previotsnade of the methionine (Met) and total
sulphur amino acid (TSAA) requirement of juveniErtamundi (ates calcarifer) (Colosoet al.,
1999) with a view for further study. Triplicateogips of fish (initial weight: 18.3g + 1.59) werealfe
diets with graded levels of dietary Met (7.2 - 12i&* DM), centred around a previously reported
requirement, and a constant dietary cystine (Qysyision (5.9g kg DM) over a 42 day period. At
the termination of the experiment, a significanelr increase (p<0.001) in %BW gain was
observed in response to increasing dietary methénvith no plateau in growth, suggesting the
previous estimate of requirement may have beeremaate. A second experiment was designed to
re-evaluate the Met/TSAA requirement in which adaler range of methionine inclusion levels
were assessed (8.6 - 21.4g'kdiet DM Met). Triplicate groups of fish (initiaveight: 36.4g +
8.39g) were fed the diets for a period of 49 daksplateau and subsequent depression in growth, as
well as significant (p<0.05) effects of dietary Mietlusion on %BW gain, feed conversion ratio
(FCR) and protein retention efficiency (PRE) webs@rved at the conclusion of this experiment.
The best fitting of nine nutrient response modile,Compartmental Model ¢R: 0.71), predicted a
requirement for Met of between 10.5 (95% of maxinmasponse) and 13.69kg99% of
maximum response) in a diet with 592g*KOP and 6.6g K§Cys (17.1-20.2g K§TSAA; 1.8-2.3%
CP Met + 1.1% CP Cys). This TSAA requirement igieglent to 43-51% of the lysine content of
the diets. The applicability of this mode of exgmien and its relation to the ideal protein conigpt
discussed as is the application of different respanodels to the data. The impact of dietary
Met:Cys ratio was also investigated with resultggasting at least 40% of dietary Met can be
replaced with Cys without significantly affectingieal performance. It was concluded that
disparity in the estimates of Met and TSAA requiesnbetween this study and that of Colesal.
(1999) was likely the result of a combination ofdebchoice, experimental design and mode of

expression of the requirements.
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2.2 Introduction

Studies focusing on individual amino acid requirateef barramundilates calcarifer) are
limited, with estimates made for only four of tle@tamino acids known to be essential to fish
(Methionine/TSAA, Coloset al. (1999); Lysine and Arginine, Murillo-Gurresaal. (2001) and
Tryptophan, Coloset al. (2004)).

Of these, methionine (Met) is often the first limg amino acid in fish diets containing high
levels of plant proteins (Ahmed, 2014). The primaote of this amino acid is as a constituent of
proteins and as a precursor for the synthesiseoptbteinogenic amino acid cysteine (Cys). Itis
also, however, known to have several important bwiafunctions, including acting as the
initiating factor in the synthesis of proteins inkaryotic organisms (Drabkin and RajBhandary,
1998) and inhibiting proteolysis (Métayeiral., 2008). Dietary deficiency of this amino acid has
been shown to be related to the development ofa@ta(Coweyet al., 1992; Simmonst al.,

1999), as well as compromising protein retentiod f@&ed efficiencies in a number of fish species
(Zhouet al., 2006; Nwannat al., 2012; Heet al., 2013). Additionally, its metabolites, particllar
S-Adenosyl Methionine (SAM) and taurine, play imjaot roles in many metabolic processes
(Matoet al., 1997; Lungeet al., 2007; Espet al., 2008).

Methionine requirements of other fish species Haeen reported to vary widely, ranging
from 4g kg! of diet for Mossambique Tilapi@(eochromis mossambicus) (Jackson and Capper,
1982) up to 20.3g kyof diet reported by Zhoet al. (2011) for Black Sea Brearfyfarus
macrocephalus). Cysteine, a metabolite of methionine, and imsedt cystine (both abbreviated as
Cys), while not essential amino acids, are knowet@éapable of replacing between 33% and 60%
of the requirement for methionine in various figlkesies (Hardingt al., 1977; Moon and Gatlin,
1991; Abidi and Khan, 2011). The inclusion levéligh elicits peak growth in dose response
studies based on variable methionine additiongfoes, can be greatly influenced by the amount of
Cys in the diet, potentially confounding precisgreation of the methionine specific requirement
(NRC, 2011). Consequently, reported requirementsnfethionine are generally expressed as either
a total sulphur amino acid (TSAA) requirement (M) or as a methionine specific requirement
“in the presence of (a certain proportion of) Cys”.

Despite its importance in carnivorous marine figgts] only one study has so far
endeavored to determine the requirement of barrdinfanmethionine/TSAA. Using a break point
analysis on the growth response curve, Cobbsb. (1999) estimated the TSAA requirement of
juvenile barramundi to be 13.4gkgry diet (10.3g kg Met+3.1g kg Cys) (2.9% of protein in a
460 g kg' protein diet). Uncertainty surrounding the cad¢et! amino acid composition of the diets
and the choice of response model used suggesteatisgtation of this estimate was wise. Due to
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the limited abundance of Met in plant proteinss iimperative to accurately identify the minimum
dietary requirement for this nutrient if the usecb&aper and more sustainable plant protein sources
is to become more widespread in commercial digtthie species.

The primary objectives of this series of experirsamére to provide an estimate of the
TSAA requirement for maximum growth in barramundddo investigate the effect of replacement
of Met (limiting in non-cereal plant protein mealgith its metabolite Cys (relatively abundant in

plant proteins).

2.3 Materials and Methods
2.3.1Diets

2.3.1.1 Formulation

Experiment One

A series of five isonitrogenous and isoenergagtsdvere formulated (Table 2.1) with
variable Met inclusion ranging from 7.2 to 12.8g'KgM, centring around the requirement of 10.3g
kg DM established by Colosa al. (1999), and with a constant Cys content (5.9g Riyl). The
non-essential amino acid glycine was substitutqulane of DL-methionine to maintain the total
crystalline amino acid, protein and energy contentbe diets as has been used in several other
methionine/TSAA requirement studies with other sge¢Simmonst al., 1999; Liacet al., 2014).
These diets were used to determine the resporsa@mundi to limitation and excess of
methionine and TSAA and to estimate the requirerfemaximum growth.

All diets were supplemented with a mix of crystalamino acids to ensure all essential
amino acids were provided in excess of requiremaetsrding to the ideal protein concept based
on the amino acid profile reported by Glencretsal. (2013).

Yttrium oxide was included in all diets at a comication of 1g kg for the purposes of
digestibility assessment.

Finally, a commercial barramundi diet (6mm Marifieat, Ridley Aquafeed Pty Ltd),
proven to promote good growth in barramundi housdte holding tanks at the Bribie Island
Aquaculture Research Centre, was used as a reéerenc
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Table 2.1.Formulations and analysed compositions of Expertr@sre diets.

Diet 1 Diet 2 Diet 3 Diet4 Diet5b

Ingredients (g kg?)
Fishmeal 150 150 150 150 150
SPC 490 490 490 490 490
Fish oiP 100 100 100 100 100
Cellulose 79 79 79 79 79
Pregel Starch 53 53 53 53 53
CaHPQ 20 20 20 20 20
Vit. and Min. Premix 6 6 6 6 6
Choline chloridé 1 1 1 1 1
Marker (Y203) 1 1 1 1 1
DL-Met - 1.0 2.0 3.5 5.0
Tau 5 5 5 5 5
Gly 10.0 9.0 8.0 6.5 5
EAA Premix 85 85 85 85 85

Composition as determined (g kg*DM unless otherwise stated)
Dry matter (g kg as is) 962 966 967 966 960
Crude Protein 602 580 579 591 592
Digestible Protein 551 523 527 534 539
Lipid 98 115 103 106 107
Ash 61 60 60 62 61
Gross Energy (MJ k§DM) 22.5 23.1 22.7 22.5 22.4
DE (MJ kg' DM) 17.3 17.4 17.0 16.8 16.6
EAAs
Arg 45.5 45.2 46.2 45.9 45.2
His 16.5 15.9 16.4 15.6 16.4
lle 29.1 29.0 29.5 29.3 29.7
Leu 51.7 50.2 51.5 51.1 51.2
Lys 40.7 40.9 41.4 40.8 41.8
Met 7.2 8.4 9.8 10.6 12.8
Cys 6.0 5.7 5.9 5.7 5.7
Phe 31.1 31.5 33.1 32.8 32.4
Thr 31.2 30.3 31.1 30.6 31.6
Val 35.1 35.2 35.7 36.0 35.5
Tau 6.2 6.2 6.2 6.2 6.2

1Fishmeal: Chilean anchovy meal, Ridley AquafeedsaNgba, QLD, Australia.

2 Fish (anchovy) oil: Ridley Aquafeeds, NarangbaPQRustralia.

3Vitamin and mineral premix includes (IU/kg or glafjpremix): retinol, 2.5 MiUgholecalciferol, 0.25 MIUj-tocopherol,16.7g; Vitamin K3,1.7g;
thiamin, 2.5g; riboflaving.2g; niacin, 25¢g; pantothenic acid, 8.3g; pyricexi2.0g; folate, 0.8g; Vitamin B12, 0.00®jetin, 0.17g; Vitamin C,
759; Inositol, 58.3g; Ethoxyquin, 20.8g; Coppeb®.Ferrous iron, 10.0g; Magnesium, 16.6g; Mangan&s.0g; Zinc, 25.0g.

4 Choline chloride 70% corn cob

5Essential amino acid premix consisting of (¢ kd premix): L-Isoleucine, 70.6g; L-Valine, 117.dgHistidine, 58.8g; L-Leucine, 176.5g; L-
Phenylalanine, 82.4g; L-Threonine, 141.2g; L-Lysihe6.5g; L-Arginine, 176.5g.
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Table 2.2. Formulations and analysed compositiond &xperiment Two diets.

Met Requirement

Cys Replacement

Diet Diet Diet Diet Diet Diet Diet Diet Diet Diet
1 2 3 4 5 6 7 8 9 10
Ingredients (g kg?)
Fishmeal 150 150 150 150 150 150 150 150 150 150
SPC 490 490 490 490 490 - - - - -
Casein - - - - - 130 130 130 130 130
Wheat - - - - - 40 40 40 40 40
SPI - - - - - 150 150 150 150 150
Fish oiP 100 100 100 100 100 100 100 100 100 100
Cellulose 76 76 76 76 76 198 198 198 198 198
Pregel Starch 53 53 53 53 53 30 30 30 30 30
CaHPQ 20 20 20 20 20 20 20 20 20 20
Vit. and Min. Premix 6 6 6 6 6 6 6 6 6 6
Choline Ci1* 1 1 1 1 1 1 1 1 1 1
Marker (Y-0z3) 1 1 1 1 1 1 1 1 1 1
DL-Met - 3.5 6.5 10.0 13.0 7.0 6.0 5.0 3.0 -
L-Cys - - - - - - 1.0 2.0 40 7.0
Tau 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 50 5.0
L-Gly 13.0 9.5 6.5 3.0 - - - - - -
EAA Premix P 85 85 85 85 85 - - - - -
EAA Premix 2 - - - - - 162 162 162 162 162
Composition as determined (g kg 'DM unless otherwise stated)
DM (g kg* as is) 960 956 954 955 957 967 975 972 980 979
CP 600 595 582 604 589 555 548 556 526 515
DP 530 526 519 529 520 500 510 516 482 468
Lipid 116 116 117 115 114 120 121 121 125 118
Ash 67 67 67 67 67 63 63 63 62 63
GE (MJ kg' DM) 225 224 225 223 22.2 222 223 223 223 223
DE(MJ kg DM) 14.87 1520 1571 1469 1390 13.06 15.13 13.953415.14.00
Arg 443 443 443 435 44.0 442 450 448 455 448
His 173 168 16.7 164 16.4 13.3 135 135 131 133
lle 286 289 290 283 28.7 316 318 319 317 319
Leu 46.1 47.1 292 445 44.7 48.6 49.2 46.7 478 465
Lys 39.4 403 407 38.9 40.0 400 36.2 418 36,5 410
Met 8.6 124 149 182 214 13.0 120 109 9.1 6.7
Cys 6.6 6.6 6.8 6.5 6.6 3.7 4.3 4.8 6.1 7.9
Phe 349 337 344 342 34.8 373 373 350 363 372
Thr 29.7 295 311 295 29.7 320 330 322 328 327
Val 354 358 356 351 35.2 39.1 395 395 396 39.2
Tau 6.4 6.6 6.5 6.2 6.3 6.5 6.2 6.2 55 5.9

!Fishmeal: Chilean anchovy meal, Ridley AquafeedsaNgba, QLD, Australia.
2 Fish (anchovy) oil: Ridley Aquafeeds, NarangbaPQRustralia.
3Vitamin and mineral premix includes (IU/kg or glagpremix): retinol, 2.5 MIUgholecalciferol, 0.25 MIUj-tocopherol,16.7g; Vitamin K3,1.7g;
thiamin, 2.5g; riboflaving.2g; niacin, 25g; pantothenic acid, 8.3g; pyrisei2.0g; folate, 0.8g; Vitamin B12, 0.00Rjptin, 0.17g; Vitamin C,

75g; Inositol, 58.3g; Ethoxyquin, 20.8g; CoppeBd2.Ferrous iron, 10.0g; Magnesium, 16.6g; Mangan&s.0g; Zinc, 25.0g.

4 Choline chloride 70% corn cob

5 Essential amino acid premix 1 consisting of (¢ k@ premix): Taurine, 55.6g; L-Isoleucine, 66.7gValine, 111.1g; L-Histidine, 55.69; L-
Leucine, 166.7g; L-Phenylalanine, 77.8g; L-Threeniti23.3g; L-Lysine, 166.7g; L-Arginine, 166.7g.
6 Essential amino acid premix 2 consisting of (§)kdaurine, 29.9g; L-Isoleucine, 89.8g; L-Valing,318g; L-Histidine, 35.99g; L-Leucine, 173.7g;
L-Phenylalanine, 101.8g; L-Threonine, 119.8g; Lgs 143.79; L-Arginine, 191.69.
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Experiment Two

Five isonitrogenous and isoenergetic diets weodyred (Table 2.2) with a broader range
of methionine inclusion levels (8.6-21.4gkBM) than that used in Experiment One in order to
find the break point in growth not seen in thatieaexperiment (Diets 1-5).

In addition, five diets (Diets 6-10) were produeeith a constant TSAA inclusion level of
2.9% CP (marginally deficient of the anticipateddamaum response, based on the results of
Experiment One), with Cys constituting between 2@ 84% of the dietary TSAA content. These
diets were designed to determine the proportich@tequirement for methionine which can be
spared by addition of dietary cystine (theorisetlda possible contributing factor to an unexpected

lack of a maximum response to methionine inclugmoBxperiment One).

2.3.1.2 Diet manufacture

Diets were prepared according to the protocoimed in Glencrosst al. (2016) with the
exception that a 3mm die was used in order to plgeilets with a final diameter of ~ 4mm.
Briefly, a dry mash (without water or oil) of eachthe diets (with the exception of the commercial
control) was mixed thoroughly using an upright Halmaixer (Hobart, Sydney, NSW, Australia).
This mash was extruded using a laboratory-scale-$etew extruder (MPF24; Baker Perkins,
Peterborough, UK), with intermeshing, co-rotaticgesvs. On extrusion, pellets of approximately
4mm diameter were cut into 4-5mm lengths usingua-Bdaded variable speed cutter before being
dried at 65°C for 24 hours.

Once dry, the pellets were transferred to a saméteel mixing bowl and mixed on a
Hobart mixer, during which time heated (65°C) fishwas added according to the dietary
formulation. After pellet oil coverage was obsehte be uniform, mixing ceased and a clear
perspex lid with rubber seal was fitted to the bbeflore application of a vacuum. Air was slowly
evacuated from the bowl until visible signs of@scaping from the pellets was observed to have
ceased, at which time the air pressure was alldweeequilibrate, drawing the oil into the pellets

2.3.2Fish management and faecal collection

Experiments were conducted in accordance wittAtistralian Code of Practice for the
Care and Use of Animals for Scientific Purposeslenrthe approval of the CSIRO Animal Ethics
Committee (approval numbers: A13/2013 and A6/2@) The University of Queensland Animal
Ethics Committee (approval number: CSIRO/QAAFI/331)/

The experiments were run as six treatments (Exqgari One) or 10 treatments (Experiment
Two), each being randomly assigned to tanks ancceded three times.
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Forty juvenile hatchery-reared barramuridités calcarifer) were individually weighed
from a pooled population to 0.1 g accuracy to abéapopulation average weight. Forty
(Experiment One) or 25 Experiment Two) fish within a weight range of (population meaeight +
1 standard deviation) (18.3g + 1.5¢xperiment One; 36.4g + 8.3g -Experiment Two) were
randomly allocated to each of the Exgeriment One) or 30 Experiment Two) 1000L tanks. A
limited availability of suitably sized fish for Egpiment Two resulted in a reduced number of
animals for this experiment. Fish were anaestbdtusing AQUI-S (~0.02mL/L) (AQUI-S New
Zealand Ltd) prior to weighing and allowed to reeoin their allocated tank.

The experimental tanks were set up with ~3 L/rfovfof continuously aerated marine
water (~35PSU) of 29.5°C £ 0.2°C for the duratiéthe experiment. Photoperiod was set at 12:12
(light:dark).

In order to avoid effects attributable to variatia feed intake and to focus on responses to
feed composition variation only (Glencragsl., 2007), a restricted pair-fed feeding strategy was
employed in both experiments. Fish were fed a ceraial barramundi diet (4mnixperiment
One) or 6mm Experiment Two) Marine Float, Ridley Aquafeed Pty Ltd) to satiétyce daily for 7
days prior to the start of the experiment to egthld satiety feeding rate. The average daily feed
intakes were observed to be 0.7g fistay! (Experiment One) and 1.3g fistt day?* (Experiment
Two), which compared well with the expected intakeldarramundi of this size (18.1g and 35.4g
average weight respectively) estimated by a pubtisirowth and feed utilisation model (Glencross
and Bermudes, 2012).

Based on this, the initial rations were set atyGi€h* day* (Experiment One) and 1.0g fish
1 day?! (Experiment Two). These restricted rations were manually fedathegank twice daily at
0800 and 1600, seven days a week. The rationneasased by 0.2g fisdhday* weekly, except as
needed (it was increased by 0.4g fistay! on Day 7 and Day 29 d&xperiment Two based on
enthusiastic feeding response in all tanks).

The amount of feed fed was recorded daily forudaton of feed conversion and feed
efficiency ratios. Any uneaten feed was removetiaeighed for consideration in these
calculations and an equivalent amount was add#tktéollowing feeding event. Feed intake was
equal for all tanks used in the experimental assests.

All feed was kept in cold storage (< 4°C) exceptthe purposes of feeding and weighing.

At the conclusion of the growth trial, faeces weodlected by stripping in order to
determine the digestible protein and energy costehthe feed. Fish were manually fed their
respective diets at 0800-1000 and faeces colldated all fish in the afternoon of the same day
(1600-1800). Fish were stripped on three sepanateconsecutive, days with the intention of
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minimising stress and maximising feed intake ondbléection days. Stripping of faeces was
undertaken in accordance with the procedures @utlin Glencross (2011). All fish within each
tank were transferred to a smaller tank contaiaeigited seawater with a light dose of AQUI-S
(~0.02mL/L) until loss of equilibrium was observeDuring anesthesia, particular attention was
paid to the relaxation of the ventral abdominal aesto ensure fish were removed from the tank
and faeces collected before involuntary evacuatisinthis time, faeces were stripped from the
distal intestine using gentle abdominal presswkected in a plastic specimen jar (one pooled
sample per tank) and frozen at -20°C. Hands wesed between fish in order to minimise

contamination of the faeces with urine or mucous.

2.3.3Sample collection

A random sample of five fish were euthanised byrdose of anaesthetic (AQUI-S) at the
commencement of the experiments for baseline pratdranalysis and stored at -20° C. At the
conclusion of the experiments, all fish were liglghaesthetised and individually weighed for
determination of growth rate and comparison of gholetween treatments. A random sample of
five (Experiment One) or three fish (Experiment JWwom each tank was also taken at this time.
These animals were euthanised by overdose of drediesfAQUI-S) and stored at -20°C until
processing. Feed was withheld for 24 hours pa@ampling.

2.3.4Chemical and digestibility analyses
Whole animals, diets and ingredients were analjsedry matter, ash, nitrogen, lipid, gross

energy and amino acid profiles. Diets and faecee wdditionally analysed for yttrium content.
Faeces and minced carcass samples were freezeaddeadl samples were ground prior to analysis.

Carcass and diet dry matter contents were detedhipgravimetric analysis following drying
at 10%8C for 16h. Gross ash contents were similarly detegthbased on mass change after
combustion in a muffle furnace at $80for 16 hours. The lipid portion of the samplessw
extracted according the method proposed by Feileh (1957) and used to determine crude lipid
contents. Measurement of total nitrogen conterst walertaken using a CHNS auto-analyser (Leco
Corp., St. Joseph, MI, USA) and used to calculatepde protein content based Mrx 6.25. Gross
energy was determined by isoperibolic bomb caladtiyni@ a Parr 6200 oxygen bomb calorimeter
(Par Instrument Company, Moline, IL, USA). Amincicacompositions were determined by mass
detection after reverse-phase ultra high-performaigcid chromatography with pre-column
derivatisation witl6-aminoquinolyl-N-hydroxysuccinimidyl (AQC). Anadgs were undertakem
a Shimadzu Nexera X2 series UHPLC (Shimadzu CotjporaKyoto, Japan) with quaternary
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gradient module, coupled with a Shimadzu 8030 Mes=ctrometer using the Waters ActaQ
system (Waters Corporation, Milford, MA). Samplesre/prepared according to the protocol for
complex feed samples outlined by Waters Corp. (L&8®wing hydrochloric acid hydrolysis.
Cyst(e)ine is known to be destroyed during acidrblygis and methionine can be oxidized to
methionine sulfone (Rutherfurd and Gilani, 2008hese amino acids were determined
independently as cysteic acid and methionine salfespectively, after oxidation with performic
acid according to an adaptation of the protocdClo@valiet al. (2013) (using 11mL glass vials and
drying by Speedivac vacuum drier), followed by H@drolysis as previously described.

Correction factors were also applied in the conweersf cysteic acid to Cys and methionine sulfone
to Met, to account for differences in molecular gigs.

Yttrium concentrations in the feed and faeces wletermined by inductively coupled plasma
mass spectrometry (ICP-MS) after microwave digestioomL HNG based on a modification of
EPA method 3051 (EPA, 1994). The apparent digéditigisi (ADparameter Of individual nutritional
parameters (DM, protein and gross energy) wereautzdkd by the differences in the ratios of the
parameter of interest in the diets and faeces barsd¢ide

following formula (Maynard and Loosli, 1969):

Ydiet X Paramet%eces)] x 100
Yiaeces X Parametgyet

ADparameter [1' (

Where:Ydiet and Yiaecestepresent the yttrium content of the diet andéagoespectively, and
Parametefetand Parametgecesepresent the nutritional parameter of interest ([Pkdtein or
energy) content of the diet and faeces, respegtivEhese digestibility values were then used to
calculate digestible protein and energy valuefefdiets.

2.3.5Statistical analysis

The trends of the responses (linear, quadratitibic) to variable methionine inclusion in
both experiments were analysed by orthogonal pohyalbcontrast analysis. Due to inequality of
the spacing of the Cys replacement treatments jpeExent Two, the linear, quadratic and cubic
effects of this series of treatments was analyyeadtiple regression analysis. All parameters of
interest within each experiment (Final Body WeightBody Weight Gain, FCR, Feed Intake and
Protein and Energy Retention Efficiencies) werdyas®a by One-Way ANOVA witipost hoc
comparison of treatment group means by Tukey’s H&Miple range test in order to illustrate the
magnitude of the differences. All statisticalt$asere conducted in the R-project statistical

environment (R Core Team, 2014). Effects were d®rsid significant at p<0.05.
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Table 2.3.Nutrient response models fitted to the data frorpeExnent Two.

Broken line spline with ascending linear segmentieh¢Robbins, 1986)

Maximum, If x > Requirement
v-|

Maximum + Rate Constant x (Requirement — x) Ifx < Requirement

Broken line spline with ascending quadratic segmeaodel (Vedenov and Pesti, 2008)

2

! Maximum, If x > Requirement
y=
Maximum + Rate Constant X (Requirement — x) If x < Requirement

4-Parameter Saturation Kinetics Model (Morghal., 1975)

_ (Intercept x Rate Constant) + (Maximum x xneticOrdery
- Rate Constant + xKinetic Order

5-Parameter Saturation Kinetics Model adapted fiktenceret al. (1989)

(Intercept x Rate Constant) + (Maximum x xineticOrder) | Intercept x x?*KineticOrder - Iphibition Constantinetic Order
- Rate Constant + xKinetir Order + xZXKinetic Order _ Inhibition Constantl(inetic Order

Three-parameter logistic model (SAS Institute Ir89Q)

Maximum X Intercept x e Scalex*

y= Maximum X Intercept x (e-Scalexx — 1)

Four-parameter logistic model (Galal., 1991)

_ Maximum + [Intercept x (1 + Shape) — Maximum]e™5c*1e*
B 1+ Shape x e~Scalexx

y

Sigmoidal model (Robbinat al., 1979)

Range

y = Lower Asymptote + P

Exponential model (Robbiret al., 1979)

y = Intercept + Range x (1 — eX)

Compartmental model (Pestial., 2009)

y = Maximum X e—lnterceptxx(l — e—Nutrient Rate Constant(x—Kinetic nrder))
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Data for percent body weight gain in responseatgable dietary TSAA in Experiment Two
was analysed using regression response modelsashidel by Vedenov and Pesti (2008). Eight
models (Table 2.3) previously applied to the edfiiomaof animal nutrient requirements (linear and
quadratic ascending broken line, four-parametanr@aon Kinetics, three- and four-parameter
logistics models, a compartmental model, a signordadel and an exponential model) and
subsequently developed in Excel workbooks by tlzagkors were applied to the data. The fit of
each of the models was optimised through the iteradjustment of each model parameter using
the solver function of Excel to minimise the sunsqtiared errors (SSE). A five-parameter
Saturation Kinetics Model was also developed indband fitted in the same way. The coefficient
of determination (B was calculated for each of the models accordirf@estiet al. (2009) and
compared, along with the SSE, as a measure ofotbe@ngss of fit of each model. Estimates of Met

requirement were also derived from each model dongarison.

2.4 Results
2.4.1Experiment One
2.4.1.1 Response to increasing dietary methionine content

Highly significant (p<0.001) linear effects ondirbody weight, percent body weight gain,
feed conversion ratio (FCR), energy and proteiantn efficiencies (ERE, PRE) and carcass
crude protein content and significant (p<0.05)dineffects on ERE and carcass lipid and gross
energy compositions were observed in responsecteasing dietary Met inclusion (Table 2.4 and
Fig. 2.1).

The ERE and carcass DM, lipid and GE content mesg® had significant (p<0.05)
guadratic components to their response. Signifiaw®.05) improvements in FCR, %BW gain and
final weight were seen between diets with 7.2,8h8 12.8g kg Met. The efficiency of protein
retention (PRE) was observed to only differ sigmifitly between fish fed the diets with the lowest
two methionine inclusion levels and three highesgels and ERE between the lowest and three
highest methionine inclusion treatments. Carcasdecprotein content was significantly higher in
fish fed Diet 5 (12.8g k§Met) compared with those fed Diets One and Two &na 8.4g kg
Met). Conversely, fish fed Diet 5 had significgnitbwer lipid and gross energy contents than those
fed Diet 2. Carcass dry matter and ash contents natrsignificantly different between treatments.

Survival was 100% in all treatments.
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Table 2.4.Response of fish to variable dietary methioninet@ahin Experiment Orte

Polynomial Contrasts

Initial Fish Dllet D|2et D|3et th D:Set PSOE:\(/Td Linear  Quadratic  Cubic
Dietary Met (g kg'DM) 7.2 8.4 9.8 10.6 12.8 - - - -
Dietary Met (% CP) 1.2 15 1.7 1.8 2.2 - - - -
Initial Weight (g fish®) 18.2 18.2 18.1 18.1 18.2 0.03 ns ns ns
Final Weight (g fisH) 74.9 76.5* 79.2¢ 80.6° 83.d 0.91 <0.001 ns ns
BW Gain (%) 3122 321.7 3353 344.4° 361.F 4.95 <0.001 ns ns
FCR 092 093 089 086° 0.82 0.01 <0.001 ns ns
Feed Intake (g/fish) 546 54.6 54.6 54.6 54.6 0.00 ns ns ns
ERE 39.58 425t 44.1 44.8 448 0.60 <0.001 0.02 ns
PRE' 28.0° 310 34.2 34.8 37.2 0.91 <0.001 ns ns
Survival (%) 100 100 100 100 100 0.00 ns ns ns

Carcass composition as determined (g kgtas is unless otherwise stated)

DM 245 294 306 305 305 292 0.22 ns <0.01 ns
CP 166 158 163 170 172 174 0.18 <0.001 ns ns
Lipid 28 87t 96° 90" 86%t 78 0.21 <0.05 <0.05 ns
Ash 40 35 33 32 33 32 0.07 ns ns ns
GE (MJ kg! as is) 5.0 A 8.0° 7.8¢ 7.7 7.3 0.08 ns <0.01 ns

1 values sharing a common superscript letter arsigatficantly different (p<0.05).
2 FCR: feed conversion ratio (g dry feed/g wet weiggin)

3 ERE: energy retention efficiency = MJ energy ¢gai©0/MJ energy consumed

4 PRE: protein retention efficiency = g protein gaib00/g protein consumed
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Figure 2.1.Percent Weight Gain (+ S.E.M.) of fish fed dietshmariable methionine content in
Experiment One (mean initial weight = 18.19).

2.4.2Experiment Two.
1.1.1.1 Response to increasing dietary methionine content

In the second experiment, there was observed highdy significant (p<0.001) linear
effects of dietary methionine content on final wejg-CR, PRE and carcass crude protein contents
and significant (p<0.05) linear effects on %BW gand ERE (Table 2.5). Final weight, FCR and
PRE responses were also determined to have higjmifisant (p<0.001) quadratic and significant
(p<0.05) cubic components. The %BW gain respoaseahsignificant (p<0.05) quadratic
component. Significant improvements in final weighBW gain, FCR and PRE were seen
between those fish fed the diet with the lowesthogine content and those fed all other diets.
Carcass compositions were not significantly diffeyevith the exception of the crude protein
content which fluctuated.

Preliminary evaluation of data assessing the efieetairiable dietary methionine content on
various indicators of growth (final weight, bodyiglet gain, %BW gain, Specific Growth Rate)
suggested that percent BW gain was the most apptepesponse variable with which to fit the
models. This decision was based on statisticaifsignce and as well as its consideration of the
small variations in initial body weight, which mbag especially relevant given the relatively small
numerical variation in final body weights. Nine dets (Table 2.3) were fitted to the data using
dietary methionine content as the independent sarthge weight gain as a percent of initial weight

of each replicate tank as the response variable.
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Table 2.5.Response of fish to variable dietary methioninet@ahin Experiment Two

Polynomial Contrasts

Irlllitslil Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Psoé:\jd Linear Quadratic Cubic
Dietary Met (g kg'DM) 8.6 12.4 14.9 18.2 21.4 - - -
Dietary Met (% CP) 1.4 2.1 2.6 3.0 3.6 - - -
Initial Weight (g fish') 35.2 35.3 34.6 35.1 34.7 0.18 ns ns ns
Final Weight (g fisH) 112.2  119.7 118.4 119.¢9 117.% 0.76 <0.001 <0.001 <0.05
BW Gain (%) 21886 237.% 24268 242  239.F 2.99 <0.05 <0.05 ns
FCR 0.98 0.90° 0.90 0.90° 0.9 0.01 <0.001 <0.001 <0.05
Feed Intake (g/fish) 755 755 75.5 75.5 75.5 0.00 ns ns ns
ERE 41.87 45.4 44.9 46.1 45.8 0.58 <0.05 ns ns
PRE 32.2 39.00 38.4 39.9 39.4 0.82 <0.001 <0.001 <0.05
Survival (%) 100 100 100 100 100 0.00 ns ns ns
Carcass composition as determined (g kgtas is unless otherwise stated)
DM (g kg* as is) 270 290 295 291 296 295 0.16 ns ns ns
CP 184 183 198 19GP 20C° 197°° 0.21 <0.001 ns ns
Lipid 45 96 89 88 90 87 0.15 ns ns ns
Ash 45 23 23 23 23 22 0.03 ns ns ns
GE (MJ kg! as is) 5.9 7.7 7.7 7.6 7.8 7.7 0.06 ns ns ns

! values sharing a common superscript letter arsigafficantly different (p<0.05).
2 FCR: feed conversion ratio (g dry feed/g wet weiggin)
3 ERE: energy retention efficiency = MJ energy gaii©0/MJ energy consumed
4 PRE: protein retention efficiency = g protein gait00/g protein consumed
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All models fit the data well but, based on maximBfrand lowest SSE, the Compartmental
Model (Fig. 2.2) was deemed the most appropriatéaih@xplaining 71% of the variation in
percent body weight gain (Table 2.6) and predictirdietary methionine requirement of between
10.5 (+1.30g 95% confidence intervals) (95% of maxin response) and 13.6gkBM (+ 0.88g
95% confidence intervals) (99% of maximum responsethionine in a diet with 592g kgCP and
6.6g kg' Cys (1.8-2.3% CP Met + 1.1% CP Cys).

Survival was 100% in all treatments.

250 +
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y =301.2 x 8—0.010><x(1 _ e—o.ls(x——o.zs))

230 - R?2=10.71

Body Weight Gain (%)
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=== = e ———— = - —
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Dietary Methionine Level (g kgt DM)
Figure 2.2.Percent Weight Gain (xS.E.M.) (mean initial weigh5.0g) of fish in Experiment

Two with Met requirement as predicted by the Cortipantal model (arrows indicate 95% and
99% of the asymptote).
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Table 2.6.Comparison of goodness of fit and dietary methiemgquirements predicted by nine
nutrient response models based on %BW Gain data Experiment Two (data are ranked

according to R.

Model SSE R? Met concentration Met concentration
(g kg'DM) at 99% (g kg'DM) at 95%
of asymptotic response of asymptotic response
Compartmental 472.7 0.71 13.6 10.5
Broken-Line
: . 4925 0.70 132 N/A
(Linear Ascending)
Broken-Line
. . 492. g 14: N/A
(Quadratic Ascending) 92.5 070 5 /
4-SKM 496.3 0.69 12.8 10.7
5-SKM 496.3 0.69 12.8 10.7
Logistics, 3 Parameters 501.3 0.69 12.6 9.8
Logistics, 4 Parameters 501.8 0.69 12.6 9.8
Exponential 502.1 0.69 12.9 9.8
Sigmoidal 521.6 0.68 9.0 8.7

1 SSE: Sum of Squared Errors

2 requirement predicted by the abscissa of the paakof the curve

2.4.2.1 Response to variable proportions of Met:Cys in the diet.

Percent body weight gain responded in a signiflgdimear fashion (p<0.05) in response to

increasing replacement of dietary Met with Cysjwétsignificantly quadratic component (p<0.05)

(Table 2.9). Protein retention efficiency and easclipid content followed significantly (p<0.05)

guadratic and linear trends respectively. Whiggiicant trend effects were seen, no significant

differences in any parameter were observed betiveatments. Survival was 100% in all

treatments.
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2.4.3Re-evaluation of Coloscet al. (1999) Data.

The nine models previously described were alsedito the %BW gain data of Colosioal.
(1999) for the purpose of assessment of the valafithe model chosen by those authors to
estimate the methionine requirement of barramumtiis re-assessment demonstrated that the
Broken-Line with Linear Ascending Line Model maytiave been the most appropriate model.
Based on high Rand low SSE, three models with a quadratic compbfileSKM, Broken-Line
with quadratic ascending line and the compartmentadel) were shown to describe the response
more accurately. Of these three, the model whidhé data most closely was the five-parameter
Saturation Kinetics Model (Table 2.7) which estieth methionine requirement of between 8.9
(95% of the maximum response) and 10.390yl (99% of the maximum response) compared
with 10.1g kg' by the reported model (reported by the authork0a3g kg').

Table 2.7.Comparison of goodness of fit and dietary methiemgquirements predicted by nine
nutrient response models based on the %BW Gainofi@aloso et al. (1999) (data are ranked
according to R.

MET concentration MET concentration
Model SSE R? (g kg'DM) at 99% of (g kg'DM) at 95% of
asymptotic response asymptotic response

5-SKM 492.8 98.2 10.3 8.9
Broken-Line
(Quadratic Ascending) 528.2  98.0 118 N/A
Compartmental 590.7 97.8 10.6 8.9
Broken-Line

: . 42. 7. 104 N/A
(Linear Ascending) 6420 97.6 0 /
Logistic, 4 Parameter 728.4 97.3 11.7 9.1
Sigmoidal 728.5 97.3 11.7 9.1
4-SKM 765.4 97.1 12.8 9.4
Logistic, 3 Parameter 776.3 97.1 13.1 9.6
Exponential 812.7 97.0 14.0 9.8

1 SSE: Sum of Squared Errors
2 requirement predicted by the abscissa of the p@akof the curve
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2.4.4Essential amino acid composition of juvenile barramandi.

The analysed EAA composition (+Cys) of juvenileraenundi of a similar size to that used
in the present study is presented in Table 2.8damparison with that of the diets.

Table 2.8.Essential amino acid composition of juvenile (ageraveight = 82.1g) barramundi
whole carcass (g 16g N-1) and its relationship hole body Lysine content.

Amino Acid Whole Body Whole Body Relative to Lys %
Arg 5.8 86
His 1.5 22
lle 5.6 83
Leu 3.2 48
Lys 6.7 100
Met 2.3 35
Cys 0.7 10
Phe 3.3 50
Thr 3.5 52
Val 3.5 52

TSAA (Met+Cys) 3.0 44
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Table 2.9.Response of fish to variable dietary Met:Cys coniiefexperiment Twé

Regression
Initial Fish Déet D|7et D;get Déet Dllgt Psogll\jd Linear Quadratic  Cubic

Dietary Met (g kgDM) 13.0 120 109 9.1 6.7 - - -
Dietary Cys (g kgDM) 3.7 4.3 4.8 6.1 7.9 - - -
Proportion of TSAA as Cys (%) 22 26 31 40 54 - - -
Initial Weight (g fish') 35.6 35.6 36.0 354 36.4 0.17 ns ns ns
Final Weight (g fisH) 1147 1139 1158 114.7 1123 0.45 ns ns ns
BW Gain (%) 219.8 2199 221.8 2243 2085 2.03 <0.05 <0.05 ns
FCR 0.96 0.97 0.97 0.95 0.99 0.01 ns ns ns
Feed Intake (g/fish) 75.5 75.4 75.5 75.5 75.4 0.04 ns ns ns
ERE 39.9 41.8 42.2 42.0 41.0 0.45 ns ns ns
PRE 37.6 37.7 38.5 40.8 37.1 0.50 ns <0.05 ns
Survival (%) 100 100 100 100 100 0.00 ns ns ns
Carcass composition as determined (g kgtas is unless otherwise stated)

DM 270 282 292 292 293 293 0.21 ns ns ns

CP 184 190 191 193 195 185 0.15 ns ns ns

Lipid 45 82 89 85 89 93 0.16 <0.05 ns ns

Ash 45 25 24 25 24 25 0.03 ns ns ns

GE (MJ kg! as is) 5.9 7.3 7.6 7.5 7.6 7.6 0.07 ns ns ns

I values sharing a common superscript letter arsigatficantly different (p<0.05).
2 FCR: feed conversion ratio (g dry feed/g wet weggin)

3 ERE: energy retention efficiency = MJ energy gaii©0/MJ energy consumed

4 PRE: protein retention efficiency = g protein gait00/g protein consumed
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2.5 Discussion

The results of the first experiment (ExperimenePsuggested that the previous estimate,
provided by Coloset al. (1999), may have underestimated the true requimefoe Met. In that
experiment, despite the two diets with the higledtusion of Met (and, by extension, TSAA)
being well above the requirement estimated by @aotbal. (1999) for this species, as well as for
other carnivorous fish species (Sveseal., 2001; NRC, 2011), there was no apparent levelfhg
in growth, with percent body weight gains of fisicieasing in a significantly linear fashion in
response to increasing dietary TSAA. This mayheerésult of a number of factors. Firstly, the
one-slope break-point (broken-line model) analysisd by Coloset al. (1999) to estimate the
requirement may have been inappropriate, resultingpnderestimation of the requirement. Non-
linear models, such as the four- and five-paransstiration kinetics models, derived from the
Michaelis-Menten model for enzyme-catalyzed reactielocity (Michaelis and Menten, 1913) and
developed and described by Mercer and others émi@ssof reports (Mercet al., 1975; Mercer,
1980; Mercekt al., 1986; Merceet al., 1989), are considered to be more accurate repiedgmns
of biological responses compared with those whfolhcé responses to conform to straight lines”
(Pestiet al., 2009). In a re-evaluation of the Colat@l. (1999) data outlined in Table 2.7, the
most complex model (the 5-SKM) best described theeosed response but nevertheless predicted
a requirement similar to that estimated by the shope Broken-Line model. This result, however,
may be confounded by the presence of only oneptatd after the asymptotic response. It may be
that more points are required on the downward asyehe slope (as seen in the result of the
present study) to establish a clearer patternaftr decline after the asymptotic response in order
to accurately estimate the growth inhibition comgmairof the model. The Broken-Line with
Quadratic Ascending Line model fitted the data atemually as well and estimated a requirement
for methionine of 11.8g kY This figure is 140% of the requirement predidigdhe Broken-Line
with Linear Ascending Line model used by Col@sal. (1999), highlighting the effect of model
choice in nutrient requirement estimates. Perhapgy have been prudent to conduct this re-
evaluation prior to designing Experiment One, inclilcase higher levels of TSAA would have
been evaluated, possibly resulting in emergeneepbdhteau in the response. This re-analysis,
however, was conducted using only the mean pebmaiy weight gains of each treatment and
should be considered a representation only. ribisclear whether Colosa al. (1999) used the
individual experimental units or averages for tlagalysis, however, consideration of all replicates
and the variation within may have yielded a différesult.

Based on this hypothesis, a greater rangetdry methionine inclusion levels were
investigated in Experiment Two and, as expectaesrégponse in body weight gain (as a percentage
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of initial weight) appeared to reach a peak andimied thereafter. Of the nine nutrient response
models fitted to this data, the Compartmental M@elounted for the greatest amount of variation
in the data (R=0.71), estimating the requirement of juvenile aamandi for methionine to be
between 10.5 (95% of maximum response) and 13.8dRd (99% of maximum response) Met in
a diet with 592g kg CP and 6.6g k§Cys (1.8-2.3% CP Met + 1.1% CP Cys; 2.9 — 3.4% CP
TSAA). It has been suggested previously, thoudglpnaven experimentally to our knowledge, that
amino acid requirements may be affected by, amdmegr ahings, fish size (Twibedt al., 2000).

This is likely based on the observation that fisigeneral have a reduced requirement for dietary
protein with increasing size (Wilson, 2002). Pe@d)ahen, it may be wise to consider the current
requirement figures as being so only for barramwhdie size investigated (18-120g).

If the output of the Compartmental Model is toused to establish the requirement level, it
must be decided whether it is more appropriatetsicler the requirement as being the input
(dietary Met level) which elicits the response B¥®or 99% of the maximum output (growth)
predicted by the model (which are considerablyedéht in this case). This may depend on the
purpose for which the figure is required. Whilatsstically little gain is predicted to be made abo
the 95% level (a significant observation for comeoredrfeed formulators), it is important to report
the asymptote of the response for the purposasibier scientific investigation into the effects of
Met supplementation. This may be especially ralewden it comes to the application of more
sensitive molecular techniques as a means of asgdhe impact of dietary amino acid supply. As
such, both estimates are presented for consideratid the figure is shown with indications of the
Met levels eliciting 95% and 99% of the maximump@sse. The Met requirement estimate of
10.3g kg' proposed by Coloset al. (1999) is within the lower 95% confidence interafithe
prediction by the compartmental model for the MeEl eliciting 95% of the asymptotic response
in the present study, however, is well outside jgtaxhs for maximising growth in this species
(99% of the asymptotic response).

This disparity, when considered on a g'kmsis, is amplified when TSAA requirements are
calculated. This is due to the fact that the prdjpo of Met:Cys was significantly higher in the
diets of Colosat al. (1999) than in those in this study, possibly duariderestimation of the
dietary Cys content in that study. Whilst variapiin soybean meal (SBM) quality has been
widely reported (Dale, 1996; Thakur and Hurburgb)2), the analysed Cys content of this
ingredient used for formulation of the diets (afttmately interpretation of the results) is somewha
low when compared with other published SBM compasitiata, such as that of Cromwetlial.
(1999). Amino acid composition was determined gsautomated amino acid analysis”, however
the authors did not elaborate on the procedure. ubéslwell documented that sulphur amino acids
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can be degraded during the acid hydrolysis stegrono acid analysis, requiring either pre-
hydrolysis oxidation with performic acid (Fountokimand Lahm, 1998; Rutherfurd and Gilani,
2009) or a correction factor be applied. If naitbithese was applied in this case, underestimatio
of the content of these amino acids may have oedyparticularly for Cys of which a large
proportion is readily destroyed by HCI hydrolysis).

It has been reported that Cys can replace bet@@¥n(Abidi and Khan, 2011) and 60%
(Hardinget al., 1977) of the dietary Met requirement of varioisk fspecies. Some authors,
however, have suggested that the Met sparing effeCys may be limited to 3 g KgNRC, 2011).

It was on the basis of this question that the Mptacement value of Cys in diets for barramundi
was investigated as part of Experiment Two.

In that part of the experiment, significant linend quadratic effects on percent weight
gain of increasing replacement of Met with Cys (gsgjing a quadratic response with a shortened
tail), taken with the numerical depression in fhasameter in fish fed the diet with the highestlev
of methionine replacement (Diet 10), indicate thatlimit of the ability of Cys to replace dietary
Met in diets for juvenile barramundi may lie betwet and 54% of TSAA. The depression
observed may also be due to a lower crude andtthtgeprotein content measured in Diet 10,
allowing for the possibility that replacement of My Cys at this high level is also feasible.
Protein retention efficiency and %BW gain responitea significant manner (significant (p<0.05)
guadratic effect on PRE and significant (p<0.08¢dir and quadratic trends in the %BW gain data)
with numerical, but not significant, increaseshage parameters with increasing Cys up to Diet 9
(40% of TSAA as Cys) which suggests that up togokty* Cys may be usable by barramundi.
This figure is only slightly below that used in ttiets in Experiments One and Two (6.6g'kg
suggesting that the majority of the resulting cameldi TSAA component of the diets was usable
and that excess dietary Cys can be excluded asfauwaling factor in the response to increasing
dietary TSAA. The TSAA requirement estimate cantbe considered to be reliable in this case.
If it is accepted that the Cys included in the gliatthe present study was completely usable, this
lends more credence to the theory that the truev@lye of the diets in the study of Colagal.
(1999) may have been underestimated. Confirmatidhe results using diets with lower Cys
inclusion may answer this question.

Another confounding factor in the comparison & thsults of this study with those of
Colosoet al. (1999) is the differences in the crude protein)(Gfhtent of the diets (~590 g kin
this study compared with ~460 gkin that of Coloso). The higher CP content useithénpresent
study is in line with the recommendations of thedfettilisation model of Glencross and Bermudes
(2012) for the ideal protein to energy ratio forraaundi of this size. The consequence of the
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higher CP content being, for example, that the cbetaining the “adequate” level of methionine in
Experiment One (Diet 3), around which the othetseere formulated, was similar in Met content
to the requirement estimated by Col@sal. (1999) on a g k¢ basis, however due to the higher
crude protein content, this proportion on a unipaftein basis was lower. It has been argueddn th
past that EAA requirements may be linked to théadyeprotein content due to a need to maintain a
balance in the dietary amino acid profile (Coweg &tho, 1993). Given the similarities in estimates
of Met requirements between this study and th&absoet al. (1999) when compositions are
expressed on a percentage of crude protein baagears that this may have been a more
appropriate foundation on which to formulate thetsl(at least the Met levels) or that the
differences in CP contents should have been takerconsideration. This however, is in
disagreement with the assertions of the NRC (2@t cite the findings of several studies on Lys
requirements across species where similar estirohtesjuirement were reported in spite of highly
variable dietary CP contents. Perhaps the ciramastis different for EAAs other than lysine,
although there is no published literature compariscthis effect.

An additional implication of the variance in crugie®tein contents of the diets is the
differences this creates in the dietary lysine cositpons. If the ideal protein concept is held as
true, whereby individual dietary EAA requirementayrbe considered proportional to the provision
of Lys, the requirement for Met (and, by extensibBAA), will be affected by the dietary Lys
level. The requirement for Met estimated by Colesal. (1999) was approximately 29.2% that of
the Lys content of the diets and that estimatdtierpresent study was between 28.4% (95% of
asymptote) and 32.8% (99% of asymptote) that ofitetary Lys level. As dietary Lys content in
the present study (39.9gkgr 6.7% CP) was considerably higher than the reqeént of 20.69
kg! (4.5% CP) estimated by Murillo-Gurregal. (2001) and the Lys contents of the diets in the
two experiments differed considerably, the simijaaf the Met requirement figures, when
expressed as a proportion of dietary Lys, supgbegxoncept of amino acid balance in dietary
formulation. This ideal proportion of dietary Meys (Met~ 30% of dietary Lys content) is also
reflected in the whole body amino acid profile loé fish, suggesting the “ideal protein” on this
basis is an accurate approximation of the essartiaio acid requirements of barramundi (at least
for Met) as has been suggested for other speciR€(12011).

Calculations for predicted TSAA requirement asigction of Lys content yielded figures of
38% of Lys content for the Colosbal. (1999) data and 43-48% of the Lys content in tiesent
study, highlighting the major contribution of thariation in dietary Cys content to the overall
differences in TSAA requirement estimates betwé&enwo studies. Similarly to the requirement
for Met, this calculated requirement for TSAA (4894 of the Lys content) in the present study is
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similar to the whole body TSAA content (44% of LyRirther suggesting that the level of Cys used
in the present study was appropriate. This relatignis also seen between the Met requirement of
Channel Catfishl¢talurus punctatus) (Hardinget al., 1977) and the TSAA requirement of Rainbow
Trout (Oncorhynchus mykiss) (Baeet al., 2011) and their respective contents in the cassas
(according to the data of Wilson and Cowey (1985)).

Conclusion

This study represents a comprehensive reassesefrteet TSAA requirement of juvenile
barramundi. The results confirm the establishedirement for Met by juvenile barramundi, when
expressed as a proportion of dietary crude protéith,8-2.3% CP (reported as 2.24% CP by
Colosoet al. (1999)). An updated requirement for TSAA of 2.49% CP was also established.
The impact of selection of an appropriate modekfiimation of amino acid requirements, proper
interpretation of the outputs of that model andiohof the mode of expression of amino acid
requirements are highlighted in this study. Essaibhent of reliable estimates of requirement for
individual essential amino acids is paramount eéogfoper design of further studies for
advancement of our understanding of amino acid lmoéitan in fish (i.e. investigation into the
metabolic effects of nutrient deficiency, sufficdgrand excess). In order to get a better
understanding of the mechanisms behind the stimglaffect of amino acid supply on growth in
fish, it is important to define the roles they playthe various protein and energy metabolism

pathways.
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Chapter 3 - Postprandial plasma free amino acid pritle and hepatic
gene expression in juvenile barramundil(ates calcarifer) is more
responsive to feed consumption than to dietary metbnine
inclusion.

3.1 Abstract

The effects of dietary methionine (Met) supptytbe postprandial pattern of plasma free
amino acids and the differential expression of ssvgenes associated with a number of sulphur
amino acid and protein turnover pathways in therlf juvenile barramundLétes calcarifer) was
investigated. At the conclusion of a 49-day growitl assessing the requirement for dietary Met,
three treatments were selected (with deficient DE#; 8.6g/kg), adequate (MetADQ; 14.9g/kg)
and excessive (MetEXC; 21.4g/kg) levels of dietdst, based on their respective growth
responses. A peak occurred in plasma free Mdt ab&t-feeding in fish fed the MetDEF and
MetADQ diets and at 4h post-feeding in fish in MetEXC treatment. Liver samples collected at
these timepoints, as well as those taken as agpiirfg control, were analysed for expression of
genes involved in Met turnover (CGL, MAT-1, MAT-2ahd taurine biosynthetic pathways
(CSAD, ADO, CDO), target of rapamycin inhibition€gd-1), the somatotropic axis (GHR-II, IGF-
[, IGF-II) and protein turnover pathways (MUL-1, ZERD-5). Markers of sulphur amino acid
turnover were more significantly affected by tinfeeafeeding than by dietary Met level,
suggesting production of these enzymes may be plymagulated by the consumption of feed or
protein, rather than by the composition. Furtheztaholised Met appeared likely to have been
directed through S-Adenosylmethionine (SAM) depengathways, rather than converted to Cys,
which may have contributed to the observed groetiponse. Both genes influencing the
conversion of Met to SAM appear to be active a tifestage in barramundi. Elevated expression
of the Tau biosynthetic pathway genes CDO and C8»aibe livers of fish in the MetEXC,
compared to the MetDEF, treatment after 24 howawvation suggested Tau biosynthesis may be
important in this species. Pre-feeding IGF-1 expi@s in response to Met supplementation
reflected the long term growth responses seen, Vienvthese differences were less pronounced
after feeding. Previously described markers ofgolytic pathways appear to be conserved in this
species and we have confirmed that ZFAND-5 isialkd biomarker of this process in barramundi.
A number of important genes were investigatedHerfirst time in this species and shown to be

nutritionally regulated.
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3.2 Introduction

Consideration of essential amino acid inclusiotheformulation of diets for carnivorous
fish species has become progressively importargaant years with the increased replacement of
fishmeal with alternative sources of protein sushearestrial plant meals. This is especially
important for methionine (Met) given that it iseftthe first limiting amino acid in diets contaigin
high levels of non-cereal plant meals such as soybeeal (Takagit al., 2001; Hansest al.,

2007).

Methionine plays several important roles in fishtabelism. It, and its metabolite cysteine
(Cys) are two of the 20 proteinogenic amino acitigecty make up the many proteins in the body
and, as such, are essential for muscle synthedjglars, growth of the animal. In addition, itis
precursor for a number of key metabolic compoumisyding S-Adenosylmethionine (SAM),
which is considered the most important biologicatimyl donor (Garcia-Trevijanet al., 2000) and,
as a sulphur amino acid, may contribute to the yoctidn of taurine, another metabolically
important amino acid which is low or absent inastrial plant meals. As such, the requirements
for, and metabolism of, methionine is substantiallyre complex than that of those amino acids,
such as lysine, which are primarily proteinogenic.

Dietary sulphur amino acid (SAA) supply has beekdd to growth modulation through
several mechanisms. One key component of grovitieisieposition of body protein, the sum
result of the balance of protein degradation amdh®sis. These processes aneer the control of
a number of systems, some of which may be affdayatietary Met supply. Expression of markers
of the ubiquitin-proteosome and autophagy-lysosgmatieolytic pathways in the white muscle of
rainbow trout Oncorhynchus mykiss), for example, have previously been suggeste@to b
influenced by the level of dietary Met by Belg#tital. (2014). The mechanism of this response is
not fully understood but it may be related to eittine induction of hormonal changes or the role of
Met as a signal for a range of metabolic processekiding protein synthesis, a role which has
gained increasing attention in recent years (Kirdoadl Jefferson, 2006; Hevrayal., 2007,
Lansardet al., 2010).

The target of rapamycin (TOR) pathway, too, is tifduo be a major contributor to the
regulation of growth in animals through its rolestimulating protein synthesis (Mennigetral.,
2012). It has been studied extensively in teri@sinimals (see review by Hay and Sonenberg,
2004) but has only recently been investigated ratiq species (Seiliez al., 2008; Seiliezt al.,
2011; Lianget al., 2016). This pathway, in turn, is linked to aretlriver of growth in animals,
the somatotropic axis, or GH/IGF system. Thiseysof factors, incorporating a series of binding
proteins, growth factors and growth hormone reaspgiimulates muscle growth through the
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stimulation of amino acid transport as well as Rixskscription and cellular protein synthesis
(Clemmons and Underwood, 1991) and has been shpwolandet al. (2015b) to be affected,
directly or indirectly, by Met availability in distfor rainbow trout.

The availability of amino acids for roles supplertaen to acting as substrates for protein
synthesis can be directly influenced by both thgpsuof the precursor amino acids required for
their synthesis, when limiting (for the non-essardimino acids), and by the demand for synthesis
of their product amino acids. Amino acid biosynithand degradation pathways involve a series of
complex reactions catalysed by substrate-specifigraes. Substrate and product availability has
been shown to directly influence the activity of #gimino acid biosynthetic enzymes (Fafourneux
al., 2000) but few studies have investigated theioelahip between the levels of specific amino
acids and the expression of the genes responsibtad control of these pathways in fish. With the
increasing use of molecular techniques in the saidlze nutritional regulation of growth in fish, i
is important to characterise the relationship betwgene expression and phenotypgponses such
as enzyme activity and substrate/product turnover.

The purpose of this study was to investigate thehaeisms by which barramundi
metabolise Met and to examine what effect the let'é&k supply in the diet had on some important
growth-related metabolic/gene expression pathways.

3.3 Materials and Methods
3.3.1Diets

Three diets (Table 3.1) were selected from a presly published TSAA requirement
growth trial (Poppkt al., 2017): those diets that elicited the minimum arakimum growth
responses, as well as one with an apparently exedssel of Met/TSAA (causing a depression in
growth in that study). These diets were designaseeither Met deficient (MetDEF; 8.6g/kg),
adequate (MetADQ); 14.9g/kg) or excessive (MetEXT48/kg) with a constant Cys content of
6.6g kg' DM.

All diets were otherwise formulated to be equadlirother dietary components (with the
exception of glycine which was used to replace Mat) to exceed the requirements of this species
for all amino acids not under investigation, basedhe ideal protein concept with reference to the
amino acid profile reported by Glencragsl. (2013).

Diets were produced on a laboratory-scale twiewsaextruder (MPF24; Baker Perkins,
Peterborough, UK), with intermeshing, co-rotatiegesvs following the protocol of Glencrosisal.
(2016), using a 3mm diameter die in order to predugllets of ~ 4mm diameter. After drying, the
pellets were vacuum coated with their oil allocatio produce a sinking feed.
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Table 3.1.Formulations and analysed compositions of experiaialiets.

MetDEF MetADQ MetEXC
Ingredients (g kg?)

Fishmeal 150 150 150
SPC 490 490 490
Fish oif 100 100 100
Cellulose 76 76 76
Pregel Starch 53 53 53
CaHPQ 20 20 20
Vit. and Min. Premix 6 6 6
Choline C14 1 1 1
Marker (Y203) 1 1 1
DL-Met - 6.5 13.0
L-Tau 5.0 5.0 5.0
L-Gly 13.0 6.5 -
EAA Premix P 85 85 85

Composition as determined (g kg'DM unless otherwise stated)

DM (g kg as is) 960 954 957
CP 600 582 589
DP 530 519 520
Lipid 116 117 114
Ash 67 67 67

GE (MJ kgt DM) 22.5 22.5 22.2
DE(MJ kgt DM) 14.9 15.7 13.9
Arg 44.3 44.3 44.0
His 17.3 16.7 16.4
lle 28.6 29.0 28.7
Leu 46.1 29.2 44.7
Lys 39.4 40.7 40.0
Met 8.6 14.9 21.4
Cys 6.6 6.8 6.6

Phe 34.9 34.4 34.8
Thr 29.7 31.1 29.7
Val 35.4 35.6 35.2
Tau 6.4 6.5 6.3

!Fishmeal: Chilean anchovy meal, Ridley AquafeedsaNgba, QLD, Australia.

2 Fish (anchovy) oil: Ridley Aquafeeds, NarangbaPQRustralia.

3Vitamin and mineral premix includes (IU/kg or gffpremix): retinol, 2.5 MIU; cholecalciferol, 0.281U; a-tocopherol,16.7g; Vitamin K3,1.7g;
thiamin, 2.5g; riboflavin, 4.2g; niacin, 25¢; patfitenic acid, 8.3g; pyridoxine, 2.0g; folate, 0.8@amin B12, 0.005g; Biotin, 0.17g; Vitamin C,
759; Inositol, 58.3g; Ethoxyquin, 20.8g; Coppeb®.Ferrous iron, 10.0g; Magnesium, 16.6g; Mangan&s.0g; Zinc, 25.0g.

4 Choline chloride 70% corn cob

5 Essential amino acid premix 1 consisting of (¢ k§ premix): Taurine, 55.6g; L-Isoleucine, 66.7gValine, 111.1g; L-Histidine, 55.6g; L-
Leucine, 166.7g; L-Phenylalanine, 77.8g; L-Threenit23.3g; L-Lysine, 166.7g; L-Arginine, 166.79.
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3.3.2Fish management

This experiment was conducted in accordance \wahAustralian Code of Practice for the
Care and Use of Animals for Scientific Purposeslannthe approval of the CSIRO Animal Ethics
Committee (approval number: A6/2014) and The Ursigiof Queensland Animal Ethics
Committee (approval number: CSIRO/QAAFI/391/14).

3.3.2.1 Preconditioning
Twenty one juvenile barramundidtes calcarifer) (mean initial weight: 116g) were housed
in each of three replicate 1000L tanks per treateaving been randomly assigned to these tanks
at the commencement of a 49 day growth trial precethe current experiment (Popgpial.,
2017). These fish were fed their respective dibis same as was fed throughout the growth trial)
to satiety once daily for a further two weeks befsampling commenced.
All feed was refrigerated (< 4°C) except duringqas of feeding and ration preparation.
The experimental system was set up such thattaakhwas supplied with ~ 3 L/min flow
of continuously aerated marine water (~35PSU) o629 £ 0.2°C for the duration of the interim
and experimental periods. Photoperiod manipulatias achieved using artificial lighting set at
12:12 (light:dark), supplemented with a similar fpzriod of natural light provided by evenly

distributed opaque roof panels.

3.3.2.2 Feed Ration Determination

For three days prior to the sampling day, feedkmt@ver a five minute period (the allotted
time for feeding on sampling day) was assessedhandverage intake of the poorest feeding tank
was assigned as the feed ration (1.3g%ish order to ensure all tanks consumed the saremge

ration to negate any impact of large-scale vangitiofeed intake on the postprandial response.

3.3.3Sampling

On the day of sampling, the mean weights of theifisesach treatment were as follows:
MetDEF (132g), MetADQ (135g), MetEXC (132g). Thifezh were randomly selected from each
tank 24 hours after their last meal and eutharigean overdose of anaesthetic (AQUM%(zero
hour control). All fish were individually weighexhd checked for stomach contents. A volume of
blood greater than 1ml was removed from the caweial by heparinised syringe, centrifuged at
6000 rpm for 2 min, and the plasma separated flantkotted material. At this time, samples of
liver tissue were also collected and immediatefcet with the plasma samples on dry ice before
storage at -80°C until required for analysis. Témaaining fish were allowed to recover for a
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further two hours before being fed the assignedmatFeeding was undertaken over a period of
five minutes and in such a fashion as to ensur®lédwing sample points were completed at
precise intervals after feeding of each tank. raflons were consumed within this feeding period.
One, two, four, eight, 12 and 24 hours after fegdihree fish were again randomly selected
from each tank and processed as previously descriS®mmach contents were assessed for the first
four hours after feeding. Seven fish out of th8 $4@mpled during this period were observed not to
have consumed any feed and were excluded from saglyAll other fish were determined to have

consumed a similar amount of feed.

3.3.4Chemical analyses

Plasma samples were deproteinised by addition @flZ&etonitrile to 6Ql each of plasma
sample and a 500/ internal standardot Aminobutyric acid) according to the protocol of\2y
and Ersser (1990). Samples were centrifuged @ 22or four minutes at % and the
supernatant extracted for analysis. The amino @meposition of this supernatant was determined
by reverse-phase ultra high-performance liquid etatmgraphy after pre-column derivatisation
with 6-aminoquinolyl-N-hydroxysuccinimidyl (AQC)Analyses were undertaken on a Shimadzu
Nexera X2 series UHPLC (Shimadzu Corporation, Kyd&pan) with a quaternary gradient
module, coupled with a Shimadzu RF-20A XS promireihworescence detector using the Waters
AccQtag system (Waters Corporation, Milford, MA).

3.3.5Molecular analyses
3.3.5.1 RNA extraction and cDNA synthesis

Total RNA was isolated from frozen hepatic tissweo(fish per tank per timepoint; n=6 per
treatment per timepoint) using the Trizol (Invitesg method according to the manufacturer’s
instructions and precipitated in equal volumessopropyl alcohol and precipitation solution (0.8M
disodium citrate with 1.2M sodium chloride in ufitae distilled water) (Green and Sambrook,
2012). The extracted RNA was DNase digested ubi@d urbo DNA-free kit (Applied
Biosystems) before assessment of RNA quantity NaroDrop spectrophotometer (NanoDrop
Technologies) and quality using RNA nanochips (&gil#5067-1511) in a bioanalyser (Agilent
Technologies). All RNA samples were normalise@@0ng/ul.

Total RNA (Jug) was reverse-transcribed using the Supersctifitst strand synthesis
system (Invitrogen) with 28M oligo(dT)20 and 2M random hexamers (Resuehr and Spiess,
2003).
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Table 3.2.Target genes of sulphur amino acid and protemoter; and growth in barramundi, and

the primer sequences used in the gPCR assaysioéxipeession.

TargetGené ANCS;S;(:” Primer Name Sequence Length
Met and Cys metabolism
MAT-1 XM_018678413 MAT1 qPCRF1 TGTCAATCTCCTTGTTCACCT 21
MAT1 gPCR R1 GCCTCTTCAGATTCAGTTCC 20
MAT-2a XM_018669469 MAT2a- qPCR F2 GAGACCGATGAGTGTATGCCT 21
MAT2a- gPCR R2  ACCGTAACCTGTGTCTTTGAG 21
CGL XM_018673132 CGL gPCR F2 CACAAGACGAGCAGAACGAC 20
CGL gPCR R2 CACCACAGCCATTGACTTCC 20
Tau metabolism
CDO XM_018674402 CDO-qPCR F2 GTTGCCTACATAAATGACTCCA 22
CDO- gPCR R2 CTGTCCTCTGGTCAAAGGTC 20
CSAD XM_018666199 CSAD qPCR F1 GTACATTCCACCAAGTCTGAG 21
CSAD gPCR R1 CCCAGGTTGTGTATCTCATCC 21
Somatotropic axis
IGFE-I XM_018697285 IGF-1gPCR F2 CTGTATCTCCTGTAGCCACAC 21
IGF-1 gPCR R2 AGCCATAGCCTGGTTTACTG 20
IGE-II XM_018664155 IGF-Il gPCR F1 AGTATTCCAAATACGAGGTGTG 22
IGF-1l gPCR R1 GAAGATAACCTGCTCCTGTG 20
GHR-II XM_018702499 GHR-2 qPCR F2 CGTCCATATCCCATCTAAAGTGTC 24
GHR-2 gPCR R2 GTCATTCTGCTCCTCAATGTC 21
Proteolysis
MUL-1 XM_018686248 Mull gPCR F1 GGCTTCCGTTATTTCCTCAC 20
Mull gPCR R1 TGCTCTCCTCTATGTTAAGTTCAC 24
ZFAND-5 XM_018669382 ZFAND5gPCRF1 CTAGAGCCTGTTGTAAGCCA 20
ZFAND5 qPCR R1 CTCGGCCTTGTAATCATAGGG 21
TOR activity signaling
Redd-1 XM_018699192 Redd1 gPCR F2 TTTCAGCACATCCACTAACGG 21
Reddl gPCR R2 CCACTACTTCTTTCAGGATTGTC 23
Control genes
Luc NA LucgPCR F GGTGTTGGGCGCGTTATTTA 20
Luc gPCR R CGGTAGGCTGCGAAATGC 18
EFla NA Lcal EFln F AAATTGGCGGTATTGGAAC 19
Lcal EF R GGGAGCAAAGGTGACGAC 18

IMAT-1, methionine adenosyltransferaseMAT-2a, methionine adenosyltransferase-2&L, cystathioniner-lyase;CDO, cysteine dioxygenase;
CSAD, cysteine sulphinic acid decarboxylalkgF-I, insulin-like growth factor-1)GF-I1, insulin-like growth factor-lIlGHR-I1, growth hormone
receptor-1;MUL-1, mitochondrial ubiquitin ligase activator of NdB-1; ZFAND-5, zinc finger AN1-type domain-Redd-1, regulated in
development and DNA damage responsktt; luciferaseEF1a, elongation factor d
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3.3.5.2 Quantitative real-time RT-PCR

The differential expression of several genes aasetiwith the somatotropic axis and
sulphur amino acid and protein turnover pathways assessed by real-time quantitative
polymerase chain reaction (rt-gPCR) as follows.

Real-time PCR primers were designed for each ofaiget genes using PerlPrimer version
1.1.21 (Marshall, 2004), using sequences of gaaggrients, or whole genes, in a partial,
unannotated barramundi transcriptome (Heiod., 2017), showing a high level of homology with
published sequences of known genes from relatedesppeSequences of genes described in an
annotated barramundi transcriptome published #ftecompletion of this experiment were
identical to those derived for this study. GenBankession numbers and primer sequences for all
genes are presented in Table 3.2.

A five-fold serial dilution of pooled cDNA from alamples to be analysed was PCR-
amplified and the slope of the standard curve usegtimise the efficiency of each primer to
between 95 and 105%. A pool of DNase-digested RIdé also PCR-amplified at this time to
verify the absence of genomic DNA contaminatioreaRime PCR amplification of the equivalent
of 7.5ng of reverse-transcribed RNA was conductdgi2X SYBR Green PCR Master Mix
(Applied Biosystems) and UM RT-PCR gene-specific primers. Reaction compahere
allocated to each well of a MicroAmp Optical 384Hweaction plate (Applied Biosystems) using
an epMotion 5070 robot (Eppendorf). Each reactas run in triplicate on a Viia7 real-time PCR
system (Applied Biosystems). Amplification cyclendlitions were: 2 minutes at%Dand 10
minutes at 9%C, followed by 40 cycles of 15 seconds at®and 40 seconds at%R Dissociation
melt curves for each gene were assessed afterfenaipdin to confirm the specificity of the
primers. Variation in gene expression magnitudeveen treatments over time was assessed by
normalisation of the cycle threshold values forhegene to that of the elongation factar(EF o),
as used in several other gene expression studileshig species (De Sanssal., 2011; Wadet
al., 2014; Salinet al., 2015), and Luciferase reference genes. Amptiboavariation of these

genes was 1.35 cycles and 2.58 cycles respectivbigh did not change significantly over time.

3.3.6Statistical analysis

Plasma amino acid contents (n=9 per treatmentimpepoint) and gene expression (n=6 per
treatment per timepoint) values are expressed assneith their standard errors. All data was log-
transformed to obtain homoscedasticity prior toysisa. The effects of dietary treatment and time
after feeding on both plasma amino acid compostiath gene expression were determined by two-
way ANOVA. Differences between treatments grouansewithin timepoints and between
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timepoint means within treatment were measuredukey's Honestly Significant Differenqaost-

hoc test. Any differences were considered significrdan alpha level of 0.05. Correlations
between Met intake and either peak plasma Metd$emethe area under the plasma Met curve were
examined using Pearson’s correlation test. Atidtteal analyses were conducted in the R-project
statistical environment (R Core Team, 2014).

3.4 Results
3.4.1Plasma amino acid contents

Plasma amino acid levels fluctuated significanthgrotime after feeding (Figs. 3.1, 3.2 and
3.3; and Tables Al, A2 and A3 in Appendix A). Lesspeaked between one and four hours post-
feeding and returned to pre-feeding levels by I fafter the meal in most cases. A secondary
peak was also seen at 12h post-feeding for aspanitic(Asp), glycine (Gly), arginine (Arg) and
alanine (Ala). For brevity, only those amino acidsch showed significant or relevant patterns of

response are addressed in the discussion section.
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Figure 3.1 Concentrations of total free amino acids (TFARggent in the plasma of juvenile

barramundi over a 24 hour period following consuompbf a single meal containing either a

deficient (MetDEF), adequate (MetADQ) or excesgMetEXC) level of dietary methionine.
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A significant effect of time (p<0.05) on total amdlividual plasma amino acid contents was
observed for all essential and non-essential amonds measured, with the exceptions of glutamic
acid (Glu) and tyrosine (Tyr) (Fig. 3.3) which ramed elevated throughout the sampling period.
Tyr levels were subject to large variation withieatments, possibly contributing to the lack of
significance of the response, the average of wttidtvary over time.

Significant dietary effects were seen only for tmae (Thr), which remained elevated for a
longer period in the plasma of fish fed the Metesscdiet, and for Gly and Met, the only two amino
acids which varied in the dietary formulation, wisponses reflecting their level in the diet.
Plasma Met (Fig. 3.2) was significantly higher (L) in fish fed the MetEXC diet than those in
the MetDEF treatment at the pre-feeding timepaonat further diverged at 1h post-feeding, being
significantly higher in fish fed the MetEXC dietah those fed the MetADQ diet, which, in turn had
significantly greater levels than those in the Meftreatment. This significant separation was
maintained until 8h after the meal. Met intake \Wwaghly significantly positively correlated to both
the peak plasma Met content (r = 0.939, p<0.00d)the area under the plasma Met curve (i.e. the
longevity of the elevation in plasma Met) (r = (699<0.001). Plasma Gly (Fig. 3.2) levels were
significantly lower in fish fed the MetEXC diet thahose fed the MetDEF diet at 1h post-feeding.

3.4.2Gene expression
Expression of the target genes was assessed irifigae of those fish sampled after 24 hours
starvation (the pre-feeding or zero-hour timepgoias)well as those taken at two and four hours

post-feeding, where the peaks in plasma Met arad figte amino acids were seen.
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Figure 3.1.Concentrations of individual essential amino agidsent in the plasma of juvenile

barramundi over a 24 hour period following consuompbf a single meal containing either a

deficient (MetDEF), adequate (MetADQ) or excesgMetEXC) level of dietary methionine.
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3.4.2.1 Met and Cys metabolism

The differential expression of three genes (meih® adenosyltransferases 1 and 2a (MAT-
1, MAT-2a) and cystathionine gamma-lyase (CGL)pimed in the turnover of Met and Cys in the
liver tissue of juvenile barramundi in responsgddable dietary Met over time after a meal is
presented in Fig. 3.4. Expression of MAT-1 and M2d was significantly affected by time
(p<0.001; Oh=4h; Oh<2h>4h). CGL expression lewadse also significantly affected by time
(p<0.001; Oh<4h; Oh<2h>4h). No effect of treatmeats observed.
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Figure 3.3.Transcript levels of selected genes (A, MAT-1MAT-2a; C, CGL) of

methionine and cysteine metabolic pathways inithex tissue of juvenile barramundi sampled
prior to (OH), and two (2H) and four (<) hours after, consumption of a single meal coimagin
either a deficient (MetDEF), adequate (MetADQ) recessive (MetEXC) level of dietary
methionine. Values were normalised to those afgdtion factor & (Efla) and log10
transformed. Values presented are means (n=6) f®iresented by vertical bars).
Significance analyses were performed by Two-Way AMQvith post-hoc analysis by way of
Tukey’s honestly significant difference test. Guhs with the same superscript letter are not
significantly dfferent. Letters are presented in order of magtgtfrom largest to smallest R
Gene abbreviations can be found in Table 3.2.
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3.4.2.2 Taurine metabolism

The differential expression of two genes (cystaimxygenase (CDO) and cysteine
sulphinic acid decarboxylase (CSAD)) involved ie 8ynthesis of Tau from precursor amino acids
in barramundi fed the three experimental diets ags®ssed and is presented in Fig. 3.5. A
significant effect of time on the expression oftbgenes was observed (p<0.001; Oh=4h;
Oh<2h>4h). Additionally, CDO expression was sigrafitly affected by treatment (p<0.05;
MetDEF=MetADQ; MetADQ=MetEXC; MetDEF<MetEXC), with significant treatment:time
interaction effect (p<0.05) also observed (p<ONBIEXC>MetDEF at Oh timepoint).
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Figure 3.5. Transcript levels of selected genes (A, CDO; BAD) of taurine biosynthetic
pathways in the liver tissue of juvenile barramuseiinpled prior to (OH), and two (2H) and four
(4H) hours after, consumption of a single meal ammg either a deficient (MetDEF), adequate
(MetADQ) or excessive (MetEXC) level of dietary mienine. Values were normalised to those of
elongation factor d (Efla) and log10 transformed. Values presented are sngert) +S.E.
(represented by vertical bars). Significance ys&d were performed by Two-Way ANOVA with
post-hoc analysis by way of Tukey’s honestly significarffelience test. Columns with the same
superscript letter are not significantly differemtetters are presented in order of magnitude from
largest to smallest RQ. Gene abbreviations cdol®l in Table 3.2.
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3.4.2.3 Somatotropic axis

The effect of dietary Met intake on the expressibaelected genes of the somatotropic axis
(insulin-like growth factors | and Il (IGF-1, IGH)land growth hormone receptor Il (GHR-II)) over
time was observed (Fig. 3.6). A significant effettime on expression of IGF-I (p<0.001; Oh=2h;
Oh>4h; 2h>4h), IGF-II (p<0.001; Oh>4h; Oh<2h>4hyi&@HR-II (p<0.001; Oh>2h>4h) was
observed. Expression of IGF-11 was additionallyrsiicantly affected by treatment (p<0.05;
MetDEF=MetADQ; MetADQ=MetEXC; MetDEF>MetEXC). Agificant treatment:time
interactive effect on the expression of IGF-1 we® abserved (p>0.05; MetADQ and
MetEXC>MetDEF at Oh timepoint).
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Figure 3.4.Transcript levels of selected genes (A, IGF-1; BFHI; C, GHR-II) of the somatotropic
axis in the liver tissue of juvenile barramundi géexd prior to (OH), and two (2H) and four (4H)
hours after, consumption of a single meal contgimither a deficient (MetDEF), adequate
(MetADQ) or excessive (MetEXC) level of dietary mieinine. Values were normalised to those of
elongation factor d (Efla) and logl0 transformed. Values presented are sngert) £S.E.
(represented by vertical bars). Significance ys&d were performed by Two-Way ANOVA with
post-hoc analysis by way of Tukey’s honestly significarffelience test. Columns with the same
superscript letter are not significantly differemtetters are presented in order of magnitude from
largest to smallest RQ. Gene abbreviations caoul@ in Table 3.2.
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3.4.2.4 Protein degradation

The differential gene expression of two indicatofrprotein degradation (mitochondrial
ubiquitin ligase activator of Nkp-1 (MUL1) and zinc finger AN1-type domain-5 (ZFAND)) in
the hepatic tissue of fish fed the three experiadatiets was assessed and is presented in Fig. 3.7.
A significant effect of time (p<0.001; Oh=2h; Oh>4n>4h) and a significant treatment:time
interaction effect (p<0.05; 2h>4h for MetDEF;0h>4h MetADQ) on the expression of MUL1
was observed. ZFAND-5 expression was significaatfgcted by both time (p<0.001; Oh>4h;
Oh>2h>4h) and treatment (p<0.01; MetDEF=MetADQ; MEF=MetEXC; MetADQ>MetEXC).
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Figure 3.7.Transcript levels of selected genes (A, MUL-1ZBAND-5) of proteolytic pathways

in the liver tissue of juvenile barramundi sampber to (OH), and two (2H) and four (4H) hours
after, consumption of a single meal containingezith deficient (MetDEF), adequate (MetADQ) or
excessive (MetEXC) level of dietary methionine.|0é&s were normalised to those of elongation
factor Jon (Efla) and log10 transformed. Values presented are snge®) +S.E. (represented by
vertical bars). Significance analyses were peréa by Two-Way ANOVA withpost-hoc analysis

by way of Tukey’s honestly significant differen@st. Columns with the same superscript letter are
not significantly different. Letters are preseniedrder of magnitude from largest to smallest RQ.
Gene abbreviations can be found in Table 3.2.
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3.4.2.5 TOR activity signalling (protein synthesis).

Reddl (regulated in development and DNA damagmrese-1) was used as an indicator of
TOR pathway inhibition due to a lack of sufficig@mogeneity between published piscine TOR
gene sequences and those of the gene fragmenis pratial barramundi transcriptome. The effect
of the dietary treatments on expression of thisegarbarramundi hepatic tissue is presented in Fig.
3.8. Whilst large variation in expression leveh ¢e seen within the MetADQ treatment at the pre-
feeding timepoint, a significant effect of time gane expression was seen (p<0.001; Oh>4h;
Oh<2h>4h) as well as a significant treatment:tinteriaction (p<0.05; MetADQ>MetDEF at Oh

timepoint).
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Figure 3.5.Transcript levels of Redd-1 (signifying inhibitiaf the TOR pathway) in the liver
tissue of juvenile barramundi sampled prior to (0&f)d two (2H) and four (4H) hours after,
consumption of a single meal containing eitherfecaat (MetDEF), adequate (MetADQ) or
excessive (MetEXC) level of dietary methionine.lués were normalised to those of elongation
factor Jn (Efla) and log10 transformed. Values presented are sn@ger®) =S.E. (represented by
vertical bars). Significance analyses were perém by Two-Way ANOVA withpost-hoc

analysis by way of Tukey’s honestly significantfeience test. Columns with the same supers
letter are not significantly different. Lettergegresented in order of magnitude from largest to
smallest RQ. Gene abbreviations can be found InheT& 2.
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3.5 Discussion

Traditionally, feed formulations have included amacids at levels well in excess of their
reported requirements, however, the use of plasteprs with amino acid profiles considered
“imbalanced” to that required by the animal hasassttated the increased use of supplementary
amino acids which are both expensive and, if noinbigoroperly within the feed matrix, less
efficiently used (Peres and Oliva-Teles, 2005; Ardbkaret al., 2009). The re-evaluation of the
requirement of barramundi for Met/Total Sulphur AumiAcids (TSAA) reported in Chapter Two,
concluded the requirement to be between 10.5 ariy Kg* of diet dry matter (1.8-2.3% CP) (also
published as Poppt al., 2017). While it is important to know this regernent figure, it's equally
as important to define why the animal requiresritigient. Does it have direct effects on metabolic
processes or can other dietary nutrients, which loeaynore abundant in available ingredients fulfil
the same roles? Cysteine, for example, which @ivelly abundant in Met-deficient soybean meal,
has been shown able to constitute 40% and posgiblg 54% of the TSAA content in the diet of
barramundi without significantly compromising grémsparing Met in the process (Poppal.,
2017). In the present study, we investigated tfezeof variable dietary Met on the metabolism of
plasma amino acids and the differential expressf@everal genes associated with markers of
growth and sulphur amino acid metabolism and pndiginover.

In this study, dietary Met supply appeared to haweffect on the presence of other
essential amino acids, nor any non-essential aagids, in the plasma, contrary to the findings of
Rollandet al. (2015a), who found that dietary Met significardiyected the plasma concentrations
of all EAAS, in particular the branched chain amawids. It might have been expected that Cys or
Tau might have been more abundant in the plasrfiahoin the MetADQ and MetEXC treatments
once the metabolic/protein synthetic requiremeniMet had been fulfilled and circulating Met
became increasingly available for other processed) as synthesis of these metabolites. This
wasn’t apparent, however, possibly due to thesa@atids having been already supplied in the
diet above adequate levels. The significant respoto dietary treatment seen for Met and Gly are
almost certainly an artefact of their supply in thet, given that plasma levels were highest inh fis
fed the diets with the greatest inclusion of thepeetive amino acid and lowest in fish in the low
inclusion treatment. The postprandial peak inmp@$et of 115 nmol mt at four hours post-
feeding in fish fed a diet with an adequate indaosif dietary Met compares well with a peak of
around 130 nmol mit at seven hours post-feeding in rainbow tr@ndor hynchus mykiss) fed a
fishmeal-based diet (where dietary methionine Wss provided to meet EAA requirements) by
Larsenet al. (2012). Itis not clear why excessive dietarytMad to a prolonged peak in plasma
Thr, nor why substantial reduction in circulatiryéls of alanine (Ala) and aspartic acid (Asp) at
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eight and four hours post-feeding respectivelypfeéd by immediate return to a secondary peak at
the following timepoint was observed. While anilgt error seems evident, similar rapid
fluctuations in plasma amino acid levels were alsserved by Larsest al. (2012).

Another important aim of this study was to inveategdifferences in the mechanisms by
which barramundi metabolise Met when it is nutnily limiting, as opposed to supplied in
excess. The main hypothesis being tested washhaenes responsible for Met turnover, and that
of subsequent metabolites, would respond in awiep-fashion to increasing dietary Met supply,
with more Met in the diet resulting in a greateudleof gene expression to produce more of each
specific enzyme for processing of this additioeakl of Met. This, however, wasn’t what the gene
expression data revealed. Despite significaneckfices in plasma Met contents between
treatments at two and four hours post-feeding, bse=oved very little, if any, effect of the dietary
levels of Met on the expression of the genes fdlenzymes.

Methionine adenosyltransferase (MAT) catalysedahmation of SAM from Met and ATP
and is the product of two genes (MAT1 and MAT2)(G@aTrevijanoet al., 2000). These genes
are differentially expressed at different lifestage other animals, with MAT2 in the foetal ratdiv
being replaced by MAT1 during maturation (Toreesal., 2000). This balance during the
ontogenesis of marine fish has not yet been reppdoteur knowledge so it was decided to
investigate both forms in an attempt to capturectvbver response was most substantial at this
lifestage. Expression levels of both genes wdedively similar, suggesting that both are active i
the liver in barramundi of this size. Numericaliglmer average expression of MAT-1 observed in
the livers of fish in the MetADQ and MetEXC treatm& compared to that of fish fed the MetDEF
diet, at two hours post-feeding, indicated that tene may have been more active with increased
Met. This response, however, wasn'’t reflectedhanexpression of MAT-2a, despite the fact that it
is thought to have an even higher affinity for L4MKotb and Geller, 1993) so should have been
more sensitive to supplementation. The lack afificant difference between treatments may
indicate a high requirement for Met metabolitesrif@tabolic processes further downstream of Met.
One theory may be that the system is flooded wigt éatabolic enzymes in an effort to shunt the
available Met through to SAM or Tau, which may hdee example, health implications, as a
priority over protein synthesis or somatic growth.that situation, only the remaining Met would
then be available for protein synthesis. If thosion were true and a proportion of the dietary Met
in the deficient diets was utilised for processi®pthan protein deposition, a poorer growth
response may be seen in fish fed a Met deficiexttadi was reported in Pomgpial. (2017). The
partitioning of dietary Met between protein synisemetabolite production and other metabolic

roles, however, was not measured so it cannotidafghis were truly a contributing factor.
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Quantification of these roles through the measurg¢mokfluxes of labelled Met may be valuable in
elucidating this further. The lack of a signifitaffect of dietary Met content on expression of
CGL, which is responsible for the conversion oftatfsionine into Cys, may suggest that the Met
processed by the MATSs is not preferentially route@ys production but, rather may be
temporarily retained as SAM, S-Adenosyl homocysté®AH) or another intermediate metabolite.
SAM is a major donor of methyl groups for transmyédtion reactions involving nucleic acids and
proteins (Lieber and Packer, 2002) as well as apnopyl groups for the synthesis of polyamines
(Espeet al., 2014) which are critical for a range of metabpliocesses such as cell proliferation
and differentiation (Let al., 2009). Increased levels of circulating SAM, kely to provide an
advantage in maintaining a rapid rate of growtkeen in those fish in the MetADQ treatment
relative to the MetDEF treatment fish in Poppal. (2017). Accumulation of superfluous SAM in
the liver has been linked to the apparent toxicftgxcessive dietary Met levels in rats (Regiha

al., 1993) which may also explain the depression imglategain seen in those fish fed excessive
Met in Poppiet al. (2017). In the present study it might have besmeficial to measure the plasma
content of these amino acids for confirmation @f,thowever it has been reported that SAM, in
particular, is subject to degradation when stocedh$ little as two months, even at %80 (Krijt et

al., 2009), requiring acidification of plasma withr@tacid immediately after sampling to obtain
accurate measurements (Kirgthal., 2009), a fact not taken into consideration indbsign of the
present experiment. The observation that expnesdithese genes changed significantly over time
after the meal, but were not significantly affecbgddietary Met supply, also suggests that
production of these enzymes may be regulated bgahsumption of feed, regardless of the amino
acid composition. It should be noted, howevert tha link between gene expression and enzyme
activity may not be a direct relationship and carcbnfounded by a range of other factors (Panserat
and Kaushik, 2010), resulting in these observatimisg indicative of activity, rather than
measurably comparable. The use of enzyme assdysoanparison between amino acid turnover,
gene expression and enzyme activation, may shee kgbi on this subject and would be an
interesting avenue of further investigation if we 8 use these genes as indicators of enzyme
activity.

Taurine (Tau) metabolism, as indicated by the esgpom of CDO (converting cysteine to
sulphinoalanineand CSAD (producing Tau from cysteate or hypotaufiom sulphinoalanine),
was seemingly largely unaffected by the dietary bteitent. A significantly higher expression of
CDO, the gateway into the primary pathway for taeiosynthesis, in fish in the MetEXC
treatment compared to those in the MetDEF treatmetite pre-feeding timepoint (24 hours after
the last meal), when plasma Met levels were at theiest and were significantly depressed in the
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MetDEF treatment, suggests that taurine syntheaisba an important ongoing function of
available circulating sulphur amino acids in tipeaes during periods where nutrients are limiting.
This is also reflected in the pattern of CSAD exgren after 24 hours starvation. This gene was
also most highly expressed in the livers of fisthie MetADQ treatment at two and four hours
post-feeding, suggesting that adequate Met mayibate to taurine synthesis and that excess Met
may depress Tau synthesis in this species. Givendh-significance of plasma Tau levels between
treatments precluding a negative feedback of gafftoor excess circulating taurine, the mechanism
for this is not clear. However, the lack of a digant response in the Cys and Tau biosynthetic
genes may also be an artefact of sufficient diesapply of these amino acids negating the
requirement for synthesis.

Given the significant differences in growth seetwasen these different dietary Met levels
in Poppiet al. (2017), it was expected that Met intake would hawemilar effect on growth related
factors such the GH/IGF complex. It was furthepdithesised that genes of the selected protein
turnover pathways would be differentially expressecesponse to dietary Met supply. Protein
deposition, occurring when the rate of protein bBgsis exceeds that of degradation (Klasitng).,
1987) has been isometrically linked to body weggin in fish (Dumast al., 2007)). It could be
reasonably assumed, then, that increased weight@mobbserved in response to the MetADQ-
equivalent and MetEXC-equivalent treatments by Pepg. (2017) (reported in Chapter Two of
this thesis) would be reflected in upregulatiomgenes of the protein synthetic pathways and
downregulation of genes of protein degradationwatts (resulting in net accretion of protein).
Similarly to the SAA turnover genes, expressiog@fes of the somatotropic axis (IGF-I, IGF-II
and GHR-II) were significantly affected by timeeffeeding, with that of IGF-II increasing,
though not significantly, two hours after feedirefdre rapidly returning to pre-feeding levels, or
below, within a further two hours in a similar fa@hto that reported by Aysaat al. (2007). It has
previously been reported in rainbow tro@ngorhynchus mykiss) that Met supplementation
stimulates the activity of components of these paits (Rollancet al., 2015b), which is thought to
be related to an inhibitory effect of Met limitati@on the transcriptional response to growth
hormone (Stubbet al., 2002). This stimulatory effect was seen in thgrn of response of IGF-I
at the pre-feeding timepoint, with a significarftigher expression of IGF-I observed in fish in the
MetADQ and MetEXC treatments, and its associati@h wnproved growth was reflected in the
enhanced growth response to these diets reportedgpiet al. (2017), highlighting the role that
this factor plays in growth stimulation. It is Hatown, however, whether this response is the result
of the direct action of Met on production of IGFal, of additional available Met permitting an
increased protein deposition which, in turn intesagith other growth related compounds such as
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growth hormone (GH) (i.e. IGF-I may be acting asgmal of growth stimulation, rather than a
direct driver). IGF-Il responded in an opposinghi@n to that of IGF-1 at two hours post-feeding,
with expression of this gene decreasing with ingirepdietary Met. A similar lack of homogenous
response in hepatic IGF-1 and IGF-1l expression alaserved by Hevregt al. (2007) in response

to variable lysine intake in Atlantic salmoBa{mo salar), however, IGF-1l was shown to be more
active in fast muscle, suggesting a functionaledéhtiation between tissues. It was expected that
expression of GHR-II, which has the function ohgducing the signal from circulating GH into the
cell (Maet al., 2012) would be positively associated with that@#-I, as has been reported
elsewhere for both GHR-I (Rollareial., 2015b) and GHR-II (Saera-Vik al., 2007), however

this was not the case, with GHR-II expression shgvén apparent decrease in all treatments at two
hours post-feeding, while IGF-1 expression increéasignificantly in fish in the MetDEF treatment
and remained constant in those in the MetADQ treatpdecreasing only in those fed an excessive
amount of Met. We decided to investigate GHR-lbpposed to GHR-I expression in the present
study as this variant has been shown to be momatsento growth hormone supplementation in-
vivo in tilapia hepatocytes (Piereeal., 2012). Gabillardt al. (2006), however, showed that these
two receptors can respond quite differently infpain trout, a functional partitioning also observed
by Saera-Vileet al. (2007). It may be that upregulation of the IGFsaa hours post-feeding,

which is known to have a negative feedback effactél production (Fruchtmaet al., 2002),
suppressed the level of circulating GH, decreafirgequirement for GHR transduction.

Markers of the proteolytic pathways were showndalbpressed after the consumption of
feed, as indicated by significant downregulatiohaf expression of ZFAND-5 in fish in the
MetDEF and MetEXC treatments between the pre-fegtiimepoint and two hours post-feeding
and in the MetDEF and MetADQ treatments betweenawna four hours post-feeding. MUL1 was
also observed to be significantly downregulatefisin in the MetADQ treatment between the pre-
feeding and four hour post-feeding timepoints. shaas not entirely unexpected, given that protein
degradation to meet metabolic demands for essemtiado acids would be less required when these
amino acids are more readily available, however nlagnitude of the response of ZFAND-5
indicates that this gene may be a good hepaticenafiproteolysis in barramundi. What was
unexpected, however, was that proteolysis appédaried stimulated by adequate Met supply at the
pre-feeding timepoint, as indicated by the highgaression of MUL-1. This pattern may be an
indication that the metabolic EAA requirements ¢og fish! basis) of fish in this treatment, which
were larger than those in either of the other teatments, was greater. Having been fed identical
rations of feed 24 hours prior to the first samplpoint, the absence of sufficient circulating amin
acids may have required greater turnover of pratethese fish. This may also be a factor in the
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increased expression of ZFAND-5 at the two hout+4@sding timepoint, until circulating amino
acids were at a level sufficient to meet metabodieds, although no difference was seen in
expression of this gene after starvation.

Methionine should have been the first limiting tado protein synthesis in fish in the
MetDEF and MetADQ treatments. It was expected thahincreases in dietary Met, and the
associated observed significant increases in pl&getashould have increased protein synthesis, as
was suggested by the significantly improved protetention efficiencies reported between these
treatments in Popmt al. (2017). It was further expected that this mayehlagen reflected in
molecular markers of protein synthesis. This psscas indicated by the differential expression of
Redd-1, which provides a signal of TOR pathwayhbitlan, however, was not significantly
affected by dietary Met supply after feeding. $amy to the protein degradation pathways,
repression of TOR appeared to be stimulated bywstedviet supply, significantly so at the pre-
feeding timepoint, which may suggest that eitheRMaas suppressed by Met, which is in direct
contradiction to what has been reported previoustther species (Rollared al., 2015b) or
possibly that there may have been some interaatitminsulin, as has been reported elsewhere in
other fish species (Lansagtal., 2010), which masked any effect of Met supply.cé&ssive Met
levels, however, did induce lower expression ofdletivo hours after the meal, compared with
feeding a deficient or adequate Met diet, so pestilap TOR pathway is in fact receptive, but less
sensitive to Met in this species, or alternativslypot a major pathway of protein synthesis in
barramundi. Indeed, the effect of Met on TOR patjnwodulation has been shown to be highly
variable (Lansarét al., 2011; Skiba-Cassst al., 2016), likely due to the complexity of the
processes, and conditions surrounding their reigalatvithin this cascade. More work is clearly
required to properly characterise this pathwaysh &nd the role individual dietary components

play in its activity.

Conclusion

In conclusion, dietary Met supply appeared to Hdtte to no effect on the metabolism of
other amino acids in this study, as indicated leyléingely uniform patterns of amino acid
fluctuation in the plasma postprandially. Simyafiew significant differences were observed in the
expression of selected genes of sulphur aminoawdprotein turnover pathways after intake of
different levels of Met, suggesting that the prdducof these enzymes may be primarily regulated
by the consumption of feed, rather than the amaid @omposition of that food. Methionine
processing by MAT-1, however did appear to be naatese with increased Met levels after
feeding and both MAT transcripts appear to be acti& lack of a concomitant increases in plasma
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Cys or Cys-related metabolism genes suggestethinaetabolised Met was directed through
SAM-dependent pathways. Results also indicatetdTtha synthesis is an important process in this
species and is somewhat sensitive to precursor) @deply. Longer term IGF-1 expression was
positively affected by dietary Met supplementatiaiterating its relationship with growth
stimulation. Previously described markers of pobytic pathways appear to be conserved in this
species and we have confirmed that ZFAND-5 isialskd biomarker of this process in barramundi.
The apparent response of mMTOR repression seensag¢est either suppression of TOR by Met or
an interaction with insulin, however there was asmence that this pathway may be active but
less sensitive to Met supply than anticipated. Gfrtbe other valuable observations to come out of
this study was that we were able to isolate a nurmbenportant genes for the first time in this
species and demonstrated that they are nutritypnedjulated. This will prove useful in further

study of the impact of SAA metabolism in this sgsci
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Chapter 4 - The effect of taurine supplementationd a plant-based
diet for barramundi ( Lates calcarifer) with varying total sulphur
amino acid contents.

4.1 Abstract

The effect of variable levels of taurine (Tau}he diet of juvenile barramundidtes
calcarifer) on growth and nutrient utilisation was investeght Five isonitrogenous and
isoenergetic diets were formulated with dietary €aatents ranging from 1g KoM to 15g kg*
DM in order to determine the dietary inclusion legkciting the maximum growth response (a
“requirement”). Six additional diets were form@dt(three with a deficient and three with an
excessive level of methionine (Met) with either psi& or 12g kg¢ DM Tau) to investigate the
effect of dietary Met level on metabolism of Tabiets were fed to juvenile barramundi (average
starting weight: 26.89) twice daily under a res&titpair-fed regime for a period of 42 days. No
significant effect of variable dietary taurine slyppn growth or nutrient utilisation was observéd a
any level of Met inclusion. Numerical variationgggested there may have been a positive effect of
Tau provision at the mid-level of supplementatié8¢ kg* DM). The best-fit response model (5-
SKM), fitted to the percent body weight gain datéish fed diets with an adequate level of Met,
suggested a relatively weak pattern of responée (R183) and predicted a Tau requirement of
5.47g kg' DM (0.96% CP) which is similar to that reported $everal other species. Based on
findings for other fish species, the lack of a gigant response to variable Tau was unexpected.
The possible confounding effect of the feedingmeggand choice of total sulphur amino acid
inclusion level on the magnitude of the responshssussed, as is the applicability of defining a
“requirement” for non-essential amino acids. Isweancluded that taurine appears to be
conditionally essential to barramundi and shoulgteided in the diet when sulphur amino acid
supply is insufficient to meet biosynthetic demaadd that the predicted requirement is likely
reasonably accurate for use as a minimum leveladfision. This result may provide further
support that barramundi possess the ability toh®gise Tau from precursor sulphur amino acids
(SAA). Further, the response to variable dietast Mas significantly more pronounced than to

Tau inclusion, highlighting the importance of Me®/AA in the diet of this species.
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4.2 Introduction

Taurine (Tau) is an amino sulphonic acid, possgsaisulphonate group in place of the
carboxyl group indicative of the proteinogenic amactids, nevertheless is often grouped with the
sulphur amino acids owing to the fact it is onéhaf end products of sulphur amino acid
metabolism (Hayes, 1976). It is known to be ineolvn a range of processes important to the
health and metabolic functioning of animals inchglacting as an organic osmolyte, regulating
cellular volume and thus osmotic stress and osnuteiégn (an important function for marine, and
especially euryhaline fish species such as barrdij(ffancey, 2005). It also plays an important
role in nutrient absorption, conjugating with kaleids in the liver to improve absorption of lipids
and possibly contributing to cholesterol clearap¥oen et al., 2012). Its antioxidant properties are
central in stabilising cellular membranes duringqus of disease challenge (Asha and Devadasan,
2013) and it is also thought to regulate mitoch@igrotein synthesis (Jorejal., 2012).

Taurine is generally regarded as a “conditionadigemtial” amino acid in fish, meaning it is
required primarily in situations where endogenousipction occurs, but at a rate which cannot
meet demand. In cases such as inadequate supmigaeirsors (EBayed, 2014) or where enzymes
of the biosynthetic pathway are lacking or haveduced activity, it may need to be supplemented
in the diet. Taurine (4.50 g Ryand its precursor amino acids methionine (Met3@@ kg') and
cysteine (Cys, 7.25 g Ky (measured in white fish meal by Yamametal. (1998)) are relatively
abundant in fishmeal, traditionally the major s@uot protein for formulated diets for these species
Consequently, little attention has been paid inp&t to the inclusion of this nutritional componhen
in the diet of carnivorous fish species. The rétemd towardsncreasing the use of more
environmentally and economically sustainable saioferotein such as plant meals, which are
largely devoid of Tau and often limiting in Met,shereated an impetus for focus on this issue in
recent years (Watsast al., 2015). Many of the earlier studies have prinyaiolcused on
concluding whether or not Tau is required at athia diet of the studied species without a
guantitative estimation of the level at which manimgains are made (see review by Salze and
Davis, 2015). Estimations of “requirement” for ressential amino acids can be confounded by
the inclusion levels of the amino acid(s) from whibhey can be synthesised, leading most studies
(even those investigating multiple levels of Tadluision) to conclude only whether they consider it
to be “required” or “not required” in the diet. @iose which have offered an estimate of
requirement, estimates have varied between 0.2%ealiet for common denteéntex dentex)
(Chatzifotiset al., 2008)and sea bas®{centrarchus labrax) (Brotons Martinezt al., 2004) and
1.7% of the diet for Japanese floundear@lichthys olivaceous) (Kim et al., 2005).
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A recent study concluded the requirement of jusebdrramundi for total sulphur amino
acids (TSAA; Methionine+Cystine) to be 20.2g'k@9% of maximum response) in a diet with
592qg kg! CP (3.4% CP) (Popt al., 2017). Given that most animals have the capaaity
synthesise Tau from these sulphur amino acid psecsywe were interested in whether a
proportion of the TSAA requirement estimated int $tady was due to a requirement for the
production of Tau and, by association, whethefTidu level used in that study was indeed
adequate. In particular, we were interested iathwr variation of dietary Tau at a level margiall
below the TSAA level eliciting maximum growth inaihstudy would significantly affect the
growth and nutrient utilisation of similar sizedrkzanundi. In addition, just as variations in digta
Cys content can affect the requirement for Met @elliet al., 2000), if the animal has an efficient
mechanism for synthesizing Tau from Met, then \amein the supply of Met should impact the
amount of supplementary Tau required to elicitrmptigrowth from plant-based diets for
carnivorous fish.

The primary aim of the present study was to agbessffect of varying dietary Tau supply
on the growth and nutrient utilisation of juverilarramundi, with a view to determining an optimal
level of dietary inclusion in formulated feeds fbis species. Additionally, we aimed to define the
essentiality of this amino acid and the relatiopghis has with dietary Met/TSAA supply.

4.3 Materials and Methods
4.3.1Diets
4.3.1.1 Formulation

A series of five isonitrogenous and isoenergettsdvere formulated (Table 4.1) to assess
the quantitative requirement for dietary Tau bygNe barramundi. These diets contained varying
levels of dietary Tau inclusion between one (defitj and 15g kg DM (excessive dietary Tau),
based around an assumed requirement of Z2gkd derived from the ideal protein concept, with
reference to lysine and according to the barramoariass profile of Glencrossal. (2013) and
Glencross (unpublished carcass Tau content datd)véh an adequate level of dietary Met/TSAA
(13g kg! DM Met; 18g kg' DM TSAA ), according to Poppt al. (2017). The non-essential
amino acid glycine replaced the varying amino ajid(au and/or Met) in order to maintain the
sum free amino acid, crude protein and energy otstaf the diets consistent with that done by
other authors investigating sulphur amino acid mresuents (Simmonet al., 1999; Liaocet al.,
2014).
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Table 4.1.Formulations and analysed compositions of the ex@atal diets.

Ingredients (g kg%
Fishmeal
SPC
Fish oiP
Cellulose
Pregel Starch
CaHPQ
Vit. and Min. Premix
Choline chloridé
Marker (Y203)
DL-Met
L-Tau
L-Gly
EAA Premi¥

Composition as determined (g kg~ *DM unless otherwise stated)

Dry matter (g kg as is)
Crude Protein

Digestible Protein

Lipid

Ash

Gross Energy (MJ k§DM)
DE (MJ kg* DM)

EAAs
Arg
His
lle
Leu
Lys
Met
Cys
Phe
Thr
Val
Tau

Diet Diet Diet Diet Diet Diet Diet Diet Diet Diet Diet
1 2 3 4 5 6 7 8 9 10 11
150 150 150 150 150 150 150 150 150 150 150
490 490 490 490 490 490 490 490 490 490 490
100 100 100 100 100 100 100 100 100 100 100
67 67 67 67 67 67 67 67 67 67 67
53 53 53 53 53 53 53 53 53 53 53
20 20 20 20 20 20 20 20 20 20 20
6 6 6 6
1 1 1 1
1 1 1 1 1
65 65 65 65 65 0 0 0 13 13 13
0 3 8 13 19 0 8 19 0 8 19
255 225 175 125 65 32 24 13 19 11 0
80 80 80 80 80 80 80 80 80 80 80
971 972 971 971 968 974 966 968 970 968 6 97
582 569 569 558 558 580 567 559 5556 5 553
484 437 474 448 446 466 480 453 427 465 422
116 115 114 118 117 119 120 120 114 120 121
75.6 745 745 749 743 745 741 746 749 74877
219 216 216 21.7 216 21.8 220 220 22.01.82 21.8
169 16.1 16.6 16.2 16.1 16.0 17.1 16.6 16.1 16691
40 39 39 38 38 37 37 37 42 40 39
10 12 11 11 10 11 12 11 11 11 13
26 28 27 27 27 27 26 27 28 29 28
42 44 44 45 46 47 47 47 48 49 49
37 38 38 38 36 33 33 35 36 36 35
13 13 13 13 13 8 8 8 18 18 18
5 5 5 5 5 5 5 5 5 5 5
28 30 29 29 28 28 27 28 28 29 29
28 28 28 28 28 28 28 28 28 29 29
32 33 33 33 33 33 32 33 33 34 34
1 4 8 12 15 1 6 12 1 6 12

LFishmeal: Chilean anchovy meal, Ridley AquafeedsaNgba, QLD, Australia.

2 Fish (anchovy) oil: Ridley Aquafeeds, NarangbaPQRustralia.
3Vitamin and mineral premix includes (IU/kg or glafjpremix): retinol, 2.5 MiUgholecalciferol, 0.25 MIUj-tocopherol,16.7g; Vitamin K3,1.7g;
thiamin, 2.5g; riboflaving.2g; niacin, 25¢g; pantothenic acid, 8.3g; pyricexi2.0g; folate, 0.8g; Vitamin B12, 0.00®jetin, 0.17g; Vitamin C,

759; Inositol, 58.3g; Ethoxyquin, 20.8g; Coppeb®.Ferrous iron, 10.0g; Magnesium, 16.6g; Mangan&s.0g; Zinc, 25.0g.

4 Choline chloride 70% corn cob

5Essential amino acid premix consisting of (¢ kd premix): L-Isoleucine, 75.0g; L-Valine, 125.0gi_eucine, 187.5g; L-Phenylalanine, 87.5g; L-
Threonine, 150.0g; L-Lysine, 187.5¢g; L-Arginine,718g
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Six additional diets were formulated to containieglent dietary Tau contents to the
deficient (1g kgt DM), adequate (4g kgDM) and excess (15g KgDM) diets but with either
a deficient (8g kg DM) or excessive (18g KgDM) level of dietary Met, in order to
investigate the effect of dietary Met supply onteésponse to Tau. Post-experiment analyses
determined the dietary Tau contents of these atditidiet series to be one, six or 12¢'kg
DM.

All diets were supplemented with a mix of crystadliamino acids to ensure all
essential amino acids were provided in excessqfirements according to the ideal protein
concept, with reference to lysine and accordingpéobarramundi carcass profile of
Glencrosst al. (2013) and Glencross (unpublished carcass Taecbdata).

Yttrium oxide was included in all diets at a comication of 1g kg for the purposes

of digestibility assessment.

4.3.1.2 Diet manufacture
Diets were prepared, manufactured on a laboratoaje twin-screw extruder
(MPF24; Baker Perkins, Peterborough, UK) and vacinfused with fish oil according to

the methods described in Glencresal. (2016) to produce a 6mm diameter pellet.

4.3.2Fish management and faecal collection

Experiments were conducted in accordance witAtistralian Code of Practice for
the Care and Use of Animals for Scientific Purppsesler the approval of the CSIRO
Animal Ethics Committee (approval number: A6/20&B) The University of Queensland
Animal Ethics Committee (approval number: CSIRO/QAB91/14).

The experiment was undertaken as 11 treatmentseach treatment randomly
assigned to triplicate tanks.

In order to obtain a pooled average weight, farenile hatchery-reared barramundi
(Lates calcarifer) were randomly selected from a pooled populatiwhiadividually weighed
to 0.1 g accuracy. Thirty fish with an averagegheiof 26.8g + 6.7g were randomly
allocated to each of the thirty three 1000L tankish were anaesthetised prior to weighing
with AQUI-S (~0.02mL/L) (AQUI-S New Zealand Ltd) fm#e recovering in their allocated
tank.

Experimental tanks were provided with ~3 L/minaflof continuously aerated marine
water (~35PSU) of 28.9°C + 0.2°C throughout theesxpent. Photoperiod was set at 12:12
(light:dark).
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A restricted pair-fed feeding strategy, as recomuhee by Glencross al. (2007),
was used to negate any influence of feed intakth@mbserved response to feed composition
variation. For a period of seven days prior to gw@ncing the experiment, consumption of a
commercial barramundi diet (6mm Marine Float, Ryddguafeed Pty Ltd), fed twice daily
to satiety, was monitored in order to establishtety feeding rate. Feed intake during this
period was observed to be 0.7g flatay! on average.

Based on this, the initial rations were set aty@i€iv* day* for all tanks. Rations
were hand fed to each tank twice daily at 0800XE6@0D, seven days a week. The ration was
increased by 0.2g fishday! weekly, except as needed (it was increased byfxB3g day?
on Day 7 and increased by the normal amount orctwasecutive days (Day 31 and 32)
based on enthusiastic feeding response in all Yanks

Feed consumption was recorded daily for assessohéetd conversion and feed
efficiency ratios. Uneaten feed was removed anedaivalent amount added to the
subsequent ration. Consequently, feed intake didliffer between treatments.

All feed remained in cold storage (< 4°C) otherthluring feeding and weighing.

4.3.3Sample collection

At the commencement of the experiment, five fismenandomly selected and
euthanised by overdose of anaesthetic (AQUI-S)samieéd at -20° C until required for
baseline proximate analysis. After 42 days, al fivere individually weighed for
comparison of growth rate between treatments. i&tttime, a random sample of five fish
from each replicate tank were euthanised by overdbanaesthetic (AQUI-S) and stored at -
20°C. Feed was withheld for a period of 24 houisrgo this sampling.

In order to calculate dietary digestible proteinl @mergy contents, faeces were
stripped from the fish over a period of six dayteé three day rest period subsequent to the
conclusion of the growth trial. During this perjadl fish were fed their respective diets
between 0800 and 1000 with faecal collection uradter from selected tanks between 1600
and 1800 on the same day. In order to minimissstand maximise feed intake on the day
of collection, fish were stripped on non-conseaitiays. Faecal collection was carried out
according to the procedures outlined in Glencrg®41). Fish were transferred from their
respective tanks by net and placed in a 100L tankaining aerated seawater and a light
dose of AQUI-S (~0.02mL/L) and observed until lo§gquilibrium occurred, at which point
they were removed for stripping. Specific attemtreas paid to the relaxation of the ventral
abdominal muscles of the fish to ensure collectibtine faeces occurred before involuntary
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evacuation. Once removed from the anesthetic farkes were stripped from the distal
intestine using gentle abdominal pressure into@dgabplastic specimen jar and frozen at -
20°C. Contamination of the faeces with urine ocous was minimised by rinsing of the

hands between fish.

4.3.4Chemical and digestibility analyses

Whole animals were minced, freeze dried and grquiwd to analysis. Diets and
faecal samples were similarly ground and homogedrasel all samples were analysed for dry
matter, ash, nitrogen, lipid and gross energy curde described below. Amino acid profiles
of the diets were also determined as were yttriantents of diets and faeces.

Sample dry matter contents were calculated by wlassge after drying at 186 for
16h. Gross ash contents were determined gravira#yrifollowing combustion in a muffle
furnace at 55 for 16 hours. Crude lipid contents were deteediafter extraction of
sample lipid according to the method of Fodtlal. (1957). Total nitrogen content was
determined by organic elemental analysis (CHNS1&sH2000, Thermo Scientific, USA)
and the sample protein content calculated bas&d»06.25. Gross energy analysis was
undertaken using isoperibolic bomb calorimetry fhaar 6200 oxygen bomb calorimeter (Par
Instrument Company, Moline, IL, USA). Mass detectafter reverse-phase ultra high-
performance liquid chromatography, using pre-coluwlanvatisation witt6-aminoquinolyl-
N-hydroxysuccinimidyl (AQC) was used to determinet@mino acid composition.

Analyses were undertakem a Shimadzu Nexera X2 series UHPLC (Shimadzu @atjon,
Kyoto, Japan) coupled with a Shimadzu 8030 Masst8peeter. Ground diet samples were
prepared and hydrolysed in 6N phenolic HCI in adaace with the protocol for complex
feed samples of Waters Corp. (1996). It is knowat Cys is destroyed by acid hydrolysis
and methionine is inconsistently oxidised to matiie sulfone (Rutherfurd and Gilani,
2009). Consequently, contents of these amino aegtile quantified based on the abundance
of cysteic acid and methionine sulfone respectiielhe samples, following pre-hydrolysis
oxidation with performic acid according to a pratbadapted from that of Chavatial.

(2013) (with the exception that 11mL glass vialsewesed and the samples dried by
Speedivac vacuum drier).

Feed and faeces were microwave digested in 5mL Hb#3ed on a modification of
EPA method 3051 (EPA, 1994), and yttrium conceiunatdetermined by inductively

coupled plasma mass spectrometry (ICP-MS).
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Individual nutritional parameter (DM, protein ancbgs energy) apparent
digestibilities (ADrarameter Were calculated by consideration of the diffeeemcratios of the
parameter of interest to yttrium concentration lestwthe diets and faeces using the

following formula (Maynard and Loosli, 1969):

ADparameter [1' (Ydiet - Paramet%eces)] x 100

Yiaeces X Parametgfet

Where:Ydiet and Yiaecesrepresent the yttrium content of the diet andéagespectively, and
Parametefetand Parametaecesepresent the nutritional parameter of interest ([Pkdtein or
energy) content of the diet and faeces, respegtiv@ligestible protein and energy contents of
the diets were then calculated from these values.

4.3.5Statistical analysis

The trends of the responses (linear, quadratitibic) to variable Tau inclusion at an
adequate level of dietary Met was analysed by pleltiegression analysis. All parameters
of interest within each experiment (Initial and &iBody Weight, % Body Weight Gain,
FCR, Feed Intake, Protein and Energy Retentiortigficies and final carcass compositions)
were also analysed by a One-Way ANOVA withagt hoc comparison of treatment group
means by Tukey’s honestly significant differenc&[) multiple range test in order to
illustrate the magnitude of the differences.

The effects of both Tau and of Met were analysetinmyway ANOVA.

Simultaneous tests for General Linear Hypotheses wedertaken using Tukey’s HSD
contrasts to elucidate significant differencesasponse between individual treatments.

Percentage data was arcsin transformed prior iysesa All statistical tests were
conducted in the R-project statistical environm@Core Team, 2014). Effects were
considered significant at p<0.05.

The response of the fish, in percent body weigim,go variable dietary Tau at an
adequate Met level was analysed using nine nutresponse models (linear and quadratic
ascending broken line, four- and five-parameteui@dibn Kinetics, three- and four-
parameter logistics, a compartmental, a sigmoiddlan exponential model) as described by
Poppiet al. (2017). Coefficient of determination §Rand sum of squared errors (SSE) terms
were calculated for each of the models accordirfeetstiet al. (2009). The “best fit” model
was determined to be that which resulted in theekiv8SE and highestR
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Table 4.2.Response of juvenile barramundi to variable dietanyine content at an adequate dietary methideired (13g kgh)*.

Polynomial Contrasts

Diet Diet Diet Diet Diet Pooled

Initial Fish 1 5 3 4 5 SEM Linear Quadratic Cubic
Dietary Tau (g kgDM) 1 4 8 12 15
Initial Weight (g fish®) 26.7 27.12 26.8 26.9 26.9 0.07 n.s. n.s. n.s.
Final Weight (g fist) 713 72.3° 728 724 729 0.16 <0.01 <0.05 n.s.
BW Gain (%) 1669 166.6 171.F 169.5 169.8 0.19 n.s. n.s n.s
FCR 1.00 0.98 0.97 0.97 0.97 0.00 n.s. n.s n.s
Feed Intake (g/fish) 484 4448 44.4 44.4 44 .4 0.00 n.s. n.s n.s
ERE 36.3% 374 3BPF 36.P 353 0.40 n.s. n.s n.s
PRE 277 308 29.5° 30.0° 30.2° 0.36 n.s. n.s n.s

Carcass composition as determined (g kgtas is unless otherwise stated)

DM 320 294 287 286" 2912 28F 0.16 n.s. n.s n.s
CP 209 176 17# 177 177 177 0.09 n.s. n.s n.s
Lipid 49 852 87 78 82 7 0.14 n.s. n.s n.s
Ash 54 36 3F* 3 342 3 0.04 n.s. <0.05 n.s
GE (MJ kgt as is) 6.9 74 7.2 7.2 7.2 7.2 0.06 n.s. n.s n.s

1 values sharing a common superscript letter arsigatficantly different (p<0.05).
2FCR: feed conversion ratio (g dry feed/g wet weiggin)

3 ERE: energy retention efficiency = MJ energy gaii®0/MJ energy consumed

4 PRE: protein retention efficiency = g protein g&ih00/g protein consumed
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A “requirement” for Tau was also calculated andwansidered to be the Tau level
eliciting 99% of the maximum response as predibiethe model best fitting the observed

percent body weight gain data.

4.4 Results
4.4.1Response to increasing dietary Tau content at adegte Met level

Increasing dietary Tau content seemed to have &ffiect on growth or nutrient
utilisation in the studied fish when they were thelts containing adequate levels of Met
(Table 4.2). A significant effect of treatmentfamal weight of the fish was observed with
fish fed the diet with the lowest dietary Tau cant@iet 1) being significantly smaller than
those in either the assumed adequate (Diet 3)aassive (Diet 5) Tau treatments. This effect
was significantly linear with a less significantaguatic effect. No significant effect of
treatment on percent body weight gain was obseh@agver, which may be a more robust
indicator of treatment influence on growth giver tlery small differences in overall weight
gain (1.3¢g fistt maximum) between treatments.

Similarly, dietary treatment had little influence body composition with ash content
being the only variable exhibiting any significaesponse, decreasing significantly between
Diet one and Diet three.

Of the nine nutrient response models fitted todh, the best fitting model, the 5-
parameter saturation kinetics model (5-SKM) (Fid.) 4explained 18.3% of the variation in
the percent body weight gain of all replicate tafddswith diets containing adequate Met and
variable Tau. The Tau requirement predicted by tbdel was 5.47g KgDM (0.96% CP).

4.4.2Response to variable dietary Tau and Met content

Dietary Met content exerted a greater effect apoese than did dietary Tau when
the effect of Met intake on the response to indngpdietary Tau was examined (Table 4.3).
Both Final Weight and PRE were significantly afestoverall by dietary Tau content,
however no significant differences were seen withéividual dietary Met levels. These
responses, however, along with %BW gain and FCR Wighly significantly affected by
dietary Met content, with Final Weight, %BW gaindaPRE being significantly lower, and
FCR significantly higher, in fish fed the Met deént diet than those fed the Met adequate
and excess diets at both shared Tau levels. EREwmalarly highly significantly affected
by dietary Met content with fish fed the Met anduTdeficient diet (Diet 6) retaining
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significantly less energy than those fish in the Bigequate and excess treatments at the

taurine deficient level (Diets 1 and 9).
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Figure 4.1.Percent body weight gain (xS.E.M.) (mean initiaigi = 26.8g) of juvenile
barramundi with taurine requirement predicted g/ fithe-parameter saturation kinetics
model.

119



Table 4.3.Response of juvenile barramundi to variable Tauertrat three levels of dietary Met

Main Effects

Initial  Diet Diet Diet Diet Diet Diet Diet Diet Diet Diet Diet Pooled Met Tau  MetTau

Fish 1 2 3 4 5 6 7 8 9 10 11 SEM
Dietary Tau (g kgDM) 1 4 8 12 15 1 6 12 1 6 12
Dietary Met (g kg:DM) 13 13 13 13 13 8 8 8 18 18 18
Initial Weight (g fisht) 267 27.7 268 269 269 268 268 26% 268 26F 269 0.04 n.s. n.s. n.s.
Final Weight (g fist) 71.3  72.3¢ 72.8° T72.4c 7285° 654 657 658 72.0° 73.00 72.0° 0.54 <0.001 <0.05 n.s.
BW Gain (%) 1669 166.6 171.P 169.% 169.8% 143.8 1452 143.8 169.00 173.% 167.% 14.67 <0.001 ns. n.s.
FCR 1.06 098 0972 097 097 11 114 114 098 096 0.98 0.09 <0.001 ns. n.s.
Feed Intake (g/fish) 484 44.8 448 4448 448 4448 A4L 4448 A4L 444 444 0.00 n.s. n.s. n.s.
ERE 36.3¢ 374 3579 36.1¢ 3539 309 32.3°c 313 3591 37.2¢ 3499 3.07 <0.001 ns. n.s.
PRE 277 30.8° 29.8° 30.0° 30.2° 21.&4 22 242 29.7° 322 29.4° 245 <0.001 <0.05 <0.05
Carcass composition as determined (g kglasis unless otherwise stated)
DM 320 294 28R 286 2912 28F 294 297 292 294 296 28R 0.13 n.s. n.s. n.s.
CP 209 178 17P  17R°  17P 17 168 167 174> 17> 182>  176® 0.10 <0.001 ns. n.s.
Lipid 49 85 8»» 8 822 T 912 942 86* 7 10 8 0.14 <0.01 n.s. n.s.
Ash 54 36 3 312 34 3 34 34 36 3 34 32 0.04 n.s. n.s. n.s.
GE (MJ kgt as is) 6.9 74 1.2 7.12 7.2 7.1 7.3 7.4 7.3 7.3 7.3 7.2 0.04 n.s. n.s. n.s.

I values sharing a common superscript letter arsigatficantly different (p<0.05).
2 FCR: feed conversion ratio (g dry feed/g wet weggin)

3 ERE: energy retention efficiency = MJ energy gaii®0/MJ energy consumed

4 PRE: protein retention efficiency = g protein gait00/g protein consumed
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Carcass crude protein and lipid levels were aésomed to be significantly impacted
by dietary Met level only, though no significantfdrences were seen between diets with the
same Tau content. The effect of dietary Tau onasa ash content was not considered
significant by this statistical method.

While not statistically significant, it is notalileat at all three levels of dietary Met,
%BW gain peaked numerically at the middle leveTatl (at either 6 or 8g K which may

indicate some sort of nutritional adequacy at adatiis level.

4.5 Discussion

Taurine is not considered an essential aminoiadige diet of most fish species as it
can generally be synthesised from precursor sulphuno acids. It has, however, been
reported that this biosynthetic capacity is notretdy all species (Yokoyanahal., 2001;
Salzeet al., 2016). In these situations, and where sufficgatursors are not available (such
as in unsupplemented plant meal-based diets), Baub® considered to be conditionally
essential and must be provided in the diet (Wagsah, 2014). The capacity of fish to
synthesise Tau can be dependent on a number ofgattcluding feeding habit, dietary
protein source, species and size, among otherdlfiElgsayed, 2014). Many marine fish
species, for example, have been shown to haveuaeddctivity of key enzymes involved in
the taurine biosynthetic pathways (Getal., 2001; Kimet al., 2008), while this activity is
generally not limiting in freshwater species (Yokayaet al., 2001; Wanget al., 2015).
However, no biological reason for this separatietween environments has been put
forward. As barramundi are euryhaline, determaratf their biosynthetic capacity may add
to clarification of this issue. Often, initial déy formulations for novel species use amino
acid profiles based on that of the animal itséfideed, the diets for the current experiment
were formulated using the ideal protein concepth weference to lysine, based on the
barramundi carcass amino acid composition publistye@lencrosst al. (2013) and
Glencross (unpublished carcass Tau content d¥)le this concept often provides
reasonably accurate estimates of essential amiddB&A) requirements (Mambrini and
Kaushik, 1995), it does not hold true for all amawds. Certain amino acids may be utilised
at different rates, depending on their metabolies¢NRC, 2011), leading some to be under-
or overestimated by ideal protein (Roléhal., 2003). This could be especially true for Tau
given its role in, for example, conjugating withebacids in the liver, the requirement for
which may be affected by the dietary compositiés. well, Tau is not a proteinogenic amino
acid, and thus its level in the body is likely btemporally variable and not genetically
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controlled (as protein content is), body compogiti a specific point in time may not be the
ideal basis on which to base dietary Tau requirémkrs necessary, then, to determine this
figure experimentally. A previous observation ur tab suggested that Tau supplementation
may have positively impacted growth in juvenilerbanundi fed a diet deficient in TSAA
(unpublished data). The purpose of this experiftéen, was to investigate the impact of
variable dietary Tau content on the growth andientrutilisation of juvenile barramundi
when fed a diet with a sufficient TSAA content, lwihe intention of estimating the level at
which growth is optimised (a “requirement” leveBdditionally, we were interested to know
whether varying the dietary TSAA content affectied tesponse to variable taurine which
may have suggested whether the animal was inyatheasising Tau from these precursors.

At an adequate level of TSAA, changes in dietany ffam one to 15g k§had no
significant effect on growth performance of thénfisThis would seem to suggest that Tau is
not required to be supplemented in the diet ofileebarramundi at all when this level of
dietary TSAA is supplied and may be an indicatioat imost, if not all, of the necessary Tau
may have been provided through synthesis from psecsulphur amino acids (SAA). This
seems unlikely, however, as it would suggest tatrésponse to a diet containing
approximately 18g k§ TSAA (as in the current experiment) with or withdiau
supplementation should be no different to one énimg less TSAA and with Tau making up
the deficiency. This, however, was not what wa®red in Poppét al. (2017), with
significant growth effects observed between Diet (18.8g kg TSAA + 6.4g kg Tau) and
Diet two (199 kgt TSAA + 6.69 kg Tau) in that study, so it seems some other fanty
have affected the response.

The relatively small differences in weight gainveeén treatments made it difficult to
detect significance, especially when natural veme in growth and feeding behavior
between fish are taken into account. This lac#tieérgence in growth may be attributable,
in part, to the restricted feeding pair-feedingmegyapplied. It was decided to follow this
method, similar to that used by Glencresal. (2003) and Enest al. (2008), in order to
negate the impact of feed intake (which can beiarfted by several factors unrelated to
nutritional adequacy) on physiological responsactvis often seen as a confounding factor
in satiety fed studies (Glencrogsal., 2007) and isolate the effect of variable tausapply.

A negative aspect of this approach, however, isftrahe faster growing animals
(presumably being those fed at least an “adequeatesunt of Tau, assuming Tau positively
impacts growth), the feed intake becomes incregsnegtrictive with respect to the
requirement of the animal for protein and energyiclv may have resulted in a greater
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proportion of the ingested amino acids being cdisdx for energetic needs and not
deposited in the body. It is possible then thatlfieg to satiety (as is most common in the
fish nutrition literature) might have yielded maignificant results. Whether the results
using that method would have been more accurategver, is debatable given that
variations in feed intake were identified by&yed (2014) as possibly a major factor in the
growth stimulation seen in response to taurine eupentation in several studies. Perhaps
feeding in proportion to animal body weight woukbate this confounding aspect, although
the regular weighing required would be impractaad may have its own impacts on feed
intake. Ultimately, any improvements in the resgmpresented herein, while not as
divergent as might otherwise have been seen wdiffexent feeding regime, can be said to
be primarily due to the dietary composition.

Nutrient utilisation was similarly unaffected bytae supplementation as also
reported by Gaylorét al. (2007). Neither were significant differences seethe final
composition of the carcass other than ash corttemtever supplementation of taurine
effected a downward trend in carcass lipid conbetiveen the lowest and moderate levels of
supplementation at the adequate Met level whileasa crude protein remained relatively
unchanged. This observation was also reportedspgdE al. (2012) and was attributed to a
known interaction between lipid deposition and patynes, the production of which S-
Adenosylmethionine (SAM) is a donor of aminoisoprogroups (Brosnan and Brosnan,
2006). Those authors suggested that additionahfauhave spared hepatic Met for SAM
synthesis which, in turn, increased productionayamines.

The response of fish to variable Tau was invesgat a level of TSAA close to the
optimal requirement reported in Pogpal. (2017). The diets were formulated to contain a
level of TSAA marginally below the upper end of tleguirement range, however, analysed
values for both Met and Cys, while consistent axists, were lower than expected, most
likely due to variation in ingredient compositidnstween that used in our formulation model
(based on a database of compositions of previaehés of ingredients used in our lab) and
that of the batch used to produce the diets instidy. Nevertheless, the levels were still
well within the requirement range and remain refea the original objectives. It was
decided to use a level close to the asymptoticoresg rather than closer to the minimum
requirement, in order to assess the contributicetfry Tau level to the response seen in
that previous study. It could have been reasonadédymed that, if a proportion of the TSAA
eliciting the maximum response in Pogpal. (2017) was being used to synthesise Tau,

reducing the dietary Tau content at that same BetlIshould have impacted growth (i.e.
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indicating the reported TSAA requirement is a Megs€Tau requirement). While this would
have been an interesting observation, it was perhapthe best approach for estimating the
true Tau requirement independent of the effect ef. Mt may have been more accurate to
use a dietary Met level marginally limiting or hetlower end of the requirement range as
suggested by Salimt al. (2015) for assessing the impact of fatty acidaeficy in this

species (barramundi). In this way, the responsketiary treatment could have been
separated between that due to the supplementargrichliau being synthesised from excess
SAA.

What was clear was that varying the dietary Meteoihhad a much more significant
effect on growth and nutrient utilisation than diau inclusion level. The purpose of varying
the dietary Met inclusion at common Tau levels teamvestigate whether the response to
Tau was dependent on the level of Met. This mag akrve as an indication of whether Tau
is being synthesised at all from Met. It was expéchat, if Tau biosynthesis was active in
this species, those fish fed the Met deficient segtes would exhibit a more significant
response to increasing Tau than those fed diektsagi¢quate or excessive levels of Met.
There was, however, no significant effect of Tappementation on growth between those
fish fed the deficient and assumed adequate areksxe Tau diets. In this case, as all other
essential amino acids (EAA) were provided in thet diell in excess of their requirements,
Met would have been, by far, the most limiting aonatid for protein synthesis. It appears,
then, that any sparing effect of Tau, even at esteedevels of inclusion, was not enough to
make up for this deficiency. It should also be ddteat the highest level of Tau inclusion
was well in excess of the assumed requirement ¢y kPerhaps, even when precursors are
limiting, supplemental Tau is only advantageousauihe point where the requirement is met
and does not impact the metabolism of other esdemtiino acids. The lack of response may
also indicate that Tau synthesis is a high pridtityction of Met and that, even at this low
level of Met, a significant proportion of the Taeguirement was already being met (i.e. Tau
synthesis may have been prioritised over othermdles). Indeed, it was shown in Chapter
Three that the gene for cysteine sulfinic acid demaylase (CSAD), an enzyme catalysing
the rate limiting step in taurine biosynthesis, wase highly expressed in the livers of fish
fed an adequate or excessive amount of dietaryaiiet 24 hours starvation, suggesting
circulating SAAs were being used for Tau synthesign when circulating SAA levels were
considerably reduced. In the present study, atticessive Met level, where Met would

clearly not be limiting protein synthesis, the laxkesponse to increasing Tau may confirm
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that barramundi can indeed efficiently synthesiaa fom Met, with synthesis possibly
fulfilling the requirement for Tau, without the refor supplementation.

The available evidence seems to suggest that Traat iquired by barramundi, at
least at this level of dietary TSAA inclusion. Netheless, the best fitting of nine nutrient
response models applied to the replicaté average percent body weight gain data, the five-
parameter saturation kinetics model (5-SKM), resdal relatively weak pattern of response
(R? = 0.18) and predicted a Tau requirement of 5.47ymM (0.96% CP). When applied to
the average percent body weight gain of dagdtment, however, the 5-SKM explained
90.3% of the variation in the data, emphasisingriportance of data selection when
applying statistical models. Using the treatmesirages ignores the variation in the data
and is, therefore, less accurate, giving falseidente in prediction outputs of that model
(although the two predicted similar Tau requireragsb that based on ttenk averages
must be considered to be the more reliable reptasen. This figure is similar to the
recommended beneficial level of supplementatioBigokg? reported for several marine
species, including cobid&échycentron canadum) (Lungeret al., 2007) and red sea bream
(Pagrus major) (Matsunariet al., 2008; Takaget al., 2010), as well as the freshwater fish
rainbow trout Oncor hynchus mykiss) (Gaylordet al., 2007), suggesting it may be valid. As
well, this figure equates to 14.6% of the lysingq).content of the diet, compared with the
assumed requirement of 16.7% of Lys used in thaddation of the diets, based on the ideal
protein concept with respect to Lys and the carpasfile of Glencrosst al. (2013) and
Glencross (unpublished carcass Tau content d&tas similarity seems to suggest that Tau
requirements can be reasonably predicted by tlaé metein concept. Other analyses of
barramundi carcass amino acid profiles, howevenvsld carcass Tau contents to be 34.8%
and 36.1% of carcass Lys in two separate expersr{@npublished data from Popgpial.,
2017), highlighting the variability of this aminaid and the limitations of applying the ideal
protein concept to requirement for a non-proteinaseamino acid.

Defining a requirement for a non-essential amirid ecdifficult as the level of
supplementation required to elicit the maximum oesge would be dependent on the
availability of the precursors required for theinthesis. Tau requirement, in particular, may
be highly variable due to the range of processegich it is involved. Fluctuations in
salinity, for example, may necessitate the moduatif cellular Tau content, which has been
shown to improve the osmotic tolerance of erythtesyn yellowtail Eeriola
guinqueradiata) (Takagiet al., 2006). In addition, it may be problematic towlreonclusions
from a model fitted to data which has been showmotadiffer significantly between
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treatments. It is perhaps more accurate to coediuat Tau appears to positively affect
growth in this species but that it is not clearldweel at which this effect is optimised and that
it may not be required to be supplemented in theatiall if sufficient precursors are
provided. In this way, it can be considered tddmnditionally essential” as suggested by
various authors (Salat al., 2011; Espet al., 2012). Numerical peaks in percent body
weight gain at the middle level of Tau supplemeata(6-8g kg') at all levels of dietary

Met, coupled with a significantly positive effedtau supplementation on protein retention,
when varying Met level was taken into account, sufspthis assertion and, at least, confirms
this level is a good starting point from which tother investigate this topic.

In order to get a more accurate estimate of ttaioglship between precursor supply
and Tau requirement, it may be useful to condunbee thorough investigation of the
effectiveness of TSAA variation, in particular tldtCys, the major amino acid precursor for
Tau synthesis and one which is relatively abundaterrestrial plant meals, in sparing Tau.
In addition, the present experiment was conductextawater. As this species is euryhaline
and is cultured in freshwater in some countriess@et al., 2013), acclimation of the fish to
fresh water would be possible and a re-assessrhém cesponse to Tau supplementation
under these conditions may be an interesting avehfugure exploration. Comparison of
these results may suggest the contribution of osguwatory demands to the overall

requirement for Tau supplementation.

Conclusion

The results of the present study demonstrate thatstipplementation to plant-based
diets may have a positive effect on the growthugépile barramundi, however, this effect is
diminished by adequate supply of precursor sulgimino acids. This further supports that
this species likely has an efficient mechanisnsforthesising Tau. Additionally, adequate
or excessive supply of Tau cannot ameliorate tigatnee impact of Met deficiency. Further
work is required to define the sparing effect atdry Cys on the Tau requirement and the

impact salinity has on this requirement for barradiu
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Chapter 5 - Adequate supply of dietary taurine stinulates expression
of molecular markers of growth and protein turnover in juvenile
barramundi (Lates calcarifer).

5.1 Abstract

A trial was conducted to investigate the effectarfiable dietary supply of taurine (Tau) on
postprandial changes in plasma amino acid compasitnd hepatic expression of several genes in
juvenile barramundil(ates calcarifer). Triplicate tanks of 24 fish (average weight:®&f) were fed
one meal of 2.5¢/fish of a diet containing eitheleficient (TauDEF; 1g/kg), adequate (TauADQ;
8g/kg) or excessive (TauEXC; 19g/kg) level of digtmurine. Plasma and liver samples were then
taken 1h, 2h, 4h, 8h, 12h and 24h post-prandiallyer tissue collected at the two hour and four
hour post-feeding timepoints, in addition to samapéken as a pre-feeding control, were analysed
for expression of genes involved in pathways oblsuf amino acid turnover (CGL, MAT-1), Tau
biosynthesis and transport (CSAD, CDO, ADO, Taudiget of rapamycin signalling (Redd-1), the
somatotropic axis (GHR-II, IGF-I, IGF-1I) and pratd¢urnover (Mull, ZFAND-5).

Dietary Tau content had no significant effect o plostprandial plasma profiles of any amino acid
in this study other than Tau and glycine. The eggion profile of CGL and the Tau synthetic
genes suggested an effect of Tau excess on théahista of Cys. A lack of significant difference

in the expression of the sulphur amino acid turngemnes, however, may provide further evidence
that their expression is regulated primarily bydfé®take, rather than the dietary amino acid peofil
Markers of two pathways of Tau biosynthesis (AD@ &85AD) appear to be active in this species,
however, CSAD appeared more responsive to feediihg. gene expression pattern observed in this
study provides further proof that this species dodsed possess the ability to synthesise Tau from
SAA precursors. Taurine transport and homeoshgsisauT was shown to be directly regulated by
Tau availability in this species. A link betweadeguate supply of taurine and TOR pathway-
mediated growth stimulation was also apparentn&img of growth stimulation in response to

Tau supplementation was evident in the expresdigermes of the somatotropic axis which were all
more highly expressed in the hepatic tissue offéshthe TauADQ and TauEXC diets.

Interestingly, an observed depression in expregsidinese genes, coupled with upregulation of the
proteolytic and TOR-suppressing genes in respansgdessive Tau supply in the diet possibly
signals that excessive Tau is not conducive tayggdtgrowth.
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5.2 Introduction
Taurine (2-aminoethane sulfonic acid) is an endtped of sulphur amino acid (SAA)

metabolism and, while not incorporated into prgt&rthe most abundant free amino acid in the
tissues of numerous animal species (Schuller-LavisPark, 2003; Ripps and Shen, 2011).
Accordingly, it plays a number of important functsoin fish health and metabolism. Among its
many roles, it is known to act as both an orgasinayte and an antioxidant, both important roles
in responding to stress events (Huxtable, 1992a/4std Devadasan, 2013). In addition, by
conjugating with bile acids in the liver, resultimgthe formation of taurocholic acid, taurine (Jau
has been shown to improve absorption of lipids (Kiral., 2008) which may, in turn, spare other
amino acids, particularly crystalline amino acidsieh are absorbed more rapidly than those bound
in protein (Ambardekaet al., 2009), from catabolism for energetic demandslsib possesses the
characteristics of a feeding stimulant for fish §&ifotiset al., 2008) which may help to overcome
some of the palatability issues commonly associaiduthe use of plant feed ingredients in diets
for carnivorous fish (McGoogan and Gatlin, 199While most fish species possess the ability to
synthesise Tau from precursor sulphur amino athils capacity is often insufficient to meet the
entire requirement without supplementation (Mual., 2012). Given the importance of Tau in fish
health and metabolism, therefore, it is often cdex®d to be “conditionally essential” rather than a
non-essential amino acid (NEAA). In certain spgecgich as yellowtaiEeriola quinqueradiata),
bluefin tuna Thunnus thynnus) and skipjack Katsuwonus pelamis), however, this capacity has
been reported to be reduced, or even absent, gigrdae to variations in activity of cysteine
sulfinic acid decarboxylase (CSAD) (Yokoyaetal., 2001). In these cases, Tau may be
considered to be an essential component of the diet

Consideration of the dietary Tau supply has becmereasingly important in recent years
given the negligible Tau content of terrestrialplaeals. If the use of these more sustainable
ingredients is to be increased, accurate charaatem of the dietary and metabolic requirements of
Tau in the species of interest is necessary tomeate its importance and the level of
supplementation required for optimal growth. Tap@ementation of non-fishmeal based diets has
been linked to improved growth in a number of glecies (Takag al., 2010; Salzet al., 2012),
however the exact mechanism of this stimulatorgatfis so far unclear. One theory is that Tau
may be sparing methionine (Met), a precursor asdrégl amino acid (EAA), for protein synthesis
and other important physiological processes sugit@duction of S-Adenosylmethionine (SAM)
(Pintoet al., 2013).

Markers of protein turnover and other growth-rethpathways have been used in the past to
link amino acid supplementation-related growth station to the mechanisms underpinning the
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observed response. Belgéital. (2014), for example, reported that Met directlieafed the
expression level of several genes of autophagystysal and ubiquitin-proteosome protein
turnover pathways in rainbow troifcorhynchus mykiss). The regulation of components of the
somatotropic axis: a series of growth factors (inslike growth factors one and two, IGF-I and
IGF-I1) and related growth hormone receptors (GH&¥) binding proteins (IGFBPs) which are
considered signals of growth modulation (Clemmants @nderwood, 1991); as well as elements of
the target of rapamycin (TOR) pathway, have alsmbimked to amino acid supplementation in
fish (Gdmez-Requerdt al., 2003; Vélezt al., 2014). Rollandt al. (2015) found that Met affects
these pathways “directly or indirectly” in rainbdamut and Hevrgt al. (2007) observed a
significant upregulation of several genes of theatwtropic axis in response to lysine
supplementation in Atlantic salmoSa{mo salar). The effect of Tau supplementation on these
pathways, however, has yet to be investigatedsn fiClarifying whether the reported apparent
positive influence of Tau on growth is due to direffects, such as signalling the initiation of
specific pathways or sparing of precursor SAA,sossimply a byproduct of improved overall health
and metabolic functioning would be an importanpstedefining the importance of this amino acid.
The Tau dose response trial reported in Chapter stogygested that Tau may positively
affect growth in this species, although no sigaificdifferences were seen in that study in response
to variable dietary Tau. The aim of the currereskment, then, was to determine whether any
markers of growth were positively affected by digtdau content which may indicate whether Tau
does, in fact, impact growth pathways in this speonore subtly than we had previously observed,
independent of the limitations of the restricted-ad growth trial identified in that study. In
addition, the present study aimed to investigagdripacts of variable dietary Tau supply on
sulphur amino acid and Tau turnover, indicatingritfle of Tau in sparing SAA as well as further

elucidating the pathways used by this speciesnthsgise it.

5.3 Materials and Methods
5.3.1Diets

Three diets (Table 5.1), containing either a defit(TauDEF; 1g/kg), adequate (TauADQ);
8g/kg) or excessive (TauEXC; 15g/kg) dietary Tanteat, were selected based on performance of
the fish in those treatments in a 42-day growtl preceding this experiment. The diets chosen
elicited a poor growth response (TauDEF), the marmnesponse (TauADQ) or contained the
highest inclusion of dietary Tau (TauEXC), deemeckssive according to a formulation model
based on the ideal protein concept with refereadgsine and the amino acid profile reported by
Glencrosst al. (2013).
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Table 5.1.Formulations and analysed compositions of the exatal diets.

TauDEF TauADQ TauEXC
Ingredients (g kg?)

Fishmeal 150 150 150
SPC 490 490 490
Fish oif 100 100 100
Cellulose 67 67 67
Pregel Starch 53 53 53
CaHPQ 20 20 20
Vit. and Min. Premix 6 6 6
Choline chloridé 1 1 1
Marker (Y203) 1 1 1
DL-Met 6.5 6.5 6.5
L-Taurine 0 8 19
L-Glycine 25.5 17.5 6.5
EAA Premix 80 80 80

Composition as determined (g kgtDM unless otherwise stated)

Dry matter (g k¢f as is) 971 971 968
Crude Protein 582 569 558
Digestible Protein 484 474 446
Lipid 116 114 117
Ash 75.6 74.5 74.3
Gross Energy (MJ k§DM) 21.9 21.6 21.6
DE (MJ kg' DM) 16.9 16.6 16.2
EAAs

Arg 40 39 38
His 10 11 10
lle 26 27 27
Leu 42 44 46
Lys 37 38 36
Met 13 13 13
Cys 5 5 5
Phe 28 29 28
Thr 28 28 28
Val 32 33 33
Tau 1 8 15

!Fishmeal: Chilean anchovy meal, Ridley AquafeedsaNgba, QLD, Australia.

2 Fish (anchovy) oil: Ridley Aquafeeds, NarangbaPQRustralia.

3Vitamin and mineral premix includes (IU/kg or gfafpremix): retinol, 2.5 MiUgholecalciferol, 0.25 MIUi-tocopherol,16.7g; Vitamin K3,1.7g;
thiamin, 2.5g; riboflavin4.2g; niacin, 25g; pantothenic acid, 8.3g; pyrigexi2.0g; folate, 0.8g; Vitamin B12, 0.00Rjotin, 0.17g; Vitamin C,

75g; Inositol, 58.3g; Ethoxyquin, 20.8g; Coppeb®.Ferrous iron, 10.0g; Magnesium, 16.6g; Mangan&s.0g; Zinc, 25.0g.

4 Choline chloride 70% corn cob

5Essential amino acid premix consisting of (¢ kd premix): L-Isoleucine, 75.0g; L-Valine, 125.0gi_eucine, 187.5g; L-Phenylalanine, 87.5g; L-
Threonine, 150.0g; L-Lysine, 187.5¢g; L-Arginine,718g
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Dietary formulations were designed to be isongmaus and isoenergetic. Amino acid
contents were similarly intended to be equal anektteed the amino acid requirements of
barramundi according to the aforementioned fornmuatodel, excluding glycine (used to balance
the total crystalline amino acid content of theg)ietotal sulphur amino acids (included at an
adequate level according to Pogpal. (2017)) and Tau, the amino acid of interest.

Diets were manufactured for the growth trial omladratory-scale twin-screw extruder
(MPF24; Baker Perkins, Peterborough, UK), withimteshing, co-rotating screws according to an

adaptation of the protocol of Glencrasl. (2016), to produce pellets ~ 6mm in diameter.

5.3.2Fish management

This experiment was conducted in accordance \wahAustralian Code of Practice for the
Care and Use of Animals for Scientific Purposesleurthe approval of the CSIRO Animal Ethics
Committee (approval number: A6/2015) and The Ursigof Queensland Animal Ethics
Committee (approval number: CSIRO/QAAFI/391/14).

5.3.2.1 Preconditioning

Twenty four juvenile barramundigtes calcarifer) (mean initial weight: 72.2g) from each
of the triplicated 1000L tanks of the three seléd¢teatments from the growth trial remained in
their respective tanks. The relevant diets wedddesatiety once daily for a further six days lbefo
feeding of the experimental ration commenced.

All feed was refrigerated (< 4°C) except duringdimg and ration allocation.

Continuously aerated marine water (~35PSU) ofZ960.2°C was supplied to each tank
at a rate of ~ 3 L/min. Tank illumination was ackgd using a combination of artificial lighting set

at 12:12 (light:dark) and natural light of a simifghotoperiod.

5.3.2.2 Feed Ration Determination

Feed intake over a five minute period (that alleddbr feeding on the sampling day) was
assessed for three days prior to commencing therexent. In order to exclude any influence of
feed intake on the postprandial response, the geendake over this period in the poorest feeding
tank (2.5¢ fistt) was assigned as the ration for all tanks in ord@egate any large-scale variation
in feed intake confounding the response to thdrtreats. This ration was offered and consumed in

its entirety on the day preceding the experimentdgl
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5.3.3Sampling

Mean weights of the fish in each treatment on #neaf sampling were: TauDEF (86.79),
TauADQ (88.7g), TauEXC (91.0g). Twenty four hoafter the last meal, three fish were
randomly selected from each tank and euthanisexhlmverdose of anaesthetic (AQUI-S™). Fish
were individually weighed and approximately 2mLbtdod was removed from the caudal vein by
heparinised syringe before centrifugation at 6G0 for 2 min. Plasma was separated from the
clotted material and placed, along with hepatisugscollected concurrently, immediately on dry ice
before storage at -80°C (zero hour control). Tdsegmed ration was then fed after a further two
hours of recovery following the zero hour samplikgeeding of the experimental diets was carried
out over a period of five minutes and staggeredmicg to a plan designed to ensure the precision
of sampling intervals of each tank. All feed waserved to have been consumed within the
allotted period.

Three fish were again randomly selected from ¢ack one, two, four, eight, 12 and 24
hours after this meal and processed as descrilma aluring the first three sampling points (until
4 hours post-feeding), the stomach contents of éslchwas assessed. During this period, one fish
out of the 81 sampled was observed to have consamedligible amount of feed and was
replaced by an additional fish sampled at the same=for the purposes of analyses. All remaining

fish were deemed to have consumed an equivalentiranob feed.

5.3.4Chemical analyses

Plasma samples were deproteinised according torttecol of Davey and Ersser (1990).
Briefly, equal volumes (60) of plasma and 5QM internal standardstAminobutyric acid) were
combined with 380l of acetonitrile before centrifugation at 220@ for four minutes at%. The
supernatant was extracted and derivatised @viiminoquinolyl-N-hydroxysuccinimidyl (AQC)
using theWaters Acc@ag system (Waters Corporation, Milford, MA). Datlised samplewere
analysed for amino acid composition using massctieteafter reverse-phase ultra high-
performance liquid chromatography on a ShimadzueReX2 series UHPLC (Shimadzu
Corporation, Kyoto, Japan) coupled with a Shima8@B0 Mass Spectrometer
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Table 5.2.Target genes of sulphur amino acid and protemoter; and growth in barramundi, and
the primer sequences used in the gPCR assaysioéxipeession.

TargetGené Accession Number Primer Name Sequence Length
Met and Cys metabolism
MAT-1 XM_018678413 MAT1 qPCR F1 TGTCAATCTCCTTGTTCACCT 21
MAT1 gPCR R1 GCCTCTTCAGATTCAGTTCC 20
CGL XM_018673132 CGL gPCR F2 CACAAGACGAGCAGAACGAC 20
CGL gPCR R2 CACCACAGCCATTGACTTCC 20
Tau metabolism
CDO XM_018674402 CDO- gqPCR F2 GTTGCCTACATAAATGACTCCA 22
CDO- gPCR R2 CTGTCCTCTGGTCAAAGGTC 20
CSAD XM_018666199 CSAD gPCR F1 GTACATTCCACCAAGTCTGAG 21
CSAD gPCR R1 CCCAGGTTGTGTATCTCATCC 21
ADO XM_018660792 ADO gPCR F5 AGCCTGTTAGTACTGTGATCC 21
ADO gPCR R5 AGACATCAATGCTGAAATGGAC 22
Somatotropic axis
IGF-I XM_018697285 IGF-1 gPCR F2 CTGTATCTCCTGTAGCCACAC 21
IGF-1 gPCR R2 AGCCATAGCCTGGTTTACTG 20
IGE-I1 XM_018664155 IGF-Il gPCR F1 AGTATTCCAAATACGAGGTGTG 22
IGF-Il gPCR R1 GAAGATAACCTGCTCCTGTG 20
GHR-II XM_018702499 GHR-2 gPCR F2 CGTCCATATCCCATCTAAAGTGTC 24
GHR-2 gPCR R2 GTCATTCTGCTCCTCAATGTC 21
Proteolysis
MUL-1 XM_018686248 Mull gPCR F1 GGCTTCCGTTATTTCCTCAC 20
Mull gPCR R1 TGCTCTCCTCTATGTTAAGTTCAC 24
ZFAND-5 XM_018669382 ZFANDS5 gPCR F1 CTAGAGCCTGTTGTAAGCCA 20
ZFAND5 gPCR R1  CTCGGCCTTGTAATCATAGGG 21
TOR activity signaling
Redd-1 XM_018699192 Reddl1 qPCR F2 TTTCAGCACATCCACTAACGG 21
Reddl1 qPCR R2 CCACTACTTCTTTCAGGATTGTC 23
Control genes
Luc NA Luc gPCR F GGTGTTGGGCGCGTTATTTA 20
Luc gPCR R CGGTAGGCTGCGAAATGC 18
EFla NA Lcal EFln F AAATTGGCGGTATTGGAAC 19
Lcal EF R GGGAGCAAAGGTGACGAC 18

IMAT-1, methionine adenosyltransferasecGL, cystathionine-lyase;CDO, cysteine dioxygenas€SAD, cysteine sulphinic acid decarboxylase;
ADO, cysteamine dioxygenasksF-I, insulin-like growth factor-1)GF-I1, insulin-like growth factor-IlGHR-I1, growth hormone receptor-MUL-

1, mitochondrial ubiquitin ligase activator of NdB-1; ZFAND-5, zinc finger AN1-type domain-Redd-1, regulated in development and DNA
damage response-lc, luciferase EF1a, elongation factor d.
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5.3.5Molecular analyses
5.3.5.1 RNA extraction and normalisation

Total RNA was extracted from frozen liver tissugdtfish per tank per timepoint; n=6 per
treatment per timepoint) using Trizol reagent (lrogen) in accordance with the manufacturer’'s
instructions. Extracted RNA was then precipitaisohg equal volumes of isopropyl alcohol and
precipitation solution (0.8M disodium citrate witt2M sodium chloride in ultrapure distilled
water) (Green and Sambrook, 2012) before DNasestiligewith the Turbo DNA-free kit (Applied
Biosystems) to remove any remaining DNA. RNA qugntias assessed on a NanoDrop
spectrophotometer (NanoDrop Technologies) and iyuadisessed using RNA nanochips (Agilent
#5067-1511) in a bioanalyser (Agilent Technolog@®)r to normalisation to a concentration of
200ng{u for cDNA synthesis.

5.3.5.2 Quantitative real-time RT-PCR

Reverse transcription was undertaken pg &f total RNA using the Superscript Il first
strand synthesis system (Invitrogen) wittuRboligo(dT)z0 and 25M random hexamers (Resuehr
and Spiess, 2003). Real-time PCR primers for tigeses not previously isolated in this species
(ADO and TauT) were designed using PerlPrimer verdi1.21 (Marshall, 2004). Sequences of
gene fragments, or whole genes, within a parti@motated barramundi transcriptome (Hebk
al., 2017), which showed significant homology with fisthred sequences from related species were
used to generate a series of primer pairs. Thosehvehowed the greatest specificity to the target
gene were selected for use in the analyses. Bamdingene sequences published by a third party
following the completion of this experiment weremdical to those derived for the present study by
the process outlined above. The efficiency of gaaher was optimised to between 95 and 105%
using the slope of the standard curve of a PCR-fiewbfive-fold serial dilution of pooled cDNA.
Genomic DNA contamination was excluded at this tbyeoncurrent PCR-amplification of a pool
of DNase-digested RNA. GenBank accession numlmetpamer sequences for all genes are
presented in Table 5.2.

The differential expression of selected genes ®fkthmatotropic axis as well as Tau, sulphur
amino acid and protein turnover pathways in respaoghe dietary treatments over time was
evaluated by real-time PCR in the following fashidrhe equivalent of 7.5ng of reverse-
transcribed RNA was PCR-amplified following additiof 2X SYBR Green PCR Master Mix
(Applied Biosystems) and UM RT-PCR gene-specific primers. Allocation of réaic
components was carried out in triplicate by an epdMm5070 robot (Eppendorf) before being run
on a Viia7 real-time PCR system (Applied Biosystgmdmplification cycle conditions were: 2
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minutes at 58C and 10 minutes at 95, followed by 40 cycles of 15 seconds at®%and 40
seconds at 8C. The specificity of each primer was confirmedcompletion of the reaction by
assessment of dissociation melt curves for each.gblormalisation of the cycle threshold values
for each gene to that of the elongation factofBF10) and luciferase reference genes, as used in
several other gene expression studies with thisispéDe Santist al., 2011; Wadet al., 2014,
Saliniet al., 2015) was used to assess the variation in ggmession magnitude between
treatments over time. Amplification variation bese genes was 2.73 cycles and 2.79 cycles

respectively, which did not change significantlyeotime.

5.3.6Statistical analysis

All values are expressed as means with their stdretaors. Prior to statistical analysis,
plasma amino acid contents (n=9 per treatmentipepbint) and gene expression (n=6 per
treatment per timepoint) data were log-transforteeobtain homoscedasticity. The impact of
dietary treatment and time after feeding on plaamano acid composition and the differential
expression of the target genes was assessed bydaw@NOVA with Tukey’s honestly significant
differencea posteriori test to identify differences between treatmentaigrmeans within
timepoints and between timepoint means within ineat. Differences between groups were
considered significant #k0.05. Correlations between Tau intake and bathatiea under the
plasma Tau curve and peak plasma Tau levels wamiagd using Pearson’s correlation test.
Statistical analyses were conducted in the R-ptaj@dtistical environment, version 3.1.0 (R Core
Team, 2014).

5.4 Results
5.4.1Plasma amino acid contents

Plasma amino acid contents varied significantlyrdivee after feeding as digestion of the
feed released amino acids into circulation (Figs, 5.2, and 5.3; and Tables B1, B2 and B3 in
Appendix B). Peak concentrations were seen atdertvone (for arginine in fish fed the TauEXC
diet) and 12 hours post-feeding (for glutamic anifish fed the TauEXC diet — although
fluctuations were small in this amino acid), grdfjueeturning to pre-feeding levels between 12
and 24 hours post-feeding for most amino acids/elseof the sum of the standard proteinogenic
amino acids (minus Aspartic acid, Glutamine andolaphan and plus Tau) (Fig. 5.1) was highly
significantly affected by time (p<0.001) after feeglbut did not respond to dietary treatment.
Similarly, most EAAs (Fig. 5.2) fluctuated significtly over time. Histidine (His), however, was
the only EAA to be also be significantly affecteddietary treatment (TauEXC>TauADQ);
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p<0.05), with a significant treatment:time interant(p<0.05) also observed, although changes in
the presence of this amino acid were small in coispa to others. The NEAAs, too, were
predominantly affected only by time after the m@ad). 5.3). Glycine (Gly) and Tau (the two
amino acids which varied in the dietary formulajiarere additionally highly significantly affected
by treatment (p<0.001), with the response of Tao displaying a highly significant treatment:time
interactive effect (p<0.001). Tau intake was hygsignificantly positively correlated with both the
area under the plasma Tau curve (i.e. the longevitige plasma Tau elevation) (r = 0.959,
p<0.001) and the peak plasma Met content (r = 0.85Q.001). Additionally, plasma serine (Ser)
content was highly significantly affected by treatrh(p<0.001). Levels of this amino acid
diverged significantly two hours post-feeding, wilose fish fed the TauDEF diet having the
highest concentration of Ser in their plasma, feld by those fed the TauADQ diet, then those in
the TauEXC treatment. This pattern of responseanmaea for the duration of the experiment. Most
amino acids gradually rose to a peak and declineckafter, as might be expected after digestion.
Plasma levels of Gly in the diet containing thehieist level of this amino acid (TauDEF) declined
between the pre-feeding timepoint and the 12 host-feeding timepoint, returning to the pre-
feeding level after a further 12 hours. The Taspla content followed a similar pattern, declining
between the pre-feeding and four hour post-feetimgpoints before gradually rising to return to

pre-feeding levels 24 hours post-feeding.
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Figure 5.1.Concentrations of total free amino acids (TFAAggent in the plasma of juvenile
barramundi over a 24 hour period following ingestid a single meal containing either a deficient
(TauDEF), adequate (TauADQ) or excessive (TauEXEpdy taurine content.
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Figure 5.2. Concentrations of individual essential amino agdesent in the plasma of juvenile
barramundi over a 24 hour period following ingestiad a single meal containing either a deficient
(TauDEF), adequate (TauADQ) or excessive (TauEXEpdy taurine content.
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Figure 5.3.Concentrations of individual non-essential amiois present in the plasma of juvenile
barramundi over a 24 hour period following ingestad a single meal containing either a deficient
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5.4.2Gene expression

The differential expression of the target genes agzs

ssed in the hepatic tissue of fish
sampled at two and four hours post-feeding (wheekg in plasma Tau; and a depression in plasma
Tau and peak in plasma Met, respectively, wererobsg, as well as those taken as a pre-feeding

control.

5.4.2.1 Met and Cys metabolism

The differential expression of two genes involvedhe turnover of Met (methionine
adenosyltransferase 1, MAT-1) and synthesis of(Cystathionine gamma-lyase, CGL) in response
to variation in dietary Tau was investigated angressented in Fig. 5.4. Expression of both MAT-1
and CGL was highly significantly affected by timge<Q.001; Oh<2h; Oh<4h; 2h=4h). No effect of

treatment was observed.
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Figure 5.4.Transcript levels of selected genes (A, MAT-1&L) of methionine and cysteine
metabolic pathways in the liver tissue of juvetiggramundi sampled after 24 hours starvation
(OH); and two (2H) and four (4H) hours after ing@stof a single meal containing either a deficient
(TauDEF), adequate (TauADQ) or excessive (TauEX€pdy taurine content. Values were
normalised to those of elongation factar(Efla) before log10 transformation. Values presented
are means (n=6) +S.E. (represented by vertica).bassgnificance analyses were performed by
Two-Way ANOVA followed bypost-hoc analysis of means by Tukey’s honestly significant
difference test. Columns with the same superstitgr are not significantly different. Lettenga
presented in order of magnitude from largest tollestarelative RQ. Gene abbreviations can be
found in Table 5.2.
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5.4.2.2 Hypotaurine biosynthesis

The effect of dietary Tau on the expression of gasfeawo hypotaurine biosynthetic

pathways (cysteine dioxygenase, CDO; cysteaming/danase, ADO; and cysteine sulphinic acid

decarboxylase, CSAD) was observed (Fig. 5.5). C&&pression was significantly affected by
treatment (p<0.05; TauDEF>TauADQ; TauDEF>TauEXQiARQ=TauEXC) and highly
significantly affected by time (p<0.001; Oh<2h<@h<4h) with a significant interactive effect
between the two (p<0.05; TauEXC<TauDEF at the hero timepoint). ADO and CDO
expression was similarly highly significantly afted by time (p<0.001; Oh<2h; Oh<4h; 2h=4h).

Neither responded significantly to treatment, hogrew significant treatment:time interactive effect

(p<0.05) was observed for CDO expression.
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Figure 5.5. Transcript levels of selected genes (A, CSAD; BAX C, CDO) of taurine

biosynthetic pathways in the liver tissue of juvertiarramundi sampled after 24 hour starvation
(OH); and two (2H) and four (4H) hours after ingestof a single meal containing either a deficient
(TauDEF), adequate (TauADQ) or excessive (TauEX€&pndy taurine content. Values were
normalised to those of elongation factar(Efla) before logl0 transformation. Values presented
are means (n=6) £S.E. (represented by vertica) bagsgnificance analyses were performed by
Two-Way ANOVA followed bypost-hoc analysis of means by Tukey’s honestly significant
difference test. Columns with the same superskzifar are not significantly different. Lettengea
presented in order of magnitude from largest tollestaRQ. Gene abbreviations can be found in
Table 5.2.
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5.4.2.3 Taurine transport/homeostasis

The impact of dietary Tau on the expression oftéugine transporter gene (TauT), a
regulator of the absorption and homeostasis ofWasiexamined and is presented in Fig. 5.6.
Expression of this gene was significantly influeshby the dietary treatment (p<0.05;
TauEXC<TauDEF) and highly significantly affected oye after feeding (p<0.001; Oh<2h; Oh<4h;
2h=4h).
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Figure 5.6.Transcript levels of the Taurine Transporter (Tagdne in the liver tissue of juvenile
barramundi sampled after 24 hour starvation (OHY, tavo (2H) and four (4H) hours after ingestion
of a single meal containing either a deficient (D&&), adequate (TauADQ) or excessive
(TauEXC) dietary taurine content. Values were radised to those of elongation factar (Efla)
before log10 transformation. Values presentedraans (n=6) +S.E. (represented by vertical
bars). Significance analyses were performed bg-Way ANOVA followed bypost-hoc analysis

of means by Tukey’s honestly significant differemest. Columns with the same superscript letter
are not significantly different. Letters are preteel in order of magnitude from largest to smallest
RQ. Gene abbreviations can be found in Table 5.2.
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5.4.2.4 Somatotropic axis

The expression of selected genes of the somatoteoys (insulin growth factors | and 11,
IGF-I, IGF-II; and growth hormone receptor II, GHR4n response to variable dietary Tau over
time after feeding is presented in Fig. 5.7. Alhmined genes of this group were highly
significantly affected by diet (p<0.001; TauDEF<PARQ>TauEXC; TauDEF=TauEXC). IGF-I
and IGF-1l expression were also highly significgraffected by time (p<0.001; 2h<Oh>4h; 2h=4h).
GHR-II was similarly highly affected by time aftireding but between all three timepoints
(p<0.001; Oh>2h>4h; Oh>4h).
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Figure 5.7.Transcript levels of selected genes (A, IGF-1|@k-II; C, GHR-II) of the somatotropic
axis in the liver tissue of juvenile barramundi géed after 24 hours starvation (OH); and two (2H)
and four (4H) hours after ingestion of a single hoeataining either a deficient (TauDEF),
adequate (TauADQ) or excessive (TauEXC) dietargiriaicontent. Values were normalised to
those of elongation facton)Efla) before log10 transformation. Values presentedhagans

(n=6) £S.E. (represented by vertical bars). Sigance analyses were performed by Two-Way
ANOVA followed by post-hoc analysis of means by Tukey’s honestly signifiadifference test.
Columns with the same superscript letter are mptiicantly different. Letters are presented in
order of magnitude from largest to smallest RQn&abbreviations can be found in Table 5.2.
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5.4.2.5 Protein degradation

The effect of varying dietary Tau supply on thereggion of two genes involved in the
turnover of body protein was assessed (Fig. 5T8e expression of mitochondrial ubiquitin ligase
activator of NFkB-1 (Mull) remained constant throughout the analyss&ebd, with no significant
differences in expression seen in the liver tigguesh in the different treatments. Zinc finger AN
type domain-5 (ZFAND-5) expression, however, waghlyi significantly affected by time
(p<0.001; Oh>2h>4h; Oh>4h). No significant maifeef of treatment was seen on expression of
this gene (p=0.0522), however, fhest-hoc analysis revealed a significant difference (p<0.05)
between fish in the TauEXC treatment and thoskerniauDEF and TauADQ treatments. This
effect, highlighted by the highly significant tre@nt:time interactive effect (p<0.001) was
observed to be only at the two hours post-feedmgpoint (TauEXC>TauADQ);
TauEXC>TauDEF; TauDEF=TauADQ).
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Figure 5.8.Transcript levels of selected genes (A, MUL-1ZBAND-5) of proteolytic pathways

in the liver tissue of juvenile barramundi sampdéigr 24 hours starvation (OH); and two (2H) and
four (4H) hours after ingestion of a single meaitaining either a deficient (TauDEF), adequate
(TauADQ) or excessive (TauEXC) dietary taurine eont Values were normalised to those of
elongation factor d (Efla) before log10 transformation. Values presentedaeans (n=6) +S.E.
(represented by vertical bars). Significance ysed were performed by Two-Way ANOVA
followed bypost-hoc analysis of means by Tukey’s honestly signifiadifference test. Columns
with the same superscript letter are not signifigasifferent. Letters are presented in order of
magnitude from largest to smallest RQ. Gene aliiens can be found in Table 5.2.
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5.4.2.6 TOR activity signalling (protein synthesis).

The expression of the gene Redd-1 (regulated ieldpment and DNA damage response-1), a
suppressor the target of rapamycin (TOR) pathwaydht to be a major driver of growth in fish,
was used as an indicator of activity of this impattpathway as suggested by Waeyél. (2012).

The effect of Tau supply on the expression of ¢f@ise is presented in Fig. 5.9. Highly significant
effects of both treatment (p<0.001; TauDEF>TauAD@)DEF>TauEXC; TauADQ<TauEXC)
and time after feeding (p<0.001; Oh<2h>4h; Oh<4ajerobserved.
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Figure 5.9.Transcript levels of Redd-1 (signifying inhibitiaf the TOR pathway) in the liver
tissue of juvenile barramundi sampled after 24 s@tarvation (OH); and two (2H) and four (4H)
hours after ingestion of a single meal containiriges a deficient (TauDEF), adequate (TauADQ)
or excessive (TauEXC) dietary taurine content. uéalwere normalised to those of elongation
factor Jn (Efla) before log10 transformation. Values presented@eans (n=6) £S.E. (represented
by vertical bars). Significance analyses werdgpered by Two-Way ANOVA followed byost-

hoc analysis of means by Tukey’s honestly signifiadifference test. Columns with the same
superscript letter are not significantly differemtetters are presented in order of magnitude from
largest to smallest RQ. Gene abbreviations caoul® in Table 5.2.
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5.5 Discussion

Consideration of the inclusion of Tau in the diktarnivorous fish species has become
increasingly important in recent years with the@ased use of Tau deficient plant meals to replace
fishmeal as the primary source of protein (Watstaad., 2015). A number of studies have been
conducted to investigate the essentiality of thigedient to various fish species (see review by
Salze and Davis, 2015), with most observationgdichto its influence on growth rate. Few studies,
however, have endeavored to elucidate the undgriyiachanisms behind this effect. Effects on
the metabolism of Met, a precursor for Tau andattméno acid most commonly first limiting for
protein synthesis in diets with high inclusion lsvef non-cereal plant proteins (&al., 2013),
for example, may have implications for supplemeotadf this amino acid. In addition,
understanding the pathways through which Tau ingpguwth (if at all), may allow substitution of
alternative dietary components (i.e. other amindsawhich may be more abundant in available
ingredients) which exert the same effect on theglevays. The experiment assessing the impact of
dietary Tau supply on growth of barramundi, repdbiteChapter Four, observed a positive effect
on growth at between 6 and 8g*kigiclusion. The aim of the present study was v@stigate
whether this effect was reflected in selected pndiernover and growth-related pathways
previously linked to dietary amino acid suppleméata A secondary aim was to confirm that this
species does possess the ability to synthesisafato elucidate the mechanism by which it does
this (if at all).

Whilst Tau is not a precursor for synthesis oeotimino acids, the multitude of metabolic
processes in which it has been reported to bewedah other animals suggests that its absence or
excess in the diet could have an impact on thisatiibn of other amino acids with which it
interacts to effect these processes. Dietary Dateat, however, was observed to have little effect
on the metabolism of other amino acids in the preseidy, consistent with the observations in
Chapter Three, with reference to varying dietaryt Matent. It was thought that increased Tau
supply in the diet may have had a sparing effedtlety a proportion of which would otherwise
have been processed for synthesis of Tau, andhisatould be reflected in an increased presence,
or more prolonged peak, of Met in the plasma. ,Tidsvever, was not the case with no significant
differences observed in Met levels at any timepoifrimary peak in Met was observed at one
hour post feeding in fish fed the TauEXC diet, befievels declined, then rose to a secondary peak
at four hours post-feeding. Similar fluctuationsrevalso apparent in the plasma EAAs arginine,
lysine and, to a lesser extent, leucine levelses€ramino acids were included at the highest
concentrations in the EAA premix so this smallialipeak may be a reflection of rapid uptake of
free amino acids from the feed rather than an effe€au on metabolism of specific amino acids.
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Alam et al. (2004) suggested that binding of crystalline ananis within a matrix using casein-
gelatin could assist in negating this differensiasorption and this may have been advisable in this
case. Interestingly, this response was also setireiplasma levels of the NEAA serine (Ser)
which was not supplemented in the diet, so theoreés this fluctuation is not known. Levels of
Ser were also observed to decrease significantlyaiplasma in response to increasing dietary Tau.
As a precursor for Gly synthesis, it may be thateasing Gly supplementation (which was used to
replace Tau in the TauDEF and TauADQ diets) sp8exccatabolism, increasing the circulating
levels. The declining levels of Gly for the fils2 hours after feed consumption in the plasma of
fish fed the TauDEF diet (which had the higheslusion of Gly) was unexpected and there
appears to be no logical explanation for it. Téneels returned to pre-feeding concentrations by 24
hours post-feeding which seems to suggest thatdbgonse is cyclical, though there seems no
reason for excess Gly or a deficiency in Tau t@ipigate this response.

One of the fates of dietary Met may be the synghaisTau when it is limiting in the diet (as
would be expected in the TauDEF treatment). It amgipated that more sulphur amino acids
(SAA) would be required to be turned over for biatkyesis of Tau in fish in the TauDEF treatment
and that this would be reflected in an upregulatbMAT-1 (Met > SAM) and CGL
(cystathionine> Cys) in those fish. These genes were signifigaugkegulated in the livers of fish
in all treatments two hours after the meal and reethelevated after a further two hours, reflecting
the changes in plasma Met and Cys level. Whatumagpected was that MAT-1 appeared to be
more highly expressed in the livers of fish in TfeIADQ and TauEXC treatments than those fed
the TauDEF diet at two hours post feeding. Itlh@sn suggested previously that excess circulating
Tau, as seen in the plasma profiles of fish fedTidugEXC (and, to a lesser degree, TauADQ) diets
reported in the present study, may spare dietanyfddether processes (Esgteal., 2012), possibly
the most important of which is the production oA@enosylmethionine (SAM). The increased
expression of the Cys producing enzyme CGL at tauar$ post-feeding in fish fed the TauEXC
diet and at four hours post-feeding in fish in T@@IADQ treatment group, however, suggests the
priority may be for a cysteine metabolite furthkmg the Met metabolic pathway, possibly
glutathione or pyruvate, which play important ralegrotein and energy metabolism (Wast@l .,
1997; Lahnsteiner and Caberlotto, 2012). The ggithof glutathione, specifically, has been
suggested to be an important metabolic fate of (Me¢t al., 2009). Even if this were the case in
the present experiment, it would be expected thalTM expression would remain constant, as any
redirection of metabolites would be occurring fertdownstream. There is no evidence, therefore,
that Tau had any sparing effect on Met requirenretite present study. Taurine has been shown to
induce gastric acid secretion in rats (Huabhgl., 2011) so the resulting rapid digestion may have
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hastened the availability of Met, although the &nily in plasma Met levels does not support this.
The continual increase over time of expression &M in the livers of fish fed the TauDEF diet
points to the fate of this Met to likely be Tau 8ysis. While the patterns in the data are discusse
here, no significant differences were seen whick sugport the assertion in Chapter Three that
expression of these genes is regulated primarifigbg intake, rather than by the dietary amino
acid profile. MAT-1, for example, may be produgéeduch a volume as to convert a
predetermined amount of Met to SAM. Whether thAdSs destined for Tau synthesis or
production of some other metabolite may be depamatenther factors.

Similarly, it was expected that genes directly agged with the biosynthesis of Tau would
be significantly affected by supplementation of ;Tiauwesponse to a reduced requirement for
synthesis. Genes of the first taurine biosyntheditiway showed significant upregulation at two
hours post-feeding, presumably in response to ase@ availability of substrate for these enzymes.
Expression of CDO, catalysing production of cys#esnlphinic acid from cysteine then plateaued
while that of CSAD, possibly suggesting conversibithis compound to hypotaurine continued to
increase significantly. Interestingly, the patteafiresponse of these two genes, as well as that o
CGL, which is involved in the production of the Cybstrate for CDO, are quite similar, indicating
the flow of metabolites along this pathway. CSA{pression appeared to be depressed by
excessive Tau intake at four hours post-feedirgjcating a negative feedback on the regulation of
expression of this gene by excess circulating TAaminteresting pattern emerged in the
comparison of ADO and CSAD expression, the enzywtgsh catalyse competing pathways for
hypotaurine synthesis. The CSAD-catalaysed suiaiémine pathway is considered the primary
pathway used by mammals (Schuller-Levis and P&@3Pand has been assumed to be as such for
teleost fish as well, although there has been sismeission that the cysteamine pathway
incorporating ADO could also be significant (Sadeel Davis, 2015). In the present study, both
pathways appear to be stimulated by feed intakeO Appeared to respond much faster than
CSAD to feeding but remained at a lower level giression with ADO expression levels peaking
at two hours and CSAD at four hours post-feedihlge pattern of response provides further proof
that this species does indeed possess the abiltynthesis Tau from SAA precursors and seems to
support the CSAD-mediated pathway as being the iexctree. It could be argued, however, that
both pathways play a role, depending on substrat#adility. Quantification of the contribution of
each enzyme/pathway to overall Tau biosynthes@utiit a combination of enzyme activity assays
and more comprehensive metabolite profiling may @utsiderably to this assertion.

As might have been expected, taurine homeostasisigaificantly affected by dietary
taurine supply. TauT was most highly expressedtienivers of fish fed the TauDEF diet at the pre-
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feeding and two-hour post-feeding timepoints, ssygg that the available taurine was in high
demand in these animals, requiring dynamic trarispiis difference, however, was not reflected
in the plasma Tau contents which were not signitigadifferent at the pre-feeding timepoint. It
may be thatellular Tau, rather thanirculating Tau, was limiting at this time, signalling
production of TauT to transport Tau to areas intrdesnand. The significant downregulation of
this gene in these fish at four hours post-feediag be in response to the depletion of circulating
Tau below a threshold for transport. This may héndication that TauT expression is directly
regulated by Tau availability in this species, aggested in turboPsetta maxima) by Wanget al.
(2016), and also illustrates that hepatic Taupsdtg used up when dietary Tau is limiting,
reflecting the patterns seen in the plasma profile.

Methionine, a precursor of Tau, has been showherpast to significantly affect factors
signalling the turnover of protein in other fiskespes (Belghitt al., 2014), which directly or
indirectly may impact overall growth stimulatioim this study, we were interested to know
whether the apparent stimulatory effect of Tauus@n on growth in this species reported in
Chapter Four was related to interactions with ttsegee pathways, whether directly through
signalling activation of the pathway or cascadandirectly through sparing of Met for
involvement as previously outlined. Expressiothef proteolytic pathway gene ZFAND-5 was
downregulated over time after the meal, being §icamtly higher pre-feeding than at two hours
post-feeding and decreasing significantly agaieradtfurther two hours. This same pattern of
response after feeding was also seen in the sgmyted in Chapter Three and is logical
considering proteolysis would be less requiredi@si@ting amino acids become increasingly
available. Expression of this gene declined owee in a slower fashion in the livers of fish ireth
TauEXC treatment, and was significantly more higitpressed in fish in this treatment, compared
to those fish fed the TauDEF and TauADQ dietswathours post-feeding. This is unlikely to be
related to fish size, as theorised Chapter Thieésh in this treatment were slightly smaller than
those in the TauADQ treatment. It may suggesinausatory effect of excessive taurine on protein
degradation during the brief period where circulgfiau was at its peak, although no biological
reason for this is apparent. Unexpectedly, expressd MUL-1 did not change significantly over
time, in contrast to what was reported in Chaptee&. This may be a reflection of the continuous
nature of protein turnover (Kaushik and SeilieZ1@0 While both this gene and ZFAND-5 are
indicative of proteolysis, perhaps their respecpaéhways are differentially active and are
stimulated or suppressed by separate stimuli.

Redd-1 expression was significantly lower in fislthe taurine adequate treatment than
those in the deficient treatment at all samplinonisp signalling a reduction in the suppression of
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TOR, and possibly suggesting a link between adeggwgtply of taurine and TOR pathway-
mediated growth stimulation. It's not clear whypeassion of this gene in all treatments increased
after feeding when it might be expected that notréesailability would stimulate growth-related
pathways such as mTOR. Similarly to ZFAND-5 expi@s, significant upregulation of this gene
in fish fed the taurine excess diet (TauEXC), imparison to those fed the adequate diet
(TauADQ), at both two and four hours after feedsnggests a depressive effect of taurine on
growth at high levels of inclusion. Alternativebny effect of Tau supplementation on this
pathway may have been concealed by an interactitincwculating insulin, a factor not measured
in this study. This relationship between aminaatipply and insulin level on the activation of the
TOR cascade has been documented in other spearsajicet al., 2010).

Variations in the dietary inclusion of other amaentds have similarly been shown to affect
the expression of genes associated with growthusditon and initiation in fish. Expression of
components of the somatotropic axis, for exampkreweported to be impacted by dietary Met
inclusion by Rollandt al. (2015) and by dietary Lys inclusion in the studyHevragyet al. (2007).

In the present study, the patterns of respons&®ifl] IGF-11 and GHR-1l were similar within each
timepoint. Fish in the TauADQ treatment exhibited highest relative expression of each gene at
all sampling points, confirming the positive effe¢tadequate Tau supply on growth processes in
this species, as also supported by the reduced-Redgression. Before feed was consumed, the
lowest level of expression of these genes was isetlie excessive taurine treatment (TauEXC).
After feeding, however, expression was consistdothest in those fish fed the TauDEF diet. This
trend is consistent with the pattern of growth obséd in the experiment reported in Chapter Four,
reaffirming the connection between growth and esgi of genes of the somatotropic axis. The
depression in expression of these growth-relateége response to excessive Tau supply in the
diet reflects the upregulation of proteolytic anmdR-suppression markers described above, possibly
further signalling that excessive Tau is not comaeito optimal growth. Whether this effect is due
to direct action of Tau on stimulating or suppregsexpression of these genes or is simply a

reflection of differential growth regulated throughernative pathways remains unclear.

Conclusion

Tau appears to have a positive influence on sewasgkers of growth or growth stimulation
in barramundi. Specifically, adequate Tau may cedhe expression of the TOR suppressing gene
Redd-1 and increase the expression of genes gbthatotropic axis. Quantification of the
capacity of a species to synthesise Tau from psec BAA is important in defining the essentiality
of Tau supplementation in the diet. This study ¢@#irmed that barramundi possess this
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capability and showed that they may be able taccetfas through at least two different biosynthetic
pathways, with both CSAD and ADO expression respantb feed consumption. Transport of
taurine within the animal was also suggested tditeetly regulated by Tau availability. It appears
then, that the growth stimulating effects of Tauackhwere proposed, though not significant, in
Chapter Four may have been more pronounced inbsenae of the restricted pair-feeding regime,
identified as a possible confounding factor in ting the magnitude of growth divergence of fish in
that study. While Tau may not be required in thed per se, supplementation may be advantageous

where sufficient SAA precursor supply is limiting.
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Chapter 6 - Allometric scaling exponents for indivdual amino acids
differ significantly from that of protein in juveni le barramundi
(Lates calcarifer).

6.1 Abstract

An experiment was conducted to assess the effecrging fish size on the losses of protein
and individual amino acids during a period of saion in barramundil@tes calcarifer). Fifteen
fish within each of six size classes (Group A, 10(&13g; Group B, 19.2 + 0.11g; Group C, 28.3 £
0.05g; Group D, 122.4 £ 0.10g; Group E, 217.6 60;35roup F, 443.7 + 1.48g; mean * SD) were
housed in triplicate tanks and deprived of fooddqreriod of 21 days. Losses in protein and
individual amino acids over this period, relatieellhie geometric mean weight of the animals, were
used to calculate the allometric scaling expontmteach of these parameters. The exponent value
derived for loss of protein (0.693 +0.0029) complarell with previous estimates in various
species. Live weight exponents for the majorityhaf proteinaceous amino acids differed
significantly from that of protein, with only thosalculated for the branched chain amino acids and
cysteine being lower. No significant differencesvgzen in the exponent values for losses of the
sum of essential, compared with non-essential, amaids, however the exponent value for losses
of the sum of all proteinaceous amino acids wasifstgntly higher than that of protein, suggesting
an influence of fish size on utilisation of non-f@ia nitrogen. Metabolic requirements for
methionine for maintenance and growth in barramwedie calculated based on data from two
previous dose response experiments. The impadtese predictions of using the methionine
weight exponent derived in the present study, coatpto the traditionally used protein weight
exponent, in these calculations was assessedquireenent for weight gain was predicted to be the
major driver of utilisation of this amino acid imaller fish, while proportionally more methionine
may be used for maintenance in larger fish. It e@scluded that the use of a methionine specific
weight exponent may correct for changes in Metirequents in barramundi more accurately than
use of the protein weight exponent commonly usddead utilisation modelling.

159



6.2 Introduction

Developing reliable models to describe nutrient deds and utilization by fish species and
extrapolating these for prediction of growth inpesse to variable nutrient supply is an important
step in allowing feed formulators to optimise nenti supply. This may have impacts both
economically, in terms of reducing wastage at tla@ufacturing and feeding level, and
environmentally, through the reduction of wastepatg from aquaculture operations, an important
consideration in maintaining the social licenceéhaf aquaculture industry to continue its expansion.

A number of such models of varying complexity h&een proposed for various fish species
over the years (Machiels and Henken, 1987; ChaBamdau, 1998; Dumaet al., 2007; Pirozzet
al., 2010). Some of these have been iteratively dgesl to incorporate additional functions or
adapted for various species (e.g. Lupattci., 1998; Lupatsch and Kissil, 2005; Glencross, 2008;
Glencross and Bermudes, 2012). These models mawarpy focused on the demands for the
macronutrients protein and lipid as well as enerigyorder to optimise these models further, it may
be necessary to characterize the impact individordponents of these macronutrients have on the
overall requirements of the animal. This may kgeemlly pertinent for the amino acids given their
roles in numerous metabolic processes and the inipadalance of their profile can have on
protein metabolism (Aragéo, 2004) and, thus thevtitrand development of the animal. RoHlin
al. (2003) suggested that fish may utilise dietaryremaicids at differing efficiencies. Considering
individual dietary amino acid utilisation to be postional to that of crude protein, therefore, may
be problematic when the amino acid profile of thetgin used differs from that used to establish
the model components relating to protein utiligatid recent focus on the amino acid requirements
of fish, particularly carnivorous species, has caieut due to a need for the aquafeed industry to
reduce its reliance on fishmeal and concomitaneses in the use of plant proteins, which often
have amino acid profiles imbalanced with that respiby the animal (Esp#t al., 2012). It has
become necessary, therefore, to properly charaetdre true requirements for these dietary
components, particularly those such as Met whiehadiundant in fishmeal but limiting in many
plant meals, in order to ensure dietary formulaioantaining high levels of these ingredients meet
or exceed minimum requirements. As a resultgtiean increasing body of information relating
to the amino acid requirements of a range of figtes (see summary in NRC, 2011). What is
less understood, however, is how these demandgjelveith animal size. While essential amino
acid requirements have been defined for certainispeseparately at different lifestages (the
requirement of rainbow trouGficorhynchus mykiss) for lysine, for example, has been studied in
fish ranging from 5g (Waltost al., 1984) to 51g (Rodehutscoetlal., 1997) starting weight) only

one attempt at modelling this mathematically haanlgublished to our knowledge, published in
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NRC (2011) utilizing the “hybrid nutrient-flow bioergetics model” of Bureau and Hua (2006).
Further work is clearly needed to properly chandstethis relationship.

Relative protein demands are known to decreaseimgteasing fish size (Wilson, 2002),
likely due to a decreased rate of protein synthesisturnover as the specific rate of growth of the
animal decreases (Houlihanal., 1986). This phenomenon has been accounted t&vieral fish
feed utilisation models (Lupatsehal., 2003; Glencross, 2008; Boaghal., 2010; Van Tieret al.,
2016) through the use of a body weight exponenpfotein. While experimentally-derived values
for this exponent can vary marginally (Beck and @r,01995; Van Tiewt al., 2016), the generally
accepted value of 0.70 is widely used (Lupattci., 1998; Hellandt al., 2010; Glencross and
Bermudes, 2012).

This exponent, describing the relationship betwmetein loss over a period of starvation
and the live weight of the animal, is then useddale protein requirements for maintenance and
maximum growth at any given weight for incorporatiato equations underpinning feed utilisation

models such as that of Lupatsch and Kissil (2005) :
DP,aine (g fish™! day™!) = a * BW(kg)?7°
Dl:’req (g fish™* day_l) =ax BW(kg)°'7° + b * protein gain

Where DRhaintis the digestible protein required for maintenaacd DR is the total digestible
protein required for maintenance and growdhs a temperature-dependent coefficient hislthe
cost in units of DP to deposit one unit of protasngrowth (Glencross and Bermudes, 2010;
Glencross and Bermudes, 2011).

Whether this can be extended to that of individumino acids remains unknown.
Accounting for the effect of growth on the basahimtenance and growth requirements for
individual amino acids and incorporation of thifoimmation into current nutritional models would
improve the accuracy of predictions made when féatmg diets containing novel sources of
protein.

One model already developed for barramubdids calcarifer) is that of Glencross (2008),
which was further refined to incorporate the efeaft water temperature by Glencross and
Bermudes (2012). This model, like many beforasgsessed mainly crude protein, lipid and energy
utilisation by this species. A recent study byii8adt al. (2016) examined the allometric scaling
effect of specific fatty acids in this speciespailing application of the Glencross (2008) model to
the determination of metabolic demands of thegg &atids for maintenance and growth. The aim

of the present study, therefore, was to extendftinieer and provide estimates of the relationship
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between fish size and the inevitable losses oiddal amino acids in this species in order towallo

further optimisation of that model.

6.3 Materials and Methods
6.3.1Fish Management

Experiments were conducted in accordance witttistralian Code of Practice for the
Care and Use of Animals for Scientific Purposesleurthe approval of the CSIRO Animal Ethics
Committee (approval number: A3/2015) and The Ursigiof Queensland Animal Ethics
Committee (approval number: QAAFI/422/15/CSIRO).

Juvenile barramundLétes calcarifer) were procured from the BettaBarra fish hatchery
(Atherton, QLD, Australia) and on-grown at the Coamwealth Scientific and Industrial Research
Organisation’s (CSIRO) Bribie Island AquaculturesBarch Facility for a period of approximately
four months. During this period, fish were fedstdiety with commercial barramundi feed (Ridley
Marine Float; Ridley Aquafeeds) and graded perialtiian order to reduce cannibalism and to
separate broad size classes. A second batchegifijavfish was sourced from the same hatchery
two weeks prior to the commencement of the experiraad treated as per the previous batch.
These fish were graded regularly over the followtiwg weeks to isolate the smaller size classes.

On commencement of the experiment, forty fish fieah pool tank were individually
weighed to obtain a size group average, from whiklspecific weight classes were established.
These groups (= S.E.M.) were as follows: Group &51(+ 0.13)g; Group B, 19.2 (£ 0.11)g; Group
C, 28.3 (+ 0.05)g; Group D, 122.4 (+ 0.10)g; Gré217.6 (+ 0.36)g and Group F, 443.7 (+
1.48)g. Fifteen fish within each weight group wdren randomly allocated to each of three
replicate tanks per group. All fish were anaestldtwith a light dose of AQUI-S (~0.02mL/L)
(AQUI-S New Zealand Ltd) and individually weighedfbre being allowed to recover in their
allocated tanks.

The experimental tanks (600L capacity) were sugphéh seawater at a rate of 3L riin
Water temperature was maintained at 30.0 (£C2yith a dissolved oxygen content of 6.6 (+0.3)
mg L, and the system maintained under a photoperid@lofight:12h dark using artificial

lighting. During the experimental period (21 daykg fish remained unfed.

6.3.2Chemical analyses

At the commencement of the experimental period fish from each weight group, having
remained unfed for the preceding 24 hours, wereasiged by overdose of anaesthetic and stored
at -20C until required for proximate analyses. Additityéive fish from each experimental tank
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were sampled at the conclusion of the experimetitvaare treated in the same manner. Whole fish
within each weight group were pooled and homogeisecommercial meat mincer (MGT-012,
Taiwan). Samples of this mince were then takemfwole-fish dry matter analysis while a random
proportion of the remaining homogenate was freermddAlpha 1-4, Martin Christ, Germany) for
further analyses.

Carcass dry matter contents were determined by omaswe after 24 hours of drying at
105°C. Similarly, gross ash contents were determinadigretrically following combustion in a
muffle furnace for 24 hours at 5%D. Total lipid contents were determined by eximacbf the
lipid portion of the samples according the methbBalchet al. (1957). Measurement of total
nitrogen content was undertaken using organic eltshanalysis (CHNS-O Flash 2000, Thermo
Scientific, USA) and sample protein content caltedebased ol x 6.25. Determination of gross
energy by isoperibolic bomb calorimetry was perfedon a Parr 6200 oxygen bomb calorimeter
(Par Instrument Company, Moline, IL, USA).

Amino acid compositions were determined by massaliein after reverse-phase ultra high-
performance liquid chromatography on a ShimadzueReX2 series UHPLC (Shimadzu
Corporation, Kyoto, Japan) coupled with a Shima8i280 Mass Spectrometer following pre-
column derivatisation with 6-aminoquinolyl-N-hydrisuccinimidyl (AQC) using the Waters
AccQtag system (Waters Corporation, Milford, MA). Piatewere hydrolysed and prepared for
analysis according to the protocol for complex feathples of Waters Corp. (1996) following
hydrochloric acid hydrolysis. Cysteine (Cys) anetinionine (Met) contents were determined
independently as described by Pogal. (2017).

6.3.3Assessment of protein and amino acid loss
Losses of crude protein across all size groups #fe starvation period were assessed

according the formula reported by Glencross ananBees (2011):

Wi * Pi — Wf « Pf
t

Protein loss (mg fish™! day™1) =

Where the Wi and Wf are the average initial andlfimeights, respectively, of fish in each replicate
tank. Pirepresents the protein content of thégubimitial (pre-starvation) carcass samples oheac
weight group and Pf the replicate tank averagd finatein content of the whole fish on a live-

weight basis. The observation period is denotdd &sdividual essential and non-essential amino
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acid losses were calculated in the same fashi@ubgtitution of the applicable Pi and Pf values

with the equivalent values for the respective angioiols.

6.3.4Methionine utilisation efficiency assessment

Marginal efficiencies of Met utilisation (EU) wecalculated for a soy protein concentrate-
based diet in a published barramundi total sulgimino acid (TSAA) requirement study (Pogepi
al., 2017; Chapter Two). Only data from Experimene@nfthat study was evaluated as
insufficient Met intake data points preceding theerved growth plateau in Experiment Two were
available for application of the linear relatiorshequired for calculation of the marginal
efficiency. Regression of the mass-independentdimal) Met gain as a function of the mass-
independent (marginal) digestible Met intake waesdu® determine the marginal efficiency
constant (kuet), taken as the slope of the linear relationshipd@hutscordt al., 2000). The
marginal Met gain was calculated using the follagviarmula:

Marginal gain = Gain o /GMW?* /t

Where: Gaiet is the Met gained (g fish, GMW is the geometric mean weight of the fish
((Weightnital — Weightina)®), x is either the Met loss (0.81) or protein loss Q). @xponent derived
in this chapter and t is the study period dura{iélencross and Bermudes, 2011). Calculations of
marginal intake were undertaken in a similar fashidth intake of Met replacing gain of Met in the
above equation.

A comparison was made between the calculationgwesther the Met (MetBW) or protein (PBW)
exponent-transformed GMW to examine the effecheféxponent value on estimates of Met EU.
Met utilisation efficiencies calculated in a pubksl barramundi Met utilisation study (Poppi and
Glencross, 2014) on a PBW basis were also recédclilesing MetBW.

6.3.5lterative determination of metabolic demands for méhionine

The marginal efficiency constant k) was applied to the calculation of maintenance,
growth and total Met requirements of barramundrarfying size, based on data from two earlier
studies (Poppi and Glencross, 2014; P@ppl., 2017). Predicted losses of Met from barramundi
of 50, 100, 500, 1000 and 2000g were calculateddan the power functions derived from Met
loss (the components of which are presented ineéf@dl). Extrapolation of the marginal

efficiency slope from these predicted losses ythetercept) to the point of zero Met loss or
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retention (thex intercept), yielded estimates of maintenance requents for Met for each dietary
formulation.
Methionine gain was estimated as a function ofjitantity in the whole body with reference

to the daily growth of the fish predicted by therbanundi growth equation of Glencross (2008):

Gain (g/fish/d) = (K+ xT + yT? + zT?) = (weight)%**?

Where: K and are constants angy, zanda are defined coefficients of the growth response
model.T is the temperature within an operating range aol®°C and weight is the GMW of the
fish (g fish?). The requirement for Met for growth was deterrdims Met gained in relation to its
utilisation efficiency (Salingt al., 2015).

The total Met demand, then was considered to beuheof the requirements for

maintenance and growth.

6.3.6 Statistical analysis

All values are presented as mean * standard eftbe mean (SEM). Losses of protein and
individual amino acids (mg fishday?), relative to the geometric mean weight (g figtwithin
each replicate tank were examined using power iomsty=ax®) in Microsoft Excel (Microsoft
Office 2013). Plotting of these relationships gtedd R values used to assess the goodness of fit of
the model. A bootstrapping approach was furthguleyed to generate replicate coefficient (slope)
and exponent values for each relationship. Thisagrh, involving manually removing each
replicate individually and assessing the effectr@nparameters of interest has previously been
employed in studies of this type (Glencross andrieles, 2011; Salirgt al., 2016) and was
assessed, in a cross-validation of selected paeasn@lata not presented), to produce standard
errors identical to those derived by an alternat¢hiod used by Lupatsehal. (1998). Protein and
individual amino acid coefficients were analyseddnye-Way ANOVA withpost-hoc comparison
of group means by Tukey’s HSD multiple range tedt.statistical analyses were performed in the
R-project statistical environment (R Core Team,£04ith effects considered significant at an

alpha level of 0.05.
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6.4 Results
6.4.1Carcass composition

Gross compositions of fish at the commencementandlusion of the starvation period
and indicators of fish performance are present&dliie 6.1. Weight losses as a percentage of
initial weight decreased with increasing fish siamging from 12.9% to 5.3%. Protein, energy and
lipid density were decreased in starved fish whiidstass ash contents were observed to have
increased. Condition factor decreased across@lipg after starvation. Survival was 100% in all
groups.

Initial and final carcass protein contents were bescribed by power functionsq{R 0.941
and 0.911 respectively; Fig. 6.1).

Similarly, the relationships between fish size ardividual amino acid density in both the
pre- and post-starvation fish were best fitteddwer functions, with increases in all proteinogenic
amino acids observed in response to increasingirEh(Table 6.2 and Table 6.3). Carcass taurine
content was highly variable but followed the saraeagal pattern in relation to fish weight before

and after starvation.
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Figure 6.1.Protein density of barramundi of varying live-wefigrre- @ = 14.761%0%47% R? =
0.941) and post-o(= 13.257%%¢ R2 = 0.911) feed deprivation for 21 days.
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Table 6.1.Performance indicators and proximate compositiobasfamundi within each size class before and & deprivation for 21 days.

Figures are presented as +SEM where appropriate.

Group A Group B Group C Group D Group E Group F
Initial composition (g kg asis unless otherwise indicated)
Dry matter 244.1 243.9 272.4 271.9 296.7 308.5
Protein 165.2 167.4 1775 181.1 192.6 197.9
Ash 39.4 39.2 37.5 315 41.4 49.2
Lipid 39.2 40.7 61.4 64.4 73.3 64.8
Gross energy (MJ kb 5.2 5.3 6.3 6.6 7.1 7.0
SumAA? 120.6 124.3 130.0 138.4 144.2 156.0
NPN (%} 27.0 25.7 26.7 23.6 25.1 21.2
Final composition (g kg! asis unless otherwise indicated)
Dry matter 210.4 +0.4 220.2 £0.1 255.6 +0.3 27363+ 281.0 +0.3 295.8 +0.2
Protein 149.7 0.2 156.3 +0.1 167.0 +0.4 182.5+0.3 188.2 +0.3 196.8 +0.1
Ash 45.0 £+0.0 45.4 £0.3 42.2 £0.1 37.6 £0.1 42.4+0 55.0 £0.1
Lipid 15.9 +0.2 19.6 +0.1 43.7 £0.1 54.2 +0.2 53013 51.8 #0.1
Gross energy (MJ kb 4.2 +0.1 4.5 +0.1 5.5+0.1 6.4 +0.1 6.5 +0.1 051
SumAA? 111.2+1.5 117.0£2.9 124.84+0.3 137.4+1.6 140.2+2.0  46.0+0.3
NPN (%Y 27.8+0.0 25.1+0.0 25.2+0.0 24.7+0.0 25.5+0.0 25.8+0
Performance indicators(g fish! asis unless otherwise indicated)
Initial weight 10.5+0.1 19.2 +0.1 28.3 0.1 122011 217.6 £+0.4 443.7 £1.5
Final weight 9.2+0.1 17.3+0.1 25.6 £0.1 114.31+0 206.5 +0.3 420.0 £1.0
Weight loss 1.4 +0.1 1.9 +0.0 2.7 £0.2 8.1+0.2 1140.2 23.7£1.6
Weight loss (%) 12.9 0.7 9.9+0.1 9.6 +0.5 6.62+0. 5.1+0.1 5.3+0.3
Condition factor initi&fl 1.2 +0.0 1.2 +0.0 1.310.1 1.2 +0.0 1.2+0.1 4020
Condition factor findl 1.1 +0.0 1.0 £0.0 1.1+0.1 1.1 +0.0 1.1+0.1 1.10+0
Survival (%) 100 100 100 100 100 100

2Sum of all proteinaceous amino acids (minus Trp)

®Proportion of total nitrogen comprised of non-pioteitrogen (derived from difference between Sumad Protein).

¢Condition factor = (average fish weight (g fi3tlaverage fish length(cm)”3)*100
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Table 6.2.Whole body proteinaceous amino acid (+Tau and snip) composition (g kglive weight) of barramundi at the commencemerthef
experiment. Data across size classes were fittedwer functionsy(= a* X?) with function components presented as means +.SEM

Group A Group B Group C Group D Group E Group F udiopn R

EAAs

His 2.46 2.55 2.46 2.59 2.84 3.20 y = 2.068(+0.004()f-062(+0.0005) 0.777
Arg 9.06 9.28 9.89 10.57 11.47 13.14 y = 7.161(+0.0096-092(+0.0004) 0.938
Thr 5.55 5.73 5.96 6.29 6.41 6.92 y = 4.907(+0.002 %-054(x0.0002) 0.966
Val 5.66 5.75 6.02 6.30 6.36 6.54 y = 5.203(+0.0024-038(x0.0001) 0.962
Met 3.60 3.68 3.95 4.27 4.32 4.65 y = 3.092(+0.002 1y-066(:0.0001) 0.969
Lys 9.90 10.34 11.18 12.49 12.83 13.64 y = 8.179(+0.005&}085(+0.0001) 0.982

lle 8.94 9.23 9.51 10.16 10.14 10.41 y = 8.219(+0.0039-040(x0.0001) 0.961
Leu 5.08 5.25 5.43 5.82 5.75 5.84 y = 4.723(+0.003 %-037(:0.0002) 0.908
Phe 5.23 5.43 5.70 6.02 5.99 6.26 y = 4.790(+0.0036f-044(x0.0001) 0.935

NEAAs

Asp 11.72 12.24 13.04 13.22 13.74 14.03 y = 10.810(+0.011 Kf-044(x0.0002) 0.901
Ser 5.75 5.86 6.17 6.54 6.55 7.07 y = 5.106(+0.003 K-051(x0.0002) 0.954
Glu 14.63 15.30 16.32 17.40 18.15 19.82 y = 12.356(+0.008&y-075(+0.0002) 0.972
Gly 12.48 12.78 12.87 14.25 15.59 18.45 y = 9.558(+0.0205f096(+0.0006) 0.984
Ala 7.77 7.90 8.32 8.67 9.38 10.04 y = 6.526(+0.055 &-066(:0.0002) 0.948
Pro 7.41 7.62 7.78 8.08 9.16 10.13 y = 6.037(+0.0083-077(x0.0004) 0.877
Cys 1.11 1.08 1.16 1.15 1.13 1.16 y = 1.080(+0.0010)-011(x0.0002) 0.380
Tyr 4.21 4.24 4.27 4.64 4.41 4.73 y = 3.901(+0.002 y-030(:0.0002) 0.792
Tau 1.06 0.98 1.09 0.61 0.59 0.82 y = 1.465(+0.009490-135(*0.001¢ 0.559
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Table 6.3.Whole body proteinaceous amino acid (+Tau and milmp¥s composition (g kg live weight) of barramundi after 21 days feed detion.

Data across size classes were fitted to powerifumety = a* XP) with function components presented as means +.SEM

Group A Group B Group C Group D Group E Group F u&iopn R
EAAs
His 1.90+0.03 2.06+0.08 2.21+0.09 2.48+0.06 728.03 2.65+0.13 y=1.618(x0.0043f-085(0.0001) ( 834
Arg  7.4020.12 8.11%0.28 8.96+0.45 9.68+0.53 9%0.45 10.78 +0.60 Yy = 6.320(+0.018%p-089(=0.0008) (g 752
Thr  5.07+0.08 5.37+0.19 5.630.07 6.25+0.07 6&6.09 6.54 +0.07 y=4.453(x0.0070 06700003 0 900
Val  5.42+0.07 576+0.20 6.07+0.17 6.59+0.10 96:6.15 6.89+0.14 y=4.846(+x0.008%0061(0.0004) ( 837
Met  3.34+0.08 3.46+0.04 3.76+0.10 4.26+0.02 24@.11 4.39+0.05 y=2.826(+x0.0053f080(*0-0005 ( 889
Lys  8.33+0.07 8.93+0.21 9.74%0.20 10.89 +0.23 .0810.08 11.31 +0.25 y = 7.192(+0.0134080(0.0004) 0 8gg
lle 8.23+0.07 8.72+0.23 9.16+0.19 10.26 +0.12 .40G:0.21 10.39 #0.19 y = 7.290(+0.0119065(:0-0004) ( 862
Leu 4.68+0.02 4.97+0.11 5.28+0.11 5.88+0.04 6%0.13 5.95%0.11 y=4.157(+0.006%p0660:0004 (0 862
Phe  4.61+0.06 4.83+0.15 5.21+0.01 5.69+0.02 9%¥08 5.84+0.07 Yy =4.084(+0.0068064(0.0004) (879
NEAAs
Asp  10.73+0.14 11.10#0.17 12.06+0.10 13.34 +0.1B.56 +0.17 13.58 +0.19 y = 9.407(+0.0141y-066(x0.0009) g 892
Ser 5.32+0.04 5.48+0.06 5.78+0.02 6.43+0.06 96GEL10 6.69+0.04 y=4.656(x0.0036)063(0-0002) (949
Glu  14.19+0.55 15.07 +0.69 15.77 +0.22 17.76 +0.387.73 +0.34 18.55 +0.29y = 12.477(+0.1273f-070(0-0005 ( 830
Gly 11.93+0.19 12.40+0.23 13.42+0.41 14.18 +0.5p4.88 +0.55 16.69 +0.62y = 10.011(+0.028607°(0-0006) 0 822
Ala 794024 833+0.28 853+0.18 9.3020.16 2%B.10 10.06 +0.15 y = 7.001(x0.0129059(0.0004) ( 863
Pro  7.41%0.15 7.70%0.16 8.12+0.05 8.73+0.16 82012 10.23+0.06 y=6.212(+x0.0088077(0:0003) ( 927
Cys 1.02+0.02 1.03+0.07 1.05+0.04 1.16+0.03 9%0.05 1.13+0.00 y=0.934(x0.0024%039(0.0006) (456
Tyr  3.73#0.08 3.72+0.38 4.06+0.13 4.55+0.08 44t0.20 4.310.13 y=3.357(x0.0133p050(0:0008) (414
Tau  1.23+0.03 1.12+0.08 1.16+0.06 0.64+0.03 5@®05 0.69 +0.03 y = 1.922(+0.0093)01940.0014) 0 799
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6.4.2Metabolic live-weight exponent determination

The relationships between geometric mean weigthi@ses of protein and individual

amino acids were well fitted to power functiogs=(a* X?) with R? values of at least 0.895. The

coefficients (slope) and exponents derived fronséhfeinctions are presented in Table 6.4.

A protein loss live weight exponent of 0.693 atG@vas derived based on protein loss after

starvation across variable body size, the relatignsf which is represented by the following

equation:

Protein lossec (mg fish! day?) = 0.065 (+0.0007) * (live weigHtfo30-0029 R2 = 08981

Table 6.4.Coefficient and exponent values for protein anihamacid losses derived from the

power functiony = a* X°). Exponent values with the same superscriptrlattember of asterisks

or plus signs are not significantly different.

Coefficient Exponent R? Weighted
(@) (b) Exponent
Protein 0.065(+0.0007) 0.693(+0.0029) 0.898 NA
EAAs
His 0.826(+0.0161) 0.889(+0.0051) 0.903 0.012(+0.0007)
Arg 2.404(+0.0342) 0.970(x0.0036) 0.957 0.047(x0.0041)
Thr 1.724(+0.0268) 0.792(%0.0045) 0.915 0.025(+0.0015)
Val 3.965(+0.0484) 0.429(+0.0037) 0.926 0.011(+0.0016)
Met 1.015(+0.0156) 0.811(+0.0045) 0.925 0.017(+0.0010)
Lys 2.503(+0.0166) 1.007(+0.0017) 0.991 0.062(+0.0006)
lle 3.763(+0.0639) 0.662(+0.00530) 0.895 0.032(+0.0028)
Leu 2.572(+0.0356) 0.594(+0.0039) 0.920 0.016(+0.0014)
Phe 2.016(+0.0172) 0.795(%0.0026) 0.965 0.025(+0.0002)
Av.=0.772
NEAAs
Asp 5.127(+0.0578) 0.702(+0.0035) 0.910 0.047(x0.0028)
Ser 1.835(+0.0214) 0.784(+0.0037) 0.928 0.027(x0.0002)
Glu 2.865(+0.0494) 0.902(+0.0047) 0.936 0.075(+0.0065)
Gly 1.602(+0.0319) 1.024(+0.0038) 0.954 0.063(+0.0082)
Ala 1.488(+0.0288) 0.737(+0.0051) 0.922 0.028(+0.0037)
Pro 1.179(+0.0209) 0.809(+0.0042) 0.914 0.034(+0.0030)
Cys 0.571(+0.0082) 0.648(x0.0043) 0.902 0.003(x0.0004)
Tyr 1.439(+0.0283) 0.805(+0.0050) 0.895 0.017(x0.0015)
Av. = 0.801
Tau 0.007(+0.0008) 1.512(+0.0177) 0.917 NA
SUMAA? 1.487(+0.0118) 0.858(+0.0020) 0.9766

1 Weighted exponent calculated as: the geometrimirpeecent of crude protein of each amino acid »ettonent (b).

2 Sum of all proteinaceous amino acids (minus Trp)
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Figure 6.2.Essential (A and B) and non-essential (C and Dparacid losses in barramundi of
varying size after 21 days feed deprivation.
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Amino acid live weight exponents showed substaraaiation and, with the exception of
aspartic acid, were significantly different (p<01p@om that of protein (Table 6.4). Valine (Val),
isoleucine (lle), leucine (Leu) and cysteine (Cysponents were significantly lower than that of
protein, while exponents for the remaining aminasevere significantly higher. Similarly, most
coefficients were highly significantly different€{p.001) from one another with some exceptions.
Threonine (Thr), phenylalanine (Phe) and tyrosing)were not significantly different from each
other, proline (Pro) or serine (Ser). Additionalistidine (His) and glutamic acid (Glu); lysine
(Lys) and glycine (Gly); methionine (Met) and pra@i(Pro); and Ile and Cys live weight exponents
were not significantly different. The mean expdnalues for the essential amino acids was not
significantly different from that of the non-esdahamino acids. The exponent for the relationship
between the loss of the sum of the proteinaceouscaatids and geometric mean body weight was
significantly (p<0.05) higher than that relatingdss of protein. Weighted exponent values for
individual proteinaceous amino acids were alsoveer{Table 6.4) and summed to 0.543
(x0.0402), representing 78.4% of the exponent fotgin (sum and proportion not presented).

Individual amino acid losses as a function of teergetric mean body weight are presented
in Fig. 6.2 (A to D).

6.4.3Methionine metabolic demands

Evaluation of the marginal efficiencies of Met uise previously published Met/total
sulphur amino acid (TSAA) requirement study (Paogig@l., 2017), as well as an as-yet unpublished
study (Poppi and Glencross, 2014), are presentédhie 6.5. A comparison of the components of
the equations describing the relationships betweass-independent digestible Met intake and
mass-independent Met gain derived using eitheptbtein or Met exponent-adjusted GMW (PBW
and MetBW respectively) is presented for comparisiglarginal efficiencies of Met utilisation
(EU) were markedly different between diets, howetles basis for this was not the focus of this
study. Application of the MetBW to the calculatiohthe mass-independent Met intakes and gains
resulted in marginally reduced EUs in comparisothtise derived using the protein exponent body
weight in both the LPCM diet of Poppi and Glencr{&314) and the data from Popmpial. (2017),
while it remained constant in the LPC diet andeased slightly in the FML diet of Poppi and
Glencross (2014).

Extrapolation of the EU relationships was usedlemtify the predicted losses of Met based
on thex intercept generated estimates of Met maintenaagedds (Table 6.6). The effect of using
MetBW or PBW on these estimates was dependenteosizk of the animal, with higher
maintenance demands predicted for smaller and mredized fish across all treatments when the
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PBW was used in calculations, whilst higher demamelee predicted for the larger fish using the
MetBW.

Methionine requirements for growth calculated ushngMetBW adjustment were predicted
to be marginally higher across all fish sizes whapplied to the Popt al. (2017) data and the
LPCM, but not FML and LPC, data of Poppi and Glessr(2014).

A similar trend was seen in the predictions ofltbtat requirement.

Table 6.5.Comparison of the marginal efficiencies (slopeMait utilisation by barramundi in two
previous studies, calculated using either the WettBW) or protein (PBW) transformed live
weight exponent values derived in the current @rpant. Also indicated is the estimated
maintenance demands for Met (intercept) from eeafstormation and diet.

Slope Intercept R? 1/k2
Poppi and Glencross (2014)
Diet FML®P
PBW 0.894 0.001 0.90 1.119
MetBW 0.900 0.001 0.89 1.111
Diet LPCM¢
PBW 0.256 0.004 0.86 3.906
MetBW 0.255 0.006 0.85 3.922
Diet LPCH
PBW 0.318 -0.017 0.52 3.145
MetBW 0.318 -0.029 0.51 3.145
Poppi et al. (2017)¢
PBW 0.266 0.058 0.88 3.759
MetBW 0.260 0.085 0.87 3.846

@ Intake to gain ratio.

b Diet FML: a fishmeal-based diet

¢ Diet LPCM: a lupin protein concentrate-based diith wupplemental DL-Met.
4 Diet LPC: a lupin protein concentrate-based diet.

¢ Experiment 1 data only

Maintenance Met demands as a proportion of thé Kb¢arequirements were consistent
across all datasets, with maintenance constit@ihgher proportion of total demands when
calculated using the PBW for all fish sizes exdbptlargest two sizes. Figures derived from the
Poppi and Glencross (2014) data were almost iddrdaross the treatments. The proportion of the

total Met requirement occupied by the requirementMet maintenance increased with increasing
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fish size, ranging from 0.8% of the total requireti®r 509 fish in the FML treatment of Poppi and
Glencross (2014), up to 43.2% for 20009 fish inRlogpiet al. (2017) data.

6.5 Discussion

Several authors have argued that the amino agidreements of an animal can be derived
from the use of an “ideal protein”, one which camsaeach of the essential amino acids (EAA) in a
specified ratio relative to a key amino acid susliyaine, and usually with reference to the
proportions present in the whole body or muscussue of the animal (Boiseshal., 2000; Furuya
et al., 2004; Gaylord and Barrows, 2009). The meritslandations of this school of thought have
been discussed extensively (Mambrini and KauskR51 Hartet al., 2009; NRC, 2011), however,
there is some consensus that the whole body amidgeofile reflects the minimum requirements
for most EAA. Consequently, consideration of digi@igestible protein supply should suffice as a
component of modelling growth in fish, if this capt is considered accurate. Digestible protein
requirements could be calculated over a range rainpeters, using a “balanced” amino acid profile,
and the magnitude of individual EAA inclusion iretiry formulations could be based on this
“ideal protein” supplied to meet the crude protequirement, as is the assumption when applying
current factorial growth models for fish. It haeeln asserted, however, that fish do not have a
requirement for proteiper se but for a balance of individual essential and essential amino
acids (Limet al., 2002), which together make up the reported pnateguirement (or the majority
thereof). One of the major limitations of the ibpeotein concept is that it does not account fer t
differences in utilisation or rate of turnover oflividual amino acids identified by authors such as
Rollin et al. (2003) and Adeola (1998). These differences neag kesult of variations in the roles
of these amino acids, possibly overestimating éoglirement for some and underestimating others,
such as those substantially involved in proceses than protein synthesis. Additionally, these
roles may change with the lifestage of the fishli{R@t al., 2003). Incorporating these differences
into current models, such as by incorporation gfogent values which allow the effect of the size
of the animal on nutrient utilisation to be takatoiconsideration, may improve the accuracy of
predictions, allowing optimisation of the use afdeexpensive or more sustainable sources of
protein.

If the ideal protein is indeed representative efrtbquirements for individual amino acids, it
might be expected that the utilisation of wholetpmowould be representative of that of individual
amino acids. In the present study, a proteinésg®nent of 0.693 (£0.0029) was derived based on

protein (nitrogen x 6.25) loss after feed deprivatin fish of variable size.
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Table 6.6.Methionine demands in growing barramundi maintaiae8FC as predicted by
published growth models for this species and base@sponses to variable methionine in two
published dose response studies, in addition lisatton efficiencies derived in the present study.
Comparison between the use of carcass methionsheratein loss exponent-adjusted body
weights derived in the present study (MetBW and Pi@¥pectively) are also presented.

Live Wt.  Expected Growth ~ Met maint Met gain Met growth Total Maint: Total
(g fishh) (g day')? (mg fish* d9)  (mgfish? dd)°  (mgfishtd?)? (mg fish* d?)° (%)
Poppi and Glencross (2014)
Diet FML ¢
PBW 50 2.13 0.16 11.74 13.13 13.29 1.2
MetBW 50 2.13 0.11 11.74 13.05 13.17 0.8
PBW 100 2.88 0.45 15.87 17.75 18.20 25
MetBW 100 2.88 0.35 15.87 17.65 17.99 1.9
PBW 500 5.81 5.15 31.97 35.74 40.89 12.6
MetBW 500 5.81 4.74 31.97 35.54 40.28 11.8
PBW 1000 7.85 14.68 43.22 48.32 63.00 23.3
MetBW 1000 7.85 14.59 43.22 48.04 62.63 23.3
PBW 2000 10.61 41.85 58.43 65.33 107.18 39.0
MetBW 2000 10.61 44.93 58.43 64.95 109.88 40.9
Diet LPCM"
PBW 50 2.13 0.55 11.74 45.94 46.49 1.2
MetBW 50 2.13 0.40 11.74 46.14 46.54 0.9
PBW 100 2.88 1.58 15.87 62.10 63.68 2.5
MetBW 100 2.88 1.23 15.87 62.37 63.60 1.9
PBW 500 5.81 18.01 31.97 125.08 143.09 12.6
MetBW 500 5.81 16.75 31.97 125.62 142.36 11.8
PBW 1000 7.85 51.36 43.22 169.09 220.45 23.3
MetBW 1000 7.85 51.58 43.22 169.82 221.40 23.3
PBW 2000 10.61 146.44 58.43 228.60 375.03 39.0
MetBW 2000 10.61 158.83 58.43 229.58 388.42 40.9
Diet LPC!
PBW 50 2.13 0.45 11.74 36.98 37.43 1.2
MetBW 50 2.13 0.32 11.74 36.92 37.24 0.9
PBW 100 2.88 1.27 15.87 50.00 51.27 2.5
MetBW 100 2.88 0.98 15.87 49.92 50.90 1.9
PBW 500 5.81 14.50 31.97 100.69 115.19 12.6
MetBW 500 5.81 13.40 31.97 100.53 113.94 11.8
PBW 1000 7.85 41.34 43.22 136.12 177.47 23.3
MetBW 1000 7.85 41.28 43.22 135.91 177.19 23.3
PBW 2000 10.61 117.89 58.43 184.03 301.92 39.0
MetBW 2000 10.61 127.12 58.43 183.74 310.86 40.9

Poppi et al. (2017)!

PBW 50 2.13 0.54 10.68 40.66 41.20 1.3
MetBW 50 2.13 0.40 10.68 41.66 42.05 1.0
PBW 100 2.88 1.54 14.44 54.96 56.50 2.7
MetBW 100 2.88 1.22 14.44 56.31 57.54 2.1
PBW 500 5.81 17.52 29.08 110.70 128.22 13.7
MetBW 500 5.81 16.62 29.08 113.42 130.04 12.8
PBW 1000 7.85 49.97 39.31 149.65 199.62 25.0
MetBW 1000 7.85 51.20 39.31 153.33 204.52 25.0
PBW 2000 10.61 142.48 53.15 202.32 344.80 41.3
MetBW 2000 10.61 157.66 53.15 207.29 364.94 43.2

a2 Modelled daily growth based on 30°C water tempeeafGlencross, 2008; Glencross and Bermudes, 2012)
bMaintenance digestible Met requirement, per expbtransformed Met (MetBW) or protein (ProBW) body g (as per exponents
presented in Table 6.4).

¢ Met content of the modelled live-weight gain.

4 Digestible Met demand for gain derived by gaimMait predicted by the model divided by the utilisatifficiency of Met.
¢ Combined digestible Met demand for both maintesaar growth.

f Proportion of maintenance Met demand in total M&hand.

9Diet FML: a fishmeal-based diet

h Diet LPCM: a lupin protein concentrate-based diigh supplemental DL-Met.

" Diet LPC: a lupin protein concentrate-based diet.

j Experiment 1 data only
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This exponent does not differ greatly from the galtg accepted protein loss exponent of
0.70 reported by Lupats@hal. (1998) from 1-250g gilthead seabred&#pafus aurata) and of 0.67
- 0.72 derived by Glencross and Bermudes (201@) fsarramundi of a similar size range at water
temperatures consistent with that used in thisysta8PC). Unusually, the crude protein content of
the fish at the start of the experiment increasi ncreasing fish size, which is in disagreement
with the data presented by Glencross and Berm@fd} and had a flow-on effect of fluctuating
initial amino acid profiles on a whole-body basi¢evertheless, the pattern of relative losses of
protein from those fish with an apparently higha&rcass content remained consistent with what has
been seen in other fish species. The homologydsiihe derived exponent for protein in the
present study and those reported previously insihéxies suggests that the derived individual
amino acid exponents should also be representattitenover of these amino acids by this species.
Contrary to the assumptions of the ideal proteimcept, live weight exponents for the majority of
the proteinaceous amino acids differed signifigafrdm that of whole protein. Most amino acids,
with the exceptions of Val, lle, Leu and Cys, wsignificantly higher than that of protein as a
whole. Exponents ranged from 0.429 (x0.0037) far % to 1.024 (£0.0038) for Gly and were
generally significantly different between aminodsci The amino acid compositions of individual
tissue proteins can vary between organs, howeegr #nd that of the carcass as a whole, are
thought to be tightly controlled in larger fish giner, 1994; Wilson, 2003) and, therefore, unable
to change substantially. The assumption in aniatran of whole body amino acid composition
across fish size during starvation, then, is thitthe result of either variation in the compiositof
the free amino acid pool or in the rate of turnamecatabolism within individual organs. While it
would seem logical that the free amino acid poaliMdluctuate as individual amino acids are
selectively removed at differing rates for the $sis of proteins, there has been no in-vivo proof
that this is impacted significantly by the sizetlod animal, despite the fact that the relative eize
the pool has been shown to vary with lifestage (Haunet al., 1995; Srivastavet al., 1995).
Relative organ sizes have, however, been obseovechte to fish size (most often isometrically,
except in the case of white muscle, which exhib#eche allometry in rainbow trout
(Oncorhynchus mykiss) in a study by Houlihaet al. (1986)). The relative area of the gill tissue,
with its high rate of protein turnover (synthesmslalegradation) and low rate of protein accretion,
for example, declines with increasing fish size (iHwanet al., 1986), whereas muscle tissue
continues to accumulate. The rate of turnovehe$e¢ organs, with their differing amino acid
profiles, could have a significant impact on thgeuieement for individual amino acids.

The exponent values of around 1.00 calculated ysrdnd Gly indicate that the relative rate
of loss of these amino acids is in direct proportio the size of the fish, seemingly unrelatechio t
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relative rate of standard metabolism of the anwwviath is known to decrease proportionally with
increasing fish size (Wootton, 1990). This mayic¢ate that the demand for these amino acids is
greater for biological processes other than retandf protein/tissue. Glycine, for example, plays
an important role in responding to environmentassors through acting as an organic osmolyte,
regulating cellular volume (Fiessal., 2007) which can have a range of health implicetjovhile

the lysine derivatives hydroxylysine and allysime essential in stabilizing the structure of catiag
(Ricard-Blum and Ville, 1989), a key constituentcohnective tissues as well as skin and scales of
fish, which, in itself, may have osmoregulatory sequences. It may also indicate that these amino
acids were preferentially catabolized for energydpiction rather than retained during protein
turnover or that their rate of inevitable catabulis higher. While the use of amino acids for
energetic purposes is significant in fish, litdeknown about the selection of individual aminalaci
for this function. The NRC (2011) asserts thad meferential catabolism may be difficult to
separate from the inevitable catabolism of amindsathrough other catabolic pathways, the
magnitude of which has been suggested to vary leetamino acids (based on variations in
utilisation efficiencies of individual amino acid$juller, 1994). Glycine has been observed in rats
to have an additional energetic role through aatiomgluconeogenesis (Nadkagebil., 1960), a
pathway shown to be active in this species (Wai@é, 2014). This function, however, is also
shared by serine which exhibited a much lower widigds exponent in the present study, as might
be more expected given a decreasing metaboli¢mgiees a lower relative demand for energy in
the larger fish.

A significant observation in this study was thaigé amino acids with live weight exponent
values below that of protein, indicating a greaietogical demand in smaller fish, were the
branched chain amino acids (BCAAs) and Cys. Th&RB&are known to have a number of
important roles, including determining the struetof globular proteins such as myoglobin and
hemoglobin (Brosnan and Brosnan, 2006), responBiblexygen transport in the muscle and blood
respectively, the relative demand for which mightexpected to be greater in smaller fish given
their higher metabolic rate (Brett and Glass, 1973atabolism of this group of amino acids is
thought to occur primarily in the muscle tissue thte of which increases rapidly during stressful
events such as exhaustive exercise and seawalienatan (Li et al., 2009) when energy may be
limiting as would also be the case during periddstarvation. Muscle tissue has been observed to
be the major site of protein degradation duringvstizon in Atlantic salmon, for example, (Einen
al., 1998) which may explain the higher relative catein of the BCAAs by smaller fish, whose
rate of protein turnover is higher (Houlihetral., 1986). It is not immediately clear why the body
weight exponent for loss of Cys is also below tifgirotein but, similarly to the BCAAs, may be
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related to its role in protein structure or itsukagion of transcription factor N&B, an important
function in influencing cell survival and proliféran (Métayeret al., 2008). Cysteine also acts as a
precursor for the aminosulfonic acid taurine (Taum) jmportant compound in osmoregulation and
protection from oxidative stress (Ripps and Sh€d,12 which may be especially important during
starvation when energy reserves are depleted, ireglttee capacity of the animal to respond to
external stressors.

Although not a proteinogenic amino acid, taurineteats were variable in the body before
and after feed deprivation but were proportionkdiyest in fish in the larger size classes. Thiyma
suggest either that Tau is less required in ldiglr as has been suggested byeiil. (2012), or
that it was somehow limiting in these fish, requirsynthesis from Cys, to maintain a constant
body pool. The body weight exponent for the los§an, however, was the highest calculated at
1.5117(x0.0177) which seems to suggest largetigste a higher requirement per unit of body
weight, supporting the latter theory. This higlpexent appears to be driven by the high losses of
Tau in fish in the largest size group which incezhsoticeably from the preceding size group. It
might have been interesting to see the responghodf an intermediate size (e.g. ~300 g/fish), or
perhaps larger still, to elucidate whether this esasnomaly or a true exponential response.

One limitation of drawing conclusions on amino agitisation from the results of this
study, and extrapolating to deduce amino acid requents, is that these figures were derived based
on the assumption that the rates of amino acigkfebserved in the starved fish are constant and
will remain so in fed fish. As mentioned in retatito the losses of the BCAAs, some of the
observations made may be associated with a respo@saino acid or energy limitation, rather than
inevitable catabolic processes. Indeed, reduceigiprsynthesis has been associated with feed
deprivation in several fish species, a conditiorersed with feeding, and may, therefore, have a
significant impact on the standard metabolic rdtde animal (O'Connoet al., 2000).

It might have been expected that the EAAs woultbbeat a greater rate than the NEAAs,
given their additional role in the synthesis oficient NEAAS during protein turnover further to
fulfilling their various metabolic roles and as qooments of proteins themselves. This, however,
was not observed, with the average exponent foEfk&s not differing significantly from that of
the NEAAs. Perhaps the need to maintain a speeific of EAA:NEAA within the proteins and
free amino acid pools, as proposed is necessatigtary formulations for optimal fish health
(Oliva-Teles, 2012), is the major driver in selection miirgo acids for catabolism.

An additional caveat of the present study is thasés in protein are assumed to be
representative of catabolism of muscle and/or oggateins, however, this may not necessarily be

the case. Current methods of estimating animakpratomposition (and, consequently, protein
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accretion and loss), including that used in thegné study, assume a protein content of 6.25 times
the measured amount of nitrogen in the sampletliat.nitrogen comprises 16% of an intact
protein). While convenient, these methods ignarth the fact that not all proteins have the same
amino acid profile and, thus, will contain varialdgels of nitrogen, as well as the contribution of
non-protein nitrogen (NPN) to the overall nitrogega@omposition of the animal. NPN may be
present in the fish in the form of volatile basasonia and various amines), nucleic acids,
phospholipids and purine derivatives, among otbenpounds (Mariottet al., 2008) and has been
shown to constitute up to 18% of total nitrogeneileost fish (Niimi, 1972). In the present study,
for example, the sum of the measured amino acicisumted for between only 73 and 79% of the
total nitrogen composition of the fish before stdion and between 72 and 75% after starvation,
suggesting the majority of the remaining 21 to 28%cluding Trp which was not measured) was
made up of NPN. A similar result was seen whentbighted exponents for the proteinaceous
amino acids were calculated, where the sum of thvesghted exponents represented only 78.4% of
the protein loss exponent. Hellagtchl. (2010) reported differences in the calculated irequents
of Atlantic salmon post-smolts for digestible pinté€DP) and sum amino acids (SumAA),
surmising that the rate 6fPN recycling was much higher than that of the bady Estimates of
losses and, by extension, utilisation of proteia aole, then, may be confounded by the turnover
of this proportion of the nitrogenous content @& #mimal. The body weight to loss relationships for
the majority of amino acids, and of the sum ofatiteinaceous amino acids, in the present study
exhibited exponents higher than that of proteia asole, indicating a greater effect of fish sire o
the proportional losses of those amino acids thahdeen for protein (nitrogen). This seems to
suggest that the losses of NPN, as a proportidheototal CP losses, was greater in the smaller fis
than in the larger fish. It is unclear why smaflesh would utilise NPN at a greater rate thanrthei
larger counterparts, however it may be due to asmd excretion of nitrogen (via ammonia) as a
consequence of their greater metabolic rate, agsggpto cycling of amino acids, a proportion of
which may end up as NPN in the larger fish, resgltn losses of individual aminos but lower
overall losses of nitrogen (protein). AlternatiyeNPN may be preferentially catabolised over
amino acids for energetic purposes, the relativeathel for which is greater in the smaller fish,
although no direct evidence of this has been regddad our knowledge. It is also assumed in this
case that complete hydrolysis of the proteins waseaed. It is acknowledged that any incomplete
hydrolysis could contribute to disparities betwéatal nitrogen (protein) and SumAA.

The utility of the amino acid-specific metaboliciglet exponents is dependent on the
assumption that the allometric scaling of individaimino acid loss is a better indicator of
utilisation of that amino acid than is the scalofgrotein losses. The significantly differentdos
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exponents derived in this study suggested utibsatif Met was considerably different to that of
protein and that consideration of this should imprthe accuracy of predictive models of Met
utilisation. However, when considered on the bates Met loss exponent-adjusted geometric
mean weight, the goodness of fitRf the linear model in all cases was consistdotiyer,
suggesting that Met deposition was better predioted unit of PBW basis. The complexity of the
amino acid analysis may introduce slightly mor@ethan that observed in nitrogen analyses,
allowing for the possibility that the marginal @ifences in observed Ralues are actually just
artefacts of this error. Either way, no noticeabiprovement in linear model fit was observed
when MetBW was used in the calculations. At natriatake levels below the requirement, as was
the case in the studies analysed here, the rethijpbetween nutrient intake and gain should be
well described by this linear model (Sawadegal., 1997). While the Poppt al. (2017) data may
have approached the minimum requirement, basedrtref analysis in that study, and was thus
better described by a quadratic model when coreiden a mass-independent exponent-adjusted
basis (R = 0.99 for relationships on both MetBW and PBWédsagigures not presented), no
improvement in model fit was seen with the usenefMetBW correction. The use of MetBW also
had an inconsistent effect on the derivation ofutiesation efficiencies, with both increases and
decreases observed in response to the changedeswpoasting further doubt on the advantage of
its use over PBW.

When applied to the derivation of Met maintenanemands, however, a clear pattern was
observed, whereby lower demands in smaller fiskeweedicted by the use of the MetBW
adjustment, whilst it increased predictions of nemance requirements in larger fish, in
comparison to those derived using the PBW adjustmghnis may suggest that the use of the PBW
transformation may overestimate the Met maintenaeceand in smaller fish and underestimate
that of larger fish. From a feed formulation pextpe, however, the more important figure is
ultimately the total Met demand which in most casas calculated to be higher in small to
medium-sized fish when the PBW was used in theutations but lower in the largest fish,
supporting the assertion that PBW may overestimegairements in smaller fish. This, however, is
predicated on the assumption that MetBW provide®ee accurate, rather than simply a different,
estimate. Itis not immediately clear why the MétBdjustment resulted in higher total Met
requirement predictions across the entire sizegamgalculations based on the data of Pepal.
(2017).

The choice of BW exponent affects the calculatibaroino acid requirements in two ways.
The weight-independent BW (MetBW vs. PBW) of whtble exponent is a component, affects the

derivation of the utilisation efficiency which, tarn, is used for derivation of maintenance
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requirements and, along with the BW exponent itsel@pplied directly in the calculation of the
requirements. Any variation, therefore, can haweaaked impact on these calculations. In the
response to the Met-supplemented LPC diet (LPCMPapi and Glencross (2014) and the data of
Poppiet al. (2017), application of the Met, rather than pnotéoss exponent resulted in increased
calculated requirements for growth. This requirettkerived from the response of fish fed the
FML diet in Poppi and Glencross (2014), however veaiced when the Met loss exponent was
used. This is largely a function of the much highet utilisation efficiency by fish fed this diet
which is not overly surprising given the high ntitmal value placed on fishmeal as a protein
source for carnivorous fish (Espeal., 2012). This may also be a factor, to a lesstmgxin the
reduction in Met requirement for growth seen in it data of Poppi and Glencross (2014),
which also had a higher utilisation efficiency.

Overall, Met demands in small barramundi (509) appe be driven primarily by a
requirement for growth, with maintenance requiretseepresenting a small proportion of the total
Met requirement (around 1%). Larger fish (2000g)ever, were predicted to expend
considerably more (41-43%) of this ingested Metf@intenance, leaving less for somatic growth.
This is consistent with the observation of sevatdhors that specific growth rate decreases with
increasing fish size (Brett and Shelbourn, 1975tfenget al., 1987) and that the relative
contribution of maintenance to overall demands bagreater in these slower growing animals
(NRC, 2011). Amino acid maintenance demands il to their demand for protein deposition
has previously been reported in Rainbow tr@ridor hynchus mykiss) by Rodehutscoret al.

(1997). While these authors did not investigaterdguirement for Met, they did report variations
between amino acids in the proportion of the td&ahand occupied by the maintenance
requirement of between 4% (for lysine) and 32% lgocine). Assessment of the
compartmentalisation of requirements for other m$sleamino acids may be an interesting

extension of the work presented herein

Conclusion

Contrary to previous assumptions, the present sledyonstrated that the scaling of
individual amino acid losses in juvenile barramudgiing starvation differ significantly from that
of protein (nitrogen) as a whole and from each otihile the R values for the assessments of
marginal efficiency of Met utilisation remainedagVely unchanged when the metabolic body
weight of the fish in those calculations was adjdsising the Met loss exponent, compared with
that derived from loss of protein, estimates ofntenance, growth and total requirements for Met
were affected. It was suggested that the protsis &djustment typically used in these calculations
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may overestimate these requirements for smalllerainsl underestimate those of larger fish. This

may be, in part, due an apparent effect of fish siz the utilisation of non-protein nitrogen.
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Chapter 7 - General Discussion

Consideration of the dietary amino acid profildanmulated feeds for carnivorous fish species,
such as barramundidtes calcarifer), is becoming increasingly important with the growirge of
plant ingredients over the traditionally used figahas the primary source of dietary protein. This
is especially the case for methionine (Met) anditeu(Tau), two sulphur amino acids (SAA)
known to be limiting or absent in many popular plarotein meals. Determination of their
requirement for optimal growth then is paramourfutther development of more productive and
sustainable aquafeeds. Traditionally, this has laehieved through repeated iterations of dose
response studies, however, the development of maldsicribing nutrient utilisation in fish,
including barramundi, in conjunction with the prples of the ideal protein concept, has provided
an alternative means by which to estimate thes@inagents. Application of these models to the
derivation of successful feed formulations, howebeass relied on the assumption that the utilisation
of protein is representative of that of individaahino acids across all lifestages, a notion wheh h
been suggested not to be completely accurate. retaaeling the mechanisms which drive the
importance of individual amino acids to an animkdvas consideration of the substitution or
supplementation of dietary components (e.g. precsirsr metabolites of the component of interest
or compounds with similar metabolic roles) whichynm&gate deficiency and shed some light on
the reasons behind their changing essentiality.

The experiments described in this thesis endeaddoraddress these issues. The overall
aim of this series of experiments was to assesetiilgrements for Met and Tau and to elucidate
their influence on the expression of selected gehesme important metabolic pathways.
Assessment of the extent to which the main SAAs@nice the utilisation of one another and how
this utilisation changes with body size were algol@ed. The requirements for Met, total sulphur
amino acids (TSAA) and, to a lesser extent, Talevestablished and the roles that these amino
acids play in protein turnover, growth signallingdahe pathways through which they are
metabolised (catabolised and synthesised) werdifigéeln Additionally, allometric scaling
exponents were derived for the proteinaceous aaurds and the utility of applying the exponent
for Met loss, rather than that of protein, to potidns of Met utilisation efficiency and metabolic
requirements was assessed. Several limitatiofreimethodology used in these experiments were
identified and will be addressed in this chapfEhis information, along with the results of the
experiments reported in this thesis will prove ukaf further research on the amino acid

requirements of barramundi and/or in optimizingufetfeed formulations for this species.
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7.1 Summary of key findings
7.1.1Chapter 2 - Redefining the requirement for total slphur amino acids in the diet of
barramundi (Lates calcarifer) including assessment of the cystine replacemerdlue.

A previous estimate of the requirement for Met &&®A in this species was made by
Colosoet al. (1999). The series of experiments described @p@dr Two concluded this figure
may have been an underestimate, re-evaluatingtherement for TSAA to be between 17.1 (95%
of maximum response) and 20.2g'k@9% of maximum response) in a diet with 592¢ k&P
(10.5-13.69g kg Met + 6.69 kgt Cys; 1.8-2.3% CP Met + 1.1% CP Cys). The compartaie
model of Pestét al. (2009) provided the best fit to the data, based tww sum of squared error
and high R value, and was used to derive this figure. Thaaehof the nutrient response model
used for establishing requirement figures, andiibee of expression of these requirements, were
highlighted as significant considerations in assesthe results of nutrient dose response studies.
Nine nutrient response models were applied to énegmt body weight gain data in order to
estimate the requirement for Met and TSAA. All ratxdfit the data to a similar degree, however,
markedly different estimates of requirement weedmted. Discussion was made in this chapter as
to the greater biological relevance of using quiciaver linear-based models in dose-response
studies. Expressing amino acid requirements asceipge of protein has been debated in the past,
however, in this case, it was shown that therema® homology between the previous and current
estimates of Met requirement when presented inbidmsss. The TSAA requirement was
considerably higher regardless of the mode of esgioa. Investigation of the capacity of cystine
(Cys) to replace Met in the diet suggested at @%i, and possibly up to 54%, of the Met in the

diet of juvenile barramundi could be replaced by @jthout significantly affecting growth.

7.1.2Chapter 3 - Postprandial plasma free amino acid prfile and hepatic gene expression in
juvenile barramundi (Lates calcarifer) is more responsive to feed consumption than toetiary
methionine inclusion.

While defining the dietary inclusion at which gréws maximised is important, the next
logical step is to understand why these nutritimmshponents are required by the animal and how
they interact with the metabolism of other nutrienThe experiment described in Chapter Three
investigated this through the observation of changeseven timepoints over a 24 hour period, in
the circulating levels of the proteinogenic amicala (as well as taurine) in the plasma of juvenile
barramundi fed a meal containing a deficient, adegjor excessive amount of dietary Met. Levels
of all free amino acids in the plasma fluctuatephgicantly over time, however, no significant
effect of dietary Met on the timing or magnitudepefak levels of these amino acids, other than Met
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and glycine, was observed. Peaks in plasma freeMde observed at two hours post-feeding in
fish fed the Met deficient and adequate diets dridua hours post-feeding in fish in the excessive
Met treatment. The differential expression of neaskof selected SAA and protein turnover
pathways was then assessed in hepatic tissuetedllatthese timepoints, as well as in that talken a
a pre-feeding control. Methionine availability agviously been linked to modulation of the
expression of genes associated with protein tumaneé markers of growth stimulation in other fish
species (Belghi¢t al., 2014; Rollandtt al., 2015). In the present study, little effect oftMe
availability after the meal was observed on theesgion of genes associated with these pathways
in barramundi. Insulin-like growth factor | (IGFéxpression did reflect the observed growth
response at the pre-feeding timepoint but it wadean whether Met acted directly on expression of
this gene or if IGF-I was simply a signal of grovetimulation through another pathway. Protein
degradation pathways were depressed after consamyitfeed, as might have been expected, but
this was not directly affected by dietary Met levelnexpectedly, it appeared to be stimulated by
adequate Met supply. It was theorised, howevet thwalarger size of the fish in this treatment
(resulting from an improved growth response in4Beday growth trial preceding this experiment)
may have increased the daily Met requirement (onitof body weight basis) affecting the
utilisation of the available Met. Similarly, expsésn of genes associated with sulphur amino acid
turnover were significantly upregulated only byesgon of feed/Met. Within this group of genes,
a capacity to synthesise taurine was suggestemjbifisant upregulation in the expression levels of
cysteamine dioxygenase (CDO) and cysteine sulphitict decarboxylase (CSAD) (two enzymes

in the pathway for conversion of cysteine to hypatae). Two forms of methionine
adenosyltransferase (MAT-1 and MAT-2a) were alsgeobed to be differentially expressed after
feeding, suggesting that both forms are activeamamundi of this size, with MAT-1 appearing to
be more responsive to Met supply. Notably, theseeg were isolated and assessed in barramundi
for the first time and proven to be nutritionalggulated, adding to a small but growing number of
genes identified in this species to be markerggponse to nutritional inputs.

7.1.3Chapter 4 - The effect of taurine supplementationd a plant-based diet for barramundi
(Lates calcarifer) with varying total sulphur amino acid contents.

The study of taurine (Tau) requirements of carrousrfish have received considerable
attention recently (see Salze and Davis, 2015) elewit has not previously been investigated in
barramundi. Depending on the capacity of thetiisynthesise it from other sulphur amino acids,
Tau is considered to be either a conditionally eisak(i.e. required in certain circumstances such
as when sufficient precursors are not available@ssential component of the diet. Results of the
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present study indicated that adequate supply offff@yhave had a positive effect on growth with
the model of best fit predicting a requirement @75 kg* DM (0.96% CP). While this figure is
similar to those estimated for several other figbicges (Lungeet al., 2007; Matsunarét al., 2008),

the relatively poor fit of this model to the dataygests it should be considered with some caution.
It was postulated that the lack of significant elifnces between treatments may be an indication of
synthesis of Tau from an oversupply of TSAA. Timportance of Met to this species was also
highlighted with variable dietary Met having a gezanfluence on growth than supply of Tau,
suggesting synthesis of Tau is not the primary dddietary Met. Taken together, it was concluded
that Tau is likely a conditionally essential amammd for barramundi but that the requirement figure

derived may provide a safe minimum inclusion level.

7.1.4Chapter 5 - Adequate supply of dietary taurine stinulates expression of molecular
markers of growth and protein turnover in juvenile barramundi ( Lates calcarifer).

While the investigation of the impact of taurinegmowth in fish species has gained recent
momentum (Salzet al., 2012; Watsomrt al., 2014), relatively few studies have considered its
effect on the expression of genes involved in tle¢atolic pathways contributing to that improved
growth. Those studies which have examined geneesgn have mostly been limited to assessing
the activity of the direct biosynthetic (Yokoyaraal., 2001; Hagaet al., 2015) and taurine
transporter genes (Wampal., 2016). This latter gene was shown in the prestaly to be directly
influenced by Tau availability in barramundi. Slanly, a redirection of Cys utilisation in response
to Tau supplementation was suggested by the expngsofile of cystathioning-lyase (CGL) and
the Tau biosynthetic genes. Notably, markers of alternative pathways of taurine synthesis were
identified as being active with CSAD, mediating sudphinoalanine pathway, suggested to be the
more responsive to feeding. As was seen previansisponse to Met supply, expression of the
SAA metabolism genes were more significantly a#ddby time after feeding than supply of Tau.
Similarly, no effect of Tau supply on the circutagilevels of the proteinogenic amino acids in the
plasma was observed. A link between adequate wadlau and stimulation/signalling of growth
through both the TOR pathway and somatotropic ingdas established, while excessive Tau was
suggested to negatively impact growth. Together eividence seems to support the pattern of
growth response seen in Chapter Four and confimatsarramundi do possess the capacity to

synthesise Tau from precursor SAA.
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7.1.5Chapter 6 - Allometric scaling exponents for individual amino acids differ significantly
from that of protein in juvenile barramundi ( Lates calcarifer).

Current factorial growth and feed utilisation mad@d.g. Lupatscht al., 1998; Glencross,
2008) typically consider only the gross energyidlignd protein compositions of the feed. Feed
formulations derived separately from these modeds assume equivalencies of utilisation
between, for example, protein and individual anac@s across fish sizes, with amino acid
inclusion scaling parallel to that of dietary ptinteThe results of the present study, however,
showed that this assumption was not accurate. Wwmght exponents derived from the whole body
losses of individual amino acids from barramundvardying size over 21 days of starvation were
shown, for the first time, to differ significantfypom that of protein and from one another. The
branched chain amino acids (valine, isoleucinelandine) and Cys exhibited lower exponent
values than protein, suggesting a greater demasishatler fish, while losses of lysine and glycine
appeared to scale directly with fish weight. $igantly, the exponent for loss of the sum of all
measured amino acids was significantly higher thahof protein, suggesting non-protein nitrogen
utilisation may be affected by fish size. Unexpébt, when the revised exponent for Met was
applied in the assessment of Met utilisation egficly, marginally reduced goodness of the fit of the
linear model to the adjusted retention responsggesied it does not improve the accuracy of
utilisation prediction for this amino acid over thmtein body weight exponent typically used.
Further work is required to assess the utilityhaf tlerived exponent values for other amino acids.
The relationships observed between starvation $ossd the body weight of the animals also allow
the calculation of basal demands for each of the@iacids at any fish size and, in conjunction
with the utilisation efficiency, maintenance demsiatr incorporation into the Glencross (2008)
barramundi growth model for calculation of totahdiends for Met. Notably, using this technique a
requirement for gain was determined to be the pyrdaver of Met requirement for smaller
barramundi, while maintenance requirements reptedemlarge proportion of the total

requirements in larger fish.

7.2 Discussion

The series of experiments described in this tHesi® advanced our knowledge of sulphur
amino acid (SAA) metabolism in barramundates calcarifer) in several ways. The previously
published study focussed only on growth of the atsrand may have underestimated the
requirement for TSAA. The studies presented ia thésis represent a more comprehensive
reassessment of this requirement, as well as thiatione, and provided corroborating molecular
evidence of the effect of these amino acids on gramwthis species.
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As indicated in Chapter Three, a link between imptbgrowth and expression of
components of the somatotropic index was obseresignificant improvement in percent body
weight (%BW) gain was observed between fish fetsdientaining 8.6g k§and 14.9g kg Met in
the experiment outlined in Chapter Two. This reggomwas mirrored in the long term expression of
insulin-like growth factor one (IGF-I), a regulatoircellular growth (Clemmons and Underwood,
1991), in Chapter Three. Prior to feed consumpti@n 24 hours after the last meal), IGF-I was
observed to be significantly more highly expressetthe liver tissue of fish fed the adequate Met
diet (MetADQ); 14.99 kg Met) than in that of fish in the deficient Metadtenent (MetDEF; 14.99
kg! Met). An increase in IGF-I expression in respatusiicreased dietary Met supply was also
observed 24 hours post-feeding by Rollahdl. (2015) and has previously been linked with
improved growth in fish (Dyeet al., 2004).

Comparable results were seen in response to varddary Tau. Similarly to the response
to Met, an improvement in growth (though not sigmaint in this case) was suggested between fish
fed a deficient (1g k¢ and adequate (8g Kyamount of dietary Tau, at all levels of dietargtyin
Chapter Four. It was proposed that, rather thiaclkaof influence of Tau on growth stimulation,
the absence of a significant growth response indfualy may have been related more so to the
restricted pair-feeding regime limiting the magdewof the growth response, or to the choice of a
higher level of dietary TSAA supply masking theeetfof Tau supplementation. The molecular
response supported this assertion with expresg$iath measured genes of the somatotropic index
showing significant upregulation in response togad¢e Tau supply in the diet, suggesting, albeit
on a minor scale, that Tau does affect growtht égast markers of it, and that the response may
have been more pronounced in the absence of teat@ily confounding factors identified. As
discussed in Chapter Three, it is unclear whetiesd genes were directly stimulated by Met or
Tau or were simply acting as signals of growth adidlition to its role in initiating protein synth&s
increasing supply of dietary Met would provide dddhial substrate for protein synthesis and thus
growth of the animal, provided it remains the finstiting amino acid in the diet. It may be that
growth was improved in the TSAA requirement expemitras a result of this increased substrate
which, in turn, stimulated the somatotropic axisczale. Unlike Met, however, Tau is not a
proteinogenic amino acid and, as such, does natibate directly to protein synthesis. Whether
the positive effect of Tau supplementation on thaatotropic axis is the result of direct action on
these genes or through sparing of Met for the m®e® described above remains to be determined,
although no evidence of Met sparing by Tau was meskin the plasma amino acid analyses
undertaken. Overall, it appears that supplememtatf both Met and Tau can improve growth in
this species. This seems to be, at least in pated to their stimulating action on componerits o
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the somatotropic index. As well, it was confirntadt expression of IGF-I and growth hormone
receptor two (GHR-II) are good indicators of growthmulation in this species.

Another means by which dietary amino acids canutaid growth is through influencing
protein turnover. In general, the protein contdrftsh has been shown to remain relatively
constant throughout the lifecycle (Portz and Cyr@03) (although a significantly quadratic
increase in protein with increasing fish size wesorted in Chapter Six in this thesis). Growth of
the animal, then, is driven by the deposition @f girotein (Dumast al., 2007), the product of the
balance between synthesis and degradation, pracefiseted through a number of metabolic
pathways. The influence of dietary Met on somt#heke pathways has previously been
investigated in rainbow trout (Lansaatal., 2011; Belghikt al., 2014; Rollanckt al., 2015) but not
in barramundi. Taurine supplementation has notipusly been experimentally linked to protein
turnover in any fish species. In the present sttiiy expression of proteolytic (protein
degradation) pathway marker genes was seen togesgwificantly post-prandially in both the Tau
and Met response studies (Chapters Three and Fe$.response makes biological sense, given
that the increased availability of substrates fotgin synthesis may reduce the requirement for
degradation to meet amino acid demands. This wasetved across experiments, leading to the
conclusion that these markers, ZFAND-5 in particudaould be reliable indicators of proteolysis
in this species. Confirmation of this with measoeats of protein degradation rates over the same
timeframe might have been useful. Assuming th&AMD-5 expression is indeed indicative of
protein degradation, it was surprising that thisegevas significantly more highly expressed in fish
fed an adequate level of Met at all timepoints ira@ter Three, especially as protein retention
efficiency was observed to be significantly inceghs fish in this treatment. It was theorised that
this may have been related to the significanthatgesize of fish in this treatment. These larger
fish may have had a concomitantly greater maintemaaquirement for Met, negating the feedback
effect of amino acid sufficiency on protein degitamlia A similar result, however, was seen in
response to excessive Tau consumption where fishwgs not a factor. This latter trend in
response to dietary Tau was also reflected inrfgignt upregulation of the TOR inhibiting gene
Redd-1 between those fish fed an adequate andsixedsvel of dietary Tau. Combined, these
observations were interpreted to suggest that sk@$au may have a negative impact on protein
retention and thus growth (with low synthesis aighldegradation suggested), however this was
not reflected in the measured protein retentioitieficies, suggesting further cross-validation of
transcriptomic and phenomic responses may be etjuigignificant downregulation of Redd1 in
the liver tissue of fish fed the Tau adequate sligigests that adequate Tau does have a positive
effect on protein synthesis in barramundi and, ifis the somatotropic axis response described
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above, may positively affect growth under normaiditons. Direct comparison of the physical
amount of protein being synthesised and catabotls®digh these pathways was not made,
however, so while patterns of stimulation or suppi@n of these pathways in response to amino
acid supply have been reported here, the posgibdihains that the actual rate of protein synthesis
negated the differences in proteolysis seen. Adtidrely, perhaps there are protein synthesis
pathways, not considered in this study, that areersensitive to Met supplementation. Markers of
a number of such pathways were examined in thetiodssue of rainbow troutgncorhynchus
mykiss) by Rollandet al. (2015) and were found to be affected by dietary leteel.

Understanding the pathways through which aminosaard catabolised and synthesised
allows investigation of the sparing effect of omeirgo acid on its precursors or metabolites. Excess
Met, for example, may spare Cys and Cys has bemmrsto spare Met (Twibe#t al., 2000; Goff
and Gatlin, 2004), leading to these requiremenitsgbeommonly expressed as a combined total
sulphur amino acid (TSAA) requirement. In the présstudy, expression of genes of both the Met
metabolising enzymes MAT-1 and MAT-2a and the Qgripcing enzyme CGL were significantly
upregulated two hours after feeding in both expents, confirming that barramundi do utilise the
pathway for conversion of Met to Cys and suggedtiag inadequate supply of Cys may be
ameliorated by supplemental Met. The expressiofilprof MAT-1 before feeding and two hours
after feeding suggested that Met may have someenfile on modulating this pathway, however no
significant differences were seen, leading to tisation that these genes may be regulated by the
consumption of feed (protein), rather than simplgtbupply itself. The reverse of this sparing
effect, Cys sparing Met, however, is the more ingoadrconsideration for plant based diets and was
proven to also be active in this species, withigaiBcant effect on growth of inclusion of up to
54% of the TSAA content of the diet as Cys observEge observation that several genes of the
metabolic pathway from Met to Cys are active sufgubthis phenotypic response, suggesting that,
when Cys is provided in excess, the proportion et Mhich otherwise might have been used for
Cys synthesis can be directed elsewhere, redutsimgparent requirement for inclusion in the diet.

A topic of great interest in the Tau nutrition cftf is the determination of the Tau
biosynthetic capacity of the animal, which has b&leown to be absent in some marine fish species
(Yokoyamaet al., 2001). In the present study, this ability waggested in the molecular response
outlined in Chapter Three, where significant uptaion of selected taurine biosynthetic pathway
genes (cysteine dioxygenase (CDO) and CSAD) was aeer feeding and in response to adequate
supply of Met. This capacity was confirmed in Clea® with, significantly, two alternative
pathways of biosynthesis identified as being acti@SAD is the most widely studied indicator of
Tau biosynthesis in fish (Goab al., 2001; Hagat al., 2015) as it has traditionally been accepted as
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the catalyst for the primary synthetic pathwaylz8and Davis (2015) suggested that the
alternative pathway catalysed by cysteamine diomgige (ADO) could also be biologically
significant in fish, although it has previously hesbserved to be comparatively low in activity
(Hagaet al., 2015). The evidence presented here suggestsihigg CSAD appears confirmed to
be the major enzyme involved in this process, nedpg more vigorously to feed consumption,
ADO may be more active when substrate is limiting.

Further refinement of current factorial growth andrient utilisation models requires
consideration of the contribution of individual amiacids to the overall growth of the animal,
rather than relying on assumed equivalencies b$ation with protein. The significant differences
in the allometric (nutrient loss) exponents for it@ividual amino acids seen in this study suggest
that the utilisation of these dietary componentngfes with the size of the fish, possibly
suggesting that requirements may also change.rgacating this information into factorial models
may have implications in the development or refiratof dietary formulations for different
lifestages of the fish. A significant finding ini$ study was that the utilisation of non-protein
nitrogen appears to be affected by fish size im spiecies, an observation not previously published
in the fish nutrition literature to my knowledg&his represents further evidence that formulating
diets based on a protein (i.e. nitrogen) requirdraad establishing amino acid compositions in that

diet from a fixed profile may not be optimal.

7.3 Limitations of the study

While several novel observations were made inttiesis relating to amino acid utilisation
and the mechanisms underlying the responses saticufarly as they relate to barramundi, some
aspects of the experimental design may have impaxctéhese results. Interpretation of the results
presented should, therefore, be considered in ¢ifjtitese constraints. Future iterations of
experiments of this type may benefit from reflestan the limitations presented within.

The primary limitation of this series of studieayrbe the choice to utilise a restricted pair
feeding regime. As outlined in Chapter Four, thesy have had a major impact on the lack of
significant response to variable levels of dietéay in that experiment. The molecular response
suggested that Tau does, indeed, affect proteithegis. This, however, was not reflected
significantly in the PRE or the overall growth betanimals, suggesting some other factor was
restricting protein deposition. Restricted paedmg, whereby all treatments are fed an identical
ration of feed assumed to be marginally below #teety ration of the poorest feeding treatment,
was used in an effort to separate the effectseaf fietake from that of the treatment effects.
Unfortunately, as fish size diverges in responghedreatment effects, the larger fish may require
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more nutrients (including that being studied) tcetmaaintenance requirements, leaving less
available for deposition and reducing the magnitoidéhe response to the nutrient of interest.
Whether it is preferable to trade this restrictionthe confounding effect of feed intake in a siti
fed trial is debatable. However, use of this apphodid not greatly affect the responseof
barramundi to variable Met levels (although, someater separation in the response to Met above
the apparent requirement may have changed thedhace of the model) but the lack of response
to Tau detracts from the gravity of the resultsalthinay have been more pronounced under a
different protocol. A viable alternative might feeding to a proportion of body weight or the use
of a satiety fed control for each treatment to dedany effect of feed restriction.

An additional confounding factor in the resporsedriable Tau was the level of
Met/TSAA used in the diets. For operational reastims experiment was designed and
implemented before analysis and interpretatiomefresults of the TSAA requirement experiment
was completed. Consequently, a level of TSAA aonérginally below that at which growth was
maximised in that study was used in the formulatibthe Tau requirement study diets.
Subsequent analysis of the data from that studyigiezl a minimum requirement well below this
level. When studying the impact of the dietarysmn of amino acids, it is advisable to take into
consideration the supply of precursors for thatmanaicid. As this study has shown, barramundi are
capable of synthesising Tau from Met and Cyss fiassible, then, that this level of TSAA was
sufficient to meet a proportion of the Tau demawoidhe fish, masking a proportion of the effect of
Tau supplementation. In hindsight, use of a TSA&usion level marginally below the minimum
requirement (95% of the percent weight gain asymeptoather than the maximum (99% of the
asymptote) as used in the present study, may haldeg more significant results, reducing doubt
surrounding the sparing effect of Met and Cys. M/thiese precursors may have had some impact
on the growth response, some effect remained apipsuiggesting supply of precursors probably
cannot completely fulfil the requirement for Tau.

While a specific confounding effect was not idged, it is questionable whether the choice
of glycine (Gly) as the amino acid used for reptaeat of the test amino acid in the experiments
described in Chapters Two and Four was ideal. dimmo acid was chosen as it is a non-essential
amino acid and has been used extensively in expatsf this type, including other studies
defining TSAA requirements (Ruchimettal., 1997; Khan, 2014; Liaet al., 2014). It is, however,
a precursor for serine (Ser) which feeds directty the sulphur amino acid metabolic pathway
described in this thesis by combining with homoeiyst and water to produce cystathionine. In
effect, as inclusion of one precursor for cystatime decreased, inclusion of the other increased
(arriving at homocysteine via different pathwayk)seems likely, due to the differing lengths of
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each pathway and associated losses along the hedyGly could contribute more significantly to
this reaction, meaning that Met remains the firsiting amino acid as was intended. However, the
efficiency of the Gly to Ser conversion was not swgad so it cannot be proven what contribution
this actually had. It might be advisable, nonetkg] to consider an alternative for future
assessments, allowing this effect to be ruled out.

One of the main assumptions on which the integpigat of the differential gene expression
measurements were based is that the expressibesd tenes is directly related to the activity of
the pathway or enzyme of interest. In other wotlist increased expression of a gene for a certain
enzyme directly translates to increased produdafdhat enzyme which, in turn, is assumed to
result in increased activity and conversion of campound to the next in the relevant pathway. As
was discussed in Chapter Three, however, this magetessarily be the case. The multitude of
post-transcriptional mechanisms in the steps betwa&®NA production and the final protein often
leads to variable correlation between protein aRiNk expression (Greenbauehal., 2003). It
may be that the production of the enzymes we iya&tstd is controlled at the translational level or
later and, as such, the reported gene expresdienedices may only be indicative of differences in
the activity of these enzymes (the amino acid mayease expression of the gene wheght
increase the incidence of the action of the enzym)a result, Panserat and Kaushik (2010),
suggested that analysis of corresponding phenopgri@meters in conjunction with any molecular
analyses was necessary for proper interpretatitimese results. These may include assays
guantifying the presence of the enzyme and/or passlational modifications involved in
activating the enzyme (e.g. SDS-PAGE/Western ldotétection of phosphorylation). It might
have been advisable in the present study, thérgue performed these complementary enzyme
assays for those enzymes for which gene expressemuantified as well as a more
comprehensive metabolite profile. This might hgixen a clearer picture of the flow of
compounds through the pathways and allowed expboraf the relationship between gene
expression, enzyme production, activity and theltes) products. Certainly, future studies should
consider this in their design. With the increasiisg of molecular tools in the investigation of
nutrient modulation of growth and metabolism irnfiand the associated challenges in properly
interpreting the outputs, it is important that #heslationships are properly characterised.

Finally, it is recognised that a major limitationthe interpretation of the allometric scaling
exponent results is the assumption that the uiibisdi.e. losses) of the individual amino acids
during starvation is directly representative ofithuilisation in fed fish. A review by Young and
el-Khoury (1995) proposes that the pattern of td&ly obligatory amino acid losses in humans fed

a protein free diet can be used to approximatengasamino acid requirements for negating this
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loss (i.e. maintenance). This, however, is based further assumption that the standard metabolic
rate and associated rate of protein synthesis resmaichanged, regardless of nutritional state. The
rate of protein synthesis has been observed irraeigh species to be reduced during feed
deprivation (O'Connoet al., 2000) which will, in turn affect the demand fbose amino acids
required for protein synthesis, possibly leadingniderestimation of requirements in fed fish. In
addition, protein synthesis in fish has been sactount for a significant proportion of the
metabolic rate of the animal (Houlihahal., 1988). The reported increased rate of protein
synthesis with feeding, then, will also translat@in increased metabolic rate, leading to
concomitant increases in demands for those amiigls aovolved in metabolic processes besides
protein turnover. As well, a greater proportioriled maintenance and total requirement for those
amino acids may be independent of the rate of noétab or protein turnover if they are involved

in ongoing basal metabolic processes such as ogmiat®n. This may be supported by the
significant differences reported in this thesisnesn the protein and individual amino acid
allometric exponents which suggest that, even withé proteinaceous amino acids, the utilisation
of individual amino acids do not respond in the sananner to the changing protein synthetic rate
with increasing fish size. As discussed in Chafigr this is most likely a function of their

differing metabolic roles and how these may chawigje fish size. The branched chain amino
acids, for example, were all observed to have eaptbelow that of protein, indicating a higher
relative demand in smaller fish, an observatiorppsed to be linked in part to their role in oxygen
transport (Brosnan and Brosnan, 2006) and thettiatthey are rapidly catabolised in the muscle
(Li et al., 2009), two things which are likely to occur ajraater relative rate in smaller fish given
their higher metabolic rate (Brett and Glass, 19/R)rther investigation into changes in amino
acid utilisation between fed and unfed fish maybeessary to assess the utility of the use of the

individual amino acid scaling exponents.

7.4 Conclusions and future directions

The experiments described in this thesis aimecetimel the dietary requirements of juvenile
barramundi for Met and Tau, to elucidate the meigmas by which these amino acids affect growth
and nutrient turnover and to define the allometdaling of individual amino acid loss during
starvation in this species. These aims were langel, to varying degrees of certainty and with
caveats identified to the interpretation of thauless Several limitations were recognised andrthei
impact on the observed responses acknowledgedetNglrss, | believe that the results presented
in this thesis, and interpretation of these restdysresent a significant progression in our
understanding of sulphur amino acid metabolisnisin in general, and barramundi specifically.
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This new knowledge provides valuable informationtfee further development of more productive
and sustainable dietary formulations, as well amadement of growth and nutrient utilisation
modelling, for this and other fish species.

It was clear that Met is an amino acid essentiéthéoproper growth and metabolic
functioning of this species. A significant respems the variable dietary supply of this amino acid
was observed and a range of requirements defingetllban the observed responses. This
assessment allows interested parties to choosathe most relevant to their purposes, be it that
which maximises growth or optimises the cost veelfierelationship. Significantly for feed
formulators, the inclusion of up to 54% of TSAAGgs, within the total requirement for TSAA, is
possible without significantly affecting growth.hi€ may be especially relevant when considering
the inclusion of ingredients such as soybean maalhywhile low in Met, is relatively abundant in
Cys. A limit of 40% of the total TSAA content, hewer, is suggested as optimal for protein
retention efficiency. Results of the present stizihgd to identify the underlying mechanism for
the observed positive effect of Met on growth. oAder-term effect on IGF-1 expression was seen
but it was unclear if this was a direct effect oéthvdn this hormone. Significantly, however, the
observation that two forms of MAT were suggestetdsimultaneously active in these fish has not
previously been made in any fish species and meg imaplications for future research attempting
to detect molecular evidence of Met turnover. @Rpression profiles of several genes in this
study, particularly those of the SAA and proteimtwer pathways, did not correlate well with the
phenotypic observations. There are several reabmmay have occurred, however it is clear that
much more work is needed to be done on the rekttiprbetween substrate availability; enzyme
production, activation and activity; and expresabthese genes.

Defining a requirement for Tau was less straightéod than for Met, due to the less
pronounced differences in weight gain betweennneats, likely due in part to an oversupply of
TSAA in the “optimal TSAA” treatments designed ttablish the requirement as well as the
possible confounding effect of the restricted fa@ding regime discussed previously. It might
have been more suitable to use a TSAA inclusiorgmally deficient of the lowest recommended
requirement, rather than of the level maximisingwgh. Consideration of the impact of precursor
supply on the estimation of requirements for noseasial nutrients is clearly important. The
molecular evidence seemed to show an effect ofohiagrowth and protein deposition in this
species, suggesting that the magnitude of thetafiag have been more pronounced in the absence
of the confounding factors. The synthesis of Taunfiprecursors has previously been reported in a
number of fish species, however, the observatiahliarramundi use two alternative pathways,
which appear to be active at different times, latreely novel. As with the MAT observation,
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consideration of both enzyme markers then may bessary for comprehensive assessment of Tau
biosynthesis in this species. Confirmation of Tla& biosynthetic capacity of barramundi is an
important observation in itself, given the varidiseen even in the marine carnivorous fishes. It
was on the basis of this that Tau was declareditondlly essential to this species, dependent on
the supply of dietary TSAA. Nevertheless, the htmgyp of the derived requirement with those
published for other fish species suggests it mighadvisable for feed formulators to consider the
requirement presented herein as an optimal levaihtdfor, regardless of the supply of TSAA.
Surprisingly, Tau was not proven to have any sgegiffiect on Met, suggesting these requirements
should be considered separately in feed formulation

The derivation of allometric scaling exponentstfa@ individual amino acids is, to my
knowledge, the first of its kind in fish. Whilehtis been suggested previously that the turnover of
individual amino acids may differ in other anim@Baker, 1991), the results presented in this thesis
are the first to show that their relative demaride ahange with fish size at a different rate tohea
other, as well as to that of protein, contraryhi® assumptions of the ideal protein concept often
used in conjunction with current factorial fish gt and nutrient utilisation models.

Consideration of this changing demand throughrlerporation of the derived exponents in place
of the protein metabolic weight exponent in theselels may improve the accuracy of their outputs
over attention to the protein requirements alohlee absence of improvement in the utilisation
efficiency model fit when the Met body weight expahwas used in place of the protein exponent
was surprising given the significantly differenppexient values, however, the case may be different
for other amino acids or when all are considergetioer. Despite the small differences in
utilisation efficiencies calculated, differencesraveeen in the predictions of maintenance demands
for this amino acid over varying fish size, suggesthe utility of this exponent may be dependent
on the size of the fish.

Perhaps the most significant finding of this expemt was the apparent effect of fish size
on the utilisation of NPN, with smaller fish appearto lose relatively more nitrogen as NPN than
larger fish, suggesting a greater utilisation @ 8ource of nitrogen. Defining the contributidn o
individual sources of NPN (e.g. biogenic amineg|l@ig acids and non-proteinogenic amino acids)
to overall nitrogen demands and quantifying the@aspnce in feed ingredients may be an important
consideration. The use of NPN as a source ofgetnan fish has not been studied extensively but
could be a valuable avenue of further investigagiod may add significantly to nutrient modelling.
Further, this result highlights a limitation of ceint methods of “protein” analysis where measured

nitrogen contents are assumed to convert diregttyude protein. It may be useful in future stadie
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investigating protein and/or amino acid nutritidrfish to quantify the NPN proportion of the diets

and/or body “protein”.

In summary, the outcomes of this thesis have itledtseveral topics which require further

consideration moving forward:

Continued consideration of the use of quadrati@dasgression modelling for the accurate
assessment of nutrient requirements in aquatidespec

Promotion of the need to consider tb&al sulphur amino acid (Met+Cys) requirements of
the animal, rather than that of Met alone.

More consensus on the most appropriate mode oésgjon of amino acid requirements.
More comprehensive assessments of the link betteeproduction, activation and activity
of individual enzymes and the expression of thesoaiated genes; as well as between
molecular and confirmed biochemical markers of ptimportant processes, such as protein
turnover. This work is central to advancing the aémolecular techniques in aquaculture
nutrition, an approach which represents an oppiytfor rapid simultaneous assessment of
the influence of individual nutrients on a multimidf metabolic pathways and their
interaction with each other and other factors ténest such as environmental conditions
and nutritional or health status of the animal.

Further assessment of the most appropriate methadizh to fix feeding rations in
nutritional studies in order to reduce the impddeed intake (whether that be an effect of
intentional restriction or of ingredient palatatyilindependent of the studied nutrient).
Development of factorial growth models that incogie the variable utilisation and
allometric effects of individual amino acids, indéttbn to that of non-protein nitrogen.
Elucidation of the sources of non-protein nitrogethe carcass of the fish species under
study and assessment of the utility of their supgletation in future feed formulations.

This may be especially important if these formualasi are based primarily on individual

amino acid requirements, rather than that of cprdeein.
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Appendix A

Postprandial free amino acid fluctuations in respose to variable

dietary methionine supply (Chapter Three supplemerdl data).
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Table Al. Concentrations of individual free amino acids presn the plasma of juvenile barramundi over &@dr period following consumption of
a single meal containing a deficient (MetDEF), lexeadietary methionine.

Time after feeding (hours) Oh 1h 2h 4h 8h 12h 24h

EAA concentrations (nmol m)
Asp 12 (+0.2) 23 (+8.0) 17 (£10.1) 1(x0.1) 9 (x1.4) (#D.9) 9 (x0.9)
Ser 43 (£1.6) 201 (+11.8) 221 (+46.8) 138 (£20.3) 1309.9) 79 (£7.0) 67 (£3.9)
Glu 19 (£1.9) 34 (£5.7) 37 (x7.7) 23 (£0.8) 26 (£1.6) 9 @3.1) 23 (£2.6)
Gly 155 (+8.4) 410 (¥41.5) 371 (+x111.2) 184 (+10.6) 2294.7) 239 (+7.3) 230 (+8.0)
His 54 (+2.9) 153 (£7.4) 170 (£38.7) 107 (+16.3) 96.(H7 79 (£3.4) 72 (£7.4)
Tau 52 (x3.9) 239 (+24.5) 317 (+38.0) 207 (£28.7) 150@.8) 77 (x14.9) 66 (+4.8)
Arg 139 (+20.3) 435 (+36.6) 479 (+117.8) 228 (+x13.3) 8218.5) 229 (+25.8) 176 (£11.5)
Thr 68 (£2.2) 301 (+35.8) 299 (+59.6) 190 (£34.1) 1529.2) 105 (£9.1) 77 (£9.2)
Ala 94 (£7.2) 195 (£12.7) 214 (£50.4) 119 (£23.6) 8.6)0 84 (+6.6) 70 (£3.3)
Pro 31 (+0.6) 120 (+£8.2) 156 (+26.4) 97 (x26.4) 127.@)1 57 (x10.6) 37 (x3.0)
Cys 9 (x0.5) 15 (£1.3) 18 (+4.6) 28 (£1.7) 19 (£3.0) (#1.9) 15 (£2.3)
Tyr 348 (x75.2) 611 (£232.2) 667 (£396.2) 724 (£208.1)597 (+354.8) 792 (+83.8) 690 (+244.2)
Val 43 (£1.2) 298 (+36.3) 342 (+67.0) 266 (+47.2) 25671.0) 130 (£29.8) 59 (+4.8)
Met 11 (+0.7) 28 (+1.9) 34 (x4.3) 25 (£1.8) 26 (+4.5) 4 (1.6) 10 (+0.9)
Lys 43 (+0.4) 186 (+15.4) 243 (+36.0) 181 (+27.7) 1409.3) 71 (+12.7) 53 (+4.2)
lle 25 (0.6) 142 (+15.0) 174 (+¥30.2) 159 (+29.9) 1%93.6) 67 (+17.3) 29 (+1.4)
Leu 37 (x1.2) 259 (+15.8) 335 (£52.3) 285 (+47.7) 2884.2) 126 (£32.7) 51 (¢4.5)
Phe 33 (x0.9) 134 (+9.5) 163 (£32.3) 167 (£22.7) 1868&+6) 112 (£18.4) 50 (+6.0)

Total Free EAA

1045 (+98.6)

3544 (+263)

3940 (+875.7)

2869 (+3D6.22470 (+456.1)

2233 (+150.7)

1716 (+205.5)
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Table A2. Concentrations of individual free amino acids presn the plasma of juvenile barramundi over &@dr period following consumption of
a single meal containing an adequate (MetADQ),llef/dietary methionine.

Time after feeding (hours) Oh 1h 2h 4h 8h 12h 24h

EAA concentrations (nmol m)
Asp 14 (£2.4) 7 (x3.1) 10 (x£1.8) 1(x0.2) 8 (x0.9) &(3) 8 (x0.4)
Ser 59 (+5.8) 144 (£12.6) 158 (+6.7) 157 (£23.5) 9314 73 (24.3) 57 (x1.7)
Glu 23 (x0.4) 20 (£2.5) 25 (£2.7) 23 (£3.0) 22 (£1.9) 9 9.6) 26 (£1.6)
Gly 226 (+15.4) 308 (+35.6) 280 (+47.6) 186 (+10.1) 19864.3) 210 (¢13.8) 246 (£20.1)
His 71 (+4.2) 121 (+12.3) 137 (£9.0) 120 (+14.4) 81.995 75 (+8.8) 68 (+2.8)
Tau 69 (£7.3) 217 (£15.9) 245 (+10.2) 182 (+30.5) 183.6) 83 (+10.6) 80 (+10.1)
Arg 201 (£26.9) 335 (+25.9) 435 (+61.4) 229 (£26.5) 1994.1) 232 (x72.2) 213 (£16.2)
Thr 128 (+4.5) 308 (+14.9) 321 (+19.5) 220 (£38.9) 1429) 123 (£11.4) 130 (£3.9)
Ala 90 (+3.2) 165 (£7.9) 187 (£23.2) 191 (+41.7) 8 ®)0. 110 (£29.8) 92 (£13.0)
Pro 31 (x1.5) 100 (£3.3) 124 (£13.4) 123 (£16.3) 71@8) 55 (x11.9) 40 (x3.7)
Cys 10 (+1.1) 11 (0.5) 15 (+1.3) 33 (+9.6) 17 (+1.1) 4 ®3.1) 9 (+1.5)
Tyr 561 (+3.1) 866 (+x147.3) 498 (x277.9) 432 (x60.3) 26660.8) 829 (+55.9) 416 (+159.1)
Val 56 (£5.1) 262 (£32.2) 298 (+11.3) 225 (£32.3) 1838.0) 141 (£34.9) 57 (x4.2)
Met 31 (x3.8) 106 (+8.4) 115 (+6.2) 77 (£14.9) 51 ($0.6 41 (x4.0) 26 (£1.5)
Lys 43 (+7.1) 186 (+15.8) 196 (+4.4) 164 (+27.3) 93.995 63 (+7.5) 40 (+4.6)
lle 31 (x2.4) 127 (£14.6) 148 (+6.5) 131 (£18.4) 1027£2) 75 (x19.4) 30 (+1.9)
Leu 50 (+4.3) 232 (£17.4) 311 (+7.2) 238 (£34.4) 19Q6+2) 135 (£35.4) 51 (+3.8)
Phe 37 (x2.3) 130 (£2.5) 148 (+24.9) 130 (£23.8) 16928) 117 (£29.6) 41 (x2.5)

Total Free EAA

1476 (+188.5)

3429 (+125.6)

3406 (+387.2)

2679 (35 2009 (+345.2)

2329 (+287.3)

1551 (+175.5)
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Table A3. Concentrations of individual free amino acids presn the plasma of juvenile barramundi over &@dr period following consumption of
a single meal containing an excessive (MetEXCglle¥ dietary methionine.

Time after feeding (hours) Oh 1h 2h 4h 8h 12h 24h

EAA concentrations (nmol m)
Asp 11 (£3.0) 7 (x1.9) 6 (+2.8) 0 (x0.2) 9 (+1.2) 7 (2D 6 (+0.6)
Ser 53 (¥3.1) 124 (x17.9) 131 (x22.2) 159 (x29.5) 118.4) 75 (x21.1) 49 (£1.8)
Glu 22 (x2.4) 19 (£3.6) 23 (x4.0) 22 (£2.6) 29 (£3.7) 8 @3.5) 22 (£1.4)
Gly 210 (x32.3) 175 (+38.6) 211 (+26.2) 152 (+10.6) 1#8.3) 217 (x22.9) 243 (£11.6)
His 66 (x4.2) 102 (x19.1) 115 (x19.9) 123 (x21.5) 92.& 87 (£15.7) 66 (x0.5)
Tau 76 (£8.0) 190 (+58.0) 257 (£53.9) 222 (+£39.8) 129.4) 92 (+19.8) 68 (£2.6)
Arg 200 (£54.5) 263 (x64.2) 375 (£51.9) 273 (£26.0)  2439.3) 333 (+83.2) 212 (+4.0)
Thr 112 (x10.9) 270 (£75.6) 341 (£75.8) 326 (#67.1) 2628.7) 128 (x40.4) 129 (+1.6)
Ala 103 (x10.9) 141 (x48.0) 220 (£37.0) 214 (x42.0) +8.4) 132 (+£39.8) 76 (x4.8)
Pro 35 (x0.4) 102 (£22.9) 146 (£23.6) 139 (£31.1) 180%.7) 63 (x19.4) 31 (£5.3)
Cys 10 (£0.4) 13 (£1.0) 20 (+6.7) 25 (+0.6) 17 (£3.4) 4 (2.5) 8 (x0.9)
Tyr 28 (x0.2) 56 (x0.2) 536 (£177.8) 596 (x129.0) 5#24.8) 656 (x156.7) 350 (£189.4)
Val 60 (x1.5) 234 (£55.7) 273 (x53.0) 297 (£58.5)  24B824.5) 153 (x48.1) 53 (x4.0)
Met 26 (+3.0) 156 (+43.3) 205 (50.3) 240 (£34.9)  12871.5) 66 (+18.7) 27 (£0.2)
Lys 42 (£4.2) 138 (x33.5) 194 (x47.6) 196 (x39.7) 116%.5) 63 (£19.3) 31 (£3.6)
lle 32 (x0.7) 113 (x23.9) 138 (x26.7) 159 (x30.8) 1337.6) 83 (x28.4) 28 (x2.5)
Leu 53 (x1.2) 212 (31.1) 269 (+49.5) 303 (x47.8) 24871.2) 138 (+41.6) 46 (£3.6)
Phe 33 (+1.2) 101 (£31.1) 128 (£25.9) 187 (£12.7)  163§.6) 111 (£29.1) 44 (+6.0)

Total Free EAA

1086 (+111.4)

2165 (+478.2)

3331 (+361.8)

3409 (836 2603 (+308)

2354 (+231.6)

1423 (+213.1)

209



Appendix B

Postprandial free amino acid fluctuations in respose to variable

dietary taurine supply (Chapter Five supplemental éta).
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Table B1. Concentrations of individual free amino acids présn the plasma of juvenile barramundi over &@dr period following consumption of
a single meal containing a deficient (TauDEF), lefalietary taurine.

Time after feeding (hours) Oh 1h 2h 4h 8h 12h 24h
EAA concentrations (nmol m)
Asp 9 (x1.1) 5 (x1.2) 6 (+0.4) 7 (+2) 4 (+0.6) 4 (¥1.3) 5 (+1.5)
Ser 25 (£5.2) 66 (+4.9) 72 (£2.7) 79 (#3.1) 64 (+9.8) 51 (+7.8) 21 (¥1.3)
Glu 11 (+1) 9 (+0.6) 10 (x1.1) 10 (x1.2) 10 (x0.5) 11 (x1.3) 12 (+1.6)
Gly 396 (x17.2) 340 (+50.6) 316 (+28.6) 286 (£7.6) 264 (+42.8) 245 (+36.6) 374 (x77.1)
His 11 (+0.3) 13 (x0.7) 17 (¥1.4) 25 (+3.6) 22 (+6.2) 29 (+3.3) 28 (+¥1.8)
Tau 206 (#11.9) 176 (+25.9) 132 (¢21.2) 76 (£1.7) 73 (#5) 78 (¥12) 142 (+41)
Arg 76 (¥1.1) 249 (£7.7) 259 (x17.1) 272 (x4.1) 228 (+41.9) 151 (+3.8) 72 (+8.6)
Thr 196 (£27.7) 292 (x12.6) 314 (x18.7) 350 (7.7) 376 (x75) 281 (x37.9) 149 (¥17.9)
Ala 74 (#6.5) 167 (¥13.3) 210 (+23.6) 145 (+5) 169 (+31.4) 128 (+2.5) 82 (¥2.7)
Pro 21 (+0.6) 88 (+5.2) 136 (+10.3) 112 (+9.2) 121 (+20.7) 100 (+6.2) 26 (+2.2)
Cys 179 (#24.1) 258 (¥11) 278 (x16.3) 314 (6.5) 282 (+¥16.2) 259 (+34.2) 143 (+18)
Tyr 20 (x0.2) 61 (x2.1) 70 (+6.8) 66 (+2.4) 61 (¥12.2) 61 (+8.3) 31 (x0.8)
Val 60 (+1.3) 277 (£5.9) 338 (+13.8) 402 (¥5.9) 470 (¥99.9) 432 (x75.4) 70 (+3.6)
Met 24 (£1.1) 79 (¥2.4) 86 (+6.4) 96 (+1.1) 83 (+18.9) 39 (+3.5) 20 (+0.4)
Lys 52 (£2.4) 186 (+4.8) 211 (x13.8) 214 (6.7) 200 (£39.9) 137 (+9.5) 50 (+2.9)
lle 32 (x0.8) 153 (+3.6) 193 (+6) 201 (£2.9) 226 (+45.3) 210 (x31.5) 34 (£2.5)
Leu 57 (+1.6) 309 (9.3) 376 (+10.6) 419 (¥7.1) 466 (+90.4) 440 (x82) 64 (+3.8)
Phe 31 (+0.6) 85 (+7) 101 (+9.3) 132 (£7.3) 140 (+31.6) 123 (+12.4) 39 (+2.8)
Total Free EAA 1480 (¥26) 2812 (+108) 3125 (¥187.5) 3206 (+16.7) 3259 (#573.1) 2779 (¥334) 1364 (+169.3)
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Table B2. Concentrations of individual free amino acids présn the plasma of juvenile barramundi over &@dr period following consumption of
a single meal containing an adequate (TauADQ)| lefveietary taurine.

Time after feeding (hours) Oh 1h 2h 4h 8h 12h 24h

EAA concentrations (nmol m)
Asp 4 (x0.3) 5 (20.5) 8 (x1.5) 5(x1.1) 4 (x0.7) 4 (38). 4 (x0.7)
Ser 19 (£1.3) 62 (+6.7) 56 (+4.2) 65 (+6.4) 57 (+8.6) 5 @8.8) 15 (+0.6)
Glu 8 (x0.7) 8 (x0.3) 10 (£1.5) 9 (x0.7) 8 (x1.5) 100(6) 11 (£0.8)
Gly 259 (+9.8) 272 (x14.8) 297 (£35.3) 245 (+10.5) 18R0.5) 176 (£19.4) 209 (¢16.8)
His 7 (x0.9) 12 (1) 18 (£2.2) 22 (+1.8) 31 (x3.1) 22.(7) 25 (+1)
Tau 223 (+6.4) 309 (+19) 419 (+55.4) 347 (£17) 259 (8)5 221 (¥31.8) 247 (£31.4)
Arg 57 (x4.5) 257 (£24.5) 268 (+5.8) 265 (+10.4) 232118) 143 (£32.7) 80 (+6.1)
Thr 160 (£15.5) 277 (£16.3) 298 (+27.2) 338 (+1.7) 3490) 267 (+46) 150 (+9.9)
Ala 70 (£5.5) 155 (+22.5) 193 (+23) 198 (+16.4) 15827 120 (+22.4) 73 (¢5.5)
Pro 14 (£1.3) 82 (+x11.8) 128 (£14.2) 141 (1£6.2) 120410 96 (+20.9) 27 (£6.5)
Cys 147 (£13.3) 247 (£12.1) 264 (£23.4) 303 (+0.7) 3183.5) 245 (+40.9) 145 (+8.8)
Tyr 19 (£1.1) 60 (£9.3) 66 (+10.1) 62 (+4.5) 62 (+8.7) 57 (£5) 29 (+6.9)
Val 56 (+3.1) 237 (£30.1) 305 (+28.5) 388 (+16.2) 4489.5) 378 (x90.7) 89 (+24.8)
Met 26 (£1.6) 73 (£6.9) 81 (x3.2) 93 (+2.6) 84 (x10.8) 40 (x7.8) 18 (+0.4)
Lys 48 (£5.3) 172 (£18.5) 206 (+6.2) 233 (£12) 200 (122 133 (£25.2) 57 (£5.8)
lle 32 (+2.8) 133 (£19.1) 164 (£17.2) 201 (+9.6) 213756) 187 (+44) 42 (+11.8)
Leu 56 (+4.2) 269 (+37.6) 329 (£32.8) 415 (+21.8) 4573.1) 385 (+97.3) 82 (£23.9)
Phe 28 (+1) 76 (£7.9) 91 (¢7.7) 110 (£7.7) 142 (£29.9) 120 (+11.5) 45 (£7.5)

Total Free EAA

1233 (+47.3)

2707 (£250.4)

3200 (+264.8)

3441 (¥33. 3316 (+465.4)

2640 (+501)

1351 (+127)
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Table B3. Concentrations of individual free amino acids présn the plasma of juvenile barramundi over &@dr period following consumption of
a single meal containing an excessive (TauEXCEllef/dietary taurine.

Time after feeding (hours) Oh 1h 2h 4h 8h 12h 24h
EAA concentrations (nmol m)
Asp 5 (x0.3) 8 (£2.7) 11 (x2.2) 4 (£0.5) 5 (x0.2) 3D 4 (£0.7)
Ser 19 (#1.1) 56 (x7.8) 47 (£2.1) 51 (x4.4) 38 (5.1) 5 @&3.7) 13 (x1.7)
Glu 9 (x0.2) 10 (+1.2) 10 (x1.3) 9 (x0.4) 10 (x0.4) t2A.2) 12 (+0.8)
Gly 220 (£6.8) 217 (x21.4) 236 (£18.1) 165 (x12.8) 1687.9) 174 (x31.1) 190 (+18.3)
His 9 (x0.5) 18 (+1.7) 19 (x1.4) 27 (¥4.2) 30 (x1.4) @3.9) 27 (x1.8)
Tau 256 (£31.3) 496 (+66.4) 559 (£39.4) 474 (£8.9) 4985.9) 361 (£57.9) 268 (+52.4)
Arg 62 (x5.2) 310 (x17.3) 272 (£6.1) 291 (£23.4) 248)+ 145 (x10.5) 75 (x4.4)
Thr 149 (£10.9) 296 (£12.5) 299 (x15.3) 311 (£20.2) 3271.3) 216 (x17.4) 164 (+9.6)
Ala 83 (x3.8) 206 (x13.9) 232 (x17.4) 217 (x26.1) 1#19) 122 (£22.5) 82 (x7.1)
Pro 17 (x1.5) 125 (£6.5) 151 (+8.1) 156 (+x13.7) 129@9) 84 (x15.7) 22 (£2.2)
Cys 135 (x10.1) 261 (£8.6) 266 (£10.9) 276 (x18.9) 2980.6) 200 (x17.9) 154 (£7.3)
Tyr 20 (x0.7) 79 (£1.8) 81 (x3.6) 74 (x6.2) 75 (x£9.8) 7 &11.3) 25 (£1)
Val 58 (x2.9) 307 (x15.4) 322 (£22.7) 420 (£42.7) 4F741.3) 289 (x13.6) 69 (£3.8)
Met 25 (x0.6) 95 (¢1.8) 85 (+4.6) 101 (x11.7) 87 (x4.6) 36 (£3.6) 21 (x0.8)
Lys 51 (¢5.3) 226 (x11.6) 219 (£5.6) 246 (£22.4) 210GH) 124 (+7.6) 59 (x2.8)
lle 33 (x1.7) 177 (+8.8) 183 (x12.6) 225 (£23.5) 23248) 144 (£12.4) 34 (x2.5)
Leu 58 (x2.9) 353 (¥15.7) 354 (£26.9) 453 (£47.7) 4902.6) 295 (x16.5) 63 (£3.6)
Phe 30 (£1.7) 108 (x11.5) 113 (x0.4) 121 (+8.8) 151446 111 (£14.3) 42 (x2.5)

Total Free EAA

1238 (+72.3)

3346 (+184)

3460 (+165.3)

3619 (+2B1.73647 (+439.6)

2423 (+199.3)

1322 (+119.1)
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