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Non Technical Summary

Aquaculture Feed Grains Program

GRDC - UWA00062 Development of value-added plant protein products
for the aquaculture feeds sector

FRDC - 2004-236 Evaluation of Value-added Grain Protein Products for
Atlantic Salmon and Black Tiger Prawns

Principal investigator: Dr Brett Glencross

Address: Department of Fisheries — Research Division,

P.O. Box 20, North Beach
Western Australia 6920
Telephone: 08 9203 0224 Facsimile: 08 9203 0199

Objectives

1.
2.

Development of value-added lupin protein product(s) for use in the animal feeds sector.

Evaluation of the nutritional value of a range of value-added lupin protein products when
fed to fish.

3. Commercial transfer of intellectual property for development of new-product(s).

. To determine the nutritional value of selected grain products developed as part of the linked

CLIMA-GRDC project, when included in feeds for Black tiger prawns and Atlantic salmon.

. To evaluate any potential nutritional limitations of the grain products in aquaculture feeds.

. To provide grain producers, grain processors, aquaculture feed manufacturers and the prawn

and salmon aquaculture industries with information about the nutritional characteristics and
quality assurance criteria of grain products so that they can be marketed and used with
confidence in aquaculture feed formulations.

This program represents a major collaborative initiative between the Grains and Fisheries
Research and Development Corporations. It has engaged seven different research providers and
three industrial collaborators in achieving its outcomes. Numerous findings were encountered
through this program, which are collated in this report. Key among those findings is:

The dehulling of lupins significantly improves their nutritional value to fish. A linear increase
in digestible energy value was observed, while a curvilinear response in digestible protein
value was observed. This finding shows that there is signfiicant nutritional benefit to the fish
in optimising the dehulling efficiency of lupins, but in terms of protein value that a minor
contamination with hulls is unlikely to significantly reduce the protein value.

Considerable variability in the digestible protein and energy value of the lupin kernel meals
was observed. It was shown that this variability could be assessed as a function of grain
composition. Higher protein levels in the meal correlated with better protein and energy
digestibility. The high protein levels also correlated with lower non-starch polysaccharide
(NSP) levels in the kernel meals. This resulted in a concommitant relationship between
protein and NSP and digestibility. Assessment of the fibre composition of the kernel meals
also showed that lignin was a key fibre class that affected protein digestibility, with higher
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lignin levels strongly correlating with poorer protein digestibility.

* Considerable variability in the composition of lupin kernel meals was observed among the
76 samples evaluated for digestibility. As protein increased in each lupin kernel meal a
reciprocal decrease in NSP was observed. Across three years worth of sample collection of
commercial cultivars from a single site, significant variation in composition was observed.
Variation in composition was greater across years than across cultivars.

* The use of near-infrared spectroscopy (NIRS) was shown to be able to provide rapid and
useful assessments of not only crude composition of whole grain and kernel meals, but also
their digestible protein and energy value. This should allow grain processors and users to
rapidly and more accurately assess the actual value of discrete batches of grain products.

* The alkaloid gramine was shown to be a significant anti-nutritional factor to rainbow trout.
When included in diets at levels above 100 mg/kg there was a dramtic decline in feed intake
and subsequently growth of the fish. No other pathological issues were identified with the
inclusion of gramine in the diet and its main mode of anti-nutritional activity is through
reducing palability to the animal. This explains why certain genotypes of Lupinus luteus
(yellow lupin) are not well tolerated and utilised in fish diets and provides clear guidelines
for plant breeders as to what critical target alkaloid levels need to be.

» Two levels (15% and 30%) of lupin kernel meals were included into diets of rainbow trout
and used to demonstrate that protein and energy utilisation is not deteriorated by their
inclusion. This finding provides support for the notion that the plant protein and energy
content is as effectively utilised as animal protein by carnivorous fish in their diet.

* The extent of the influence that the variability in the digestible protein content of lupin kernel
meals had on fish growth was assessed in two separate experiments. The first experiment
used low-protein diets (350 g/kg) and high-inclusion levels (40%) of a low digestibility and
high digestibility lupin kernel meals. These diets were then fed at a range of ration levels
from starvation to satiety to examine both palatability and utilisation aspects of the feeds.
The results demonstrated that a significant effect of the lower digestibility lupin kernel meal
could be measured as an effect on growth using this design. A second experiment examined
the effect of the same raw materials at more conservative inclusion levels (25%), in diets
formulated to more typical commercial specifications (400 g/kg protein, 250 g/kg lipid). In
this second experiment the variability in digestible value became masked, demonstrating
that under commercial equivalent conditions that variability in digestibility of lupin kernel
meals would be unlikely to be observed.

» Using both protein concentration and isolation techniques, a series of protein concentrates
and isolates were prepared from L. angustifolius, L. luteus and L. mutabilis kernel meals.
Using protein isolation methods it was possible to produce products with protein levels
in excess of 80%. Protein concentration methods produced products of a lower protein
content, but had a greter yield. Both yield and and protein content will be important factors
in determining the commercial viability of the final products.

 Different drying methods were examined in the production of protein isolates because of their
importance in cost of product manufacture and also their influence on product quality. Freeze-
drying proved to be a useful experimental/laboratory scale method, but it was not considered a
viable industrial scale method. Up-scaling the processes involved examining spray-drying and
ring-drying technologies. Both L. angustifolius and L. luteus protein isolates were examined
in each drying process. Spray-drying proved to produce good consistent product, while ring-
drying caused the product to gum and not produce a useful product.
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Digestibility evaluation of the prototype LPC’s showed that they had highly digestible protein
and energy characteristics, irrespective of lupin variety used to produce the product. These
digestibility parameters were assessed using both internationally used faecal collection methods
of settlement and stripping. A comparison of the results obtained using either methods showed
that stripping gave more conservative estimates and that the disparity between the results was
greater when the test diets had greater levels of carbohydrate material.

Inclusion of the prototype LPC’s in feeds for rainbow trout was shown to not hinder their
growth or feed intake. It was also demonstrated that, provided the dietary amino acids were
balanced, then the fish used the LPC’s as effectively as they used fish meal protein.

Different drying processes were observed to affect the composition of LPC’s, with use of high-
temperature drying resulting in lower protein and higher fibre levels. Although these drying
effects did not deteriorate the digestible value of the LPC’s an assessment on their nutritional
values showed that although the fish could digest them well, they were not used as efficiently
for growth and therefore had reduced value as a feed material. Similar such deterioration of the
LPC’s was not observed when the product was dried using spray-drying technology.

An improved reactive lysine assay was developed to assess nutritional damage caused by
the high-temperature drying of the LPC’s. This assay effectively measured the proportion of
lysine within a sample that had its tertiary amino group unavailable chemically. It was shown
that the high-temperature drying of the LPC’s resulted in an increased level of unreactive
lysine most likely due to chemical condensation of a carbohydrate molecule to this tertiary
amino group. This means that the lysine becomes unavailable for use in protein synthesis,
supporting the observations from the fish growth study.

Comparison of the digestibility responses between rainbow trout and Atlantic salmon
showed that there was a high-degree of homology between the two species in respect to their
response to different grain products. Although the actual digestibiity values obtained for
the same products differed between each species, the relative responses were similar. This
supports that either species provides a useful indication of the likely response of the other to
digestibility of feed grain products.

Five different varieties of L. angustifolius kernel meal were examined for their variability in
digestibility parameters when fed to Atlantic salmon. Significant variability was observed in
crude protein digestibilities from each of the kernel meals. Ingredient protein digestibility in
the Atlantic salmon ranged from 66.1% to 94.8%.

The influence of lupin kernel meals, soybean meal and a lupin protein concentrate on gut
transit in Atlantic salmon was examined using a marker replacement method. The results of
this work showed that the inclusion of lupin kernel meals increased the rate of gut transit
of the feed compared to the effects induced by the inclusion of soybean meal or a lupin
protein concentrate.

The inclusion of lupin kernel and soybean meal in diets for sea-water reared Atlantic salmon
was examined at two inclusion levels and at two water temperatures to examine if there was
any influence of diet raw material on temperature response. Feed intake and growth response
was improved from fish fed the lupin kernel meal diets compared to both the fish meal based
reference and the soybean meal diets. This improved performance of the lupin kernel meal diets
was observed at both water temperatures. No interaction effect of temperature and ingredient
was observed in the study. These findings show that lupin kernel meals have a significant
advantage over soybean meal when included in diets for sea-water reared Atlantic salmon.



* The inclusion of lupin kernel meals (L. angustifolius and L. luteus) and protein isolates
were shown to not have an effect on intestinal enteritis in Atlantic salmon, contrary to the
effect observed when soybean meal is included in their diet. This anti-nutritional activity
of soybean has been shown to be a negative feature of this grain product and is not shared
by lupin products. The inclusion of lupin kernel meals in diets for Atlantic salmon was
also shown to positively influence the lipid digestion from the diet, whereas soybean meal
did not.

* Eight commercially supplied products, from two grain processing companies, were
evaluated in a series of commercial-in-confidence studies in rainbow trout. In addition to
the product assessment studies, samples from each of the lupin kernel meals studied for the
NIRS assessment were also provided, along with the accompanying data, to the three project
commercial partners for their own development of NIRS calibrations.

» Significant variability in the digestibility of protein and energy was observed from 12
different samples of lupin kernel meals fed to prawns. Digestibility of protein ranged from
92.7% to 96.8% and digestibility of energy ranged from 69.6% to 77.2%.

* Growth of diets containing up to 50% of the diet as lupin kernel meal showed that prawns
used this raw material as effectively as fish meal and also soybean meal. No decline in
feed intake was observed even at the highest inclusion levels, supporting that commercial
application of lupin kernel meals to prawn diets is unlikely to negatively affect growth or
feed intake.

* The inclusion of dietary alkaloids in feeds for prawns was shown to have some impact on
feed intake, but was not as clear as the response observed from fish. The alkaloid gramine
when included in prawn diets was observed to leach from the diets after being fed to the
prawns and this affected the assessment to a degree.

* From common lupin kernel meals studied in rainbow trout, prawns and Atlantic salmon a
comparison of the digestibility of protein and energy was made among the three species.
No significant relationships were observed among any of the species. It is suggested that
because of low levels of variability in the digestibility values of the tested lupin kernel
meals, it was difficult to define possible inter-relationships in these parameters among the
species. Differences in experimental methods and laboratory routines also make direct
comparison difficult.

* Lupin kernel meal inclusion in an extruded pellet was examined at 0%, 10%, 20% and 30%
inclusion levels. An increase in pellet hardness, bulk density and sink rate was observed
with increasing lupin inclusion. The relationship was generally curvilinear, with maximal
responses occuring at around 20% inclusion. Extruded pellet expansion and vacuum oil
uptake were generally reduced with increasing lupin inclusion. Water retention in the
extrusion mash was also enhanced by the inclusion of increasing levels of L. angustifolius,
L. luteus or soybean meal.

 Significant variability in diet extrusion features was observed as a function of different lupin
varieties/culitvars and also the actual species of feed grain being included in a diet. The
inclusion of lupin kernel meals (from either L. angustifolius or L. luteus) was shown to
increase bulk density, sink rate and pellet hardness and decrease vacuum oil uptake and
pellet expansion, at a different degree than that achieved by a similar inclusion of soybean
meal. However, the degree to which each factor was affected varied depending on grain
product and its inclusion level.
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Extrusion of fish diets significantly improves their digestible energy value, but has limited
effect on the digestibility of other diet parameters. However, extrapolation of diet digestibility
parameters to examine ingredient digestibilities shows that there is limited correlation
between extruded and non-extruded diets in terms of their protein digestibility, but that
energy digestibilities remain highly correlated.

Numerous publications and media have arisen from this project.

Aquaculture feed industry partners have begun adoption of the use of lupin kernel meals in
their products.

Grain processing industry partners have initiated the large-scale commercial dehulling of
lupins for the domestic and international aquaculture feed markets.
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1.1 Pursuing greater value for grains

The profit a farmer yields from grain production in its simplest format is a combination of; the
costs of production x yield per unit area x value of grain per tonne. In attempting to improve
profitability of grain production significant work has gone into improving agronomic practices
to reduce the cost of production and improving genetic traits to improve yields. However,
addressing issues that affect value have been somewhat more difficult. The difficulty in
addressing value criteria, for a grain like lupins for example lies in that the value is affected by
a large array of factors, many of which are independent of factors at the control of the farmer
or scientist. For example, exchange rates, volume of competitor products, trade tariffs etc all
impinge on the potential value of the grain in any given market.

Although many facets of the grain value are difficult to control, certain elements can be
managed to optimise potential value. For example, the value of protein grains like lupins is
largely benchmarked against the international soybean meal price on a protein parity basis.
This means that a 30% protein lupin is generally valued at 62% the value of a 48% protein
soybean meal, while a 38% protein lupin kernel meal is generally valued at 80% the value
of a 48% protein soybean meal. Because of this relationship, any gains in the overall protein
content of the grain drive the relative value of the grain higher in the international protein
trade market.

Another mechanism of grain value enhancement is grain quality segregation. In the Australian
wheat industry over 12 different segregations exist for different wheat classes depending on
wheat variety, protein level and other quality features. For different wheat varieties/classes
higher values have been obtained as a consequence of this segregation. For a feed grain however,
the key price-determining attribute is its digestible protein and/or energy value. Therefore by
identifying higher grades according to these criteria it may be possible to produce different
grades of feed grain that accordingly will have greater market value.

A third mechanism of grain value enhancement is identification of point-of-difference features
or functional properties. Certain raw materials are used in some products not because of their
nutritional values, but because of properties they bring to the product through their specific
functional properties. An example of this is wheat gluten, which has useful binding properties
as a protein, and accordingly its value is considerably higher than what would be achieved on
a simple protein-parity basis. Other point-of-difference features include the removal of anti-
nutritional factors (ANF) from some protein meals. Bioprocessed soybean meal, like HP340
(Hamlet Protein, Horsens, Denmark), has a significantly lower level of most of the ANF present
in soybean meal (Refstie et al., 1998). Because of this reduction in ANF the HP340 has a
significantly higher value in the international feed market and is widely used in pet foods, calf-
milk replacers and aquaculture feeds.

Although there are several mechanisms for increasing the value of a grain, the potential for
this needs some temperance as it is still largely influenced by other factors. The key value to
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understanding many of these quality features of grains is therefore not to just to seek to gain
greater value, but to maintain capacity to market specific grains in an increasingly complex
and demanding market place and thereby maintain market presence. For if quality criteria are
eroded away at the expense of other traits then gains made in one area can be just as quickly lost
through a reduction in relative market value and complete loss of key markets.

1.2 Addressing feed resource risk in the aquaculture sector

Aquaculture is recognised as one of the fastest growing animal production industries in the
world, particularly so in the Asian region (Tacon, 2004; Lungren et al., 2006). However,
the identification and development of alternative protein resources to the use of fish meal in
aquaculture diets remains a high priority for improving the sustainability of aquaculture and
reducing feed formulation risk. Fishmeal has traditionally been considered an important pro-
tein source for use in aquaculture diets for both carnivorous and omnivorous species, and many
aquaculture formulations still have fish meal included at levels in excess of 50%. However,
being too reliant on any one ingredient presents considerable risk associated with supply, price
and quality fluctuations. As a strategy to reduce risk, the identification, development and use of
alternatives to fish meal in aquaculture diets is a high priority. Due to the volumes of fish meal
and oil used in aquaculture, especially for carnivorous species, aquaculture of these species is
still perceived as a net fish consumer rather than producer and this practice has raised concerns
about the long-term sustainability of these industries (Naylor et al., 2000).

To improve resource security and reliability for aquaculture feeds, one option has been to
increase the use of alternative meals and oils as feed ingredients in diets for aquaculture species
(Glencross et al., 2007). Indeed, substantial effort has been expended over the past decades in
evaluating a wide range of potential alternatives to fish meals and fish oils for use in aquaculture
diets. Those ingredients can generally be classified into those being derived from either plant
origin or terrestrial animal origin. Plant derived resources include: soybean meals, protein
concentrates and oils (Kaushik et al., 1995; Refstie et al., 1998; 1999), canola meals, protein
concentrates and oils (Higgs et al., 1982; Mwachireya et al., 1999; Forster et al., 1999; Burel et
al., 2000; Glencross et al., 2004a) and lupin meals and protein concentrates (Burel et al., 2000;
Farhangi and Carter, 2001; Booth et al., 2001; Glencross et al., 2003a; 2004b; 2004c). Key
potential terrestrial animal ingredients have included resources such as rendered meat meals
(Bureau et al., 1999; 2000; Stone et al., 2000; Sugiura et al., 2000; Williams et al., 2003), blood
meals (Bureau et al., 1999; Allan et al., 1999) and poultry meals (Bureau et al., 1999; Nengas
et al., 1999). However, the application of alternative ingredients/raw materials depends on the
type of diet to which the ingredient is being applied.

Typically aquaculture diets fall into one of three spectrums; (1) high-nutrient-density diets,
which are high protein, high fat diets made for fish such as Atlantic salmon, rainbow trout,
barramundi and yellowtail kingfish, (2) low-nutrient-density diets, which are low protein, low
fat diets made for fish such as catfish, tilapia and carps and (3) crustacean-diets which are
moderate protein, low fat diets made for species such as tiger prawns, but the diets have other
constraints such as a need for high levels of attractants and extended water stability features.
The value of the diets, and with that their purchasing leverage in paying premiums for premium
ingredients, is directly related to the protein and energy content of the diets — the higher the
protein and energy, the greater the potential purchasing leverage.
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1.3 Feeding plant protein meals to fish

Feed grains have considerable potential to supply dietary nutrients and energy for fish. These
resources have generally been shown to provide promising levels of digestible and available
nutrients and energy. However, the optimisation of the use of these raw materials in aquaculture
diets requires a detailed understanding of their chemical composition and the consequences of
feeding these materials and their influence on each specific species being fed.

The use of feed grains in fish diets can also introduce a suite of problems. Not only does the use of
high-levels of plant proteins increase the potential for inducing essential amino acid limitations,
many plant derived feed resources also contain a variety of anti-nutritional (biologically active)
factors (ANF). The influence of these ANF on fish can be considerable, varied and is not well
understood (Francis et al., 2001).

In assessing the value and potential of a range of feed grains there has been considerable research
on the use of feed grain resources in the diets of a variety of aquaculture species (Gomes et
al., 1995; Booth et al., 2001; Glencross et al., 2007). However, despite this, there still remains
need for targeted research on identifying key attributes and limitations to the use of particular
feed grains in aquaculture diets to encourage industry to more confidently adopt their use. This
is particularly the case with those feed grains that have been identified as having potential, but
which do not have a lot of sound data on their application in diets of particular target species.

Soybean meal is one feed grain resource that has been widely used in aquaculture diet formulations
with considerable success and there is a large amount of data underpinning the acceptance of
this raw material (Kaushik et al., 1995; Refstie et al., 1998, 1999). However, in Australia there
is limited production of soybeans, but substantial production of lupins, canola and field peas.
Each of these grains has been shown to provide some value as a potential aquaculture feed
ingredient (Gomes et al., 1995; Burel et al., 2000; Booth et al., 2001).

1.4 Developing the application of grain protein products for
the aquaculture sector

Considerable effort has been focused on the extension and development of feed grains for the
aquaculture sector since the late 1980°s internationally and early 1990’s in Australia. Of those feed
grainsevaluated, lupins have consistently emerged as one of the most viable options for use inmodern
nutrient-dense aquaculture diets (Glencross, 2001). Because of this there has been a continued
concerted effort to promote lupins as an aquaculture suitable feed ingredient for both domestic and
export use. There now exists within the international literature, considerable information on the
value of lupin meals for a range of different aquaculture species (Burel et al., 1998; Faranghi and
Carter, 2001; Glencross and Hawkins, 2004; Glencross et al., 2005; 2006; 2007).

One limitation identified in the data set is how the aquaculture feed manufacturers perceive lupins
and the availability of information on their use. Most modern aquaculture feed manufacturers
now formulate diets based on the level of nutrients available (digestible) to the target species.
To achieve this the formulator requires data on the digestible value of the ingredients to be used
so as to allow linear least-cost formulations to be achieved. Therefore the determination of
digestible value data is becoming increasingly important.

Another of the clear deficiencies in the knowledge of lupin meal use in aqua-feeds is its unknown
level of nutritional variability. While key assessment criteria of the meals are usually the protein,
fibre and energy levels in lupins, the relationship of these parameters with the nutritional value
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of the meal in fish is largely unknown. Accordingly, there is a need to evaluate the level of
inherent variability in the nutritional value of lupin meals, and to ascertain the relationship
between protein digestibility and some easily measurable feature(s) of the grain.

An understanding of these key nutritional attributes will also improve the capacity to design
constructive research and development extension in key market areas. Presently, the key
competitor to the use of lupin meals in aquaculture feeds is soybean meal, both domestically and
internationally. There are a range of factors influencing the perceived superiority of soy meal,
such as price, supply volumes and also the consistency of the nutritional value of the meal.
Therefore it is important that comparative assessments are also made against this product.

1.5 Evaluating grain protein products in aquaculture diets

As with the application of all feed resources, at some stage an assessment needs to be made of their
value to their intended animal. Aquaculture feeds differ substantially from feeds for other animal
sectors in their specifications, their manufacture and their delivery. Because of these differences,
the application of data from other sectors is often of little relevance, as are many of the research
approaches. However to resolve the questions of raw material application to aquaculture feeds,
many research approaches have been attempted (reviewed by; Glencross et al., 2007). In raw
material/ingredient evaluation for aquaculture diets, the three key research criteria are:

1. Defining the amount of digestible nutrients that can be derived.
2. Examining the influence of ingredient inclusion on feed intake/palatability.

3. Examining the influence of ingredient inclusion on metabolic function to define the influence
of anti-nutritional factors.

Only when these key factors have been defined can the potential prospective value of an
ingredient to an animal be determined (Glencross et al., 2007). Additional factors such as
ingredient functionality, influences on sensory qualities of the product and the pathology associated
with using certain raw materials, are additional aspects that can be considered.

Ingredient characterisation is the first part of any evaluation process. Important features such
as the chemical composition, variability in composition, source and species of origin are
all important factors that need to be documented so as to allow any meaningful assessment
and reporting of that assessment. Detailed compositional information on test samples of all
ingredients being evaluated is critical. High levels of variability between common ingredients
is well recognised and this variability can affect the nutritional value of the ingredient
and determination of the best strategies to assess the nutritional value of the ingredient
(Jiang, 2001).

Ingredient digestibility is the measurement of the proportion of energy and nutrients that an
animal can obtain from a particular ingredient through its digestive and absorptive processes.
While several methods have been used to determine diet and ingredient digestibilities in
aquaculture species the issue remains a contentious one. However, because most modern fish
feeds are now formulated on a digestible basis it is important that this information is collected
and considered (Glencross et al., 2007).

Assessment of the effects of an ingredient on diet palatability is a second key component of
knowledge required about an ingredient before it can be successfully used. Palatability being defined
as the combination of both attractiveness and ingestion of a diet and therefore of most relevance
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to feed development. Irrespective of how digestible and available the nutrients and energy from an
ingredient might be, if the ingredient reduces feed intake then it will have reduced value.

The determination of nutrient utilisation or interference with nutrient utilisation due to
incorporation of any one ingredient is perhaps the most complex step in the ingredient evaluation
process. This complexity is largely related to the wide variety of factors that may impact on
nutrient or energy utilisation (Glencross et al., 2007).

Ingredient functionality is another crucial aspect of ingredient evaluation. Irrespective of the
compositional or nutritional attributes of an ingredient, if it cannot be functionally introduced
into a feed in a manner that allows it’s processing in a suitable manner then it is of diminished
value as a feed ingredient. Alternatively some ingredients may add additional value to a diet
based on some functionality features that they contribute to a formulation. This is particularly
the case with modern extruded feeds.

1.6 Project Strategy

The project has the overarching objectives of developing new, higher value markets for lupins
and to also facilitate the adoption of fishmeal alternatives into aquaculture feeds in Australia.
Previous projects examining these issues, while technically successful, did not deliver industry
outcomes to the extent expected by each industry sector. Because of this lag in industry uptake
it was decided to implement a targeted project/program to address issues across both sectors
with close engagement of both industry sectors. This program assembled a large project team
with a broad range of skills to address issues from grain processing, grain product development,
feeds processing, nutritional evaluation, grain chemistry and grain logistics. The team engaged
participants from 11 different research organisations and three industrial partners.

With the engagement of the three industrial partners a variety of grains were assessed for their
potential to produce value-added products. At the request of industry a specific focus was
directed towards the assessment of lupin kernel meals as a value-added grain product. However,
a range of additional processes for grain value adding were examined and the key limiting
factors to the production of each examined. Each of the value-added products developed was
assessed for key nutritional value parameters when fed to a fish, which included digestibility and
palatability assessment, and where warranted extended to growth studies with some products.
The more promising products were identified for further evaluation in specific aquaculture
species of shrimp and Atlantic salmon. In addition to this the influences of these value-added
grain products on the processing and physical properties of the feeds into which they have been
included was also evaluated.

It was also considered important to evaluate any potential nutritional limitations of the grain
products in aquaculture feeds. From the results of digestibility, palatability and growth studies
undertaken in assessing the new products, possible limitations to performance were further
examined to define the cause of any limitations observed. Notably, potential issues with alkaloids,
product variability and high soluble fibre levels in the gut of fish at high water temperatures
were considered.

From this work is was proposed to provide grain producers, grain processors, aquaculture feed
manufacturers and the prawn and salmon aquaculture feed industries with information about
the nutritional characteristics and quality assurance criteria of grain products so that they can be
marketed and used with greater confidence in aquaculture feed formulations.
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2.1 Introduction

This project represents a major joint initiative by the Grains Research and Development
Corporation (GRDC) and the Fisheries Research and Development Corporation (FRDC).
Because of this bilateral approach there are both shared and discrete interests of each stakeholder
according to their industry sector requirements. In recognition of this, the key contracted
objectives of the overall program are presented in terms of addressing the requirements of each
industry sector. The overall the project has two fundamental objectives:

* to develop new, higher value markets for lupins

+ to facilitate the adoption of fishmeal alternatives into aquaculture feeds in Australia

2.2 GRDC Objectives

However, there were three key objectives to the GRDC project component of the program.
These objectives were:

* Development of value-added lupin protein product for use in the animal feeds sector.

From a variety of grains, value-added products shall be developed and their manufacturing
processes detailed. A range of processes will be examined and key limiting factors to the
production of each identified.

* Evaluation of the nutritional value of a range of value-added lupin protein products when

fed to fish.

Each of the value-added products developed should be assessed for key nutritional value
parameters when fed to a fish. This shall include digestibility and palatability assessment,
and where warranted extend to growth studies with some products. Promising products will
be identified for further evaluation in target aquaculture species.

In addition to this the influence of these value-added grain products on the processing and
physical properties of the feeds into which they have been included will also be evaluated.

« Commercial transfer of intellectual property for development of new-product(s).

Outcomes of the research need to be extended to the commercial sector. This includes the
facilitation of development of value-added products and subsequent assessment as needs
arise. Promotional extension trips will be undertaken to key value-added grain markets.

2.3 FRDC Objectives

There were also three key objectives to the FRDC project component of the program. These
objectives were:

» To determine the nutritional value of selected grain products developed as part of the linked
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GRDC project, when included in feeds for Black tiger prawns and Atlantic salmon.

From certain new products previously identified as having potential, the digestibility,
palatability and influence on growth will be assessed in Black tiger prawns and Atlantic
salmon. This will allow extension of the findings from the GRDC project of the program
to selected target aquaculture sectors and also allow for some cross-referencing across
aquaculture species.

To evaluate any potential nutritional limitations of the grain products in aquaculture feeds.
From the results of digestibility, palatability and growth studies undertaken assessing the
new products, any limitations to performance will be further examined in studies targeted
to defining the cause of any limitations observed. Notably, potential issues with alkaloids
and high soluble fibre levels in the gut of fish at high water temperatures were perceived as
possible issues.

To provide grain producers, grain processors, aquaculture feed manufacturers and the prawn
and salmon aquaculture industries with information about the nutritional characteristics
and quality assurance criteria of grain products so that they can be marketed and used with
confidence in aquaculture feed formulations.

Close collaboration between the research and the commercial sector will be facilitated to
allow rapid uptake of findings and engender confidence in the research outcomes. Regular
workshops and meetings will be held as part of this process to exchange information and
where required, to extend it to broader audiences.
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3.1 Introduction

The research presented in this report was carried out to improve our understanding of the nutritional
characteristics of a range of grain resources, but with a specific focus on lupins and their potential
for aquaculture feeds. Central to this work was the objective to improve our ability to use these
resources in aquaculture diets in both nutritional and functional aspects. Numerous outcomes
were achieved from this research that will strengthen the position of grain products in general and
lupins in particular, as ingredients to be considered and used with increased confidence by the
aquaculture feed industry. The outcomes will also serve prospective lupin processor’s interests in
defining some of the quality criteria that will be important to the aquaculture sector. The outcomes
can be generally categorised as being pertinent to either the grain sector or aquaculture feed
sector. However, in some instances the distinction of which sector the outcome is targeted to is
not defined, by the fact that it clearly serves the interests of both sectors.

3.2 Grain sector outcomes

* The dehulling of lupins significantly improves their overall protein content and their
nutritional value to fish. With increasing dehulling efficiency a linear response in protein
content is achieved with a reciprocal loss in carbohyrate content of the meal. No effect on
the lipid content of the meal is observed. The extent of the protein increase varies with grain
species and cultivar and is influenced by both seed protein content, the proportion of the seed
as hull and the efficiency of hull removal.

 Substantial variability in the kernel meal composition of L. angustifolius exists. Across a
collection of 75 different samples a (mean + S.D.), protein level of 45.4 + 3.45% on a dry
basis was determined. Across all the kernel meals minimal and maximal protein levels of
36.5% and 56.7% were observed respectively. A series of the kernel meals were also produced
from seed collected from three successive years production of commercial culitvars grown
that the same site. From these samples substantial variability in composition was observed,
with the environmental (year) effect on composition more pronounced than that of cultivar.

» The use of near-infrared spectroscopy (NIRS) was shown to be able to provide rapid and
useful assessments of a range of crude composition parameters of whole grain and kernel
meals. This should allow grain processors and users to rapidly and more accurately assess
the actual value of discrete batches of grain products. This could provide a simple and rapid
avenue for grain quality segregation and value-adding.

* Clear lupin quality criteria have been established for use of this grain in the aquaculture
feed sector. Grain from which kernel meals can be produced with protein levels in excess of
42% (dry basis) constitute an effective lower protein limit for use in aquaculture feeds. The
protein should be in excess of 90% digestible and alkaloid levels in the meal less than 500
mg/kg. Lignin should also be as low as possible and there is significant capacity to measure
these quality parameters rapidly using NIRS and assist the grain-breeding process.
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Using both protien concentration and isolation techniques, a series of protein enriched
products were prepared from L. angustifolius, L. luteus and L. mutabilis kernel meals. Using
protein isolation methods it was possible to produce products with protein levels in excess of
80%. Protein concentration methods produced products of a lower protein content, but had
a greater yield. Both yield and and protein content will be important factors in determining
the commercial viability of the final products.

Several different drying methods were examined in the production of protein concentrates and
isolates. While freeze-drying proved to be a useful experimental/laboratory scale method that
produced a light, low-density, friable powder, it was not considered a viable industrial scale
method. For up-scaling, spray-drying and ring-drying technologies were examined with both
L. angustifolius and L. luteus protein isolates. Spray-drying proved to produce good consistent
product, while ring-drying proved to gum the products and not produce a useful product.

A highly characterised sample set of lupin seed and kernel meals was collected, prepared,
analysed and evaluated for their digestible energy and nutrient values. This data was then
supplied to each of the collaborating commercial grain industry partners, along with samples
of the seed and kernel meal, to allow the development of calibrations for chemical and
nutritional properties using near infrared spectroscopy (NIRS).

Significant adoption of the use of lupin kernel meals in aquaculture diets was instigated
by Skretting Australia, the largest aquaculture feed manufacturer in Australia. This has
precipitated flow-on effects leading to further adoption of lupin kernel meal use in aquaculture
diets being achieved by other feed companies both domestically and internationally. Not
withstanding supply and cost limitations induced by drought, increases in the use of lupin
kernel meals were noted each year from 2003 to 2006.

Drawing from the work in this project, CBH-Group and Weston Technologies have formed a
joint-venture company to develop a 200,000 tonne per annum lupin kernel meal production
facility. The joint-venture company, Australian Lupin Processing Pty Ltd commenced
production in early 2007. The targetting of lupin kernel meals to the aquaculture market was
highlighted as one of its key initiatives.

Several smaller grain processors (e.g. Coorow Seed Cleaners) have also begun commercially
producing and marketing lupin kernel meals to the aquaculture sector.

3.3 Aquaculture feed sector outcomes

The dehulling of lupins significantly improves their nutritional value to fish. A linear
increase in digestible energy value was observed, while a curvilinear response in digestible
protein value was observed. This finding shows that there is significant nutritional benefit
to the fish in optimising the dehulling efficiency of lupins. In terms of protein value a minor
contamination with hulls is unlikely to significantly reduce the value of the protein. However,
the more efficient the dehulling process the higher the overall protein content of the meal and
therefore the greater its overall value.

The influence of the lupin alkaloid gramine was shown to exert its anti-nutritonal effect
through being a feed intake inhibitor. Critical threshold for tolerance to gramine intake by
rainbow trout was shown to be between 100 and 500 mg/kg of diet. This provides evidence
that the alkaloid levels present in Australian domestic lupin varieties are unlikely to result in
anti-nutritional problems for fish. These data indicate that there is significant scope for plant
breeders to increase the gramine levels in the Yellow lupin from its current very low level

Fisheries Research Report [Western Australia] No. 178, 2008 33



to levels that will provide much better protection against aphids, without compromising the
nutritional value of the kernel meal.

Demonstration that fish can use lupin protein and energy as efficiently as fishmeal protein and
energy, when diets are formulated and assessed on a digestible nutrient basis. This finding
dispells the “myths” that carnivorous fish can only be effectively grown on animal derived
protein sources.

Variability in the digestible protein and energy value of the lupin kernel meals was shown
to be related to kernel meal composition. Higher protein levels in the meal correlated
with better protein and energy digestibility. The high protein levels also correlated with
lower non-starch polysaccharide (NSP) levels in the kernel meals and this resulted in a
concommitant relationship between protein, NSP and digestibility parameters. Assessment
of the fibre composition of the kernel meals also showed that lignin was a key fibre class
that affected protein digestibility, with higher lignin levels strongly correlating with poorer
protein digestibility.

The use of near-infrared spectroscopy (NIRS) was shown to be able to provide rapid and
useful assessments of not only crude composition of whole grain and kernel meals, but also
their digesitble protein and energy value. This should allow grain processors and users to
rapidly and more accurately assess the actual value of discrete batches of grain products.

The impact of variability in the digestible protein content of lupin kernel meals was
assessed in two separate growth experiments. The first experiment used low-protein diets
(350 g/kg) and high-inclusion levels (40%) of a low digestibility and high digestibility
lupin kernel meals and soybean meal. These diets were then fed at a range of ration levels
from starvation to satiety to examine both palatability and utilisation aspects of the feeds.
The results demonstrated that a significant effect of the lower digestibility lupin kernel
meal could be measured as an effect on growth using this design. A second experiment
examined the effect of the same raw materials at lower inclusion levels (25%), in diets
formulated to more typical commercial specifications (400 g/kg protein, 250 g/kg lipid).
In this second experiment the effect of variability in digestible value was masked,
demonstrating that under commercial equivalent conditions that variability in digestibility
of lupin kernel meals would be unlikely to be observed, but that this built in margin-for-
error adds significant cost to the diets.

Preliminary assessment of both wet and dry concentrate technologies showed that there was
greater potential for a wet technique to produce a viable product. Using simple formulation
modelling methods it was identified that an “ideal” grain protein concentrate would have a
protein content in the range of 50% to 60%. Ironically, the kernel meal from L. luteus already
fulfills this criteria.

Prototype protein concentrates made from L. angustifolius and L. luteus kernel meals were
highly palatable and digestible when fed to either Rainbow trout and Atlantic salmon. A high
degree of similarity in nutritional response of either species was noted, providing support
for the use of either species as a model for the other. A comparison of faecal settlement and
stripping collection methods showed that high levels of carbohydrate in the diet resulted
in greater disparity between the results observed. Faecal stripping methods consistently
provided more conservative estimates of the digestibility parameters.

The influence of heat was shown to not have a negative impacts on the digestible value
of lupin protein concentrates when fed to a fish. However, these heat-damaged protein
concentrates were less palatable and did not sustain growth to an equivalent basis compared
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to spray or freeze-dried protein concentrates. Processors need to be aware of the sensitivity
of fish to heat damage in protein resources. However, the distinct nature of this heat damage,
whether it is cumulative heat or critical temperature that is important, is not known.

* An improved chemical assay to measure reactive lysine assay was developed to assess
nutritional damage caused by the high-temperature drying of the LPC’s. This assay
effectively measured the proportion of lysine within a sample that had its tertiary amino
group rendered unavailable chemically. It was shown that the high-temperature drying of
the LPC’s resulted in an increased level of unreactive lysine, which was most likely due to
chemical condensation of a carbohydrate molecule to this tertiary amino group. This means
that the lysine becomes unavailable for use in protein synthesis, supporting the observations
from the fish growth study.

» Comparison of the digestibility of extruded feeds and by inference, the ingredients, fed to
either trout or Atlantic salmon showed that there was a high-degree of commonality in their
responses to the different grain products. The strongest correlation was observed between
the trout and the Atlantic salmon digestibility at 6°C. Poorest correlation was that observed
between the two Atlantic salmon studies at 6°C and 15°C, though correlation between the
trout and Atlantic salmon at 15°C was also not strong. The findings support that use of one
species as an indicator of responses for another has some potential. However, although two of
the data-sets were highly supoportive of each other, that the third was substantially different
suggests that the data collection process has an important effect on the results achieved
and to obtain the most viable cross-species data it is preferrable to have all experiments
conducted by the same laboratory and personnel.

* Five different varieties of L. angustifolius kernel meal were examined for their variability in
digestibility parameters when fed to Atlantic salmon. Significant variability was observed in
crude protein digestibilities from each of the kernel meals. Ingredient protein digestibility
ranged from 66.1% to 94.8%.

* The influence of lupin kernel meals, soybean meal and a lupin protein concentrate on gut
transit in Atlantic salmon was examined using a marker replacement method. The results of
this work showed that the inclusion of lupin kernel meals increased the rate of gut transit of
the feed compared to the effects induced by the inclusion of soybean meal or a lupin protein
concentrate.

* The inclusion of lupin kernel and soybean meal in diets for sea-water reared Atlantic
salmon was examined at two inclusion levels (15% and 25%) and at two water temperatures
(14°C and 18°C) to examine if there was any influence of diet raw material on temperature
response. An improved feed intake and growth response was observed from fish fed the
lupin kernel meal diets compared to both the fish meal based reference and the soybean meal
diets. This improved performance of the lupin kernel meal diets was observed at both water
temperatures. No interaction effect of temperature and ingredient was observed in the study.
These findings show that lupin kernel meals have a significant advantage over soybean meal
when included in diets for sea-water reared Atlantic salmon.

* The effect of yellow and narrow-leafed lupin kernel meals and protein concentrates on the
gastrointestinal integrity, capacity for digestive hydrolysis, and digestibility of nutrients in
Atlantic salmon were examined in fish kept at 6°C. Protein digestibility from a series of
test ingredients was observed to be higher in fish at 6°C than the same diets and ingredients
fed to Atlantic salmon at 15°C. Protein digestibility was highest for the L. luteus protein
concentrate (107.7%) and lowest for the L. angustifolius cv Myallie kernel meal (70.5%).
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As series of gut-health related issues were observed with the different grain protein raw
materials. Ulcer-like lesions were observed in the stomach of fish from all feeding groups,
and this was worsened by the presence of lupin in the diet. No consistent altered morphology
was observed in distal intestine of fish fed either fishmeal and lupin diets, while the distal
intestine of fish fed soybean meal showed consistent and typical soybean meal-induced
pathomorphological changes. The inclusion of soybean meal in the diet resulted in watery
faeces and lowered the apparent digestibility of lipid, but this was not observed when feeding
the lupin diets.

The digestibility of dry matter, crude protein and energy of the yellow lupin Lupinus luteus,
as well as of six of the new cultivars of Lupinus angustifolius were determined when included
in diets for the black tiger prawn, Penaeus monodon. The apparent digestibility of the amino
acids of five of the new cultivars of L. angustifolius, and of L. luteus, were also determined, a
first for raw material evaluation for prawns. The apparent energy digestibility varied between
69.6% and 77.2% whereas the apparent crude protein digestibility varied between 92.7% and
96.8%. The apparent digestibility of the amino acids was similar to the apparent crude protein
digestibility value. Although there was significant variability, the general consistency of the
L. angustifolius apparent digestibility results suggests that nutritionists and feed formulators
can confidently use mean apparent digestibility values for dry matter, protein and energy for
kernel meals comprising of random mixtures of cultivars.

The performance of black tiger shrimp, Penaeus monodon when fed one of seven of the
new cultivars of Lupinus angustifolius or solvent-extracted soybean meal was examined
in a series of growth studies. In each experiment the growth rate of shrimp fed the diets
containing lupin kernel meal or soybean meal was as good as, or better than that obtained
with the fish meal based basal diet. Survival in all experiments was high (mean ~90%).
These findings have demonstrated that lupin kernel meal can be used to replace at least 40 %
of the fishmeal protein in diets for P. monodon, and that the new cultivars perform equally to
solvent-extracted soybean meal when used on a protein-equivalent basis. From the amino acid
analysis of the diets used in the experiments, it appears that that the reported requirements of
juvenile P. monodon for methionine significantly overestimate the true requirements.

Because prawns have a different sensory system to that of fish, the effect of the lupin
alkaloid, gramine, when included in a feed for the black tiger prawn, Penaeus monodon was
examined. The daily feed intake, growth rate and survival of the prawns was not affected
by the concentration of gramine in the feed over the range of concentrations examined (0 to
902 mg/kg of feed, as used). High levels of gramine did significantly reduce feed intake in
the first 15 min after distribution of the feed. But, thereafter over the following 6 h that were
closely monitored, feed intake did not appear to be affected by gramine inclusion level. It
was noted that gramine leached from the feeds quite rapidly with about 20% of the gramine
lost in the first hour. This leaching observation may explain the observed responses of the
prawns to this alkaloid.

From common lupin kernel meals studied in Rainbow trout, prawns and Atlantic salmon a
comparison of the digestibility of protein and energy was made among the three species. No
significant relationships were observed among any of the species. It is suggested that limited
variability observed in digestibility values of the tested lupin kernel meals made it difficult to
define possible inter-relationships in these parameters. Differences in experimental methods
and laboratory routines also make direct comparison difficult.

Lupin kernel meal inclusion in an extruded pellet resulted in an increase in pellet hardness,
bulk density and sink rate with increasing lupin inclusion. The relationship was generally
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curvilinear, with maximal responses occuring at around 20% inclusion. Extruded pellet
expansion and vacuum oil uptake were generally reduced with increasing lupin inclusion.
Water retention in the extrusion mash was also enhanced by the inclusion of increasing levels
of L. angustifolius, L. luteus or soybean meal. This higher water retention in the mash has
benefits in reducing wear on the extruder and also increasing the rate at which gelatinisation
of the starch in the diet occurs.

» Significant varibility in diet extrusion features was observed as a function of different lupin
varieties/culitvars and also the actual species of feed grain being included in a diet. The
inclusion of lupin kernel meals (from either L. angustifolius or L. luteus) was shown to
increase bulk density, sink rate and pellet hardness and decrease vacuum oil uptake and
pellet expansion, at a different degree than that achieved by a similar inclusion of soybean
meal. However, the degree to which each factor was affected varied depending on grain
product and its inclusion level.

» Aseries of studies were undertaken to examine the composition, digestibility and palatability
to rainbow trout of different types of value-added grain products. Details of each product and
their assessment were conducted on a commercial-in-confidence basis and as such no details
will be provided. A total of eight products from both CBH-Group and Weston Technologies
were evaluated over a two-year period.

» Skretting Australia, the largest aquaculture feed manufacturer in Australia have broadly
adopted the use of lupin kernel meals across their product range. The adoption of the raw
material has also spread further within this multinational group, with companies within the
Skretting group in Norway, Japan and Chile also adopting the use of lupin kernel meals. Other
feed companies in Australia, and internationally, are now following the lead of Skretting and
also commencing adoption of the use of lupin kernel meals.
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Abstract

A single crop batch of Lupinus angustifolius (cv. WALAN2173M) seed was processed to
produce both a seed meal and also dehulled to produce a pure kernel meal. A series of blends
were prepared from the seed and kernel meals (100%:0%, 83%:17%, 67%:33%, 50%:50%,
33%:67%, 17%:83%, 0%:100%, respectively). The various blends were then used to determine
the relative nutritional effects of varying degrees of dehulling efficiency. The digestible value of
these neat and blended meals were compared when fed to Rainbow trout (Oncorhynchus mykiss)
using the diet-substitution method (70% reference: 30% test ingredient). Stripping methods
were used to collect faecal samples for the determination of digestible energy and nutrient
values of the neat and blended meals being tested. Significant improvements were observed
for each of dry matter, energy and protein digestibilities with increasing dehulling efficiency.
The relationship between dry matter digestibility and kernel meal proportion was curvilinear
and described by the equation: y = -0.00001x? + 0.00299x + 0.39752. Dry matter digestibility
for the 100% kernel meal was 59.8%. The relationship between protein digestibility and kernel
meal proportion was curvilinear and described by the equation: y = -0.00002x? + 0.00395x +
0.81914. Protein digestibility for the 100% kernel meal was 101.7%. The relationship between
energy digestibility and kernel meal proportion was linear and described by the equation: y =
0.0016x + 0.4877. Energy digestibility for the 100% kernel meal was 65.1%. The findings of
this study demonstrate that there are significant benefits from using kernel meals over seed
meals, beyond the general increased crude levels of protein and energy gained.

4.1 Introduction

Modern nutrient-dense diets for aquatic species have limited formulation flexibility to
accommodate large amounts of non-useful nutritional content (e.g. fibre or ash). Because of
this, many feed grain resources are not viable alternatives, despite having reasonable protein or
energy digestibilities. To address this limitation one option is to process some grain varieties
to produce protein enhanced products. Such protein concentrated products also allow some
flexibility to remove potential anti-nutritional factors found in feed grains (Glencross et al.,

@ Published as: Glencross, B.D., Hawkins, W.E., Vietch, C., Dods, K., McCafferty, P. and Hauler, R.C. 2007.
Assessing the effect of dehulling efficiency of lupin (Lupinus angustifolius) meals on their digestible nutrient
and energy value when fed to rainbow trout (Oncorhynchus mykiss). Aquaculture Nutrition. IN PRESS.
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2003a). Dehulling is a mechanical procedure used to process some legumes and oilseeds. The
process abrades the grain to remove the seed coat (hull) from the seed kernel. Following this
aspiration is used, which using density differentiation, allows for some separation of the hull
from the seed kernels. Under laboratory conditions it is reasonable to obtain a pure sample of
dehulled kernel material for evaluation (Booth et al., 2001; Allan and Booth, 2004; Glencross
and Hawkins, 2004). However, under commercial conditions 100% efficiency in the extraction
of hulls from the dehulling process is unviable.

There is a considerable volume of work on the nutritional value to salmonids of grain products
produced from soybean, peas and lupins, where the grain has been processed to produce a
dehulled product (Kaushik et al., 1995; Refstie et al., 1998; Carter and Hauler, 1999; Burel et
al., 2000; Glencross and Hawkins, 2004; Glencross et al., 2004a; 2004b). Additional work with
Silver perch (Bidyanus bidyanus) has further compared the specific effects of whole-seed and
dehulled preparations of a range of legumes, including Lupinus angustifolius lupins (Booth etal.,
2001; Allan and Booth, 2004). Both of these works have showed that there are clear advantages
to dehulling lupins, with significant improvements in dry matter and energy digestibilities and
minor improvements in protein digestibility, albeit not significant ones. However the effect of
variable efficiency of the lupin dehulling process on the sample composition and the concomitant
response of digestibility of those meals by a fish species has not been explored. This aspect has
important implications with regards to the application of this feed grain when processed using
industrial scale operations where 100% dehulling efficiency is unlikely to be obtained.

This study examines a range of hull concentrations remaining in the meals, representing variable
dehulling efficiencies. These different meals being reflective of the variable dehulling efficiencies
potentially resulting from industrial scale dehulling of this feed grain. From this the effects on
meal composition and their digestible value when fed to Rainbow trout, Oncorhynchus mykiss
are determined.

4.2 Materials and Methods

4.2.1 Ingredient and diet development

A single crop batch of seed of Lupinus angustifolius (cv. WALAN2173M) was used in this
study. Samples of the seed were either milled or dehulled and milled to create stock samples
of seed meal or kernel/dehulled meal. The pure dehulled sample was prepared using abrasive
dehulling, followed by differential density aspiration to separate hulls and kernels, before a
final manual removal of any remaining hull material. A series of seven blends between the two
different stock samples were created by adding different amounts of each meal to each other
with vigorous mixing to create a series of blends between 100% seed meal and 100% kernel
meal. The composition and source of all of the ingredients used are presented in Table 4.1. Each
of the test ingredients was thoroughly ground such that they passed through a 750 um hammer
mill screen.

The experiment design was based on a diet formulation strategy that allowed for the diet-
substitution digestibility method to be used (Aksnes et al., 1996). For this, a basal diet was
formulated and prepared to include approximately 500 g/kg DM protein, 210 g/kg DM fat and
an inert marker (yttrium oxide at 1 g/kg) (Table 4.2). A basal mash was prepared and thoroughly
mixed, forming the basis for all experimental diets in this study. The ingredient of study for
each test diet was added at 30% inclusion to a sub-sample of the basal mash (see Table 4.2).
Diets were processed by addition of water (about 30% of mash dry weight) to the mash whilst
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mixing to form a dough, which was subsequently screw pressed using a pasta maker through a
4 mm diameter die. The resultant moist pellets were then oven dried at 70°C for approximately
12 h and then allowed to cool to ambient temperature in the oven. The basal diet was prepared
in a similar manner, but without the addition of any test ingredient. The diet formulations and
source of all of the ingredients used is presented in Table 4.2. Composition of all experimental
diets is also presented in Table 4.2.

4.2.2 Fish handling and faecal collection

Hatchery-reared rainbow trout (Oncorhynchus mykiss, Pemberton heat-tolerant strain, \Western
Australia; Molony et al., 2004) were transferred from grow-out ponds to experimental tanks
(200 L). Freshwater (salinity < 1 PSU) of 16.0 £ 0.1°C (mean + S.D.) at a flow rate of about 4
L/min was supplied to each of the tanks. Each of the tanks were stocked with 15 trout of 257 £
34.4 g (mean = S.D.; n = 40). Treatments were randomly assigned amongst 24 tanks, with each
treatment having three replicates.

Fish were manually fed the diets once daily to apparent satiety as determined over three separate
feeding events between 1500 and 1600 each day. The trout were allowed to acclimatise to the
allocated dietary treatment for seven days before faecal collection commenced consistent with
earlier studies by this group (Glencross et al., 2005). Faeces were collected using stripping
techniques. Stripping techniques were based on those reported by Austreng (1978). Fish
were netted from their respective tank, placed in a smaller aerated tank containing isoeugenol
(0.002 mL/L) until they lost consciousness. The faeces were then removed from the distal
intestine using gentle abdominal pressure. Care was taken to ensure that the faeces were not
contaminated by urine or mucous. After removal of the faeces from the fish, the faecal sample
was placed in a small plastic vial and stored in a freezer at -20°C. Stripped faeces were collected
during 0800 to 1000 over a four-day period, with each fish only being stripped twice and not on
consecutive days. Faecal samples from different days were pooled within tank, and kept frozen
at -20°Cbefore being freeze-dried in preparation for analysis.

4.2.3 Chemical and digestibility analysis

All chemical analyses were carried out by NATA (National Association of Testing Authorities)
accredited analytical service providers (Chemistry Centre (WA), East Perth, WA, Australia
and Animal Health Laboratories, South Perth, WA, Australia). Diet and faecal samples were
analysed for dry matter, yttrium, ash, phosphorus, nitrogen and gross energy content. Dry matter
was calculated by gravimetric analysis following oven drying at 105°C for 24 h. Total yttrium
and phosphorus concentrations were determined after mixed acid digestion using inductively
coupled plasma atomic emission spectrophotometry (ICP-AES) based on the method described
by McQuaker et al., (1979). Protein levels were calculated from the determination of total
nitrogen by Leco auto-analyser, based on N x 6.25. Amino acid composition of samples was
determined by an acid hydrolysis prior to separation via HPLC. The acid hydrolysis destroyed
tryptophan making it unable to be determined. Crude fat content of the diets was determined
gravimetrically following extraction of the lipids according to the method of Folch et al. (1953).
Gross ash content was determined gravimetrically following loss of mass after combustion of a
sample in a muffle furnace at 550°C for 12 h. Gross energy was determined by adiabatic bomb
calorimetry. Differences in the ratios of the parameters of dry matter, protein, amino acids or
gross energy to yttrium, in the feed and faeces in each treatment were calculated to determine
the apparent digestibility coefficient (ADC;,,) for each of the nutritional parameters examined
in each diet based on the following formula (Maynard and Loosli, 1979):
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Y X Parameter,, ..
ADCy,, =1- v

faeces X PArameter,,

where Y, and Y. ... represent the yttrium content of the diet and faeces respectively, and
Parameter;, , and Parameter,, . represent the nutritional parameter of concern (organic matter,
protein or energy) content of the diet and faeces respectively. Digestibility values for each diet
are presented in Table 4.4. The digestibility values for each of the test ingredients in the test
diets examined in this study were calculated according to the formulae:

(ADtest v NUtrteSt _ (ADbasal X Nutrbasa| X 07))
(0.3 NUtr gy eqtent )

Nutr. ADjngredient =

Where NutrAD;o4ieny 19 the digestibility of a given nutrient from the test ingredient included
in the test diet at 30%. 4D, is the apparent digestibility of the test diet. 4D, is the apparent
digestibility of the basal diet, which makes up 70% of the test diet. Nutrmgrediem, Nutr,
and Nutr,,, are the level of the nutrient of interest in the ingredient, test diet and basal diet
respectively (Sugiura et al., 1998). All raw material inclusion levels were also corrected for dry
matter contribution and the effects that this may have had on the actual ratio of reference diet to

test ingredient (Bureau and Hua, 2006).

Digestibilities greater than 100% were not corrected because we consider they are potentially
indicative of interactive effects between the diet and test ingredient and should be stipulated as
determined. However, for reasons of practicality, the total levels of digestible nutrients/energy
were only calculated assuming a maximum digestibility of 100% or a minimum of 0%.

4.2.4 Statistical analysis

All values are means unless otherwise specified. Data were analysed for homogeneity using
Cochran’s test. Effects of ingredient on digestibility of dry matter, protein and gross energy in
each of the ingredient were examined by one-way ANOVA (Table 4.3). Curve fitting of both
linear and polynomial regressed relationships was undertaken using both Microsoft Excel and
Statitistica v6. Levels of significance were determined using a Least Significant Difference
(LSD) test. Limits for all critical ranges were set at P < 0.05.

4.3 Results

4.3.1 Ingredient composition

The lupin-based ingredients produced in this study had a range of compositions (Table 4.1).
The dehulling process had a clear significant effect of increasing protein content and reducing
carbohydrate content of the meal. No significant influence of dehulling on fat content of the
meals was observed. Changes in absolute amino acid composition were consistent with the
protein concentration effect of the dehulling process, but no specific changes in relative amino
acid concentrations were observed.

4.3.2 Diet digestibility

Apparent dry matter digestibilities of the diets significantly increased with increasing dehulling
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efficiency, although the effects varied numerically only from 69.2% to 82.8% for the 100%
seed meal and reference diets respectively (Table 4.3). Apparent protein digestibilities of the
diets also increased with increasing dehulling efficiency, although the numerical effect was
minimal, varying only from 90.5% to 92.0% for the 100% seed meal and 100% kernel meal
diets respectively (Table 4.3). Despite this limited variation the consistency of the data was
still robust enough to identify significant effects between these levels of protein digestibility
differences. Apparent energy digestibilities of the diets also significantly increased with
increasing dehulling efficiency, although the effects varied numerically only from 78.5% to
90.2% for the 100% seed meal and reference diets respectively (Table 4.3).

4.3.3 Ingredient digestibility

Apparent dry matter digestibilities of the meals significantly improved with increasing dehulling
efficiency (Table 4.3 and Figure 4.1). Regression analysis of the relationship between dehulling
efficiency and apparent dry matter digestibility supported that this was a linear relationship (R?
= 0.8772) (Figure 1). With a pure (100%) kernel meal, an apparent dry matter digestibility of
59.8% was determined for the ingredient at a 300 g/kg inclusion level. This contrasted the pure
(100%) seed meal, which had an apparent dry matter digestibility of 39.1%, which was also
determined for the ingredient at a 300 g/kg inclusion level.

Apparent protein digestibilities of the meals were significantly improved with increasing
dehulling efficiency (Table 4.3 and Figure 4.2). Regression analysis of the relationship between
dehulling efficiency and apparent protein digestibility supported that this was a clear second-
order polynomial relationship (R? = 0.9437) with a reduction in apparent protein digestibility
with decreasing efficiency in the dehulling process (Figure 4.2). However, ANOVA and a post-
hoc LSD analysis supported that protein digestibility is only significantly reduced below a
50% dehulling efficiency. With a pure (100%) kernel meal, an apparent protein digestibility of
101.7% was determined for the ingredient at a 300 g/kg inclusion level. This contrasted the pure
(100%) seed meal, which had an apparent dry matter digestibility of 83.3%, which was also
determined for the ingredient at a 300 g/kg inclusion level.

Apparent energy digestibilities of the meals significantly improved with increasing dehulling
efficiency (Table 4.3 and Figure 4.3). Regression analysis of the relationship between dehulling
efficiency and apparent energy digestibility supported that this was a linear relationship (R? =
0.9652) with no improvement in regression with the use of a second-order polynomial function
effect (Figure 4.3). With a pure (100%) kernel meal, an apparent energy digestibility of 65.1%
was determined for the ingredient at a 300 g/kg inclusion level. For the pure (100%) seed meal,
an apparent energy digestibility of 49.4%, was determined for the ingredient, also at a 300 g/
kg inclusion level.

The ingredient digestibility of carbohydrates was determined in two separate manners, both
based on inferred measurements as no direct measurements of the highly variable carbohydrate
composition were undertaken. In the first method the carbohydrates were determined based
on the difference between total dry matter minus protein, fat and ash (all dry matter corrected)
(Figure 4.4a). In the second method the energetic contribution of carbohydrates based on the total
digestible energy value of the ingredient minus the energetic contributions of the determined
digestible protein and fat, divided by the energetic value of carbohydrate was calculated (Figure
4.4b). This assumed energetic constant values for protein, fat and carbohydrate of 23.6, 38.5
and 17.3 MK/kg DM respectively.
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4.4 Discussion

There have been numerous studies examining the digestible value of lupins when fed to a variety
of fish species (Burel et al., 1998; Booth et al., 2001; Glencross and Hawkins, 2004). Most of
these studies have focussed on the nutritional assessment of lupin kernel meals, which are now
being used in significant amounts in modern commercial extruded feeds (Glencross, 2005).
Early studies often examined the nutritional value of whole-seed lupin meals (De la Higuera
et al., 1988; Morales et al., 1994; Gomes et al., 1995; Robaina et al., 1995). What comparisons
there have been between the whole seed and kernel meal varieties have shown substantial
differences in nutritional value (Booth et al. 200X). While Booth et al. (2001), compared the
effects of dehulled versus whole seed lupins when fed to Silver perch (Bidyanus bidyanus),
the omnivorous dietary nature of this species makes extrapolation of this work to other more
carnivorous species less relevant. Furthermore, the influence of variability in the dehulling
process had also not been assessed for any fish species. This study is the first to examine the
digestibility response of a fish to increasing levels of lupin dehulling efficiency. This is important
because although a 100% pure kernel meal is achievable on an experimental scale it is unlikely
to be ever achieved commercially. Therefore this study assesses the consequences of different
degrees of dehulling efficiency that will cover the spectrum of all potential industrial dehulling
operations.

4.4.1 Ingredient composition

The changes noted of the composition of the lupin meal with increasing dehulling efficiency
clearly show the benefit of processing the grain. Principally there was an increase in the meal
protein content and the lower levels of non-starch polysaccharide carbohydrates with increased
dehulling efficiency. Limited effect on the lipid content of the meals was noted. With the
consistent lipid levels, increase in protein and decrease in carbohydrates there was, accordingly
an increase in gross energy density. This effect is consistent with most other comparisons of
whole seed and kernel meals (Petterson, 1999; van Barneveld, 1999; Booth et al., 2001).

The particular variety of lupin used in this study (WALAN2173M) is at the time a non-
commercially released variety, but the extent of the potential increase in protein achievable
with this variety is only matched by the lupin species L. luteus (Glencross and Hawkins,
2004; Glencross et al., 2004b). This feature alone makes this a highly valuable variety of L.
angustifolius, especially if one were to simply assume even a linear protein to value basis. This
variety will be particularly suited to aquaculture feed applications for both its compositional
and digestible features.

4.4.2 Diet digestibility effects

The methods used in this study rely on the assessment of the digestibility of a reference and
a series of test diets to determine the component digestibilities of the test ingredients (Aksnes
et al., 1998). This method compounds potential errors and also assumes additivity of both the
test and reference diet components. However recent studies have shown that raw materials
with a significant complex carbohydrate content have potential interactive effects with other
key nutrients in the diet (Glencross et al. 2005). Because of this although diet digestibilities
are always within the realms of realistic values the potential for nutrient digestibility values
greater than 100% or less and 0% are realistic possibilities. Despite these complexities the
digestibilities of the diets resulted in a highly consistent pattern with respect to the inclusion of
the test ingredients.
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The digestibility of protein among the diets was highly consistent at around the 90% range though
increased with the inclusion of more efficiently dehulled lupin kernel meals. The variability in the
dry matter and energy digestibilities were more pronounced than that of the protein. This perhaps
reflects the poor ability of the fish to digest the carbohydrate contents of the lupins and indeed
even a potential interactive effect between the lupin carbohydrate fraction and that of the wheat. It
was noted that crude carbohydrate digestibility was significantly reduced with the inclusion of any
of the lupins meals. Given that lupins contain negligible levels of starch and that the hull is mostly
cellulose and hemicellulose, then this effect is understandable (Petterson, 1999).

4.4.3 Ingredient digestibilities and nutritional value

Significant improvements in most digestible parameters were observed with increasing levels
of dehulling efficiency of the lupins. Significant improvements were observed for each of dry
matter, energy and protein digestibilities with increasing dehulling efficiency. These effects
are consistent with earlier work examining different varieties of L. angustifolius that also had
increasing protein levels (Glencross et al. 2003b). However, it maybe possible that that study
also partially reflects different levels of dehulling efficiency as two of the varieties tested were
the same, but differed in both compositional and digestible values.

For both the apparent dry matter and energy digestibilities of the meals there was a significant
improvement on a linear basis with increasing dehulling efficiency (Table 4.3 and Figure 4.1
and 4.3). Comparison of the apparent digestibility of dry matter and energy in this study is
highly consistent with those observed in other studies on the same feed grain species (Glencross
and Hawkins, 2004; Glencross et al. 2005). These observations are consistent with those of
Booth et al. (2001) who noted an improvement in digestibility of dry matter from 50.3% to
67.6% and an improvement in energy digestibility from 59.4% to 74.0%. Additional studies
by Allan and Booth (2004) also showed similar effects with improvements in digestibility of
dry matter from 44.1% to 57.6% and an improvement in energy digestibility from 53.1% to
64.2%. Based on the findings from the present study it would be reasonable to assume that
the nature of these improvements is linear with Silver perch also. However, the substantial
variations in digestibility values presented by the two studies poses the question as to possible
differences in dehulling efficiency of the samples used or the possible effects of genotype and/
or environmental influences on digestible value of this feed grain (Booth et al., 2001; Allan and
Booth, 2004).

Apparent protein digestibilities of the meals improved in a clear second-order polynomial
relationship, with a reduction in apparent protein digestibility with decreasing efficiency in
the dehulling process (Figure 4.2). However, above a 50% dehulling efficiency there was no
significant improvement in the protein digestibility of the lupin meals. This supports that from
a protein digestibility basis that the presence of excess cellulose and hemicellulose from the
hulls does not reduce the protein digestibility of the meals. Given that the hull has negligible
protein content and contains protein that is likely to be highly bound, and provided that the
physical barrier is minimised between the protein and carbohydrate content of the meal, then
such a digestibility result is clearly explainable. These observations of the effect of dehulling
on protein digestibility contrast those of Booth et al. (2001) and Allan and Booth (2004), both
of who reported negligible improvements in protein digestibility with dehulling. The settlement
faecal collection method used by these workers and/or the omnivorous nature of the fish used
may explain some aspects of these differences compared to the more carnivorous fish species
used in the present study (Glencross et al., 2005).
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The observations, albeit indirect, of the carbohydrate digestibility of the lupin meals pose some
interesting questions. It is well known that the carbohydrate complexity of the kernels of lupins
is substantially greater than that of the hulls (Carre et al., 1985; Cheung 1990). What this also
shows is that as the relative concentration of these carbohydrates increases then their interactive
effect on the total digestibility of carbohydrates and energy in the diet is also increased. In
most cases this energetic effect is largely offset by the higher contribution of protein energy
value from the kernel meals and the enhanced lipid digestibility that is also observed with the
inclusion of these raw materials (Glencross et al., 2005). This observation of interactive, and
thereby non-additive effects is counter to some of the primary assumptions by which these
digestibility effects are studied. These observations are consistent with earlier such observations
and comments also made on the interactive nature of plant based raw materials (Glencross et
al., 2004a; 2005). This is clearly an area that requires a more in depth evaluation to determine
the specific nature of these interactive effects among carbohydrate classes.

4.4.4 Conclusions

The findings of this study confirm that there are compositional and nutritional benefits to
aquaculture diets from the dehulling of lupins. When assessed using a range of digestibility
parameters, each improved with an increased level of dehulling efficiency. However, with the
exception of energy digestibility, most improvements were curvilinear in nature. This supports
that minor inefficiencies in dehulling are unlikely to significantly diminish the digestible protein
or dry matter value of these feed grains. However, the more efficient the overall dehulling
process the more valuable the feed grain will be from all assessed digestible parameters and
efforts to obtain the purest kernel meals will prove to be beneficial. The exception to this is
the observation of the effect of the carbohydrate content of lupin kernels on their digestibility.
While a larger portion of the carbohydrates present as cellulose and hemicellulose appear to
not present much of a negative influence, when the proportional content of more complex non-
starch polysaccharides are present then a negative interactive effect with starch is apparent. The
specific nature of this interaction requires further investigation.
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Figure 4.1 Influence of dehulling efficiency on apparent digestibility of dry matter of a lupin kernel
meal when fed to rainbow trout. A significant (P < 0.05) increase in dry matter digestibility
was observed with increasing dehulling efficiency This relationship was best described
by a linear function of: y = 0.0021x + 0.4093, R2 = 0. 0.8772.
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Figure 4.2 Influence of dehulling efficiency on apparent digestibility of protein of a lupin kernel meal
when fed to rainbow trout. A significant (P < 0.05) increase in protein digestibility was
observed with increasing dehulling efficiency. This relationship was best described by a
polynomial function of: y = -0.00002x? + 0.00395x + 0.81914, R? = 0.9437.

Fisheries Research Report [Western Australia] No. 178, 2008 51



Apparent Digestibility Coefficient

Figure 4.3
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Influence of dehulling efficiency on apparent digestibility of energy of a lupin kernel meal
when fed to rainbow trout. A significant (P < 0.05) increase in protein digestibility was
observed with increasing dehulling efficiency. This relationship was best described by a
linear function of: y = 0.0016x + 0.4877, R? = 0.9652.
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Figure 4.4 a and b. Based on the mass-balance contribution of carbohydrate (open circles) to the

total dry matter of each test ingredient a significant (P < 0.05) decrease in carbohydrate
digestibility was observed with increasing dehulling efficiency. This relationship was best

described by a linear function of: y = -0.0013x + 0.0144, R?2 = 0.6192.

Based on the energetic contribution of carbohydrate (gray cricles) to the total energy
digestibility of each test ingredient a significant (P < 0.05) decrease in carbohydrate

digestibility was observed with increasing dehulling efficiency. This relationship was best

described by a linear function of: y = -0.0025x + 0.0013, R2 = 0.8724.
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5.0 A comparison of the effect of diet extrusion
or pelleting on the digestibility of grain protein
products when fed to rainbow trout (Oncorhynchus
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Abstract

This study examined the effect of the extrusion process on the digestibilities of whole diets
and also the component test ingredients when fed to rainbow trout. Six diets were prepared
using either a screw-press or an extruder based on the same batches of raw materials and
formulations in each case. Correlations between diets were highly significant for all four
parameters examined of dry matter, nitrogen, energy and the sum of amino acids. The
correlations showed that extrusion significantly improved the energy digestibility of the diets
but effects on the other parameters were negligible. Correlations between ingredients for
energy and dry matter digestibilities were highly significant, but correlations between the
digestibility of nitrogen and the sum of amino acids were poor. The ingredient correlations
also showed that extrusion improved the digestible energy value of the test ingredients (e.g.
AD¢ of 70% when screw-pressed, but AD; of 80% when extruded), but any improvement
in the dry matter digestibility was nominal and no advantages were gained for protein
digestibility. The results of this study show that diet digestibility responses obtained from
screw-press manufactured diets provide a proportional, but not necessarily direct indication
of the responses achieved from extruded diets. The ingredient digestibilities showed that
while dry matter and energy digestibilities are also proportional that nitrogen and the sum of
amino acid digestibilities are not proportional between the two diet manufacturing methods.
Observations of pellet stability in vivo showed distinct differences between the reference,
L. angustifolius cv. Myallie kernel meal and soybean meal test diets. Changes in pellet
integrity were noted after 2, 4 and 8 h. Pellet integrity after 8 h was best in the reference diet
and worst in the soybean meal diet. The soybean meal diet lost its structural integrity quicker
than that of the reference and L. angustifolius cv. Myallie kernel meal diets. The specific
nutritional implications of these observations need to be more fully explored.

5.1 Introduction

Modern nutrient-dense diets for most fin-fish species tend to be manufactured using a technique
referred to as extrusion processing. In this process a mixture of raw materials are compressed
through barrel by a screw whilst heat and steam are applied to the raw materials as they pass
along the length of the barrel. At the end of the barrel the mixture, referred to as the mash, is
extruded through a small aperture known as the die. In most extrusion techniques used in fish feed
production a certain amount of starch is added to the mixture. This has the effect of when the mash
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is extruded through the die that the release of pressure and heat causes the starch to expand and
gelatinise (Shankar and Bandyopadyay, 2005). This starch expansion along with some interactions
among the proteins in the mash is what gives the product its principle binding strength.

It is recognised that extrusion has dramatic effects on starch chemistry compared to less
aggressive feed processing techniques such as steam-pelleting and screw-press technologies.
The gelatinisation and expansion of the starch also increases its nutritional value through
an increase in the digestibility of the starch to most fish species (Bergot and Breque, 1983;
Jeong et al. 1991). However, it is not known whether extrusion will also affect the nutritional
value of other raw materials such as lupins. Studies examining the effect of extrusion of lupins
themselves, prior to inclusion in diets for fish, have suggested that significant gains are achieved
(Bangoula et al., 1993). However, this has not been confirmed and reasons for why such a
benefit occurs have not been identified, as virtually no starch is present in lupin seeds. Other
studies with raw materials, like soybean meals, have shown benefits through extrusion of both
the raw material and also when they are included un-pre-extruded in a diet that is subsequently
extruded. This is generally believed to be because of the heat denaturing effect on some of the
anti-nutritional factors in this raw material, like protease inhibitors and lectins (Refstie et al.,
1998; Francis et al., 2001).

There is a considerable volume of work on the nutritional value to salmonids of grain products
produced from soybean, peas and lupins in both extruded and un-extruded diets (Kaushik et al.,
1995; Refstie et al., 1998; Carter and Hauler, 1999; Burel et al., 2000; Glencross and Hawkins,
2004; Glencross et al., 2004a; 2004b). Additional work with Silver perch (Bidyanus bidyanus)
has further compared the specific effects of pre-extrusion of a range of legumes (Allan and
Booth, 2004). Most of these works have shown that there are clear advantages to extruding
some raw materials, with improvements in dry matter and energy digestibilities, but notably the
ingredients that are improved tend to be ones with a high starch content and/or significant levels
of heat-labile anti-nutritional factors.

This study examines a comparison in the digestible value of diets and their component test
ingredients when the diets are manufactured using either extrusion or screw-press pelleting
technology. The effects of these processing factors on the digestible values were examined
based on the diets being fed to rainbow trout, Oncorhynchus mykiss.

5.2 Materials and Methods

5.2.1 Ingredient and diet development

The experiment design was based on a diet formulation strategy that allowed for the diet-
substitution digestibility method to be used (Aksnes et al., 1996). For this, a basal diet was
formulated and prepared to include approximately 500 g/kg DM protein, 210 g/kg DM fat and
an inert marker (yttrium oxide at 1 g/kg) (Table 5.1). A 1500 kg batch of a basal mash was
prepared from a single batch of ingredients and thoroughly mixed and milled through a 750 um
hammermill, forming the basis for all experimental diets in this study. The ingredient of study
for each test diet was added at 30% inclusion to a sub-sample of the basal mash (see Table 5.1).
The composition of each test and basal mash ingredient is presented in Table 5.2. The basal diet
was prepared without the addition of any test ingredient.

Diets were processed by either laboratory-scale screw-press methods using a pasta making
machine (ltalpast, Fidenza, Itlay) or extrusion through a laboratory scale Wenger X185 extruder
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(Wenger, Sabetha, KA, United States) at the Australasian Experimental Stockfeed Extrusion
Centre (AESEC). All screw-pressed diets were made using the same methods. Diets made on
the screw-press were formed with the addition of water (about 30% of mash dry weight) to the
dry mash (including oils) whilst mixing to form an agglomerated mash. The actual amount of
water added varied according to each test ingredient but was added to an amount that caused
particle agglomeration within the mixing bowl. The agglomerated mash was subsequently screw
pressed through a 4 mm diameter die. The resultant moist pellets were then oven dried at 70°C
for approximately 12 h and then allowed to cool to ambient temperature in the oven (Glencross
et al., 2005). All extruded diets were made using the same methods and raw materials as used
for the screw-press diets. Diets made using extrusion were initially preconditioned with the
addition of steam, prior to entry of the mash to the barrel. Barrel temperatures were set at 80,
100 and 140°C from entry to die respectively. Water was also injected into the barrel. A standard
salmonid feed screw configuration was used (Evans, 1998). After exit from the die (5mm) the
extrudate was cut to produce pellets. The pellets were then dried on a counter-flow heated air
drier. Diets were made without the oil component added to the mash. The allotted oil component
of each diet was vacuum infused to the pellets following pellet drying.

5.2.2 Fish handling and faecal collection

Hatchery-reared rainbow trout (Oncorhynchus mykiss, Pemberton heat-tolerant strain, \Western
Australia; Molony et al., 2004) were transferred from grow-out ponds to experimental tanks
(200 L). Freshwater (salinity < 1 PSU; Dissolved oxygen 7.0 £ 0.5 mg/L) of 16.0 £ 0.1°C (mean
+ S.D.) at a flow rate of about 4 L/min was supplied to each of the tanks. Each of the tanks
were stocked with 15 trout of 263.4 + 45.8 g (mean £ S.D.; n = 40). Treatments were randomly
assigned amongst 24 tanks, with each treatment having three replicates.

Fish were manually fed the diets once daily to apparent satiety as determined over three separate
feeding events between 1500 and 1600 each day. The trout were allowed to acclimatise to the
allocated dietary treatment for seven days before faecal collection commenced consistent with
earlier studies by this group (Glencross et al., 2005). Faeces were collected using stripping
techniques. Stripping techniques were based on those reported by Austreng (1978). Fish were
netted from their respective tank, placed in a smaller aerated tank containing isoeugenol (0.002
mL/L) until they lost consciousness. The faeces were then removed from the distal intestine
using gentle abdominal pressure. Care was maintained to ensure that the faeces were not
contaminated by urine or mucous. After removal of the faeces from the fish, the faecal sample
was placed in a small plastic vial and stored in a freezer at -20°C. Stripped faeces were collected
during 0800 to 1000 over a four-day period, with each fish only being stripped twice and not on
consecutive days. Faecal samples from different days were pooled within tank, and kept frozen
at -20°C before being freeze-dried in preparation for analysis.

5.2.3 Chemical and digestibility analysis

All chemical analyses were carried out by NATA (National Association of Testing Authorities)
accredited analytical service providers (Chemistry Centre (WA), East Perth, WA, Australia).
Diet and faecal samples were analysed for dry matter, yttrium, ash, phosphorus, nitrogen
and gross energy content. Dry matter was calculated by gravimetric analysis following oven
drying at 105°C for 24 h. Total yttrium and phosphorus concentrations were determined after
mixed acid digestion using inductively coupled plasma atomic emission spectrophotometry
(ICP-AES) based on the method described by (McQuaker et al., 1979). Protein levels were
calculated from the determination of total nitrogen by Leco auto-analyser, based on N x 6.25.
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Amino acid analysis involved the samples being hydrolysed at 110°C for 24hr in 6M HCI
with 0.05% Phenol. Cysteine and cystine are derivatized during hydrolysis by the addition
of 0.05% 3,3’-dithiodipropoinic acid by the method of Barkholt and Jensen (1989). The acid
hydrolysis destroyed tryptophan making it unable to be determined. Separation was by HPLC
on a Hypersil AA-ODS 5um column using an 1100 series Hewlett Packard HPLC system.
Crude fat content of the diets was determined gravimetrically following extraction of the lipids
according to the Soxhlet method. Gross ash content was determined gravimetrically following
loss of mass after combustion of a sample in a muffle furnace at 550°C for 12 h. Gross energy
was determined by adiabatic bomb calorimetry. Differences in the ratios of the parameters
of dry matter, protein, amino acids or gross energy to yttrium, in the feed and faeces in each
treatment were calculated to determine the apparent digestibility coefficient (ADC ) for each
of the nutritional parameters examined in each diet based on the following formula (Maynard
and Loosli, 1979):

ADC,, =1- Y X Parameter ..
Y taeces X Parametery,,
where Y ;. and Y, ... represent the chromium content of the diet and faeces respectively, and

Parameter, , and Parameter . represent the nutritional parameter of concern (organic matter,
protein or energy) content of the diet and faeces respectively. Digestibility values for each diet
are presented in Table 4. The digestibility values for each of the test ingredients in the test diets
examined in this study were calculated according to the formulae:

(ADjeq X NUtleq —(ADpasgy X NUtrpaey x0.7))
(03)( Nutrmgredient)

Nutr -ADi ngredient =

Where NutrAD; jien 1S the digestibility of a given nutrient from the test ingredient included
in the test diet at 30%. 4D, is the apparent digestibility of the test diet. 4D, is the apparent
digestibility of the basal diet, which makes up 70% of the test diet. Nutrlngrediem, Nutr,
and Nutr ., are the level of the nutrient of interest in the ingredient, test diet and basal diet
respectively (Sugiura et al., 1998). All raw material inclusion levels were also corrected for dry
matter contribution and the effects that this may have had on the actual ratio of reference diet to

test ingredient (Bureau and Hua, 2006).

Digestibilities greater than 100% were not corrected because we consider they are potentially
indicative of interactive effects between the diet and test ingredient and should be stipulated as
determined. However, for reasons of practicality, the total levels of digestible nutrients/energy
were only calculated assuming a maximum digestibility of 100% or a minimum of 0%.

5.2.4 In vivo pellet integrity analysis

At the conclusion of the digestibility study fish from the reference, L. angustifolius cv. Myallie
kernel meal and soybean meal diet treatments were starved for 24 h. Following this starvation
period the fish were fed and three fish culled from each tank (n=3) for each treatment at 2 h, 4 h and
8 h post feeding. The state of the ingested pellets was then examined and given a rank from 0: no
loss of integrity, 1: minor sloughing, 2: still distinct pellets through form losing shape, 3: congealed
mass of pellets, 4: only large fragments remaining, to 5: complete loss of structural integrity of the
pellets. The pellet integrity score for each diet at each time point was calculated as:
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50— (0, x0+0,x1, +0,%x2+0,%x3+0, x4+0, x5)
on

Score (%) = %100

where n = the number of observations for each treatment (max = 6); O, = observed number of
samples with a score of 0, O,= observed number of samples with a score of 1 and so on, and the
associated number is the respective score of 0, 1, 2, ...5.

5.2.5 Statistical analysis

All values are means unless otherwise specified. Data were analysed for homogeneity using
Cochran’s test. Effects of ingredient on digestibility of dry matter, protein and gross energy in
each of the ingredient were examined by one-way ANOVA (Table 5.3). Correlation analysis
was performed using Statistic v6. Curve fitting of linear regressed relationships was undertaken
using both Microsoft Excel and Statistica v6. Levels of significance were determined using a
Least Significant Difference (LSD) test. Limits for all critical ranges were set at P < 0.05.

5.3 Results

5.3.1 Diet digestibilities

There were several significant differences among the diet digestibility parameters of the
extruded and screw-pressed diets (Table 5.3, Figure 5.1). Differences between the diets in terms
of their energy digestibility were most distinct, with more significant differences among the test
ingredients between the two diet processing methods than that observed for any other parameter.
Some significant differences between the diets within test ingredients were also noted for diet
digestibilities of dry matter and the sum of amino acids. No significant differences between the
diets were noted for diet protein digestibilities.

Correlations between the digestibilities of the extruded and screw-pressed diets were generally
high. Dry matter digestibilities of the diets were highly correlated (R? = 0.9545, p = 0.0008).
Protein (nitrogen) digestibilities of the diets were highly correlated (R? = 0.9574, p = 0.0007).
Energy digestibilities of the diets were most highly correlated of the relationships examined
(R?=0.9973, p = 0.0000). A significant improvement in the digestibility of energy was observed
when the diets were extruded. Sum of amino acid digestibilities of the diets were the least correlated
of the relationships examined, though still highly significant (R? = 0.8130, p = 0.0140).

5.3.2 Ingredient digestibilities

There were several significant differences among the ingredient digestibility parameters of the
extruded and screw-pressed diets (Table 5.3, Figure 5.2). Differences between the ingredients in
terms of their energy digestibility were most distinct, with more significant differences among
the test ingredients between the two diet processing methods than that observed for any other
parameter. Some significant differences between the diets within test ingredients were also noted
for ingredient digestibilities of dry matter, protein and the sum of amino acids, most notably
soybean meal although the lupin kernel meals also showed some effects of diet processing on
ingredient energy digestibilities.

Correlations between the digestibilities of the test ingredients within the extruded and screw-
pressed diets were generally high except for those of nitrogen or sum of amino acids. Dry matter
digestibilities of the diets were highly correlated (R? = 0.9445, p = 0.0056). Protein (nitrogen)
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digestibilities of the ingredients were not well correlated (R? = 0.002, p = 0.9429). Energy
digestibilities of the ingredients within the diets were most highly correlated of the relationships
examined (R? = 0.9468, p = 0.0053). The data showed that extrusion of the diets significantly
improved the energy digestibility of the test ingredients. Sum of amino acid digestibilities of
the test ingredients within the diets were the least correlated of the relationships examined and
highly insignificant (R? = 0.001, p = 0.9603).

5.4 In vivo pellet integrity analysis

The examination of pellet integrity in the stomach of the fish following feeding showed several
significant differences among the three treatments of the fishmeal based reference diet, the
lupin (L. angustifolius cv. Myallie) kernel meal diet and the soybean meal diet. A significant
decline in pellet integrity in the stomach of the fish of both the lupin (L. angustifolius cv.
Myallie) kernel meal diet and the soybean meal diets was observed at each time point of
the study. In contrast no significant changes in the pellet integrity of the reference diet were
observed over the 8 h period of the study. Soybean meal had the poorest pellet integrity at all
time points of the study and significantly more so than that of he lupin kernel meal. Both the
lupin kernel meal and soybean meal diets had poorer pellet integrity at all time points than
that of the reference diet.

5.5 Discussion

There have been numerous studies examining the digestible value of feed grains when fed
to a variety of fish species (Burel et al., 1998; Booth et al., 2001; Glencross and Hawkins,
2004). Most of these studies have been based on the assessment of the nutritional value of raw
materials in diets that have been screw-pressed or at the very least in diets processed using non-
commercially applicable processing technology. There have been a few studies examining the
impact of pre-extrusion of raw materials on their digestible value or the effect of diet extrusion
in general on its nutritional value to fish (Hilton et al., 1981; Allan and Booth, 2004). This
study however is the first to examine the digestibility response of a fish to the same diets when
processed using either screw-press or extrusion manufacturing technologies. However, an
assessment of the effect that these processing technologies have on the assessment of other
specific raw materials included as part of the diets for digestibility assessment purposes has
not been reported. Presently most laboratory-scale experimental work throughout the world is
done using cold-extrusion or screw-press technology. The relevance of feeds processed using
this laboratory-scale technology compared to the commercially used steam-injected, heated
extrusion equipment has been questioned (Romarheim et al., 2005).

5.5.1 Diet digestibility effects

In this study it was observed that there was a high degree of correlation between the extruded and
screw-pressed diets for all digestibility parameters examined. The correlation was proportional
in all observed cases, though not necessarily direct in each case. The findings of the present
study clearly show that there is a significant benefit of feed extrusion on the energy value of the
diets when fed to rainbow trout. This observation is consistent with findings of other researchers
that have also reported that extrusion improves the energy digestibility and value of feeds for
fish (Hilton et al., 1981; Hilton and Slinger, 1983). It is hypothesised that this is an effect of the
extrusion process on the gelatinisation of the starch component of the wheat included in the diet
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(Hilton et al., 1981; Bergot and Breque, 1983). Improved nutritional value of gelatinised starch
over ungelatinised starch has been previously reported (Jeong et al., 1991).

In contrast no benefit of the extrusion process on the digestible nitrogen or sum of amino
acids was observed. This supports that the extrusion process does not have any benefits on the
nutritional value of the protein in the diets. In fact in both cases a minor, though not significant,
reduction in the protein digestibility was observed between the screw-pressed and extruded
diets. This may be attributable to some heat-damage occurring to the protein, but it could also
be an artefact of a more strongly bound physical structure resisting the digestive processes more
(Glencross et al., 2004c).

5.5.2 Ingredient digestibilities

The findings of the present study also clearly show that there is a significant benefit of diet extrusion
on the energy value of the ingredients when fed to rainbow trout. Other researchers examining
the pre-extrusion of raw materials prior to incorporation into screw-press made feeds have also
reported similar benefits in improved energy digestibilities (Bangoula et al., 1993; Allan and Booth,
2004). In some cases this benefit was explained by the effect of extrusion on the gelatinisation of
starch within the raw materials, such as wheat and field peas. However, both soybean and lupins
have negligible levels of starch and therefore the reasons for the observed improvement in both
the present and the other reported studies are unclear (Bangoula et al 1993).

The lack of a significant correlation between the nitrogen and the sum of amino acid digestibilities
between the extruded and screw-pressed diets is interesting. It suggests that the manufacturing
process used influences either the nature of the protein in the diet or that there is some other
key change in the physical and chemical nature of the diet that is influencing this process.
It is probable that there are some interactive effects among the different nutrient classes and
compounds in the diets, the way the respond to diet processing. This is clearly an area that
requires a more in depth evaluation to determine the specific nature of these interactive effects
among nutrient classes.

5.5.3 In vivo pellet integrity

The observations of the in vivo pellet integrity analysis show that raw material choice can have
an important role in the physical digestive processes occurring in the stomach of the fish. In this
study it was observed that with the addition of either lupin kernel meal or soybean meal to the diet
that the rate at which the pellet disintegrated following ingestions was significantly higher than
that observed when fishmeal was the only protein source used. Furthermore, there were significant
differences between lupins and soybean, in that inclusion of soybean meal produced pellets that
disintegrated faster than the pellet with lupin inclusion. Interestingly there were no clear correlations
between the measured digestibility parameters of the diets and these physical observations.

Although the specific implications of these physical observations on a nutritional basis remain
to be explained. Other studies have identified that the physical durability of pellets can have
a significant effect on improving the incidence of fat regurgitation by Pacific salmonids
(Baeverfjord et al., 2006). It may be that the harder, more durable physical structure of the
lupin pellets compared to the soybean pellets is due in part to the effect that lupin kernel meals
have on the pellet binding process during extrusion. It is hypothesised that this is due to an
interaction between the starch contributed by the wheat and the other non-starch-polysaccharides
contributed by the lupin kernel meal.
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5.5.4 Conclusions

The findings of this study confirm that there are both physical and nutritional benefits to
aquaculture diets from the extrusion process. The extrusion process specifically improves
the digestible energy value of the diets, presumably through the gelatinisation of the starch
component of the diets. This effect has also a direct effect on the derived nutritional value of
the component test ingredient supporting that extrusion does improve the nutritional value of
these feed grains. Similar such improvements in the nutritional value of the overall dry matter
or protein components of the diets and ingredients were not observed. These findings show that
the strong correlation between the extruded and screw-pressed diets allows for extrapolation of
observed digestibility effects from feeds made using either process, although in some cases a
conversion factor will be required.

While it is hypothesised that it is the carbohydrates present as in the grains that contribute to
much of this variability in nutritional and physical properties the literature so far only details
the impacts of starch in this regard. The roles of the complex non-starch polysaccharides on
the physical and nutritional properties of the diet and by inference the raw materials remains to
explored.
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Figure 5.1 Correlations among diet digestibilities of the same formulations when either extruded or
pressed. Shown are the dry matter (A), nitrogen (B), energy (C), and sum of amino acid

(D) digestibilities.
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Figure 5.2 Correlations among ingredient digestibilities of the same formulations when either
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Figure 5.3 In vivo pellet integrity scores of different extruded diets fed to rainbow trout at various
time points post-feeding. Notable is the significant deterioration in pellet integrity of the
two grain test diets and that soybean meal resulted in poorer pellet integrity in the fish’s
stomach at every time point of the study.
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6.0 Assessing the variability in the chemical and physical
characteristics of lupin (Lupinus angustifolius) kernel products
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Abstract

This study examined the variability in chemical composition and physical hardness of lupin
kernels. Seventy-five samples of lupins were collected over a three-year period. Of those 75
samples, 39 samples constituted repeated samples of the same genotype grown at the same
location in three successive years. Each of the lupin samples was dehulled and a lupin meal/
flour produced.

Mean protein across all samples was 45.4% on a dry basis. Protein based on sum of amino acids
was marginally lower at 44.0% and an improved transformation factor for nitrogen to protein
based on N x 6.02, for lupins is proposed. Total lipid was 7.8% and ash 3.0%. Carbohydrates,
measured by difference between dry matter minus protein, lipid and ash, were 43.8% on a dry
basis. Mean gross energy was 20.8 MJ/kg DM. Protein ranged from 36.5% to 56.7% with a
coefficient of variation (CV) about the mean of 7.6%. Variation in fat/lipid levels was greater
with a CV of 12.1%. Gross energy ranged from 20.1 to 21.5 MJ/kg DM with a CV of 15.3%.
Substantial variability was also observed in the amino acid composition of the samples, with
some amino acid CV’s up to 32%.

Significant variance was observed between years across the 15 commercial cultivars (genotype)
grown at the same site in successive years (2002, 2003 and 2004). Variance as a function of
growing year was greater than that attributable to genotype.

Lupin kernel hardness, as assessed by cutting of a kernel by a texture meter, was assessed
based on the overall force required to split a kernel and also the rate of force application. The
later representing whether a grain cracked or tore. The high force required to split some grain
varieties was consistent with these varieties being easier to mill. The rate of force application
was even more consistent with anecdotal evidence on milling ease, with lower rates of force
application consistent with greater difficulty in milling. Care should be taken when broadly
applying findings from the texture meter work, though, as discrepancies are likely to exist
depending on grain variety.

6.1 Introduction

Variability is inherent in all raw materials. Understanding the nature and extent of this variability
is the first step towards its management. Typically, this variability is managed, to an extent, by
the bulk blending of a range of grain stocks to create a larger homogenous pool of grain. This
has certainly been the primary mode of quality management for lupins. However, in doing so
the higher value, higher quality grain is diluted. Because grain value is not necessarily linear
with regards to its protein content, this represents a significant loss in value (Kingwell, 2003).
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Greater value could be captured by segregating the lupins into high-protein and low-protein
pools, with the high-protein lupins being the primary raw material for further value-adding,
while the low-protein lupins would be adequate for the ruminant market, where the value is
based primarily on their metabolisable energy value, not the digestible protein value (Edwards
and Van Barneveld, 1998). While some studies have been undertaken to examine potential
agricultural factors that affect chemical quality traits in lupins, no definable criteria have proven
to be reliable in predicting these traits consistently. While genotype has been touted as one avenue
to manage quality traits like crude protein content, agricultural region was shown to have some
significant influence. It was suggested that the drier regions consistently produced lupins with
higher protein concentrations (Cowling and Tarr, 2004; French, 2005). Notably Lupin-Zones 3
and 7 consistently produce higher-protein lupins than the other regions (Figure 6.1).

In addition to their chemical composition, the physical hardness of a lupin kernel also has
important ramifications in regard to the energy demand and potential throughput in milling of
the kernels (Sipsas et al., 2005). Anecdotal information had indicated that lupins were considered
hard to mill and that this was a potential bottleneck in their use in aquaculture feed mills, where
all raw materials are much more finely ground than that required in feeds for other species.

This study reports on the variation in composition of a collection of 75 narrow-leaf lupin,
(Lupinus angustifolius) samples when they have been processed to a kernel meal, with a focus on
the composition of certain genotypes from successive years grown at the same site. In addition,
the physical characteristics of the lupin kernels from a range of cultivars is also examined to
consider the variability in the force required to cleave the kernels, which is indicative of their
hardness in milling.

6.2. Materials and Methods

6.2.1 Ingredient and diet development

Over a three-year period, separate batches of seed of Lupinus angustifolius were collected from
the Department of Agriculture’s (WA) germplasm and breeding lines. This seed in many cases
constituted the same genotype over several seasons, often from the same site (Wongan Hills
Research Station; Latitude S 38°.84', Longitude E 116°.73", Altitude 305 m). Samples of the
seed were then split using a small disc-mill and aspirated to separate hulls from kernels. A final
manual clean of the kernels to remove any remaining hull material was also undertaken on
each sample to ensure purity of the kernel preparation. Sub-samples were kept of each kernel
preparation. The remainder of each kernel sample was then milled using a Restsch Hammermill
with a 750 um screen to create a kernel flour.

6.2.2 Chemical and digestibility analysis

All chemical analyses were carried out by NATA (National Association of Testing Authorities)
accredited analytical service providers (Chemistry Centre (WA), East Perth, WA, Australia). Lupin
kernel meal samples were analysed for dry matter, total lipids, ash, phosphorus, nitrogen, amino
acids and gross energy content. Dry matter was calculated by gravimetric analysis following oven
drying at 105°C for 24 h. Phosphorus concentrations were determined after mixed acid digestion
using inductively coupled plasma atomic emission spectrophotometry (ICP-AES) based on the
method described by (McQuaker etal., 1979). Protein levels were calculated from the determination
of total nitrogen by Leco auto-analyser, based on N x 6.25. Amino acid analysis involved the
samples being hydrolysed at 110°C for 24hr in 6M HCI with 0.05% Phenol. Cysteine and cystine
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are derivatized during hydrolysis by the addition of 0.05% 3,3’-dithiodipropionic acid. The acid
hydrolysis destroyed tryptophan making it unable to be determined. Separation was by HPLC
on a Hypersil AA-ODS 5um column using an 1100 series Hewlett Packard HPLC system. Total
lipid content of the kernel meals was determined gravimetrically following extraction of the lipids
according to the method of Folch et al. (1957). Gross ash content was determined gravimetrically
following loss of mass after combustion of a sample in a muffle furnace at 550°C for 12 h. Gross
energy was determined by adiabatic bomb calorimetry.

6.2.3 Kernel hardness/ Shear strength

The hardness of the lupin kernels from each culitvar was assessed based on the force to shear
a cotyledon/kernel across their lateral diameter. The assessment was made using a Stable
Microsystems TA-XT2 texture meter (Arrow Scientific, Leichhardt, Australia) with a 15,000 g
load-cell and a utility knife blade as the cutting edge. Seven kernels from each treatment were
assessed for their hardness. The force to shear the kernels was measured as grams of pressure
as compression. The texture analyser was set with a pre-test speed of 2 mm/s with a test speed
of 0.1 mm/s. The blade was set to pass a maximum distance of 2 mm and trigger at a contact
pressure of 10 g. Shear strength was defined as the peak force at breaking of the kernel.

6.2.4 Statistical analysis

All values are means unless otherwise specified. Data were analysed for homogeneity using
Cochran’s test. Comparisons of means of individual compositional parameters were examined
by one-way ANOVA , followed by a LSD planned comparisons post-hoc test. Limits for all
critical ranges were set at P < 0.05.

6.3 Results

6.3.1 Variability in composition

The (mean + S.D.) protein concentration in lupin kernels, across all 75 samples, was 45.4 +
3.4% on a dry basis. Total lipid was 7.8 £ 0.9% and ash 3.0 £ 0.4%. Carbohydrates, measured
by difference between dry matter minus protein, lipid and ash, were 43.8 £+ 3.3% on a dry basis.
Mean gross energy was 20.8 + 0.3 MJ/kg DM (Table 6.1; Figure 6.2).

There was substantial variation in most compositional parameters. Lupin kernel protein ranged
from 36.5% to 56.7% with a coefficient of variation (CV) about the mean of 7.6%. Variation
in fat/lipid levels was greater with a CV of 12.1%. Variation in carbohydrate levels was greater
still with a CV of 13.0%. Gross energy ranged from 20.1 to 21.5 MJ/kg DM and had a CV of
15.3%. Substantial variability was also observed in the amino acid composition of the samples,
with some amino acid CV’s up to 32% (Table 6.1). Methionine was a notable example in that
its concentration ranged from 0.2% to 0.7% with a CV about the mean of 32.2%. An inverse
logarithmic relationship was noted between mean amino acid concentration and the CV.

6.3.2 Genotype effects on composition

Significant variance was observed between the 15 commercial cultivars grown at the same site
(Table 6.2). Comparisons with-in years showed that the varieties Coromup and Gungurru had
consistently the highest crude protein, while Belara consistently had the lowest crude protein
concentrations. When protein was assessed as the sum of amino acids Gungurru had clearly the
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highest protein levels and Mandelup and Belara the lowest. There was some discrepancy between
the protein estimation methods based on nitrogen x 6.25 or the sum of amino acids. In most
cases the sum of amino acids provided a more conservative estimate. Total lipid concentrations
were highest in the Belara cultivar and lowest in the Moonah cultivar. Gross energy levels
were highest in Danja, reflecting the high levels of both protein and lipid in that cultivar. Gross
energy levels were lowest in the Moonah and Tallerack cultivars, consistent most with the low
total lipid levels in these cultivars.

6.3.3 Season/Year effects on composition

Significant variance was observed between years across the 15 commercial cultivars grown at
the same site in successive years (2002, 2003 and 2004) (Figure 6.2). Variance as a function of
growing year was greater than that attributable to genotype (Figure 6.3). Protein concentration
of the kernel was greatest from the 2003 season and lowest from the 2002 season. Total lipids
content did not show as much variation as protein, but was highest in samples from the 2002
season and lowest from the 2003 season. Gross energy content of the kernels was highest from
the 2004 season, while energy content from either the 2002 or 2003 seasons were similar.

6.3.4 Kernel hardness

Lupin kernel hardness, as assessed by cutting of individual kernels by a texture meter, was
assessed based on both the overall force required to split a kernel and also the rate of force
application. Substantial variability in the peak force required to split kernels was observed
between the different L. angustifolius cultivars (Figure 6.4, 6.6 and 6.7). A high level of
variability was also observed between the same varieties but from different seasons (Figure
6.7). Similar levels of variability were also observed between L. angustifolius and L. luteus
(Figure 6.5 and 6.6). Kernels of L. albus were shown to be significantly harder than those of
either L. angustifolius or L. luteus (Figure 6.7). The L. albus cv. Kiev mutant was the hardest of
the lupin varieties, while L. angustifolius varieties of Kalya, Merrit, Mandelup and Tanjil were
among the softest. Belara was the hardest of the L. angustifolius varieties.

The rate of force application showed less variability overall, but an improved discernability
among the different varieties of L. angustifolius. The L. angustifolius cv Belara had the slowest
force rate, while Quilinock had the fastest of the lupin kernels.

6.4 Discussion

6.4.1 Variability in lupin kernel composition

The mean protein concentration in the lupin kernels, across all 75 samples of 45.4 + 3.4%
was consistent with most other recently published studies on L. angustifolius kernel meals
(Glencross et al., 2004; 2005; 2007). In comparison to earlier published works, many of the
more recent evaluations of kernel meals have marginally higher protein content (Petterson et
al., 1997; Edwards and Van Barneveld, 1998). Based on the lupin varieties assessed in this
study it is likely that this difference in protein concentration is not a genotype effect (especially as
many of the newer released cultivars; Mandelup, Belara, Tanjil, are lower protein varieties), but
probably a processing effect. The more recent processing of lupins being a more efficient process
producing a cleaner kernel preparation with reduced hull content and therefore a higher protein
concentration. The assessment of carbohydrates, as measured by difference between dry matter
minus protein, lipid and ash, shows that this parameter is largely a reciprocal of the total protein
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content, as the lipid and ash concentrations are low and not that variable (Table 6.1). Mean gross
energy across all samples was 20.8 + 0.3 MJ/kg DM (Table 6.1; Figure 6.2). Based on energetic
values of 23.6 kJ/g, 38.5 kJ/g and 17.3 kJ/g for protein, lipid and carbohydrate respectively
the mean composition estimate is closer to 21.3 MJ/kg DM (AOAC, 2005). The actual energy
values presented, though, are based on calorimetric measurements, not calculations. Therefore
this discrepancy perhaps indicates that the protein level estimated based on N x 6.25 may not be
accurate. Assessment of energy based on the same assumptions, but using the sum of amino acids
as a protein estimate yields 20.9 MJ/kg DM as an energy value, substantially closer to the actual
value measured. Although the standard transformation factor for nitrogen to protein is x 6.25
(AOAC, 2005), based on the sum of the amino acids by the nitrogen content from the 75 samples
a transformation factor for nitrogen to protein of N x 6.02 + 0.168% would be more appropriate.

Among most compositional parameters there was substantial variation. Protein concentrations
ranged from 36.5% to 56.7% with a coefficient of variation (CV) about the mean of 7.6%. If a
standard commercial kernel meal of 38% protein (42% dry basis) achieves a market value of
AUDS$350 /tonne f.0.b., then a 56% protein kernel meal has a value of AUD$464 /tonne f.0.b.
Even if through segregation two grades are achieved (e.g. < 45% or > 45% dry basis) then
the resultant average protein levels based on the data obtained in this set of 75 samples would
produce kernel meals with protein concentrations of 42.8% and 48.0% (dry basis) respectively.
These kernel meals would have a value of AUD$355 /tonne f.0.b. and AUD$398 /tonne f.0.b.
respectively. Although this assessment does make the assumption that the 75 lupin sample in this
study are a representative sample of that produced in the grain production region and that the
kernel protein concentrations achieved in this study are achievable commercially (which are not
necessarily valid in this case), it does show the potential gains achievable through a segregation
process. The assumption also assumes that every % protein is worth AUD$8.29 irrespective of
protein level, which is also not a valid assumption as the relationship between value and protein
is not necessarily linear one, but more likely to be an exponential one (Kingwell, 2003).

The substantial variability observed in the amino acid composition of the samples, with some
amino acid CV’s up to 32% is probably due to the higher level of error associated with the
analysis of these parameters and in particular the less abundant amino acids (Table 6.1).
Methionine was a notable example in that its concentration ranged from 0.2% to 0.7% with a
CV about the mean of 32.2%. Supporting this premise of the influence of sample concentration
on the variability in the assessment of each parameter, an inverse logarithmic relationship was
noted between mean amino acid concentration and the CV.

6.4.2 Influence of genotype on composition and hardness

The evaluation of the variation between the 15 commercial cultivars grown at the same site
(Table 6.2) showed that there were significant differences between the different cultivars/
genotypes. For a valid comparison, the comparisons were made only within years and from
grain grown at the same site (Wongan Hills Research Station). These comparisons showed
that the varieties Coromup and Gungurru had consistently the highest crude protein, while
Belara consistently had the lowest crude protein concentrations. Notably, Coromup is the
latest cultivar release by the Western Australian Government Department of Agriculture and
Food. Its release promoted this feature as a highlight of the variety. In contrast, cultivars
like Belara, Tanjil and Mandelup, while high yielding have been recognised as low protein
varieties. Because there is some genotype effect on protein there may be value in using this
as means of increasing the protein content of specific segregations. However, the gains that
may be made in promoting further increases in protein content of L. angustifolius are still not

74 Fisheries Research Report [Western Australia] No. 178, 2008



likely to be as great as that achieved by improving production characteristics of the higher
protein lupin L. luteus.

Substantial variability in the peak force required to split kernels was observed between different
L. angustifolius cultivars. This lupin kernel hardness, as assessed by the cutting of individual
kernels by a texture meter, measured both the overall force required to split a kernel and
also the rate of force application. Similar levels of variability were also observed between L.
angustifolius and L. luteus. Kernels of L. albus were shown to be significantly harder than those
of either L. angustifolius or L. luteus. The L. albus cv. Kiev mutant was the hardest of the lupin
varieties, while L. angustifolius varieties of Kalya, Merrit, Mandelup and Tanjil were among
the softest. Belara was the hardest of the L. angustifolius varieties. Anecdotally, L. albus is
reputedly an easy lupin variety to mill and therefore it reasons that a “hard” lupin shatters easier
and is therefore easier to mill, while a “soft” lupin, like Belara, doesn’t shatter, but rather tears
and shreds and is not effectively milled in percussion milling systems like a hammer mill. The
factors that affect this milling ability of lupins need to be more fully investigated. Factors such
as composition (moisture, protein, fat, different carbohydrate classes) and storage time and
interactions between these factors are suggested as possible things that may affect the milling
quality of lupins.

The rate of force application showed less variability overall, but an improved discernability among
the different varieties of L. angustifolius. The L. angustifolius cv Belara had the slowest force rate,
while Quilinock had the fastest of the lupin kernels. This slowest force rate also perhaps being
consistent with the hypothesis of a tearing plant structure rather than a shattering one.

6.4.3 Influence of season on composition and hardness

Significant variance was observed between each of the three sample years (2002, 2003 and
2004) across each of the 15 commercial cultivars grown at the same site (Figure 6.2). Based
on the variance in key compositional parameters, the variability as a function of growing year
was generally greater than that attributable to genotype (Figure 6.3). This is consistent with
reports by other studies that have suggested that the most reliable mechanism to separate lupins
based on protein content was by Lupin-Zone (Figure 6.1). In this context, the higher protein
levels were observed from the drier cropping areas (Cowling and Tarr, 2004; French, 2005).
However, these authors also proposed that the main mechanism available to farmers to improve
the protein content of their grain was through cultivar choice.

Across the three years evaluated, the protein concentration of the kernel was highest from
the 2003 season and lowest from the 2002 season. Total lipids content did not show as much
variation as protein, but was highest in samples from the 2002 season and lowest from the 2003
season. Gross energy content of the kernels was highest from the 2004 season, while energy
content from either the 2002 or 2003 seasons were similar (Figure 6.2). Based on growing
season climates in these three years it appears that protein is higher in years of greater rainfall
and lower in periods of drought (ABARE, 2006). This observation contrasts with the observation
of higher protein levels in seeds from Lupin-Zones 3 and 7, which are drier lupin production
zones (Cowling and Tarr, 2004; French, 2005).

Some variability in the hardness of the lupin kernels from the Belara cultivar was also observed
(Figures 6.7 and 6.8). The influence of environmental factors (site and season) on physical
parameters such as hardness needs to be more fully followed up.
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6.4.4 Conclusion

Earlier works have examined in detail the effects of genotype and environment on the composition
of whole lupins, but not lupin kernels (Cowling and Tarr, 2004). The findings in this study show
that both genotype and environment have a significant effect on the composition variability
in lupin kernels. However, with only three years worth of data and only one site considered,
further work is required on this topic to formulate more robust conclusions.

The work on the hardness of the lupin kernels needs further validation. Ideally hammer milling
of kernel samples with a recording on energy demand (kW), time of throughput or other such
functional parameters needs to be undertaken to allow the development of more meaningful
assessments from equipment like the texture meter. Accordingly, care should be taken when
applying findings from the texture meter work, as discrepancies are likely to exist depending on
grain variety and the interpretation of this data.
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Tables and Figures

Table 6.1 Mean composition (% dry basis unless otherwise detailed) parameters across all (n=75)
lupin (L. angustifolius) kernel meals samples from the study set.

Mean SD CV% Minimum Maximum
Dry matter (% as is) 91.6 0.6 0.6% 90.4 92.8
Protein 45.4 3.4 7.6% 36.5 56.7
Fat 7.8 0.9 12.1% 5.2 9.7
Ash 3.0 0.4 5.9% 1.9 3.9
Carbohydrate 43.8 3.3 14.0% 32.7 53.9
Dietary Fibre* 30.9 4.6 14.9% 17.5 43.4
Acid Detergent Fibre* 6.6 4.5 69.1% 3.0 20.0
Neutral Detergent Fibre* 10.2 5.4 52.3% 5.2 26.2
Lignin* 0.6 0.4 57.6% 0.2 2.2
Phosphorus 0.4 0.1 7.6% 0.3 0.6
Energy (MJ/kg dry basis) 20.8 0.3 15.3% 20.1 21.5
Nitrogen 7.3 0.6 7.6% 5.8 9.1
Sum of Amino Acids 44.0 3.2 7.2% 33.2 53.7
Alanine 1.6 0.1 6.8% 1.3 1.8
Arginine 51 0.5 9.9% 4.0 6.6
Aspargine 4.9 0.4 7.7% 3.8 59
Cysteine 0.7 0.1 16.5% 0.5 1.3
Glutamate 10.0 0.8 7.8% 7.5 12.6
Glycine 1.9 0.1 6.4% 15 2.1
Histidine 1.1 0.1 11.8% 0.8 14
Isoleucine 1.7 0.1 7.6% 1.3 2.0
Leucine 3.2 0.3 8.0% 2.4 4.3
Lysine 1.8 0.2 13.2% 1.2 2.4
Methionine 0.3 0.1 32.2% 0.2 0.7
Phenylalanine 1.8 0.2 12.4% 0.1 2.1
Proline 25 0.6 26.0% 1.0 4.3
Serine 2.4 0.2 6.8% 1.9 29
Threonine 1.8 0.1 7.3% 15 2.1
Tyrosine 1.7 0.2 9.1% 1.1 2.1
Valine 15 0.1 8.4% 1.2 1.8

CV% is Coefficient of Variation (SD / Mean) x 100
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Figure 6.1 Lupin-Zones of the Western Australian grain production region. Each Lupin-Zone is

characterised according to both climatic and geographic features. The mean protein
content of whole-seed lupin within each Lupin-Zone, on a dry-basis is detailed next to
the legend.
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Figure 6.2 Variation in composition of lupin kernel meals of 15 commercial cultivars across three
years, all grown at the same site (Wongan Hills, Western Australia). Values are means

+ SEM.
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Figure 6.6 TA.XT2i texture analyser response to L. angustifolius cv. Belara (Green), L. angustifolius
cv. Myallie (Red), L. albus cv. Kiev mutant (Black) and L. luteus cv Wodijil (Blue) kernels.
Notable is the different peak force required to cleave the kernels and also the difference
in rate of force application (initial slope) between the cultivars.
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7.0 Assessing the variability of nutrient and energy
digestibilities of lupin (Lupinus angustifolius) kernel
meal when fed to rainbow trout (Oncorhynchus
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Abstract

This study examined the variability in the digestibility of a range of lupin kernel meals when
fed to rainbow trout. Over a series of seven separate experiments 75 different lupin kernel meals
were assessed for their digestible dry matter, protein, amino acid and energy characteristics.
A common reference basal diet and a reference lupin kernel meal diet were also included in
each experiment. Minimal variance in the digestibility parameters of both reference diets was
observed among the experiments ensuring that there was a high degree of robustness in the
across-experiment evaluations. A slightly larger degree of variance was observed among the
ingredient reference assessment, consistent with the amplification of errors that occurs with
derived terms such as ingredient digestibility coefficients. However, even the ingredient
digestibility variance was relatively low (< 10%) testifying to the high fidelity of the inter-
experiment data. Using simple regression and multiple-regression techniques, principal diet
and ingredient composition factors affecting diet and ingredient digestibilities and ingredient
digestible values were explored with the dataset. Nitrogen digestibility of the lupin kernel meals
was negatively influenced by ingredient lignin content, but positively affected ingredient fat
content. There were no significant correlations between ingredient composition and sum of
amino acids digestibility of the lupin kernel meals. The energy digestibility was positively
affected by a range of kernel meal compositional features including protein, sum of amino acids
and negatively affected by carbohydrate content. The digestible nutrient and energy content of
the kernel meals reflected the combined effects of both ingredient digestibilities and ingredient
composition. The digestible nitrogen content of the kernel meals was positively affected by
protein, sum of amino acids and energy content, but was negatively affected by lignin and
carbohydrate content. The digestible sum of amino acids was also positively affected by protein,
sum of amino acids, but only negatively affected by carbohydrate content, not lignin content.
The digestible energy content of the kernel meals was also positively affected by protein,
sum of amino acids and its own energy density, but only negatively affected by carbohydrate
content. Multiple regression modelling supported that together that ingredient protein and lignin
content were the strongest predictors of digestible protein value, explaining close to 60% of the
variability in this parameter. This study demonstrates that within one raw material type that not
only does significant variability in the digestible value of the raw materials exist, but that it is
possible to identify compositional features of that raw material that are intrinsically influencing
its own digestible value. This feature has the potential to be applied to rapid analysis techniques,
such as near infrared spectroscopy to allow the development of calibrations to predict digestible
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values of both diets and raw materials and also provides some basis by which higher values can
be ascribed to better quality lupin kernel meals.

7.1 Introduction

Considerable research has been undertaken to identify and evaluate alternatives to fishmeal for
use in diets for many aquaculture species (Moyano et al., 1992; Gomes et al., 1995, Suigura et
al., 1998; Carter and Hauler, 2000; Storebakken et al., 2000). Of those studies reported, lupins
are one raw material that has been shown to provide a sound prospect for use in fish diets.

Like all raw materials, the composition of L. angustifolius can vary considerably depending on
growing season attributes, cultivar and soil conditions (Longnecker et al., 1998). This variability
is normally managed by large scale blending of grain received from growers at centralised
receival points (Perry et al., 1998). This variability in composition has also been noted to extend
to the digestible value of lupin kernel meals (Glencross et al., 2003a; Glencross and Hawkins,
2004). The nutritional value of lupin grain, and indeed, that of most plant proteins is usually a
direct reflection of their digestible protein and/or energy content (Burel et al., 1998; Glencross
et al., 2004; Glencross et al., 2005). Accordingly any variability in the digestible value of the
meals should translate to variability in their economic value. Recently, the increasing adoption
of lupin kernel meal use by the aquaculture feed sector has encouraged the introduction of
segregation and premiums for higher protein content in L. angustifolius grain.

In lupins, an increase in protein content is usually offset by a concomitant decrease in the levels
of non-starch polysaccharides (NSP) (van Barneveld, 1999c; Petterson, 2000). High levels of
NSP and other fibre types have been implicated in reduced nutritional value of plant protein
meals (Arnessen et al., 1989; Refstie et al., 1998; Glencross et al., 2003b). Furthermore, because
lupins are largely devoid of starch it is hypothesised that only the protein and lipid components
of the raw material are contributing to its nutritional value (Glencross et al., 2007b). However,
the specific compositional features of lupin kernel meals that actually are actively affecting their
digestible nutrient and energy values remain to be conclusively defined (van Barneveld, 1999a).
Given that modern aquaculture diets are formulated on a digestible nutrient and energy basis,
then better assessment of the value of the raw material on this basis will provide significant cost
savings in diet formulation.

The ability to chemically identify factors within raw materials that affect nutrient and energy
digestible values lends itself to development of further raw material assessment methods (King
and Taverner, 1975; van Barneveld, 1999a; 1999b). Notably, the use of near-infrared spectroscopy
(NIRS) to predict digestible values based on differences in compositional variability is one
possibility (van Barneveld et al., 1998; Bertrand, 2001). Such an ability to more accurately
measure the digestible nutrient and energy value of a raw material will allow formulators to
tighten diet specifications and ultimately reduce the cost of their formulations. Presently this
uncertainty in raw material quality is managed by over-specifying nutrients and energy in the
formulation.

This study reports on the evaluation of the variability in the digestibility of kernel meals of
narrow-leaf lupins, Lupinus angustifolius when fed to rainbow trout (Oncorhynchys mykiss).
The variability is further examined as a function of the influence that each kernel meal has on
the composition of the diet and also how that composition affects its own nutritional value.
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7.2 Materials and Methods

7.2.1 Ingredient and diet development

Over a three-year period, separate batches of seed of Lupinus angustifolius were collected from
the Department of Agriculture’s (WA) germ plasm and breeding lines. This seed in many cases
constituted the same genotype over several seasons, often from the same site. Samples of the
seed were then split using a small disc-mill and aspirated to separate hulls from kernels. A final
manual clean of the kernels to remove any remaining hull material was also undertaken on each
sample to ensure 100% purity of the kernel preparation. Each kernel sample was then milled
using a Restsch rotor mill with a 750 pwm screen to create a kernel flour. In addition to the lupin
kernel flours, each of the test ingredients used in this study was thoroughly ground such that
they passed through a 750 um hammer mill screen.

The experiment design was based on a diet formulation strategy that allowed for the diet-
substitution digestibility method to be used (Aksnes et al., 1996). For this, a basal diet was
formulated and prepared to include approximately 500 g/kg DM protein, 210 g/kg DM fat and
an inert marker (yttrium oxide at 1 g/kg) (Table 7.2). A basal mash was prepared and thoroughly
mixed, forming the basis for all experimental diets in this study. The ingredient of study for
each test diet was added at 30% inclusion to a sub-sample of the basal mash (see Table 7.2).
Diets were processed by addition of water (about 30% of mash dry weight) to the mash whilst
mixing to form a dough, which was subsequently screw pressed using a pasta maker through a
4 mm diameter die. The resultant moist pellets were then oven dried at 70°C for approximately
12 h and then allowed to cool to ambient temperature in the oven. The basal diet was prepared
in a similar manner, but without the addition of any test ingredient. An additional reference
lupin kernel meal was included in every digestibility study to allow for cross-comparison across
all studies. The basal diet and an example test diet formulations and their composition are
presented in Table 7.2.

7.2.2 Fish handling and faecal collection

These digestibility studies constituted seven separate experiments. Each experiment had two
common diets, which included the reference diet and a reference lupin kernel meal (Myallie).
For each experiment hatchery-reared rainbow trout (Oncorhynchus mykiss, Pemberton heat-
tolerant strain, Western Australia; Molony et al., 2004) were transferred from grow-out ponds
to experimental tanks (200 1) between three and ten days prior to being introduced to the
experimental diets. Freshwater (salinity < 1 PSU) of 16.0 £ 0.1°C (mean £ S.D.) at a flow
rate of about 4 L/min was supplied to each of the tanks. For each experiment the tanks were
stocked with 15-20 trout of 254+ 62.5 g (mean £+ S.D.; n = 7 experiments). Treatments were
randomly assigned amongst 48 tanks within each experiment, with each treatment having three
replicates.

Fish were manually fed the diets once daily to apparent satiety as determined over three separate
feeding events between 1500 and 1600hrs each day. The trout were allowed to acclimatise to
the allocated dietary treatment for seven days before faecal collection commenced consistent
with earlier studies by this group (Glencross et al., 2005). Faeces were collected using stripping
techniques. Stripping techniques were based on those reported by Austreng (1978). Fish were
netted from their respective tank, placed in a smaller aerated tank containing isoeugenol (0.002
mL/L) until they lost consciousness. The faeces were then removed from the distal intestine
using gentle abdominal pressure. Care was maintained to ensure that the faeces were not
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contaminated by urine or mucous. The hands of the person stripping the fish were rinsed with
freshwater between each fish. After removal of the faeces from the fish, the faecal sample
was placed in a small plastic vial and stored in a freezer at -20°C and the fish returned to its
treatment tank to revive. Stripped faeces were collected during 0800 to 1000hrs over a four-day
period, with each fish only being stripped twice and not on consecutive days. Faecal samples
from different days were pooled within tank, and kept frozen at -20°C before being freeze-dried
in preparation for analysis.

7.2.3 Chemical and digestibility analysis

All chemical analyses were carried out by NATA (National Association of Testing Authorities)
accredited analytical service providers (Chemistry Centre (WA), East Perth, WA, Australia).
Diet and faecal samples were analysed for dry matter, yttrium, ash, phosphorus, nitrogen
and gross energy content. Dry matter was calculated by gravimetric analysis following oven
drying at 105°C for 24 h. Total yttrium and phosphorus concentrations were determined after
mixed acid digestion using inductively coupled plasma atomic emission spectrophotometry
(ICP-AES) based on the method described by McQuaker et al. (1979). Protein levels were
calculated from the determination of total nitrogen by Leco auto-analyser, based on N x 6.25.
Amino acid composition of samples was determined by an acid hydrolysis prior to separation
via HPLC. The acid hydrolysis destroyed tryptophan making it unable to be determined using
this method. Crude fat content of the diets was determined gravimetrically following extraction
of the lipids according to the method of Folch et al. (1953). Gross ash content was determined
gravimetrically following loss of mass after combustion of a sample in a muffle furnace at
550°C for 12 h. Dietary fibres were determined by digesting the defatted sample with multiple
washes of acetone and ethanol. The resulting residue was corrected for undigested protein and
ash according to the method of the Champ, et al.(1998). Neutral-detergent fibre (NDF) samples
were boiled with buffered NDF solution. The residue is collected on a coarse sintered glass
crucible (Van Soest and Robertson, 1981). The acid-detergent fibre (ADF) was determined
following a sample being reacted in 0.5M acid detergent solution and the residue is collected
on a coarse sintered glass crucible after, the method of Van Soest and Goering (1970). Lignin
is determined by reacting the ADF residue with cold 72% sulphuric acid. The sample is ashed
and the residue measured gravimetrically (Van Soest and Robertson, 1981). Gross energy was
determined by adiabatic bomb calorimetry. Differences in the ratios of the parameters of dry
matter, protein, amino acids or gross energy to yttrium, in the feed and faeces in each treatment
were calculated to determine the apparent digestibility coefficient (ADC ) for each of the
nutritional parameters examined in each diet based on the following formula (Maynard and
Loosli, 1979):

ADC,, =1- Ygiee X Parameter,, ..
Y taeces X Parametery,,
where Y ;. and Y ... represent the chromium content of the diet and faeces respectively, and

Parameter;, , and Parameter, . represent the nutritional parameter of concern (organic matter,
protein or energy) content of the diet and faeces respectively. Digestibility values for each diet
are presented in Table 7.4. The digestibility values for each of the test ingredients in the test
diets examined in this study were calculated according to the formulae:
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Nutr .AD _ (ADtest x Nutr ., — (ADbm x Nutr, ., x 0_7))
. ingredient (O3>< Nutrlngrediem )

Where NutrAD;,oien 1S the digestibility of a given nutrient from the test ingredient included
in the test diet at 30%. 4D, is the apparent digestibility of the test diet. 4D, is the apparent
digestibility of the basal diet, which makes up 70% of the test diet. Nutrmgrediem, Nutr,;
and Nutr,,., are the level of the nutrient of interest in the ingredient, test diet and basal diet
respectively (Sugiura et al., 1998). All raw material inclusion levels were also corrected for dry
matter contribution and the effects that this may have had on the actual ratio of reference diet to

test ingredient (Bureau and Hua, 2006).

Digestibilities greater than 100% were not corrected because we consider they are potentially
indicative of interactive effects between the diet and test ingredient and should be stipulated as
determined. However, for reasons of practicality, the total levels of digestible nutrients/energy
were only calculated assuming a maximum digestibility of 100% or a minimum of 0%.

7.2.4 Statistical analysis

All values are means unless otherwise specified. Data were analysed for homogeneity using
Cochran’s test. Figures were constructed using Microsoft Excel. Single parameter correlation
analysis and multiple regression analysis was undertaken using Statitistica v6. Limits for all
critical ranges were set at P < 0.05. Because of nominal variance in the data, no standardisation
of the inter—experiment data was required.

7.3 Results

7.3.1 Data variance

Over aseries of seven independent experiments both the basal reference and ingredient reference
diets had minimal variability in their digestibility parameters among experiments (Table 7.2).
Dry matter diet digestibilities were different for both diets, but had a similar coefficient of
variance of 2.2%. Coefficients of variance (CV) for diet protein digestibility were low at 0.9%
and 1.3%, but the means were similar. Diet energy digestibilities were different for both diets,
but had a similar CV of 1.4 and 1.7%. Diet digestibilities of the sum of amino acids were similar
for both diets, but had a similar CV of 0.9%, the lowest of the parameters evaluated.

Variability of the ingredient apparent digestibility coefficients for the reference ingredient were
greater than that observed of the diet digestibilities (Table 7.2). Energy digestibility was the most
consistent of the ingredient parameters evaluated, with a CV of 4.2%. Ingredient digestibilities
for the Sum of Amino acids had the highest variability with a CV of 20.6%.

Variability of the composition of the lupin kernel meals used in this study is presented in chapter
6. As a summary of that data; the mean £ S.D., protein (N x 6.25) concentration in lupin kernels,
across all 75 samples was 45.4 + 3.4% on a dry basis (range 36.55 to 56.7%). Total lipid was
7.8 £0.9% (range 5.2% to 9.7%) and ash 3.0 + 0.4%. Carbohydrates, measured by difference
between dry matter minus protein, lipid and ash, were 43.8 + 3.3% on a dry basis (range 32.7%
to 53.9%). Mean gross energy was 20.8 + 0.3 MJ/kg DM (range 20.1 to 21.5 MJ/kg DM).
Dietary crude fibre was 30.9 +4.6% on a dry basis (range 17.5% to 43.8%), acid-detergent fibre
was 10.2 £ 5.3% on a dry basis (range 5.2% to 26.2%), neutral-detergent fibre was 6.6 = 4.5%
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on a dry basis (range 3.0% to 20.0%) and lignin was 0.7 = 0.5% on a dry basis (range 0.2% to
2.2%) (Table 7.4).

7.3.2 Diet digestibility coefficients

Substantial variability in most diet digestibility parameters was measured across all experimental
diets (Table 7.3). Phosphorus digestibility was the most variant of the diet digestibility parameters
with a coefficient of variation of 12.2%. Most other diet digestibility parameters had coefficients
of variation less than 5%. The key digestibility parameter of diet nitrogen digestibility had a
coefficient of variation of 1.0%, with a range in apparent nitrogen digestibilities of 0.881 to
0.923 (Table 7.3). The key digestibility parameter of diet energy digestibility had a coefficient
of variation of 1.9%, with a range in apparent energy digestibilities of 0.785 to 0.861 (Table
7.3). The key digestibility parameter of diet sum of amino acids digestibility had a coefficient
of variation of 0.9%, with a range in apparent sum of amino acids digestibilities of 0.912 to
0.945 (Table 7.3). This variability in diet digestibility parameters is an effect of the variability
in ingredient values, not the assessment methods as demonstrated in Table 7.2.

The only diet compositional parameters that correlated with diet nitrogen digestibility were diet
fat content and the sum of amino acids content (Table 7.4). Similarly, the sum of amino acids
digestibility also only significantly correlated with diet fat content, but not diet sum of amino
acids content.

Dietary energy digestibility was significantly affected by the diet carbohydrate density
(R=-0.2691, P=0.014) and the diet protein+fat density (R=0.4105, P=0.000) (Table 7.3, Figure
7.2). There was no significant effect of diet protein density alone (R=0.1610, P=0.148) on diet
energy digestibility, nor was there any effect of diet energy density (R=-0.0957, P=0.393) on
the energy digestibility of the diets.

To confirm logical relationships expected to occur within the diet digestibilities, the relationship
between digestibility coefficients of protein (nitrogen) and protein (sum of amino acids) were
examined (Figure 7.3). This was found to be a highly significant relationship (R=0.8678,
P=0.000). The relationship between the diet digestibility coefficients of protein (nitrogen) and
energy was examined (Figure 7.3). This was also found to be a highly significant relationship
(R=0.6553, P=0.000).

7.3.3 Ingredient digestibility coefficients

A greater level of variability in most ingredient digestibility parameters compared to those in the
complete diets, was measured across all experimental ingredients (Table 7.5). Fat digestibility
was the most variant of the ingredient digestibility parameters with a coefficient of variation
of 80.7%. The ingredient nitrogen digestibility had a coefficient of variation of 10.3%, with a
range in apparent nitrogen digestibilities of 0.655 to 1.146 (Table 7.5). The ingredient energy
digestibility had a coefficient of variation of 8.0%, with a range in apparent energy digestibilities
01 0.482 to 0.694 (Table 7.5). The ingredient sum of amino acids digestibility had a coefficient
of variation of 14.8%, with a range in apparent sum of amino acids digestibilities of 0.526
to 1.265 (Table 7.5). This variability in ingredient digestibility parameters is an effect of the
variability in ingredient values, not the assessment methods as demonstrated in Table 7.2.

Lupin kernel meal protein (nitrogen) digestibility was not significantly affected by the ingredient
protein density (R=-0.2946, P= 0.086) or the ingredient carbohydrate density (R=-0.2055,
P=0.236) (Table 7.4, Figure 7.4). Neither was there any significant effect of ingredient crude fibre,
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acid-detergent fibre or neutral-detergent fibre density on ingredient protein digestibilities (Table
7.4, Figures 7.6, 7.7). Ingredient lignin content however, had a significant effect on ingredient
protein digestibility (R=-0.7036, P=0.000), of the lupin kernel meals (Table 7.4, Figure 7.7).

Lupin kernel meal energy digestibility was significantly affected by a wider variety of ingredient
composition parameters (Table 7.4). The ingredient protein (nitrogen) density (R=0.4659, P=
0.005) significantly positively influenced the energy digestibility coefficient of the ingredient.
The ingredient protein density measured as sum of amino acids even more significantly
positively influenced the energy digestibility coefficient of the ingredient (R=0.5694, P= 0.000)
than that estimated by nitrogen. The ingredient protein+fat density (R=0.4738, P=0.004) had a
stronger significantly positive influence on the energy digestibility coefficient of the ingredient.
Reciprocating this, the ingredient carbohydrate density (R=-0.4904, P=0.003) had a significant
negative effect on ingredient digestibility. Ingredient energy density had no effect (R=0.2343,
P=0.176) on the ingredient energy digestibility coefficient. There was no significant effect of
ingredient crude fibre, acid-detergent fibre, neutral-detergent fibre density or lignin content on
the ingredient energy digestibilities (Table 7.4, Figures 7.10, 7.11).

7.3.4 Ingredient digestible values

Substantial variability in ingredient digestible nutrient parameters was measured across all
experimental ingredients (Table 7.5). This variability was compounded by the variability in
ingredient composition and ingredient digestibility. The digestible nutrient parameters had
coefficients of variation ranging from 8.2% for digestible energy to 55.1% for digestible lipid.
The key digestibility parameter of ingredient digestible nitrogen had a coefficient of variation
of 11.3%, with a range in digestible nitrogen levels of 30.4 to 54.7 (Table 7.5). The ingredient
digestible energy levels had a coefficient of variation of 8.2%, with a range in ingredient
digestible energy of 9.9 MJ/kg to 14.5 MJ/kg (Table 7.5). The ingredient digestible sum of amino
acids digestibility had a coefficient of variation of 16.1%, with a range in ingredient digestible
sum of amino acids of 23.4 to 50.6 (Table 7.5). This variability in ingredient digestible nutrient
parameters is an effect of the variability in ingredient values, not the assessment methods as
demonstrated in Table 7.2.

Lupin kernel meal digestible protein (nitrogen digestibility x meal protein content) was
significantly affected by the ingredient protein density (R=0.4109, P=0.014) and by reciprocation
the ingredient carbohydrate density (R=-0.4921, P=0.003) (Table 7.5, Figure 7.12). The sum
of amino acids in the ingredient also correlated strongly with the digestible protein value
(R=0.4372, p=0.009). The relationship between protein content and energy also meant that
energy density was a significant correlate to digestible protein value (R=0.4836, p=-0.003).
There was no significant effect of ingredient crude fibre, acid-detergent fibre or neutral-detergent
fibre on ingredient protein digestibilities (Table 7.5, Figures 7.13). However, lignin content of
the lupin kernel meals had a significant (R=-0.04981, p=0.002) effect on the level of digestible
protein in the kernel meals.

Lupin kernel meal digestible sum of amino acids was significantly affected by the ingredient
protein density (R=0.7197, P= 0.000) and by reciprocation the ingredient carbohydrate density
(R=-0.4921, P=0.003) (Table 7.5, Figure 7.12). The sum of amino acids in the ingredient also
correlated strongly with the digestible sum of amino acids value (R=0.5801, p=0.000). The
energy density was not a significant correlate to digestible sum of amino acids value (R=0.3066,
p=-0.073). There was no significant effect of ingredient crude fibre, acid-detergent fibre, neutral-
detergent fibre or lignin density on ingredient protein digestibilities (Table 7.5).
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Lupin kernel meal digestible energy value was also significantly affected by a wide variety
of ingredient composition parameters (Table 7.5). The ingredient protein (nitrogen) density
(R=0.4978, P= 0.002) significantly positively influenced the digestible energy content of
the ingredient. The ingredient protein density measured as sum of amino acids even more
significantly positively influenced the energy density of the ingredient (R=0.6192, P= 0.000)
than that estimated by nitrogen. The ingredient protein+fat density (R=0.5368, P=0.001) had a
stronger significantly positive influence on the digestible energy density of the ingredient than
the protein contentalone (Table 7.5, Figure 7.14). Reciprocating this, the ingredient carbohydrate
density (R=-0.5421, P=0.001) had a significant negative effect on digestible energy levels. The
ingredient energy density had a significant effect (R=0.4164, P=0.013) on the digestible energy
level of the ingredient. There was no significant effect of ingredient crude fibre, acid-detergent
fibre, neutral-detergent fibre density or lignin content on the ingredient energy digestibilities
(Table 7.5, Figure 7.15).

7.4 Discussion

Variability exists in all ingredients. This variability can be managed through a variety of means,
either by the ingredient supplier, or by the feed manufacturer. Examples of this include the
large-scale blending by commodity handlers of grains of different protein levels to produce a
more homogenous product, or the analysis of batch variation by feed manufacturers to allow
precise customisation of each diet according to each batch of ingredients supplied (Jiang, 2001;
van Barneveld, 2001). In addition to these ingredient management strategies an improved
understanding of the level of variability in the chemical composition of the ingredient and
how that variability contributes to changes in nutritional value is a key step to maximising
the potential value of the ingredient. In this study a series of 75 Lupinus angustifolius kernel
meal samples were collected over a three-year period and examined in a series of digestibility
assays with rainbow trout. The composition of each of the kernel meals varied substantially
and this variability was used to assess the compositional features of the grain that affected their
nutritional value using a regression modelling approach adapted from nutritional studies with
terrestrial species (Harris et al., 1972; Bhatty et al., 1974; King and Taverner, 1975; Bell et al.,
1983; Fairbairn et al., 1999).

7.4.1 Influence of diet composition on diet digestibility

Although the strategy used in diet formulation in this study was to replace 300 g/kg of the
reference diet with each test ingredient, the variability in test ingredient composition resulted in
a nominal level of variability in key diet composition parameters. Parameters like diet protein
varied from 45.0% to 55.1%, with a coefficient of variation of 3.9%, while diet energy content
varied from 22.1 to 23.0 MJ/kg DM with a coefficient of variation of 0.9% (Table 7.3).

There was significant variability between diets in the digestibility of most diet parameters, but
limited variability of those parameters within diets (Table 7.2 and Table 7.3). This variability
was primarily attributable to the variance in digestibility value of the test lupin kernel meals.

There were some effects of diet composition on diet digestibility parameters. It was observed
that diet nitrogen digestibility was correlated with the diet fat content and the sum of amino
acids content (Table 7.4). Similarly, the sum of amino acids digestibility was also significantly
correlated with diet fat content, but not the diet sum of amino acids content. The limited variability
in diet nitrogen and sum of amino acids parameters probably contributed to no observable
significant effects. A broader range of diet protein levels may have had more influence on this
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parameter (Glencross et al., 2007), but clearly the object of the present study was to limit diet
effects to enable a focus on ingredient effects.

The dietary energy digestibility was significantly affected by the diet carbohydrate density, diet
fat density and protein+fat density but not protein density alone (Table 7.3). That there was no
significant effect of diet energy density on the energy digestibility of the diets, despite that there
were significant effects from fat, protein+fat and carbohydrate is interesting, but suggests that
the variability in energy density was insufficient to enable useful correlations to be drawn.

This study also reports one of the few pieces of work to examine digestibility of the same diet
across many experiments (n=7) across several years (n=3). It was observed that over a series
of seven independent experiments that both the basal reference and ingredient reference diets
had minimal variability in their digestibility parameters among experiments which we believe
demonstrates that there was a high degree of precision in the digestibility assessments undertaken
in this work (Table 7.2). Notably, the coefficients of variance for each parameter were well below
5%. As is to be expected, the variability of the ingredient apparent digestibility coefficients for the
reference ingredient were greater than that observed of the diet digestibilities (Table 7.2). Only
the ingredient digestibilities for the sum of amino acids, with a CV of 20.6%, could potentially be
regarded as highly variable. No other references to other such similar work could be found to be
of comparison to this study to gauge the relative degree of fidelity of this work.

7.4.2 Influence of ingredient composition on ingredient digestibility
and digestible values

Any compound feed for an animal is generally only as valuable as the sum of the value of
its ingredients. The key value in an ingredient such as lupin kernel meal is its protein and/or
energy content. Although the assessment of protein can be made using different methods (e.g.
nitrogen x 6.25 or sum of amino acids) and this in its own right may affect the assessment
process (Glencross et al., 2007a). Lupin kernel meals, like all ingredients, also possess an
inherent amount of variability in their composition. In the current study, protein levels of the
L. angustifolius kernel meals ranged from 36.5%DM to 56.7%DM. In each case, the changes in
protein content of the kernel meals were concomitant with changes in the carbohydrate (CHO)
content of the kernel meals, as limited variability in the fat or ash content of the meals was
observed. This is consistent with what has been reported in other studies (Petterson et al., 1997;
Glencross et al., 2003a). Although the variability in dietary crude fibre (range 17.5% to 43.8%),
acid-detergent fibre (range 5.2% to 26.2%), neutral-detergent fibre (range 3.0% to 20.0%) and
lignin (range 0.2% to 2.2%) was substantially greater in comparison to the other key proximate
parameters. This variability in the compositional parameters enhanced the ability of the study
to identify some likely compositional factors that were related to variability in digestibility
coefficients and digestible values.

As was expected, there was a greater level of variability in the ingredient digestibility parameters
compared to those in the complete diets (Table 7.5). Although fat digestibility was the most
variant of the ingredient digestibility parameters with a coefficient of variation of 80.7%, this
was probably an artefact of its low levels in the test ingredients relative to the diets and also
the low levels of residual fat in the faeces resulting in a more variable assessment as much as
anything. The small faecal samples used for fat analysis also probably increased the risk of
error. Generally, variability in most ingredient digestibilities, like that of nitrogen digestibility
had a coefficients of variation closer to 10%, but still with a substantial range in apparent
nitrogen digestibilities that made for useful correlation and multiple regression analyses (Table
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7.5 and 7.7). The variability in both these ingredient digestibilities and the composition of the
ingredients themselves compounded to increase the overall variability observed in the digestible
nutrient values of the lupin kernel meals.

In contrast to earlier findings (Glencross et al., 2003a) the lupin kernel meal nitrogen digestibility
was not significantly affected by the ingredient nitrogen density or the ingredient carbohydrate
density (Table 7.4, Figure 7.4). However, the finding that ingredient lignin content did have
a highly significant effect on ingredient nitrogen digestibility of the lupin kernel meals is an
important finding. This observation is consistent with other studies on cattle, pigs and poultry
that have also reported that the presence of lignin affects digestibility parameters (Crampton
and Maynard, 1938; King and Taverner, 1975), but this is the first such observation with fish.
In contrast to the effects seen in pigs fed barley, there was limited response of the digestibility
parameters in fish to levels of ADF in the lupin kernel meals (Fairbairn et al., 1999).

The energy digestibility of the lupin kernel meals was significantly affected by a wider variety
of ingredient composition parameters than that observed for nitrogen digestibility (Table 7.4).
The observation that ingredient nitrogen density significantly positively influenced the energy
digestibility coefficient of the ingredient was consistent with earlier studies (Glencross et al.,
2003a). The ingredient protein density measured as sum of amino acids even more significantly
positively influenced the energy digestibility coefficient of the ingredient than that estimated by
nitrogen. This observation draws to attention the possible irregularities associated with relying
on either method of protein measurement. The strong effect of the ingredient protein+fat density
on the energy digestibility coefficient of the ingredient was also reciprocated by the ingredient
carbohydrate density effect, which had a significant negative effect on ingredient digestibility.
Notably, the addition of the ash variability to the carbohydrate assessment further increased the
robustness of the correlation. In this regard it is probably that the protein+fat may be partly a
reciprocated effect of the carbohydrates, fortified by an effect of protein content.

One risk, though, of drawing conclusions about the role of lupin carbohydrates (CHO = dry
matter — protein — ash — lipid) in the digestibility assessment is that their determination is based
on that of the other key nutrients of protein, lipid and ash. Therefore any variability relating
to a carbohydrate effect cannot be distinguished from a combined or partial effect of the other
nutrients. Therefore, further assessment has been made of certain fibre classes within a sub-set
of the lupin samples to explore the carbohydrate factor more fully. The fibre content of lupins
consists largely of non- starch polysaccharides, which is a generic term for other components
such as cellulose, lignin, pectins, dextrins, inulin, beta-glucans and oligosaccharides (Englyst,
1989; Petterson et al., 1997).

The use of both two-way regression and step-wise regression analysis allowed the exploration of
multiple factors in influencing the ingredient digestible values (Table 7.9 and 7.10). It is apparent that
multiple parameters are simultaneously affecting the digestible values of lupin kernel meals. Most
notable was the dual effect of both ingredient protein and lignin effect in affecting the digestible
value of the protein (irrespective of whether analysed as nitrogen or sum of amino acids).

In the present study it was found that crude fibre had little effect on any digestibility or digestible
value parameter of the lupin kernel meals. Notably, crude fibre analysis is now regarded as
a largely redundant assessment that provides little meaning as the actual carbohydrate/fibre
chemistry of the plant (Petterson et al., 1999). An assessment of acid-detergent fibre (ADF),
or neutral-detergent fibre (NDF) and lignin is now regarded as more meaningful, with the
measurement of each parameter allowing the determination of the cellulose, hemicellulose and
lignin contents of the sample polysaccharides (Hindrichsen et al., 2006).
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The observation that the lignin class of polysaccharides was a key factor in affecting digestibility
responses in fish is significant new finding, which identifies a specific fibre class as having
anti-nutritional benefits. The level of lignin in the lupin kernel meals was observed to directly
correlate with a decline in nitrogen digestibility and also the overall digestible nitrogen/protein
value of the kernel meals. This relationship was one of the strongest observed in the study (Table
7.7 and 7.8). Further examination of the influence of lignin showed that based on multiple and/
or step-wise regression techniques, that lupin kernel meal protein and lignin content together
accounted for close to 60% of the variability in digestible protein (as either Nx6.25 or sum of
amino acids) value of these grains.

These observations noted in the current study are also supported by an increasing volume of
literature that suggests that non-starch polysaccharides (NSPs) in general reduce the nutritional
value of plant protein meals fed to fish (Arnessen et al., 1989; Refstie et al., 1998; 1999;
Glencross et al., 2003b; Glencross et al., 2005). Notably, studies with Atlantic salmon have
identified that the NSP from soya beans, which are similar to those in lupins, had an influence
on the nutritional value of soybean protein (Refstie et al., 1999; Petterson, 2000). Moreover, an
earlier study by Arnessen et al. (1989) examined ethanol extracted soya bean meal and showed
that the ethanol extracted soya bean meal had improved nutritional value as a consequence
of the ethanol extraction. Notably, the ethanol extraction process most likely removed the
soya bean oligosaccharides, but probably also removed other anti-nutritionals like saponins
(Coon et al., 1990). Later work by Glencross et al. (2003b) also showed that both ethanol
extraction and enzymatic hydrolysis of oa-galactosides significantly improved the digestion
of energy and protein from both L. angustifolius by fish. This supported the hypothesis that
oligosaccharides could interfere with digestion of other nutrients when fed to fish, and suggests
that the oligosaccharide content of lupins may also be influencing the nutritional value of its
own protein.

7.4.3 Assignment of value to protein levels

The key value in an ingredient such as lupin kernel meal is its protein content. Accordingly, the
higher the protein content of the kernel meal, then the greater the value of that resource. This
proposition is founded on two aspects. One that the higher the protein content of the meal, then
the more flexibility the ingredient provides in formulating diets for fish. Second, the current
study shows that as the protein content of the lupin kernel meal increases, then so too does the
digestibility of its protein and the amount of protein available to animal. From the present work
this relationship can be described by the equation: y = 0.5858x + 15.707, R2=0.1795. However,
this equation is rather nonsensical as it suggests at protein levels below 37% that the digestible
protein is also greater than the crude protein content of the meal and that protein digestibility
in low-protein lupin kernel meals is greater than that in high-protein lupin kernel meals and.
This is the opposite of earlier assessments done on a similar basis (protein digestibility with
varying kernel meal protein content), but with a significantly smaller sample set (n=5 vs n=75)
(Glencross et al., 2003b). Based on other more recently determined relationships between lupin
meal protein content and protein digestibility (Glencross et al., 2007c), a non-linear relationship
is proposed whereby: y = -0.0449x? + 4.7609x - 80.673, R?= 0.2093. Notably this non-linear
relationship is also stronger than the initial linear one proposed and accordingly suggests that
other relationships too might be better examined with non-linear models. The combination
of a non-linear protein relationship with a linear lignin relationship results in the function:
Digestible protein = -0.0449x? + 4.7609x — 80.673)+(-0.1956y + 1.052), where X is the kernel
meal crude protein content and y is the kernel meal lignin content (Figure 7.17).
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Based on the identified relationships between the digestible value of lupin kernel meals and
their composition, it may be possible to develop calibrations for near-infrared spectroscopy
(NIRS) to be able to rapidly measure digestible values of these ingredients (van Barneveld et
al., 1998; Bertrand, 2001). Calibrations that used dual assessment of compositional parameters
would be likely to be more successful than single parameter calibrations. Calibrations based
on crude protein and lignin content of the kernel meals is suggested. The development of a
calibration for digestible protein would have substantial benefit for both the grains processing
and the aquaculture feed sectors, where by each sector could more accurately assess the actual
value of their raw materials prior to sale and use respectively.

7.4.4 Conclusion

From this study it was further identified that there was a strong correlation between protein
content (as assessed based on either Nx6.25 or sum of amino acids) of a lupin kernel meal and
its digestible value but that additional features of the grain composition, such as lignin, also
affect this digestible value. Further exploration of the complexity of polysaccharides in grains
and how these relate to nutritional value of those grains may be warranted.

That the level of both nitrogen and energy digestibility from the lupin kernel meals improves
with increasing protein content provides good support for the development of lupin kernel meals
with higher protein levels. Several prospects exist for improving the protein content of lupin
meals including selective breeding of L. angustifolius varieties for protein content, improved
efficiencies in the processing of the lupin seed to produce the kernel meal and the development
of protein concentrates through air-classification and solvent extraction techniques.

The relationship between lupin kernel meal protein content and its digestible value also
provides a good support for the development of a system of grain segregation by protein content
and ingredient pricing according to that protein content. This would not only increase returns
to grain producers but also more accurately reflect the actual value of the grain to its users.
Additionally, the finding that a specific fibre class — lignin, affected the nutritional value of the
lupin kernel meals more so that others provides an additional direction towards ways in which
to higher quality lupin products can be targeted.
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Tables and Figures

Table 7.1  Diet formulations (all values are g/kg) and composition (n=7; all values are g/kg DM).

Basal diet Reference diet

Formulation

Fishmeal 2 700.0 490.0
Fish oil 2 150.0 105.0
L. angustifolius kernel meal cv Myallie ° - 300.0
Wheat flour 2 144.0 100.8
Vitamin and mineral premix a* 5.0 3.5
Yttrium oxide °© 1.0 0.7
Composition

Dry matter (g/kg) 953 945
Crude protein 510 498
Crude fat 228 178
Ash 124 98
Carbohydrate** 138 226
Gross Energy 23.3 22.5

& Supplied by Skretting Australia, Cambridge, Tasmania, Australia.
b Supplied by Coorow Seed Cleaners Pty Ltd, Coorow, Western Australia, Australia.
¢ Supplied by Stanford Materials, Aliso Viejo, California, United States.

* Vitamin and mineral premix includes (IU/kg or g/kg of premix): Vitamin A, 2.5MIU; Vitamin D3, 0.25 MIU;
Vitamin E, 16.7 g; Vitamin K,3, 1.7 g; Vitamin B1, 2.5 g; Vitamin B2, 4.2 g; Vitamin B3, 25 g; Vitamin B5, 8.3;
Vitamin B6, 2.0 g; Vitamin B9, 0.8; Vitamin B12, 0.005 g; Biotin, 0.17 g; Vitamin C, 75 g; Choline, 166.7 g;
Inositol, 58.3 g; Ethoxyquin, 20.8 g; Copper, 2.5 g; Ferrous iron, 10.0 g; Magnesium, 16.6 g; Manganese, 15.0
g; Zinc, 25.0 g.

**Carbohydrate content determined based on dry matter minus protein, ash and fat.
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Table 7.2 Mean values and data variance associated with apparent digestibility coefficients of the
basal reference diet and the reference ingredient digestibility assessments across all
experiments (n=7).

Dry matter Protein Energy Sum Amino Acids

Diet digestibility — Basal reference diet

Mean 0.822 0.905 0.899 0.935
SD 0.019 0.012 0.013 0.008
SEM 0.007 0.004 0.005 0.003
CV% 2.3% 1.3% 1.4% 0.9%
Diet digestibility - L. angustifolius cv Myallie reference ingredient

Mean 0.726 0.904 0.804 0.929
SD 0.016 0.008 0.013 0.008
SEM 0.006 0.003 0.005 0.003
CV% 2.2% 0.9% 1.7% 0.9%
Ingredient digestibility - L. angustifolius cv Myallie reference ingredient

Mean 0.503 0.982 0.557 0.914
SD 0.039 0.072 0.023 0.188
SEM 0.015 0.027 0.009 0.071
CV% 7.7% 7.4% 4.2% 20.6%

CV%: Coefficient of variation = SD / Mean x100
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Table 7.3  Variability in diet composition and digestibility parameters from all test diets. All values
are g/kg DM unless otherwise detailed.

MEAN S.D. CV% MIN MAX
Diet composition
Dry matter (g.kg) 95.2 0.8 0.9% 92.4 96.8
Protein (N x 6.25) 49.6 2.0 3.9% 45.0 55.1
Fat 18.3 15 8.3% 8.4 21.0
Ash 9.7 0.3 3.4% 8.9 11.8
Carbohydrate 22.4 2.1 9.2% 18.0 30.1
P 1.4 0.1 3.7% 1.3 15
Energy (MJ/kg DM) 22.5 0.2 0.9% 22.1 23.0
Sum of Amino Acids 46.0 2.0 4.3% 40.9 49.6
ALA 2.7 0.1 4.6% 2.4 2.9
ARG 3.4 0.2 6.9% 2.9 3.9
ASP 4.7 0.4 7.5% 3.6 57
CYS 0.6 0.1 9.8% 0.5 0.8
GLU 7.8 0.4 5.2% 7.0 8.8
GLY 2.6 0.1 4.9% 2.3 2.8
HIS 1.3 0.1 9.9% 1.0 1.6
ISO 1.9 0.1 4.6% 1.7 2.1
LEU 3.7 0.2 4.7% 3.2 3.9
LYS 29 0.3 9.0% 2.3 3.3
MET 1.2 0.1 8.6% 1.1 15
PHE 2.0 0.1 3.6% 1.9 2.2
PRO 2.6 0.4 13.7% 1.9 3.5
SER 2.3 0.1 3.7% 2.1 25
TAU 0.3 0.0 9.0% 0.2 0.4
THR 2.1 0.1 4.8% 1.9 2.4
TYR 1.7 0.1 4.6% 15 1.8
VAL 2.0 0.1 5.8% 1.8 2.3
Diet digestibility coefficients

Dry matter 0.732 0.018 2.4% 0.692 0.791
N 0.906 0.009 1.0% 0.881 0.923
Fat 0.956 0.017 1.7% 0.895 0.983
P 0.540 0.066 12.2% 0.382 0.664
Energy 0.810 0.016 1.9% 0.785 0.861
Sum of Amino Acids 0.932 0.008 0.9% 0.912 0.945

CV%: Coefficient of variation = SD / Mean x100
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Table 7.4  Variability in ingredient composition across all test ingredients. All values are g/kg DM

unless otherwise detailed.

MEAN SD CV% MIN MAX
Dry matter (g/kg) 91.6 0.6 0.6% 90.4 92.8
Protein (N x 6.25) 45.4 34 7.6% 36.5 56.7
Fat 7.8 0.9 12.1% 5.2 9.7
Ash 3.0 0.4 14.0% 1.9 3.9
Carbohydrate 43.8 3.3 7.6% 32.7 53.9
P 0.4 0.1 15.3% 0.3 0.6
Energy (MJ/kg DM) 20.8 0.3 1.5% 20.1 215
Sum of Amino Acids 44.0 3.2 7.2% 33.2 53.7
ALA 1.6 0.1 6.8% 1.3 1.8
ARG 5.1 0.5 9.9% 4.0 6.6
ASP 4.9 04 7.7% 3.8 5.9
CYS 0.7 0.1 16.5% 0.5 1.3
GLU 10.0 0.8 7.8% 7.5 12.6
GLY 1.9 0.1 6.4% 15 2.1
HIS 1.1 0.1 11.8% 0.8 14
ISO 1.7 0.1 7.6% 1.3 2.0
LEU 3.2 0.3 8.0% 24 4.3
LYS 1.8 0.2 13.2% 1.2 24
MET 0.3 0.1 32.2% 0.2 0.7
PHE 1.8 0.2 12.4% 0.1 2.1
PRO 25 0.6 26.0% 1.0 4.3
SER 2.4 0.2 6.8% 1.9 2.9
THR 1.8 0.1 7.3% 15 2.1
TYR 1.7 0.2 9.1% 11 2.1
VAL 15 0.1 8.4% 1.2 1.8
Crude Fibre 30.9 4.6 14.9% 17.5 43.4
Neutral-Detergent Fibre 10.2 5.4 52.3% 5.2 26.2
Acid- Detergent Fibre 6.6 4.5 69.1% 3.0 20.0
Lignin 0.7 0.5 65.9% 0.2 2.2

CV%: Coefficient of variation = SD / Mean x100
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Table 7.5 Variability in ingredient digestibility parameters and digestible values across all test

ingredients.
MEAN SD CV% MIN MAX
Ingredient digestibility coefficients
Dry matter 0.532 0.050 9.5% 0.391 0.655
N 0.933 0.096 10.3% 0.655 1.146
Fat 0.735 0.593 80.7% -3.151 1.818
P 1.834 0.884 48.2% 0.126 3.970
Energy 0.573 0.046 8.0% 0.482 0.694
Sum of Amino Acids 0.880 0.130 14.8% 0.526 1.265
Digestible value (% dry basis)
Dry matter 48.7 4.7 9.6% 35.8 59.8
Protein (N x 6.25) 42.3 4.8 11.3% 30.4 54.7
Fat 5.9 3.3 55.1% 0.0 9.7
P 0.7 0.3 44.0% 0.1 0.6
Energy (MJ/kg dry basis) 11.9 1.0 8.2% 9.9 14.5
Sum of Amino Acids 38.7 6.2 16.1% 23.4 50.6
CV%: Coefficient of variation = SD / Mean x100.
Table 7.6  Correlation matrices among diet digestibility parameters and diet compositional
parameters from the experimental diets (n=76).
Diet Constituent Protein Fat ProFat CHO Energy SAA
Diet ADC-N -0.0220 0.3170 0.2123 0.1927 -0.1939 -0.2598
p=0.844 p=0.004 p=0.055 p=0.083 p=0.081 p=0.018
Diet ADC-Energy 0.161 0.3488 0.4105 -0.2691 -0.0957 -0.0708
p=0.148 p=0.001 p=0.000 p=0.014 p=0.393 p=0.527
Diet ADC-sAA -0.0806 0.3059 0.1482 0.1422 -0.1568 -0.1088
p=0.471 p=0.005 p=0.184 p=0.202 p=0.159 p=0.330

ProFat: Protein + Fat. CHO: Carbohydrate. SAA: sum of Amino acids.
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Table 7.7  Correlation matrices among ingredient digestibility parameters and ingredient
compositional parameters from the experimental kernel meals (n=76), for parameters of

crude fibre, ADF, NDF and Lignin, n=35.

Ingredient Apparent Digestibility Coefficient
Constituent Nitrogen Energy sum Amino Acids
Protein -0.2946 0.4659 0.2624
p=.086 p=.005 p=.128
Fat 0.5148 -0.0815 -0.2523
p=.002 p=.642 p=.144
ProFat -0.1765 0.4738 0.2120
p=.310 p=.004 p=.221
CHO 0.2055 -0.4904 -0.2460
p=.236 p=.003 p=.154
p=.219 p=.176 p=.720
SAA -0.1863 0.5694 0.0255
p=.284 p=.000 p=.884
Fibre 0.2088 -0.1950 -0.0589
p=.229 p=.262 p=.737
NDF -0.0004 -0.0072 0.0641
p=.998 p=.967 p=.714
ADF -0.0812 -0.0263 0.0408
p=.643 p=.881 p=.816
Lignin -0.7036 0.1302 0.0201
p=.000 p=.456 p=.909

ProFat: Protein + Fat. CHO: Carbohydrate. SAA: sum of Amino acids.
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Table 7.8 Correlation matrices among ingredient digestible values and ingredient compositional
parameters from the experimental kernel meals (n=76), for parameters of crude fibre,
ADF, NDF and Lignin, n=35.

Ingredient Digestible value
Constituent Protein Energy sum Amino Acids
Protein 0.4109 0.4978 0.7197
p=.014 p=.002 p=.000
Fat 0.2770 0.0280 -0.2718
p=.107 p=.873 p=.114
ProFat 0.5106 0.5368 0.6931
p=.002 p=.001 p=.000
CHO -0.4921 -0.5421 -0.7170
p=.003 p=.001 p=.000
Energy 0.4836 0.4164 0.3066
p=.003 p=.013 p=.073
SAA 0.4372 0.6192 0.5801
p=.009 p=.000 p=.000
Fibre -0.1207 -0.2000 -0.3071
p=.490 p=.249 p=.073
NDF -0.0556 -0.0066 -0.0649
p=.751 p=.970 p=.711
ADF -0.1254 -0.0304 -0.0742
p=.473 p=.862 p=.672
Lignin -0.4981 0.0505 0.1528
p=.002 p=.773 p=.381

ProFat: Protein + Fat. CHO: Carbohydrate. SAA: sum of Amino acids.
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Table 7.9  Multiple regression analyses of ingredient digestible values, ingredient protein content
and additional compositional parameters from the experimental kernel meals (n=76), for
parameters of crude fibre, ADF, NDF and Lignin, n=35.

Ingredient

Digestible value

Constituents Protein Energy sum Amino Acids
Protein and Fat R = 0.5552 R =0.3847 R =0.6008
b = 0.0000 p=0.0018 b = 0.0000
Protein and CHO R = 0.5340 R = 0.3708 R = 0.6079
p = 0.0000 p =0.0029 p = 0.0000
b = 0.0000 p=0.0016 p = 0.0000
b = 0.0000 p = 0.0008 p = 0.0000
p = 0.0425 p = 0.0097 p = 0.0000
Protein and NDF R = 0.4114 R = 0.5051 R = 0.7229
p=0.0515 p = 0.0090 p = 0.0000
b = 0.0484 b = 0.0099 p = 0.0000
p = 0.0000 p=0.0084 p = 0.0000

Those relationships p < 0.001 are indicated in red.
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Figure 7.16 Dual influence of lupin kernel meal protein and lignin on the digestible protein content of
each lupin kernel meal.
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Figure 7.17 Model of the dual influence of lupin kernel meal protein (%DM) and lignin (%DM) on the
digestible protein content (%DM) of lupin kernel meal when fed to rainbow trout.
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8.0 Evaluating Near Infrared Reflectance Spectroscopy
(NIRS) to predict the nutrient composition, energy
value and digestibility of lupin kernel meals when
fed to rainbow trout, Oncorhynchus mykiss

Peter Burridge®4, Brett Glencross#*, Wayne Hawkins?#, Max Karopoulos?#, David
Evans®#, Neil Rutherfordl*, Peter McCafferty3#, Ken Dods®#, Chris Veitch®>* , Bevan
Buirchell®>* and Sofia Sipsas®*

1 Department of Fisheries - Research Division, PO Box 20, North Beach, WA 6020, Australia.

2 pepartment of Agriculture - Government of Western Australia, Baron Hay Court, South Perth, WA 6150,
Australia.

3 Chemistry Centre of Western Australia, 125 Hay St, East Perth, WA 6001, Australia.

4 Aquaculture Feed Grains Program, Centre for Legumes in Mediterranean Agriculture (CLIMA), University
of Western Australia, Crawley, WA 6909, Australia.

Abstract

This study examined the ability of NIRS to predict nutrient composition, energy value and
digestibility of lupin kernel meals when fed to rainbow trout by scanning both whole lupin
seeds and kernel meal. Kernel meal samples of narrow-leaf lupins, Lupinus angustifolius that
were to be used to prepare diets for rainbow trout feeding trials were scanned using a Bruker
MPA Fourier transform near infra red (FTNIR) spectrophotometer (the whole seeds were
also scanned where they were available.). After the chemical analyses were completed on the
constituent kernel meal samples, and the diets, the digestibility of both were also evaluated by
analysing the fish faeces. The NIRS spectra were then used to create calibrations (regression
equations) using the OPUS® chemo-metrics software package. This exercise involved running
optimisation experiments to find the best math pre-treatment and wavelength segment(s) for each
digestibility, nutrient and energy data set. In some cases values were excluded as outliers to the
regression. The results are reported in terms of standard error of cross validation (SECV) and
correlation coefficient (R?). Cross-correlation between the predicted values was also evaluated
and compared to that of the raw data. Viable calibrations were obtained for Protein, Protein
plus Fat, Carbohydrate and the Sum of the Amino Acids. These parameters all had SECVs
less than or equal to the standard error of the reference method and no greater than half the
standard deviation of the population under consideration. Several other parameters were close
to being acceptable lacking only a larger variation in the population relative to their SECVs.
The findings of the study indicate the potential to use NIRS to rapidly and non-destructively
evaluate the nutrient composition and energy of lupin meal used in fish diets and even to predict
the digestibility of some of these values.

8.1 Introduction

When preparing aquaculture diets containing lupin kernel flour it is desirable to be able to
evaluate the nutrient composition and energy value of these ingredients as well their likely
digestibility as a component of the diet. NIRS provides the opportunity to rapidly and non-
destructively predict these values just prior to diet preparation. This study reports on the ability
of NIRS to predict nutrient composition, energy value and digestibility of narrow-leaf lupin,
Lupinus angustifolius kernel meals when fed to rainbow trout by scanning both whole lupin
seeds and kernel meal. The parameters covered by this study include the Dry Matter (I-DM),
Protein (I-Protein), Protein plus Fat (I-ProFat), Carbohydrate (I-CHO), Energy (I-Energy), and
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the Sum of the Amino Acids (/-s4A) of the kernel flour ingredients, and, their digestible value
for Protein (DV-Pro), Energy (DV-E), and the Sum of Amino Acids (DV-sAA). Inter-correlations
between the nutrient composition, energy value and digestibility values were examined to find
what inter-correlations exist between the data sets. The NIRS was used to obtain spectra from
both whole seed and kernel flour samples prior to their use as ingredients in the production of
diets used in rainbow trout feeding trials. Chemo-metrics software was used to process the NIR
spectra to produce prediction equations for the nutrient composition, energy and digestibility
values. These predictions were evaluated in relation to the inherent variability involved in the
study. The calibration statistics were obtained from both kernel meal and whole seed spectra but
only the kernel meal data is reported here.

8.2 Materials and Methods

8.2.1 Lupin kernel meal production, digestibility and chemical
analysis

Over a three-year period, separate batches of seed of Lupinus angustifolius were collected from
the Department of Agriculture’s (WA) germ-plasm and breeding lines. This seed in many cases
constituted the same genotype over several seasons, often from the same site. In each case one
sample of the seeds were then dehulled using a small disc-mill and aspirated to separate hulls from
kernels. (If sufficient sample was available whole seed was also kept for NIRS). A final manual
clean of the kernel samples was done to remove any remaining hull material to ensure purity of
the kernel preparation. The kernel samples were then milled using a Retsch Hammermill with a
750 um screen to create samples of kernel flour. In addition to the lupin kernel flours each of the
test ingredients used in this study was thoroughly ground such that they passed through a 750
um hammer mill screen. These kernel flour samples were used to formulate diets for the rainbow
trout feeding/digestibility trials as described previously (Glencross et al., 2005) and sub-samples
were sent for analysis. Faeces from the feeding trial for digestibility analysis were collected using
stripping techniques (Glencross et al., 2005). These samples were stored to prevent contamination
in a freezer at -20°C before being freeze-dried in preparation for analysis. Triplicate samples were
analysed for each digestibility variable with the mean value used in this study.

8.2.2 Analysis of variability and inter-correlation of digestibility,
nutrient and energy value data

To assess the variation in the ingredient and digestibility data 7 replicates of a reference sample
of Lupinus angustifolius (cv Myallie) were included in the study. This provided information
about the error background involved in the sampling and analytical techniques involved that is
critical to understanding the effectiveness of NIRS calibrations. The variation in nutrient and
energy measurement in terms of the mean and standard deviation of the values for the reference
sample, as well as the range and standard deviation for the whole population is shown in Table
8.1. The same information for the digestibility data is given in Table 8.2. This data is essential
for establishing the NIRS calibrations since the SECVs generated can only be validated by
comparison to the background errors of the experiment.

As part of the evaluation of the NIRS calibrations the inter-correlation of prediction values must
be examined to ensure that the regressions used are independently derived. In practice some inter-
correlation is inevitable since the same spectra are being used and there are inherent relationships in
the reference data. (A detailed analysis of the influence of ingredient composition on the digestibility
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is provided in the paper cited above). Thus as a prelude to the evaluation of NIRS prediction models
the inter-relationships between the parameters of interest in this study were examined.

8.2.3 NIRS scanning of Lupinus angustifolius seed and kernel flour
samples

A Bruker Fourier Transform MPA and the OPUS® software package (Ver 5.5, © 2004 Bruker
Optik GmbH, Rudolf-Plank-Strafie 27, D-76275, Ettlingen) was used to scan 74 kernel flour
(and 44 seed) samples in duplicate. These samples were scanned in a temperature controlled
atmosphere with the instrument operated in reflectance mode using the rotating 97 mm sample
cup. The spectra from the samples were collected across the full Wave Number range (12,493
to 3,599 cm™) of the instrument as absorbance with a bandwidth of 8 cm™ using 64 scans per
sample. The full set of kernel meal spectra in the Wave Number range used by many of the
calibrations is shown in Figure 8.1.

8.2.4 Chemo-metrical analysis

Initially the individual spectra were examined visually to eliminate the possibility of any
anomalous scans before they were incorporated into the OPUS® QUANT multi-variate
calibration software (OBruker Optik, as above). The reference data was then copied into Opus®
to form the calibration data set. The spectra were evaluated as the mean of two scans. The
OPUS® optimisation program incorporating a partial least square (PLS) fit method was then
used to develop calibration models. This produced regression equations based on selected parts
of the spectra after specific mathematical treatments of the data. Cross validation tests were
then run for each parameter in turn using the suggested calibration models that incorporated
appropriate Wave Number ranges and math pre-treatments. The calibrations were evaluated by
examining the statistical measurements of the standard error of cross validation (SECV) and
the correlation coefficient (R?). The SECV is the standard deviation of differences between
the reference values and values calculated by the regression equation when leaving out each
sample in turn and using the rest of the population in the model to predict it. The validation tests
were usually run several times after excluding outliers (samples the software flags as either bad
reference results or extremely unusual spectrally). This process was continued until a balance
was struck that included the following elements.

» The standard error of cross validation (SECV) is similar to the standard error of the reference
method.

* The number of outliers (poor prediction samples) is small enough or their residual vales are
low enough to still be able to meet the objectives of the calibration.

+ The correlation coefficient (R?) is sufficiently close to a perfect correlation of 1.0 to indicate
probable future robustness and to meet the objectives of the calibration.

Also depending on the purpose of the measurements, an NIRS calibration is usually only viable
if the SECV value is similar to the standard error of the reference method and is no more than
a half (preferably a third or less) of the standard deviation of the data set used to produce the
calibration (or future prediction population). R? values of 0.6 or even lower can be acceptable
in a NIRS calibration, although values of over 0.8 are desirable for calibration robustness.
The results need also to be examined for cross-correlation to ensure the NIRS calibrations are
not merely mirroring each other as a result of a common spectral relationship. Some cross-
correlations do of course occur naturally, such as the inverse relationship between protein and
carbohydrate in most grain legumes including lupins.
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8.3 Results

8.3.1 Ingredient composition and energy value calibrations

Viable calibrations were produced for I-Protein, I-ProFat, I-CHO and I-sAA (See Table 8.1).
The DM and Energy data however lacked range compared to their cross-trial variation and
this was reflected in their poor calibration statistics. The four parameters mentioned above
have SECVs of similar value to the SD of the reference sample and also less than half the
overall population SD. Multiplicative Scattering Correction (MSC) math pre-treatment over
a Wave Number range of 7502.1 to 5446.3 cm™ and 4424.1 to 4246.7 cm™ was used for both
the ingredient protein and the carbohydrate calibrations with 3 outliers of the 77 samples in
the calibration set removed. The calibration for /-ProFat used a Min-Max Normalisation math
pre-treatment over the ranges 1249.2 to 6098.1 cm™ and 4601.5 to 4246.7 cm™ with 2 outliers
removed. For the I-s4A4 calibration a Constant Offset Elimination treatment was used over the
range 12493.2 to 6098.1 cm and 5450.1 to 4597.7 cm with 5 outliers removed.

8.3.2 Ingredient digestibility calibrations

Of the digestibility value calibrations DV-Pro and DV-sAA4 both had SECVs commensurate with
the standard errors seen in the Myallie reference data (See Table 8.2.) but for DV-E the SECV
was too high. However the SECV values of all the calibrations were not really low enough
relative to the variability across the whole population. The best digestibility calibration was for
DV-Pro which had a SECV of 2.7% with a mean of 42.4% (R? = 0.472). This compares to the
reference sample standard deviation of 3.6% with a mean of 41.4%. The standard deviation of
the trial population for DV-Pro was 4.3%, or just less than twice the SECV. For this calibration
the math pre-treatment was Straight Line Subtraction with a Wave Number range of 1249.3 to
9295.7 cm™ with 2 of the 77 samples removed as outliers.

8.3.3 Inter-correlation of digestibility, nutrient and energy values

Table 8.3 was compiled from the reference nutrient composition, energy value and digestibility
values of the samples used in the NIRS calibrations. That is, some values were removed, as they
were not part of the calibration sets. Table 8.4 is the corresponding correlation matrix of the
prediction data. Comparison of the tables shows that there is trend for of slightly greater cross-
correlation between the NIRS prediction data than between the reference data. For example:
on the basis of the reference data there was a correlation of 0.685 between ingredient protein
(I-Protein) and digestible protein value (D V-Pro) but based on the NIR predictions the correlation
is 0.792. However, where there are strong inter-correlations in the reference data, (e.g. between
I-Protein and I-ProFat, I-CHO and I-sAA.) this is also reflected in the prediction data.

8.4 Discussion

8.4.1 General comments

Previous work has shown the suitability of NIRS for predicting protein (and by inference total amino
acids and carbohydrates) and oil in L. angustifolius seed (Burridge, 2007). The NIRS calibrations
developed in this study confirm that these compositional components can be successfully predicted
in lupin kernel meal but not all the parameters of interest in the feeding trails could be determined
(including dry matter, energy and most compositional digestibility parameters). The calibration
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results should however be viewed as preliminary in that the data sets are not ideal for every
parameter and all possible math pre-treatments have not been applied to the data. In each case the
normal NIRS practice of applying the pre-treatment giving the lowest SECV value was used in
the first instance and adopted if the wave number range suggested was likely to be suitable. Also
the calibrations have not been validated by an independent sample test set. However, the cross
validation tests do provide a valid indication of the potential of the calibrations.

Overall the standard errors of cross validation of the parameters investigated were in most cases
commensurate with the cross-trial variation as indicated from the reference sample (standard
deviations of 7 samples of cv Myallie). The deficiencies, where they occur, were due to a lack
of range and variability in the population of the calibration sets.

8.4.2 Ingredient composition calibrations

Table 8.1 details the calibration and reference statistics and these indicate that viable calibrations
were obtained for /-Protein, I-ProFat, I-CHO and I-sAA. These four ingredient composition
parameters clearly satisfy the requirements for successful prediction (SECVs commensurate
with the reference standard error and half or less the cross-trial standard deviation). It is
significant that these parameters are all protein-related (strong negative correlation with
I-CHO). The calibration for /-Energy was just short of satisfactory in that it had a similar SECV
to the reference error but there was not enough variation and range across the population to be
confident of a successful prediction model. However, while short of the essential requirements
of a viable NIRS calibration, it did show indications that it may succeed with a calibration set
with a slightly greater range of values. The calibration for /-DM failed due to its SECV being
only marginally less than the standard deviation of the population and having a very narrow
range of values (90.9% — 92.8%).

8.4.3 Digestibility calibrations

As expected the digestibility calibration statistics (Table 8.2.) were not as good as those obtained
from the original composition data. All the calibrations except DV-E had SECVs at about the
level of error in the reference results as indicated by the standard deviations of the control.
Again the limiting factor was a lack of range and variability in the data sets. Only the protein
based parameters DV-Pro and DV-sAA had a reasonable range relative to the standard deviation,
and only the former had a SECV low enough for a possible successful calibration in terms of
this variation. Relatively poor R? values were also evident for all ingredient digestibility value
parameters compared to the original composition and energy data indicating that the NIRS
found it difficult to distinguish the values against the background variation. Thus the Digestible
Protein calibration appears just short of being viable at this stage but all three have reasonably
low SECVs and would be greatly improved by a broader data set.

8.4.4 Data cross-correlations

The calibration models discussed above were used to generate prediction data tables for
ingredient and digestibility parameters. These results were cross-correlated using the Excel
statistical analysis tool “Correlation”. This measures the relationship between the sets of data.
The population correlation calculation is the covariance of two data sets divided by the product
of their standard deviations. The original data (excluding data not used in calibration data sets)
from the reference methods was treated in the same way. The aim was to check for the occurrence
of inter-relationships that were significantly different than those existing in the original data.
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As Table 8.3 shows there are strong inter-relationships between some parameters in the reference
data. For example /-CHO has a significant negative correlation with all the protein based
parameters including /-ProFat and I-sAA and all the protein derived data is strongly cross-
correlated. The strongest correlations involving the ingredient digestibility values are between
DV-Pro and I-s4A (0.721) and between DV-Pro and I-ProFat (0.693). Both these correlations
are also present in the NIRS prediction data.

Comparing Table 8.3 and Table 8.4 it is obvious that there is more inter-correlation between
the prediction data (particularly involving the ingredient energy value predictions) than in the
reference data. The presence of inter-correlations in NIRS calibrations is not unusual given that
all the regressions are based on very similar spectral information (although possibly different
samples excluded as outliers) and often using the same math treatments and wave number
ranges. Even so there is general agreement between the two tables with the protein-based
parameters similarly related and most of the digestibility parameters showing a consistency of
relationship. One notable exception is the correlation between I-Energy and I-DM which had s
gone from -0.181 to 0.778 but this is probably explained by the very poor nature of the I-DM
calibration as discussed in 8.4.3.

8.4.5 Conclusion

This study demonstrates that there is great potential to use NIRS to predict the composition
and energy of kernel meal samples of narrow-leaf lupins by scanning the kernel meal before
diet preparation. The results also show that it there is potential to predict the likely digestibility
of some of these compositional components. In order to improve the composition and energy
calibrations further, and make the digestibility calibrations viable, data sets with a broader
range for each parameter need to be obtained. There also needs to be sufficient samples to
enable suitable subsets (test sets) for each calibration to be available to thoroughly evaluate the
robustness of the models.
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Tables and Figures

Table 8.1 Ingredient Composition Data Summary.
I-DM I-Protein I-ProFat I-CHO I-Energy I-sAA
cv Myallie Mean 91.29 42.98 50.74 45.92 20.63 41.37
cv Myallie SD 0.59 2.54 2.35 2.38 0.16 0.97
Population Range 2.4 17.3 17.1 17.8 1.3 20.5
Population SD 0.57 3.39 3.04 3.27 0.32 3.17
SECV 0.46 1.18 1.35 1.39 0.2 1.47
R? 0.256 0.858 0.765 0.784 0.551 0.733
Table 8.2  Ingredient Digestibility Value Data Summary.
DV-Pro DV-E DV-sAA
cv Myallie Mean 41.35 11.5 36.2
cv Myallie SD 3.64 0.52 4.64
Population Range 20.4 4.41 22.8
Population SD 4.3 1 5.59
SECV 2.7 0.75 4.27
R? 0.472 0.355 0.212
Table 8.3 Nutrient composition, energy value and digestibility cross-correlations.
I-DM I-Protein I-ProFat [-CHO I-Energy I-sAA DV-Pro DV-E DV-sAA
I-DM 1
I-Protein -0.205 1
I-ProFat -0.176 0.963 1
I-CHO 0.215 -0.976 -0.994 1
I-Energy -0.181 -0.016 0.174 -0.116 1
I-sAA -0.116 0.818 0.825 -0.825 0.204 1
DV-Pro -0.068 0.685 0.693 -0.679 0.135 0.721 1
DV-E -0.03 0.331 0.368 -0.383 0.221 0.395 0.546 1
DV-sAA -0.455 0.592 0.585 -0.591 0.237 0.542 0.499 0.27 1
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Table 8.4

Nutrient composition, energy value and digestibility cross-correlations.

I-DM I-Protein I-ProFat I-CHO I-Energy I-sAA DV-Pro DV-E DV-sAA
I-DM 1
I-Protein -0.362 1
I-ProFat -0.221 0.931 1
I-CHO 0.254 -0.978 -0.956 1
I-Energy 0.778 -0.408 -0.189 0.27 1
I-sAA -0.159 0.816 0.871 -0.846 -0.134 1
DV-Pro -0.275 0.792 0.842 -0.821 -0.13 0.821 1
DV-E -0.169 0.444 0.489 -0.497 -0.034 0.565 0.797 1
DV-sAA -0.186 0.708 0.7 -0.683 -0.333 0.733 0.528 0.42 1
g |
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Figure 8.1 Plot of the spectra obtained from the 74 lupin kernel meal samples in the range of
approximately 6500 to 4000 cm™.
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9.0 The influence of the dietary inclusion of the
alkaloid gramine, on rainbow trout (Oncorhynchus
mykiss) growth, feed utilisation and gastrointestinal
histology?
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Abstract

This study examined the influence of the alkaloid gramine, when included in diets for rainbow
trout, Oncorhynchus mykiss. Quinolizidine alkaloids have been suggested as a potential anti-
nutritional problem with the use of lupin (Lupinus sp.) meals in aquaculture diets. The findings
from the present study show that above a critical threshold, the alkaloid gramine does have a
strong anti-palatability effect. The effect is noted at a minimum gramine concentration of 500
mg/kg of diet, though not at 100 mg/kg. A continuing strong anti-palatability response is noted
at higher inclusion levels and at the highest gramine inclusion concentration examined in this
study (10,000 mg/kg), insufficient feed was consumed to even supply maintenance protein
and energy demands. No adaptation to concentrations of gramine was observed throughout the
6-week study. No effects on nitrogen, energy or phosphorus digestibility were seen at the 500
mg/kg inclusion concentration of gramine relative to the reference diet, although the inclusion
of the yellow lupin kernel meals (both Wodjil and Teo varieties) in the diet did improve the
digestibility of phosphorus. Growth, as assessed using a range of parameters including weight
gain, growth rate, nutrient and energy retention of fish fed the experiment treatments was largely
consistent with feed intake. Survival of fish was significantly reduced at gramine inclusion levels
above 1,000 mg/kg. Food conversion ratio (FCR) and food conversion efficiency (FCE) were
also reflective of feed intake and growth levels observed of each treatment. The concentrations
of the plasma thyroid hormones tri-iodothyronine (T,) and thyroxine (T,) of fish from each
of the treatments were consistent with feed intake (including the controls) suggesting that the
concentrations of these hormones are in response to feed intake, not specifically the gramine
levels in the diets. However, the inclusion of the L. luteus kernel meals resulted in a significant
change in T, levels, with a degree of independence of the feed intake, suggesting that there may
be another mechanism by which these meals are influencing the concentrations of this hormone.
In this study there was an increase in the density of melano-macrophage centres (MMC) with
high dietary levels of gramine. However, in the absence of any histological evidence for a toxic
effect, it is likely that the increased MMC densities observed in the fish fed high concentrations
of gramine are associated with starvation. This study demonstrated that the lupin alkaloid
gramine, can have a strong anti-nutritional effect on fish at inclusion concentrations greater

@ Published as: Glencross, B.D., Hawkins, W.E., Evans, D., McCafferty, P., Dods, K., Jones, J.B., Sweetingham,
M., Morton, L., Harris, D. and Sipsas, S., 2006. Evaluation of the influence of the lupin alkaloid, gramine when
fed to rainbow trout (Oncorhynchus mykiss). Aquaculture 253, 512-522.
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than 100 mg/kg, but that its mode of action is primarily through an anti-palatability effect. It is
therefore considered unlikely that alkaloid effects would be observed in diets even with 50%
inclusion of kernel meals from Australian commercial L. luteus varieties.

9.1 Introduction

Itis well recognised in the aquaculture feeds industry that there is a need to reduce reliance on fish
meal in aquaculture feeds (Naylor et al., 1999). Increasing the actual or prospective utilisation
of other protein meals in diets for aquatic species, substantial risk reduction is achieved. The use
of plant protein meals as alternative protein resources has been well studied and many viable
options including soybean, glutens and lupin meals have been adopted industrially (Carter and
Hauler, 2000; Storebakken et al., 2000; Glencross et al., 2004). However, the introduction of
anti-nutritional factors and other biologically active compounds can accompany the use of plant
protein meals (Francis et al., 2001).

Anti-nutritional factors (ANF) can affect the utilisation of food by an animal through several
avenues, including the metabolic axis, nutrient digestibility or ingredient palatability (Refstie
etal., 1998, 1999; Glencross et al., 20033, b). Alkaloids are heterocyclic amino acid derivatives
produced by plants as a chemical defence mechanism. While alkaloids are found in most legume
species, they have traditionally been found in high concentrations in the seeds of plants from the
Lupinus genus (Petterson et al., 1997; Wasileswko and Buraczewska, 1999). Notably, a variety
of alkaloids are found in these seeds. In some varieties of the species Lupinus luteus a major
alkaloid component is gramine (Petterson, 2000). Feeding studies with kernel meals from the
seeds of L. luteus have shown good prospect for their use in aquaculture feeds because of their
high digestible protein content, although some deterioration in growth performance at high
inclusion levels has been noted (Glencross et al., 2004).

Consumption of gramine at toxic levels in mice has been noted to lead to psychotropic levels
of excitement and seizure. The mode of action for gramine as an ANF, or toxicity data on this
compound is limited. However mammalian effects include changes in tubules and glomeruli in
the kidney, ureter and bladder, endocrine changes in spleen weight, and biochemical changes
such as enzyme inhibition, induction via changes in blood or tissue levels of phosphatases
(TXCYAC, 1980), although no specific data is available for any fish species. Tolerance
concentrations to the inclusion of dietary gramine in other vertebrate species (rats, pigs and
poultry) have been determined at; about 300 mg/kg for rats, > 500mg/kg diet for pigs and about
650 mg/kg diet for poultry (Pastuszewska et al., 2001). The effects of concentrations as low as
250 mg/kg of L. angustifolius alkaloids have been reported in rats (Butler et al., 1996), although
concentrations of alkaloids from L. albus were only reported to have an adverse effect at 320
mg/kg (Zdunczyk et al., 1998).

The current Australian commercial L. luteus variety (Wodjil) has very low gramine concentration
compared to European varieties such as Teo. However, Wodjil has proven agronomically costly
to produce because of the high levels of insecticide use required to deal with substantial insect
infestation problems (Perry et al., 1998; Berlandiet and Sweetingham, 2003). There is evidence
that aphid infestation is directly related to the low inherent concentration of gramine (Risdall-
Smith et al., 2004). Higher alkaloid varieties of L. luteus, such as Teo, have better resistance to
insect infestation, but it is unclear whether the higher alkaloids will influence the usefulness of
the kernel meal as an aquaculture feed ingredient.

This study reports on the nutritional influence of gramine on the feed intake, growth, some
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biochemical parameters and tissue histology of rainbow trout, Oncorhynchus mykiss. This
was examined over a range of inclusion concentrations above and below naturally occurring
concentrations found in domesticated varieties of L. luteus.

9.2 Methods

9.2.1 Ingredients and diet preparation

Purified gramine was purchased (Aldrich catalogue No 1080 — 6, 99% purity). The gramine
was dissolved in methanol and was added to a methanol saturated cellulose slurry and the
mixture was thoroughly mixed. The solvent was removed in vaccuo and the gramine/cellulose
mixture was dried under vacuum. Cellulose was used as a carrier for the gramine allowing
for easy dispersion of the gramine in the individual diets. The gramine/cellulose mixture was
added to the experimental diets according to the formulations in Table 9.1. All ingredients were
ground such that they passed through a 600 um screen. All experiment diets were formulated
to be isonitrogenous (400 g/kg) and isoenergetic (19.5 MJ/kg) on a digestible nutrient basis.
Digestibility coefficient values for key ingredients were based on those reported earlier
(Glencross et al., 2005). Diets were processed by the addition of water (about 30% of mash dry
weight) to all ingredients while mixing to form a dough. This dough was subsequently screw-
pressed through a 3 mm diameter die using a pasta maker. The resultant moist pellets were then
oven dried at 70°C for approximately 24 h before being air-cooled, bagged and stored at -20°C.
The feed intake deterrent, sulfamerazine sodium was added to two diets, based on the reference
diet, at different levels to create a series of negative controls (Boujard and Le Gouvello, 1997).
Ingredient composition, diet formulations and diet composition are presented in Tables 9.1, 9.2
and 9.3 in that respective order.

9.2.2 Chemical analysis

All chemical analyses were contracted out to professional chemical analytical laboratories.
Respective samples of diet, faecal and whole-body samples were analysed for a variety of
analytes, depending on experiment, including dry matter, chromium, ash, fat, nitrogen,
phosphorus and gross energy content. Dry matter was calculated by gravimetric analysis
following oven drying at 105°C for 24 h. Chromium and phosphorus levels were determined
using Inductively Coupled Plasma — Atomic Emission Spectroscopy (ICP-AES) (McQuaker et
al., 1979). Protein levels were calculated from the determination of total nitrogen by Kjeldhal
digestion, based on N x 6.25. Crude fat content was determined gravimetrically following
extraction of the lipids according to the crude fat procedure (AOAC, 1990). Ash content was
determined gravimetrically following loss of mass after combustion of a sample in a muffle
furnace at 550°C for 12 h. Organic matter content was determined based on the difference
between dry matter content minus ash content. Gross energy was determined by adiabatic bomb
calorimetry. Concentrations of tri-iodothyronine (T,) and thyroxine (T,) were determined by a
competitive immunoassay method using chemiluminescence detection (Fisher, 1996). Gramine
concentrations were determined by extraction with trichloroacetic acid and then extracted from
the aqueous layer with methylene chloride. The gramine concentration was measured by gas
chromatography using a capillary column (HP1, 30 metres) and detected by a flame ionisation
detector (Harris and Wilson, 1988).
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9.2.3 Fish management

Forty-eight shallow-conical bottomed 250 L tanks, with flow-through freshwater (4 L/min, salinity
<1 PSU and 14.1 £+ 0.8°C, dissolved oxygen 9.7 + 0.3 mg/L; mean + SD, n=42), were each
stocked with 24, individually weighed, juvenile (9 month, 51.7 = 0.58 g; mean + SD) hatchery
reared rainbow trout (Pemberton Strain; Molony et al., 2004). Treatments were randomly assigned
in quadruplicate to the tank array. Photoperiod was maintained at 12L: 12D.

The fish were fed to apparent satiety once daily at about 0800 h for 42 days. Apparent satiety,
as determined by a loss in feeding activity, was reached after three feeding sessions overa 1 h
period. Uneaten feed was removed from each tank 1 h later and the uneaten portion dried and
weighed to allow the determination of daily feed intake based on correction factors for leaching
losses sustained over an equivalent period.

Fish were individually re-weighed after three and six weeks, with all fish within each tank used
to determine the average weight gain per tank and treatment. Five fish were taken as an initial
sample for composition analysis. At the end of the study three fish were taken from each tank
(4 replicates x 3 fish, per treatment) for whole body analysis. An additional three fish from each
tank were sampled for blood biochemistry, within 1 min of capture, by caudal tail vein puncture
using a 1 ml syringe fitted with at 20G needle. Growth was assessed as mean weight gain and
daily growth coefficient (DGC). DGC was calculated as (Kaushik, 1998):

U3 _\)\ Y3

9.2.4 Digestibility assessment

At the end of the trial faeces were collected using stripping techniques based on those reported
by Austreng (1978). Fish were netted from their respective tank, placed in a smaller aerated tank
containing AQI-S™ (AQI-S NZ Ltd, Lower Hutt, New Zealand) (0.02 mL/L) until they lost
consciousness. The faeces were then removed from the distal intestine using gentle abdominal
pressure. Care was maintained to ensure that the faeces were not contaminated by urine and
mucous. After removal of the faeces from the fish, the faecal sample was placed in a small
plastic vial on ice and later stored in a freezer at -20°C. Faeces were freeze dried prior to
analysis. Sufficient faecal sample for analysis could not be obtained from some treatments,
primarily because of low feed intake in some treatments.

Differences in the ratios of the parameters of protein or gross energy to chromium, in the feed
and faeces in each treatment were calculated to determine the apparent digestibility coefficient

(ADC;,) for each of the nutritional parameters examined in each diet based on the following
formula (Maynard and Loosli, 1969):

Crdiet x Parameter faeces
ADC,, =1-

Cr (e X Parameter

where Crg,, and Crg, .. represent the chromium content of the diet and faeces respectively,
and Parameter ., and Parameter,, . represent the nutritional parameter of concern (protein or
energy) content of the diet and faeces respectively.
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9.2.5 Tissue histology

Two fish from each tank (n = 2 x 4 per treatment) were euthanised with a sharp cranial blow
at week three of the study and fixed in 10% neutral buffered formalin. Incisions were made in
the fish’s abdominal wall to allow penetration of the formalin. Following preservation the fish
were dissected and samples of their liver, kidney, spleen, pyloric caeca and intestine were taken
for histological examination. The samples were embedded in paraffin, sectioned at 5 um and
stained with haematoxylin and eosin using standard techniques. A representative kidney section
was stained with Perls stain for iron, Ziehl-Neelson for lipofuscin and Masson Fontana for
melanin, using standard techniques.

The sample sections were examined for lesions. A digital image (Olympus DP11) at 200x
magnification was taken of each kidney sample and the density of melano-macrophage
centres and pigment deposits in the spleen were scored for each of the prints (1 = few to 4 =
abundant). Scoring was performed without access to the nutrition data, and repeated by three
independent readers.

9.2.6 Statistical analysis

All figures are mean + SE unless otherwise specified. Data were analysed for homogeneity of
variances using Cochrans test. Effects of diets were examined by ANOVA using the software
package Statistica (Statsoft®, Tulsa, OK, USA). Levels of significance were determined using
Tukeys HSD test, with critical limits being set at P < 0.05. Effects of inclusion level of gramine
on key performance parameters were examined by linear and non-linear regression modeling,
also using the software package Statistica. Variation between scorers for tissue histology was
examined using Friedman two-way ANOVA (Systat®, Richmond, CA, USA) and variation
between trials was compared using Kruskal-Wallis analysis of variance (Systat®).

9.3 Results

9.3.1 Influence of gramine on feed intake

One of the primary features noted with the increasing inclusion of gramine in the diet of the
rainbow trout was the deterioration of feed intake with levels above 100 mg/kg DM (Table
9.4). The negative controls (C1 and C2) also had significantly poorer feed intake over the
course of the experiment than the Reference diet (no gramine, no sulferamerazine, no lupin
diet) and several of the lower level gramine inclusion diets. Feed intake by fish fed the Wodjil
diet was equivalent to that of fish fed the reference diet. Feed intake by fish fed the Teo diet
was significantly less than that of fish fed the reference diet. Feed intake by fish fed diets that
had a blend of Wodjil and Teo also had significantly poorer feed intake, but not as low as that
observed with Teo alone.

Palatability responses to the gramine diets were rapid and observed within a matter of days
(Figure 9.1). No adaptation to the gramine levels was observed during the course of the
experiment as was noted by the relative feed intakes during the first and sixth weeks of the
experiment (Table 9.4).

9.3.2 Influence of gramine on feed digestibility

Digestibility assessment of complete diets showed that at low inclusion levels (< 500 mg/
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kg), that gramine did not influence the digestibility of nitrogen, energy or phosphorus (Table
9.5). Because of poor diet palatability sufficient faecal samples could not be obtained from the
treatments with gramine levels higher than 500 mg/kg.

Inclusion of the yellow lupin kernel meals (both Wodjil and Teo varieties) into the diet did not
significantly affect either the nitrogen or energy digestibility, but significantly increased the
digestibility of phosphorus in the diets compared to the reference diet (Table 9.5).

9.3.3 Influence of gramine on fish growth and feed utilisation

Growth of fish fed the experiment treatments was largely consistent with feed intake. No effect
on growth by the inclusion of gramine levels below 500 mg/kg levels was observed. From 500
mg/kg and above a dramatic decline in growth was noted (Table 9.4). This effect on growth
was consistent for both weight gain and DGC. A similar decline in growth was noted with both
of the negative controls (C1 and C2) (Table 9.4). Growth of fish fed the Wodjil diet was not
significantly different from that of the reference diet (Table 9.4). However, the inclusion of Teo
kernel meal significantly reduced growth. A blend of Teo and Wodjil resulted in growth mid-
way between that observed for the two discrete varieties (Table 9.4).

Survival of fish was significantly reduced at gramine inclusion levels above 1,000 mg/kg. Poorer
survival was also noted from the Teo treatment (Table 9.4). No other significant differences
among treatments were noted.

Feed conversion ratio (FCR) and feed conversion efficiency (FCE) were reflective of feed
intake and growth levels observed of each treatment. No significant differences between the
reference diet and all treatments up to and including 500 mg/kg were noted (Table 9.4). The
FCR continued to increase with increasing gramine level up to 1,500 mg/kg. The 10,000 mg/kg
treatment had negative growth and accordingly the fish had a negative FCR (Table 9.4).

The FCR of fish fed the Wodjil diet was not significantly different from that of the reference diet
(Table 9.4). However, the inclusion of Teo kernel meal resulted in a significantly poorer FCR
and FCE. A blend of Teo and Wodjil resulted in FCR/FCE mid-way between that observed for
the two discrete varieties (Table 9.4).

Nitrogen and energy retention by fish fed the treatments was also largely consistent with feed
intake. No effect on nitrogen retention by the inclusion of gramine below 1,000 mg/kg levels
was observed, however at 500 mg/kg a deterioration in the energy retention was noted relative
to that of the reference diet. From 1,000 mg/kg and above, deterioration in both nitrogen and
energy retention was noted (Table 9.4). A similar decline in energy retention was noted with
both of the negative controls (C1 and C2) (Table 9.4). Nitrogen and energy retention by fish
fed the Wodjil diet was not significantly different from that of the reference diet (Table 9.4).
However, the inclusion of Teo kernel meal significantly reduced retention efficiency of both
nitrogen and energy. A blend of Teo and Wodjil resulted in a significant reduction in energy
retention, but did not affect nitrogen retention (Table 9.4).

The concentrations (pmol/l) of the thyroid hormones tri-iodothyronine (T) and thyroxine
(T,) of fish fed the treatments was also largely consistent with feed intake (g/tank) (y ;=
0.0565x + 3.6343, R? = 0.8441 and y,,= 0.0368x + 1.6523, R? = 0.7634). No effect on either
T, or T, concentrations was noted with the inclusion of gramine below 500 mg/kg levels.
From 500 mg/kg and above, deterioration in T, concentrations were noted and above 1000
mg/kg a deterioration in T, concentrations was noted (Table 8.4). A similar decline in T;and
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T, concentrations was noted with the higher inclusion concentration of sulfamerazine sodium
in the negative controls (C2), but not at the lower inclusion concentration (C1) (Table 9.4).
T, concentrations from fish fed the Wodjil diet were significantly less than those from fish fed
the reference diet, but no effects on T, were noted (Table 9.4). However, the inclusion of Teo
kernel meal significantly reduced both T, and T, concentrations. A blend of Teo and Wodijil
resulted in a significant reduction in T, concentrations, but did not affect T, concentrations
(Table 9.4).

92.3.4 Influence of gramine on histology

The dark brown-black deposits did not stain for iron or lipofuscin but did stain strongly for
melanin. No lesions considered to represent significant changes in health status were detected
in the liver, kidney, spleen, pyloric caeca or intestine. Melano-macrophage centres (MMC)
are normally found in the kidney and are characterised as dark brown-black macrophage
aggregations of variable size and shape, however, large variations were observed in the density
of MMC in the haematopoetic tissue in the kidney samples. These were scored independently
and between reader scores were tested using Friedman two-way ANOVA. There was no
evidence of systematic variation between readers (P < 0.001, 2df, Friedman test statistic =
21.458). Variation in scores between treatments was significant for each reader (Reader 1,
P <0.001, 11 df, Kruskal Wallis test statistic=31.155; Reader 2, P < 0.0001, 11 df, Kruskal
Wallis test statistic=38.826; Reader 3, P = 0.056, 11 df, Kruskal Wallis test statistic=19.302)
(Table 9.6). The difference is driven by treatments 6 and 7, where all readers awarded
consistently high scores.

9.4 Discussion

Any compound feed for an animal is generally only as valuable as the sum of the value of
its ingredients. The key value in an ingredient such as lupin kernel meal is its protein and/or
energy content. However, for most animals the use of plant protein resources often introduces
problems associated with the inherent anti-nutritional content of these resources. Alkaloids have
been touted as a potential anti-nutritional problem with the use of lupin meals in aquaculture

diets, despite the previous lack of reliable data to confirm or refute this reputation (Francis et
al., 2001).

92.4.1 Influence of gramine on feed intake

Alkaloids are generally believed to exert their anti-nutritional effect through inhibition of
palatability at the lower inclusion concentrations, although other bioactive effects have been
suggested at higher inclusion concentrations. The findings from the present study confirm that
above a critical threshold, the alkaloid gramine does have a strong anti-palatability effect. The
effect is noted at a minimum gramine concentration of 500 mg/kg of diet, though not at 100 mg/
kg. A continuing strong anti-palatability response is noted at higher inclusion concentrations
and at the maximum gramine inclusion concentration examined in this study (10,000 mg/kg)
insufficient feed was consumed to even supply maintenance protein and energy demands. This
compares well with other species like rats, pigs and poultry (Pastuszewska et al., 2001), but
shows that fish are slightly more sensitive in their palatability of gramine than either pigs or
poultry at least, and possibly rats too.

In undomesticated varieties of other lupin species, such as L. angustifolius and L. cosentii, total
alkaloid concentrations exceeding 30,000 mg/kg have been reported (Petterson, 2000). However, in
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Australia, modern domesticated varieties of L. angustifolius are not made available for commercial
release if total alkaloid concentrations exceed 200 mg/kg (Gladstones, 1998; Perry et al., 1998).
This has largely negated alkaloid related problems being observed in animal feed industries, at least
from Australian grown lupins. It should be noted that the L. angustifolius (angustifoline, lupanine,
a-isolupanine and 13- hydroxy lupanine) and L. cosentii (epilupinine, epilupine-N-oxide and
multiflorine) species of lupin have a totally different alkaloid profile to L. luteus. However, no fish
feeding trials have been carried out using the alkaloids in L. angustifolius species.

92.4.2 Influence of gramine on feed digestibility

The observation that no effects on nitrogen, energy or phosphorus digestibility were seen at
the 500 mg gramine/kg diet inclusion concentration, relative to the reference diet suggests that
the alkaloid effect is not inhibiting the animal’s ability to absorb nutrients and energy from the
diet once it is ingested. Although not specifically related to the alkaloid effect, the inclusion
of the yellow lupin kernel meals (both Wodjil and Teo varieties) into the diet did improve the
digestibility of phosphorus in the diets compared to the reference diet and this has been noted
in other studies on the digestibility assessment of lupin kernel meals (Glencross and Hawkins,
2004; Glencross et al., 2005).

92.4.3 Influence of gramine on fish growth

Growth, as assessed using a range of parameters including weight gain, growth, nutrient and
energy retention, of fish fed the experiment treatments was largely consistent with feed intake.
Survival of fish was also significantly reduced at gramine inclusion levels above 1,000 mg/kg
and was believed to result from an inability of the fish to survive the experimental period with
such a low level of feed intake. Feed conversion ratio (FCR) and feed conversion efficiency
(FCE) were also reflective of feed intake and growth levels observed of each treatment.

That the levels of the plasma thyroid hormones tri-iodothyronine (T,) and thyroxine (T,) of fish
fed the treatments were also largely consistent with feed intake across all experiment treatments
suggests that the levels of these hormones are in response feed intake, not specifically the
gramine levels. However, the observation that the inclusion of the L. luteus kernel meals resulted
in a significant change in T, levels, with a certain degree of independence of the feed intake
levels, suggests that there may be another mechanism by which these meals are influencing the
levels of this hormone. This contrasts results from earlier work examining the use of L. luteus
kernel meal, where no significant alterations to the thyroid hormones were noted (Glencross et
al., 2004). However, in contrast to that study the present study used plasma rather than whole
blood samples and this may have had significant effects on the reliability of the assays being
used. The findings are also consistent with work by Burel et al. (1998), who observed changes in
thyroid hormone levels with the inclusion of L. albus kernel meal. Another study by Gomez et
al. (1997), using commercial pellets showed no relationship between plasma thyroid hormones
and feed intake (%BW), though did show positive a relationship against growth rate (SGR) in
rainbow trout, similar to that observed in the present study.

9.4.4 Influence of gramine on histology

Melano-macrophage centres are normally found in the liver and kidney of trout where they are
involved in trapping and removal of cellular debris and cellular toxicants as well as storage
of effete materials and recovery of iron (Agius, 1985; Agius and Roberts, 2003). In this trial
there was an increase in the density of MMC with high dietary levels of gramine. MMC
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increase in incidence with age, however, starvation, exposure to environmental contaminants
and pathological conditions resulting in cellular damage also increase the incidence of MMC
(Agius and Roberts, 1981; Wolke, 1992; Capps et al., 2004). The MMC in this trial were not
associated with haemosiderin or lipofuscin but did stain strongly for melanin. Nevertheless,
the density of MMC aggregations is a useful bioindicator of fish health (Blazer et al., 1987,
Capps et al., 2004). In the absence of any histological evidence for a toxic effect, it is likely
that the increased MMC densities observed in the fish fed high levels of gramine are associated
with starvation.

9.4.5 Conclusion

This study demonstrates that the lupin alkaloid gramine, can have a strong anti-nutritional
effect on fish, at certain critical inclusion levels. Although these inclusion levels exceed 100
mg/kg and are unlikely to be observed in diets even with 50% inclusion of kernel meals from
Australian commercial varieties of either L. luteus or L. angustifolius. It is hypothesised that
the primary mode of action of gramine is through an anti-palatability effect that has secondary
consequences for growth, nutrient utilisation, metabolic hormones and kidney histology.
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Tables and Figures

Table 9.1 Composition of the ingredients (all values are g/kg DM unless otherwise stated).

Nutrient aFish meal wbhperaetgst”aergh ¢Cellulose  9waodiil €Teo
Dry matter content (g/kg) 917 906 933 924 920
Crude protein 770 7 512 541
Crude fat 68 11 79 79
Ash 142 3 54 73
Crude fibre 0 10 660 33 35
Phosphorus 22 0 0 6 7
Organic matter 858 997 998 946 927
Gross energy (MJ/kg DM) 21.3 17.2 17.3 20.9 20.9
Alkaloids (mg/kg DM) 0 0 0 32 4087
Arginine 43 0 0 47 61
Histidine 25 0 0 14 14
Isoleucine 28 2 0 17 20
Leucine 55 0 0 35 43
Lysine 46 1 0 23 17
Methionine 21 0 0 4 3
Phenylalanine 29 0 0 18 21
Threonine 32 2 0 16 19
Valine 34 0 0 17 19

& Chilean Anchovy meal supplied by Skretting Australia, Cambridge, Tasmania, Australia.

b Supplied by Weston BioProducts, Henderson, Western Australia, Australia.
¢ Supplied by ICN Biomedical, Costa Mesa, CA, USA.

4 Supplied by Coorow Seed Cleaners Pty Ltd, Coorow, Western Australia, Australia. ¢ Supplied by Department of
Agriculture, South Perth, Western Australia, Australia.
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Table 9.5 Digestibility (%) of protein, energy and phosphorus from experimental diets.

Treatment ADC-Protein ADC-Energy ADC-Phosphorus
0 87.22 84.02 29.0@
100 86.72 86.02 27.82
500 88.02 86.82 3162
Wodijil 88.62 87.32 54.7°
Blend 87.22 84.02 51.6°
Pooled SEM 0.26 0.56 291

Table 9.6 Combined counts of scores (columns, 1=few, 4= abundant) awarded by three
independent readers to the number of melano-macrophage centres in kidneys of fish in
different treatments (rows, 1-12). Kidneys of eight fish were examined for each treatment
except for treatment 10 (=7 fish).

Scores
Treatment
1 2 3 4
5 5 14 5 0
3 8 0 6 !
5 4 7 8 S
6 0 4 15 5
7 0 7 9 8
8 8 1 5 0
9 10 1 2 1
10 8 10 3 0
1 5 8 10 1
12 8 7 8 1
45 -
E 40 B ",U\‘
< 35 -O-. o ‘
c Oiee- Orvn-- ... O’,»\ Qe \ c0--- 0
£ 30 o k
@ > o 100
o 500
< 20 - 1000
£ 15
= —_e— 10000
o 104
(¢D)
L 5
0

1 2 3 4 5 6 7 8 9
Day post initial weighing

Figure 9.1 Daily mean feed intake by tank, of each treatment, over the first nine days of the
experiment. Poorest feed intake was observed with the 10,000 mg/kg treatment,
which not significantly different from that of the 1,500 mg/kg treatment. The 500 mg/kg
treatment was significantly better than both the 1,500 and 10,000 mg/kg treatments, but
significantly poorer than the 100 mg/kg diet and the reference (0 mg/kg) treatments. No
significant differences were noted between the reference and 100 mg/kg treatments.
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energy utilisation efficiency by rainbow trout
(Oncorhynchus mykiss)?

Brett Glencross!#, Wayne Hawkins?4, David Evans'#, Neil Rutherford1#, Ken Dods®#,
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Abstract

This study examined the utilisation efficiencies of three diets when fed to rainbow trout in
a 28-day growth study. Fish of 96.4 + 1.7 g (mean + S.D.) were kept in freshwater at 13.9 +
0.2°C. Each of the diets was fed at one of three ration levels and an additional starved treatment
was also included. The diets differed by an increasing concentration of lupin (L. angustifolius
cv. Myallie) kernel meal (MKM) inclusion. Two lupin kernel meal inclusion levels of 15%
(MKM15%) and 30% (MKM30%) were studied. The diets were formulated to equivalent
digestible protein and energy specifications based on predetermined digestibility values for
each of the ingredients used. However, a significantly higher level of digestible energy of both
MKM diets was measured, as well as a significantly higher level of digestible phosphorus in
the MKM30% diet. There were no significant differences in digestible protein level among the
diets. No significant differences between the diets were observed with respect the utilisation
of dietary digestible energy. Over the full data range, the energy utilisation efficiency was
described by the linear equation of; y = 0.747x - 26.174, R? = 0.985. Efficiency of protein
utilisation over lower digestible protein intake levels was also linear (y = 0.599x - 0.142, R? =
0.905), but over the full range was better described by a non-linear function. The comparison
of the three diets in this study shows that the dietary inclusion of lupin kernel had no significant
effect on the gain of either protein or lipid energy relative to protein or lipid energy intake,
respectively. Protein energy use efficiency constants varied depending on the feed intake level,
but were not significantly affected by diet type. The efficiency of use of lipid energy for lipid
energy retention was also not affected by diet type. The findings of this study demonstrate
that the inclusion of lupin kernel meal does not affect the ability of rainbow trout to utilise the
dietary digestible protein and energy of diet in which it is included.

10.1 Introduction

Lupin (Lupinus spp.) meals have been shown to provide some potential as a useful feed
ingredient in fish diets and are being used in commercial diets in increasing quantities (Burel
et al., 1998; Glencross and Hawkins, 2004). There are traditionally three lupin species that
are commercially produced and used as feed ingredients. These are the European white lupin

@ Published as: Glencross, B.D., Hawkins, W.E., Evans, D., McCafferty, P., Dods, K., and Sipsas, S. 2007.
Evaluation of the influence of Lupinus angustifolius kernel meal on dietary nutrient and energy utilisation
efficiency by rainbow trout (Oncorhynchus mykiss). Aquaculture Nutrition 14, 129-138.
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(Lupinus albus), the Australian narrow-leafed lupin (Lupinus angustifolius) and the yellow
lupin (Lupinus luteus) (Gladstones, 1998; Petterson, 2000). Typically it is the kernel meals of
lupins that are being used in fish diets. This is supported by numerous reports on the nutritional
evaluation of each of the three lupin kernel meal varieties in aquaculture diets (De la Higuera
et al., 1988; Gomes et al., 1995; Burel et al., 2000; Farhangi and Carter, 2001; Glencross and
Hawkins, 2004; Glencross et al., 2004; Glencross et al., 2005).

However some problems with high inclusion levels of lupins in fish diets have been reported, with
minor aberrations in digestion, growth and metabolic processes (Burel et al., 1998; Farhangi and
Carter, 2001; Glencross et al., 2004). These have been attributed to a range of issues including some
possible anti-nutritional factors (Francis et al., 2001; Glencross et al., 2003; Glencross et al., 2006).
In other studies a decline in growth has been noted with progressive inclusion of lupin, although it
has been argued that this may be the result of variability in digestible or utilisation value of the diets
with increasing inclusion level of lupin (Farhangi and Carter, 2001; Glencross et al., 2004).

One way of resolving whether lupin use actually affects the utilisation value of diets is to
examine the protein and energy utilization values of a series of diets using a bio-energetic
approach (Cho and Kaushik, 1990; Kaushik and Medale, 1998). In this sense the efficiency
with which dietary protein and energy are used for growth with varying feed intake levels can
be used to discern the discrete nutritional value of a diet (Lupatsch et al., 2003). By comparing
several diets, the relative protein and energy utilisation efficiency among the diets can be used to
discern the discrete value of each diet and by inference its formulation variable. The advantage
of such an approach is that by comparing regressed utilisation values, effects of variable intake
or differences in digestible value of the diets can be countered and considerable experimental
power gained (Searcy-Bernal, 1995).

This study reports on the evaluation of the bio-energetic utilisation value of lupin (Lupinus
angustifolius) kernel meals when fed to rainbow trout, Oncorhynchus mykiss. The study compares
the effect of the inclusion of this ingredient in fish diets on the relative effects it creates on the
nutrient and energy utilisation efficiency of diets compared to a diet where fish meal is the sole
protein source. In particular it provides a succinct assessment of the hypothesis that fish can utilise
the protein content of some grain sources as effectively as they can use fishmeal protein, provided
diets are prepared on a digestible nutrient basis and are neither nutrient nor energy limiting.

10.2 Methods

10.2.1 Ingredients and diet preparation

Composition and source of all of the ingredients used is presented in Table 10.1. Lupin kernel meal
(Lupinus angustifolius, cv. Myallie) was obtained from commercial grain millers and ground to <
600um particle size. The remaining feed ingredients were obtained as detailed in Table 10.1.

All experiment diets were formulated to be isonitrogenous (400 g/kg) and isoenergetic (18.0
MJ/kg) on a digestible nutrient/energy basis. Digestibility coefficient values for key ingredients
were based on those reported earlier (Glencross et al., 2005a). Diets were processed by the
addition of water (about 30% of mash dry weight) to all ingredients while mixing to form
a dough, which was subsequently screw-pressed through a 4 mm diameter die using a pasta
maker. The resultant moist pellets were then oven dried at 70°C for approximately 24 h before
being air-cooled, bagged and stored at -20°C. Formulations and proximate composition for all
diets are presented in Table 10.2.
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10.2.2 Fish handling and faecal collection

Hatchery-reared rainbow trout (Oncorhynchus mykiss, Pemberton heat-tolerant strain, \Western
Australia; Molony et al., 2004) were transferred from grow-out ponds to experimental tanks
(250 L). Freshwater (salinity < 1 PSU; Dissolved oxygen 9.6 + 0.5 mg/L, mean = S.D.) of 13.9
1 0.2°C (mean = S.D.) at a flow rate of about 4 1/min was supplied to each of the tanks. Each of
the tanks were stocked with 20 trout of 96.4 £ 1.7 g (mean + S.D.; n = 240). Photoperiod was
maintained at 12:12 (light:dark). Treatments were randomly assigned amongst 30 tanks, with
each treatment having three replicates. For all weight assessments the fish were netted from
their respective tank, placed in a smaller aerated tank containing isoeugenol (0.002 mL/L) until
they lost consciousness.

The fish were fed to four levels of feed intake ranging from a starved treatment to apparent
satiety and two intermediary feed levels, once daily at 0800h for 28 days. Apparent satiety was
determined by a loss in feeding activity, this was reached after three feeding sessions over a
one-hour period. Any uneaten feed was removed from each tank one hour later and the uneaten
portion dried and weighed to allow the determination of daily feed intake based on correction
factors for leaching losses sustained over an equivalent period (Helland et al., 1996).

Fish were individually re-weighed after four weeks, with all fish within each tank used to
determine the average weight gain/loss per tank and treatment (Table 10.3). Five fish were
taken as an initial sample for composition analysis. At the end of the study three fish were taken
from each tank for whole body analysis. Growth was assessed as mean weight gain and thermal
growth coefficient (TGC). TGC was calculated as (Kaushik, 1998):

U3 _\\t3
TGC=— (e wie) %100
time xmean temperature

Faeces were also collected at the end of the study following their final weighing, from the satietal
fed treatments. The stripping techniques used were based on those reported by Austreng (1978).
The faeces were then removed from the distal intestine using gentle abdominal pressure. Care
was maintained to ensure that the faeces were not contaminated by urine and mucous. After
removal of the faeces from the fish, the faecal sample was placed in a small plastic vial on ice
and later stored in a freezer at -20°C. Faecal samples kept frozen at -20°C before being freeze-
dried in preparation for analysis.

10.2.3 Chemical and digestibility analysis

All chemical analyses were carried out by NATA (National Association of Testing Authorities)
accredited analytical service providers (Chemistry Centre (WA), East Perth, WA, Australia).
Diet and faecal samples were analysed for dry matter, ytterbium, phosphorus, nitrogen and
gross energy content. Dry matter was calculated by gravimetric analysis following oven drying
at 105°C for 24 h. Total ytterbium and phosphorus concentrations were determined after mixed
acid digestion using inductively coupled plasma atomic emission spectrophotometry (ICP-
AES) based on the method described by Hillebrand et al. (1953). Protein levels were calculated
from the determination of total nitrogen by LECO analyser Dumas method, based on N x 6.25.
Crude fat content of the diets was determined gravimetrically following extraction of the lipids
according to the Soxhlet method. Gross ash content was determined gravimetrically following
loss of mass after combustion of a sample in a muffle furnace at 550°C for 12 h. Gross energy was
determined by adiabatic bomb calorimetry. Given that the protein, fat and energy values from
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the same samples were determined (n=30) it was decided to determine the energy equivalents
for protein and fat directly from the composition of the fish tissues (Lupatsch et al., 2003).
These energy equivalents were determined derived from multiple regression based on:

Energy gain (kJ) = a x protein gain (g) + b x lipid gain (g)

Using multiple regression methods the energy equivalents were determined as: for protein
20.91 £ 3.75 kJ/g and for lipid 36.33 + 2.98 kJ/g (mean = S.D.). These values were used in
determining the energy partitioning value associated with the gain of each nutrient type.

Differences in the ratios of the parameters of dry matter, protein or gross energy to ytterbium,
in the feed and faeces in each treatment were calculated to determine the apparent digestibility
coefficient (ADC ) for each of the nutritional parameters examined in each diet based on the
following formula (Maynard and Loosli, 1979):

Yh,, x Parameter; ...
ADC,, =1-

YD, X Parameter, ,

faeces

where Ybg,, and Yb,, .. represent the ytterbium content of the diet and faeces respectively,
and Parameter ;. and Parameter, . represent the nutritional parameter of concern (dry matter,
protein or energy) content of the diet and faeces respectively. Digestible nutrient and energy
values for each diet are presented in Table 10.2.

10.2.4 Protein and energy retention

Protein (N) and Energy (E) retention were determined based on the mass gain in both N and E
over the course of each block, against the respective consumption of N and E. Both values were
calculated according to the following formula (Maynard and Loosli, 1969):

. . Nt — Ni
Nitrogen Retention = N x 100
c

Where Nt is the nitrogen content of the fish in a specific replicate at time t and Ni is the initial
nitrogen content of the fish from the beginning of the study (n=3 replicates of 3 representative
fish). Nc is the amount of nitrogen consumed by the fish from the time of initial assessment to time
t. Determination of Energy retention was achieved the same way, but with the substitution of the
relevant energy criteria where the corresponding nitrogen criteria are indicated in the equation. In
this study these values are determined based on gross nitrogen and energy intake only.

To provide some independence of size effects, modeling of the protein and energy retention
efficiency data was done with respect to known energy and protein body-weight exponents for
rainbow trout of x°8 and x°7 respectively (Cho and Kaushik, 1990).

10.2.5 Statistical analysis

All figures are mean + SE unless otherwise specified. Effects of diets and ration levels were
examined by MANOVA using the software package Statistica (Statsoft®, Tulsa, OA, USA).
Levels of significance were determined using Fishers LSD test for planned comparisons,
with critical limits being set at P < 0.05. Multiple regression analysis to determine energy
equivalents was also done using Statistica. Regression figures presented were constructed
using Microsoft Excel.
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10.3 Results

10.3.1 Diet digestibility

Significant differences between the digestibilities of the reference and MKM diets were
determined. A significantly higher level of digestible energy of both MKM diets was measured,
as well as a significantly higher level of phosphorus digestibility in the MKM30% diet, but
not total digestible phosphorus, which was maintained at around 10 g/kg DM in all three diets.
There were no significant differences in digestible protein level among the diets (Table 10.2).

10.3.2 Energy utilisation

Efficiency of energy utilisation over lower digestible energy intake levels was linear (R% =
0.9849), but over the full range was better described by a non-linear function (R? = 0.9894).
No significant differences between the diets were observed with respect the utilisation of
dietary digestible energy (Figure 10.1). Over the full data range and for all treatments the
energy utilisation efficiency was described by the linear equation of: y = 0.7473x - 26.174,
R2 = 0.9849. There were no significant differences among the diets in the energy utilisation
efficiency determined over this data range. However, over the lower linear range the energy
utilisation efficiency was described by the linear equation of: y = 0.8828x - 36.098, R? = 0.9589.
The quadratic function to describe the relationship over the full data range was: y = -0.0007x2
+0.9961x - 39.296, R? = 0.9894. There were no significant differences among the diets in the
energy utilisation efficiency determined over this data range. Maintenance digestible energy
intake for each diet was calculated using linear regression between the starved and lowest feed
ration treatment, as being at 40.9 = 0.57 kJ/ kg®®8/d and did not differ significantly among the
diets (range 40.5 to 41.9 kJ/kg®8/d).

10.3.3 Protein utilisation

Efficiency of protein utilisation over lower digestible protein intake levels was linear, but over
the full range was better described by a non-linear function. Over the full data range the protein
utilisation efficiency was described by the quadratic equation of: y = -0.0351x? + 0.6946X -
0.1889, R?=0.9815. The linear equation over the same range was: y = 0.4661x + 0.0422, R? =
0.9724. Over the lower range of protein intake the protein utilisation efficiency was described
by the linear equation of: y = 0.5994x - 0.1422, R?=0.9051. No significant differences between
the diets were observed with respect the utilisation of dietary digestible protein (Figure 10.2).
Maintenance digestible protein intake for each diet was calculated using linear regression
between the starved and lowest feed ration treatment, as being at 0.30 + 0.012 g/ kg®7/d and did
not differ significantly among the diets (range 0.27 to 0.34 g/kg®/d).

10.3.4 Phosphorus utilisation

Without ascribed values for exponents of phosphorus metabolism an exponent of 1 was used.
Efficiency of phosphorus utilisation over lower digestible phosphorus intake levels was linear,
but over the full range was better described by a quadratic function. Significant differences
between the diets were observed with respect the utilisation of dietary digestible phosphorus,
but only at the highest feed intake levels, with diet MKM15% having significantly better
phosphorus gain at the highest ration levels (Figure 10.3). Over the lower linear range the
phosphorus utilisation efficiency was described by the linear equation of: y = 0.5724x - 0.0069,
R? = 0.937. Maintenance digestible phosphorus intake for each diet, when calculated using
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linear regression between the starved and lowest feed ration treatment, showed a significant
difference in maintenance digestible phosphorus intake between the MKM30% diet (0.0096
ng/kg/d) and the other two diets (Fishmeal reference: 0.0137 pg/kg/d and MKM15%: 0.0141
ng/kg/d). However, based on the fitted quadratic functions there were no significant differences
in maintenance digestible phosphorus intake levels among the diets.

10.3.5 Energy expenditure for deposition of protein and lipid

Because energy retention consists almost exclusively of protein or lipid deposition, the efficiency of
protein and lipid gain can be considered separately using multiple regression analysis as described
first by Kielanowski (1965) and more recently by Lupatsch et al. (2003). Based on either protein
and lipid gain (kJ/kg®€° /day respectively), expressed relative to the digestible energy intake for
each diet, at each ration level (Figure 10.4 and Figure 10.5 respectively), the energy partitioning
value of each diet can be determined. The comparison of the three diets in this study shows that
the inclusion of lupin kernel made no significant effect on the gain of either protein or lipid relative
to digestible energy intake. However, it was observed that the function of the relationship between
protein energy gain and protein energy intake, and fat energy gain and fat energy intake differed.
In contrast to all of the other energy intake based relationships examined in this study, fat energy
gain responded linearly over the entire digestible energy intake range, whereas protein gain was
curvilinear (fitted as a quadratic function) relative to digestible energy intake.

The efficiency of use of protein energy for protein energy retention was consistent with the
protein intake and protein deposition relationship in that it too was not a linear relationship over
the full range examined in this study (Figure 10.4). To determine the constants of efficiency
of use of digestible protein energy for protein energy gain, linear regression was used at either
extremes of the range of the data. Protein energy use efficiency constants (1/ k;,), for each of
the diets, at the lower protein energy intake level ranged between 1.56 (k, = 0.64) and 1.59
(kp = 0.63) and at the upper protein energy intake level ranged between 2.15 (k, = 0.46) and
2.30 (kp = 0.44).

The efficiency of use of lipid energy for lipid energy retention was a linear relationship over
the full range examined in this study (Figure 10.5). Linear regression was used to determine
the constants of efficiency of use of dietary lipid energy for lipid energy gain. Lipid energy
use efficiency constants (1/ k| ) for each of the diets ranged between 0.83 (k_ = 1.20) and 0.86
(k, =1.16).

10.4 Discussion

This comparison of the utilisation efficiencies of key nutrients and energy from diets with
varying levels of lupin kernel meal provides sound evidence of the nutritional value of this
ingredient as a dietary ingredient for salmonids. The effects seen, by the inclusion of the lupin
kernel meal, show that this ingredient does not have any negative impacts on key nutrient or
energy utilisation by this animal. This work shows that provided nutrient and energy intake
effects are considered on a digestible basis, then the utilisation of the protein and energy from a
grain protein resource, like lupin kernel meal, is no poorer than that obtained from fish meal.

10.4.1 Effects of lupin meal on digestible value of diets

Despite all three diets being formulated to provide the same digestible protein and energy
characteristics, a significantly higher digestible energy content of the two lupin kernel meal
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(MKM) diets was measured. This observation provides some indication of the non-additive
effects of formulating with grain protein meals, in this case a positive benefit. Reasons for
this discrepancy are not clear, but perhaps indicate improved utilisation of other dietary
components, such as lipids, by fish when fed diets containing lupins meals. This is consistent
with observations by other workers studying the application of lupin kernel meals in salmonid
diets (Refstie, Pers. Comm.).

The improved phosphorus digestibility of the diet with the highest lupin kernel meal inclusion is
consistent with what has been observed from the application of lupin kernel meals in salmonid
diets from other studies (Burel et al., 1998; Glencross et al., 2005).

10.4.2 Effects of lupin kernel meal on energy utilisation

The use of plant protein products in aquaculture diets is generally limited by the densities
of digestible protein and energy in the products. In the present study it is demonstrated that
lupin kernel meal can be easily included in diets at up to 30% inclusion without detriment to
the diets performance. The efficiency of energy utilisation (i.e. the ratio of energy gain as a
function of DE intake) is consistent among each of the treatments k. = 0.74. Minor, but non-
significant differences in maintenance energy demands were observed among the different diets.
This energy efficiency is substantially higher than that observed in other studies on rainbow
trout, where the utilisation of DE for gain (kg) was 0.61 regardless of feeding level as well as
temperature (Azevedo et al., 1998) or k. = 0.68 in another study (Rodehutscord and Pfeffer,
1999). This higher energy utilisation efficiency difference is suggested to be a genetic effect,
with faster growth noted previously being from the Pemberton strain of rainbow trout compared
to other rainbow trout strains (Glencross et al., 2002; Molony et al., 2004). In particular, from
the present study it was also noted that the growth rates (thermal growth units; Table 10.3) of
the fish in this study were substantially higher than those of the study by Azevedo et al. (1998),
despite being run within the temperature range covered by their study, although with much
larger fish.

At the upper levels of energy intake in the present study, marginal departure from linearity was
observed in the relationship between energy gain and energy intake. This contrasts much of that
reported by other workers (Azevedo et al., 1998; Rodehutscord and Pfeffer, 1999). Notably, the
feed intake levels and growth achieved are much greater it the present study and this difference
may be a contributing factor to this effect. However the effect is consistent with presented data
for Sparus aurata, which also clearly shows a declining efficiency in energy retention with
higher energy intake levels (Lupatsch et al., 2003).

The energy retention as protein and lipid retention was estimated based on their determined
energy equivalents. These energy equivalents are slightly lower than those reported by Lupatsch
et al. (2003), but consistent with data that shows that fish protein levels estimated as N x 6.25
are in fact overestimates and would be more accurately reflected by N x 6.0 (Petterson et al.,
1999). The calculated energy cost as DE (kJ) for each nutrient from each diet was very similar
supporting further that protein from grain protein sources is not used less efficiently than that
of fishmeal protein. The protein utilisation efficiency values (1 / k) determined in the present
study ranged from = 1.56 to 1.59 kJ per kJ of protein energy deposited. This was marginally
more efficient than that determined by Lupatsch et al. (2003) for three marine fish species
(Sparus aurata, Dicentrarchus labrax and Epinephelus aeneus: range 1.79 to 1.90) and in
carp (Cyprius carpio) at 1.78 (Schwarz and Kirchgenner, 1995). The energy cost (1 / k) for
lipid gain was lower throughout and ranged from 0.83 to 0.86 kJ per kJ of lipid deposited.
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This was substantially lower than that reported by Lupatsch et al. (2003) for the same three
marine species. In carp the efficiency was estimated at 1.39 (Schwarz and Kirchgenner, 1995),
demonstrating that lipid accumulation from lipid energy intake was more efficient in rainbow
trout. Indeed, the values below one suggesting that lipid synthesis is being actively achieved
from other substrates.

In the present study differences in protein and lipid deposition together with differences between
Ko and k, values lead to a changing contribution to the overall energy efficiency k.. Although
Lupatsch et al. (2003) anticipated that this might be the case; they did not report this in any of
the three species they studied.

10.4.3 Effects of lupin kernel meal on protein utilisation

Utilisation of dietary protein by the fish in the present study differs from that of other studies
in that the relationship between protein intake and protein gain is curvilinear, whereas in other
studies it has been linear over the full range studied (Lupatsch et al., 2001). The primary feature
of the relationship in the present study that might explain this difference in linearity is that in
the present study the feed intake and therefore protein intake by the fish is substantially higher.
Over the protein intake range studied by Lupatsch et al. (2001), the relationship is also linear,
with a deterioration in efficiency only seen above a protein intake of 2 g/ kg%’ /d. That the
protein utilisation efficiency did not differ between diets at any part of the protein intake range
supports that lupin protein is being used as effectively as fishmeal protein in supporting growth
of the trout. In the linear range of the relationship, the determined protein utilisation efficiency
of 0.60 from the present study is marginally higher than the value of 0.52 reported by Lupatsch
et al. (2001) for Dicentrarchus labrax.

The responses seen between digestible protein intake and protein gain are also consistent with
the protein energy use by the fish in this study. As with utilisation of digestible protein by the
fish, the relationship between protein energy intake and protein energy gain is also curvilinear.
This is also somewhat consistent with some of the observations by other workers on Sparus
aurata but not Dicentrarchus labrax and Epinephelus aeneus (Lupatsch et al., 2003). In that
study Sparus aurata also showed curvilinear relationship between protein energy intake and
protein energy accretion. Generally the use of protein from the diets in the present study is
consistent with what is known from vertebrates, that the synthesis of protein is less efficient than
the synthesis of lipids (Klein and Hoffmann, 1989; Lupatsch et al., 2003). It has been suggested
that in growing fish that the protein turnover exceeding protein synthesis is the main reason
for a relatively low energy efficiency for protein deposition (Meyer-Burgdorff and Rosenow,
1995). This would be consistent with comparative observations on net protein turnover in the
gastrointestinal tract of pigs, poultry and fish (Simon, 2002).

10.4.4 Effects of lupin kernel meal on phosphorus utilisation

The assessment of the utilisation of phosphorus in this format has little to compare with in
other published studies. The relationship was not as well defined as that of protein or energy,
perhaps being more subject to error in assessment because of its inherent low levels in both
the feeds and fish. Irrespective, no significant differences were observed in the efficiency of
phosphorus use at the lower levels of phosphorus intake. Interestingly, at the higher intake
levels a significant improvement in phosphorus retention was noted from the MKM15% diet,
but not the MKM30% diet.

It would be of value to revisit this assessment once the exponent of phosphorus metabolism has
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been identified. In the present study an exponent of 1.0 has been assumed, in contrast to 0.7 for
protein metabolism and 0.8 for energy metabolism.

10.4.5 Conclusions

The results from this study show that provided diets are formulated on a digestible nutrient
and energy basis, then the inclusion of lupin kernel meal in a diet for rainbow trout does not
negatively affect the ability of the animal to utilise nutrients or energy from that diet. This is an
important finding which demonstrates a sound ability of these animals to utilise plant protein
resources as effective ingredients to an equivalent capacity as is achieved from animal protein
resources such as fish meals.
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Tables and Figures

Table 10.1 Nutrient composition of the ingredients used in the studies (all values are g/kg DM
unless otherwise indicated).

bPregelled
Nutrient aFish meal aFish oil wheat cCellulose d MKM
starch

Dry matter content (g/kg) 917 990 906 933 908
Crude protein 770 0 7 3 466
Crude fat 68 970 11 2 83
Ash 142 20 3 2 34
Phosphorus 22 0 0 0 6
Crude Fibre 11 0 2 762 37
Gross energy (MJ/kg DM) 21.3 21.3 17.2 17.3 20.7
Arginine 43 - 0 0 42
Histidine 25 - 0 0 9
Isoleucine 28 - 2 0 15
Leucine 55 - 0 0 26
Lysine 46 - 1 0 11
Methionine 21 - 0 0 2
Phenylalanine 29 - 0 0 14
Threonine 32 - 2 0 14
Valine 34 - 0 0 14

@ Supplied by Skretting Australia, Cambridge, Tasmania, Australia.

b Supplied by Weston BioProducts, Henderson, Western Australia, Australia.

¢ Supplied by ICN Biomedical, Costa Mesa, CA, USA.

4 MKM: L. angustifolius (cv. Myallie) kernel meal supplied by Coorow Seed Cleaners, Coorow, Western Australia,

Australia
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Table 10.2 Formulations and composition of the experiment diets.

Reference MKM-15% MKM-30%

Ingredient (g/kg)
Ytterbium oxide 1 1 1
Pre-mix vitamins” 5 5 5
Cellulose 151 94 37
Pregelled starch 50 50 50
Fish oll 144 149 154
Fish meal 649 551 453
L. angustifolius kernel meal 0 150 300
Composition as Determined (g/kg DM)
Dry matter content (g/kg) 952 947 947
Crude protein 483 479 476
Digestible protein 434 +0.92 433+ 2.12 427 £0.92
Crude fat 210 215 231
Ash 109 98 89
Phosphorus 20 18 18
Crude Fibre 82 30 41
Gross energy (MJ/kg DM) 23.6 23.9 24.5
Digestible Energy (MJ/kg DM) 17.6 £0.232 18.5 + 0.22b 18.4 + 0.31P
Arginine 32 33 33
Histidine 11 10 10
Isoleucine 19 18 17
Leucine 32 31 29
Lysine 34 31 28
Methionine 12 10 9
Phenylalanine 17 16 15
Threonine 17 16 15

Valine 5 5 5

* Vitamin and mineral premix sourced from Aventis Animal Nutrition, Goodna, Queensland, Australia: includes
(1U/kg or g/kg of premix): Vitamin A, 2.5MIU; Vitamin D3, 0.25 MIU; Vitamin E, 16.7 g; Vitamin K,3, 1.7 g;
Vitamin B1, 2.5 g; Vitamin B2, 4.2 g; Vitamin B3, 25 g; Vitamin B5, 8.3; Vitamin B6, 2.0 g; Vitamin B9, 0.8;
Vitamin B12, 0.005 g; Biotin, 0.17 g; Vitamin C, 75 g; Choline, 166.7 g; Inositol, 58.3 g; Ethoxyquin, 20.8 g;

Copper, 2.5 g; Ferrous iron, 10.0 g; Magnesium, 16.6 g; Manganese, 15.0 g; Zinc, 25.0 g.

Different superscripts, where applicable, indicate significant differences at P < 0.05.
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Figure 10.1 Energy gain with varying levels of digestible energy intake for each treatment.
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Figure 10.2 Protein gain with varying levels of digestible protein intake for each treatment.
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11.0 Assessing the implications of variability in the
digestible protein and energy value of lupin kernel
meals when fed to rainbow trout, Oncorhynchus
myKiss®

Brett Glencross!2

1 Department of Fisheries - Research Division, PO Box 20, North Beach, WA 6020, Australia.
2 Centre for Legumes in Mediterranean Agriculture (CLIMA), Aquaculture Feed Grains Program, University
of Western Australia, Crawley, WA 6909, Australia.

Abstract

A series of studies were designed to examine the degree of variability in the digestibility of
protein and energy from lupin (Lupinus angustifolius) kernel meals when fed to rainbow trout
(Oncorhynchus mykiss) and the potential implications of this variability. The digestibility of
protein and energy from 10 different varieties of lupin kernel meal was assessed using the diet-
replacement ingredient assessment method, where the test ingredient comprised 30% of each
test diet. Digesta was collected using faecal stripping techniques. From these initial digestibility
studies significant differences in protein and energy digestibilities were determined from
different lupin kernel meal samples. Digestible protein value ranged from 331 to 508 g/kg DM
and digestible energy values ranged from 10.6 to 13.3 MJ/kg DM. To examine the implications
of variability in digestible protein and energy value, two lupin kernel meals from the extremes
of the protein digestibility range (Lupin-1: AD ~70% and Lupin-2: AD ~100%) were chosen
for assessment in two growth studies. Soybean meal and a reference diet with fishmeal as the
only protein source were also included in the study. In the first growth experiment the test
ingredients were included at equal concentrations (40%) in protein-limiting diets (350 g protein/
kg DM) and fed at either of two ration levels (restricted and satiety). Diets were formulated on
a crude-basis so as to place the test variable on the variability in digestible protein value of the
diets. In the restricted-fed treatments growth of fish fed the reference diet was highest, but not
significantly better than lupin-H. Growth of fish fed the lupin-L diet was significantly poorer
than both the reference and lupin-H diets. In the satietal fed fish the soybean diet had poorer
growth than all other treatments, but also had the poorest feed intake. Growth of fish fed the
lupin-L diet was significantly poorer than both the reference and lupin-2 diets, but not poorer
than the soybean diet. The growth responses observed from this experiment clearly showed that
the differences in feed intake and/or digestible protein value could be demonstrated in terms
of significant differences in growth outcomes. In a second growth study high-nutrient dense
extruded diets (400 g protein/kg and 23.5 MJ/kg) were prepared with a more practical level of
25% inclusion of the same test materials. Again the diets were formulated on crude basis so as
to place the test variable on the variability in digestible protein and energy value of the diets.
Growth of fish restrictively fed the lupin-H diet was highest, but not significantly better than
the soybean, reference or lupin-L treatments. Growth of fish satietal fed the soybean diet was
significantly poorer than the reference and lupin-H diets, but not the reference of or lupin-L
diet. The reference diet had poorer growth than all other treatments, but the soybean diet had
the poorest feed intake, while the reference diet had the greatest intake. The growth responses
observed from this experiment showed that the differences in digestible protein and energy

@ Published as: Glencross, B.D., Hawkins, W.E., Evans, D., Rutherford, N., McCafferty, P., Dods, K., and Sipsas,
S. 2008. Assessing the implications of variability in the digestible protein and energy value of lupin kernel meals
when fed to rainbow trout, Oncorhynchus mykiss. Aquaculture IN PRESS.
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value could not be demonstrated in terms of significant differences in growth outcomes, and
that feed intake variability and excess nutrient supply masked the effect of this variability;
particularly at the satietal feed intake levels.

11.1 Introduction

Lupin (Lupinus spp.) meals have been shown to provide some potential as a useful feed ingredient
in fish diets and are being used in commercial diets in increasing quantities (De La Higuera
et al., 1988; Burel et al., 1998). The Australian narrow-leafed lupin (Lupinus angustifolius)
dominates world production and lupin use in aquaculture diets worldwide (Glencross and
Hawkins, 2004; Glencross et al., 2004a). Typically it is the kernel meals of lupins that are
being used in aquaculture diets because of their greater nutritional value than whole-seed meals
(Glencross et al., 2007c).

However problems with high (> 30%) inclusion levels of lupins in fish diets have been reported,
including minor aberrations in digestion, growth and metabolic processes (Burel et al., 1998;
Farhangi and Carter, 2001; Glencross et al., 2004b). These have been attributed to a range
of issues including some possible anti-nutritional factors (Francis et al., 2001; Glencross et
al., 2003b; Glencross et al., 2006). In other studies a decline in growth has been noted with
progressive inclusion of lupin, although it has been argued that this may be the result of variability
in digestible or utilisation value of the diets with increasing inclusion level of lupin (Farhangi
and Carter, 2001; Glencross et al., 2004b). However, it has been argued that digestible energy
or protein measurement of lupins is not necessarily an adequate descriptor for quality of this
grain and that there is a need to assessment of animal growth responses to varying inclusion or
intake levels (van Barneveld et al. 1996).

The issue of variability in nutritional value can be resolved by using a pair-fed restricted
feeding approach to limit intake variability and thereby place the experimental pressure on the
nutritional composition of the diet, rather than the sum this nutritional value and feed intake
effects. This experimental pressure can be further enhanced by using protein-limiting diets to
ensure that the diet protein content becomes a more sensitive test variable (Glencross et al.,
2003c; Glencross et al., 2007a).

Another way of resolving whether lupin use actually affects the utilisation value of diets is
to examine the protein and energy utilisation values of a series of diets using a bio-energetic
approach (Cho and Kaushik, 1990; Kaushik and Medale, 1998; Glencross et al., 2007b). In this
sense the efficiency with which dietary protein and energy are used for growth with varying
feed intake levels can be used to discern the discrete nutritional value of a diet (Lupatsch et
al., 2003; Glencross et al., 2007b). By comparing several diets, the relative protein and energy
utilisation efficiency among the diets can be used to discern the discrete value of each diet and
by inference its formulation variable. The advantage of such an approach is that by comparing
regressed utilisation values, effects of variable intake or differences in digestible value of the
diets can also be countered and considerable experimental power gained.

This study reports on the evaluation of the variability in the digestibility of a range of lupin
kernel meals. The influence that this variability has on the overall nutritional value of the diets
fed to rainbow trout, Oncorhynchus mykiss is then assessed in two separate experiments. Both
protein-limiting and commercially equivalent diets were used to examine and the effects of the
variability in digestible value of the lupin kernel meals.
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11.2 Methods

11.2.1 Raw materials

Ten samples of whole-seed L. angustifolius cultivars were obtained from the West Australian
Department of Agriculture lupin breeding program at the Wongan Hills Research Station from
the 2003 crop-season. The seed from each of the ten cultivars obtained was processed to produce
kernel meals from each cultivar. For processing the seed was graded according to seed size
using round-holed 7mm, 6mm and 5mm sieves and each segregation, of each variety, separately
split using a disc-mill dehulling unit (Department of Agriculture, South Perth, WA, Australia).
The split (dehulled) segregation of each variety was then pooled prior to aspiration (air stream
mediated density classification) to remove the hulls from the kernels. Any remaining seed hull
fragments were manually removed to ensure a 100% pure preparation of seed kernels of each
variety. The kernels were then rotor-milled (Retsch, Haan, Germany) through a 750 um screen.
The composition of all experimental diets is also presented in Table 11.1.

11.2.2 Chemical analyses

All chemical analyses were carried out by independent, NATA (National Association of Testing
Authorities) accredited analytical service providers (Chemistry Centre (WA), East Perth, WA,
Australia). Diet and faecal samples were analysed for dry matter, yttrium, ash, phosphorus, nitrogen
and gross energy content. Dry matter was calculated by gravimetric analysis following oven drying
at 105°C for 24 h. Total yttrium and phosphorus concentrations were determined after mixed acid
digestion using inductively coupled plasma atomic emission spectrophotometry (ICP-AES) based
on the method described by (McQuaker et al., 1979). Protein levels were calculated from the
determination of total nitrogen by Leco auto-analyser, based on N x 6.25. Amino acid analysis
involved the samples being hydrolysed at 110°C for 24hr in 6M HCI with 0.05% Phenol. Cysteine
and cystine are derivatized during hydrolysis by the addition of 0.05% 3,3 -dithiodipropoinic acid.
The acid hydrolysis destroyed tryptophan making it unable to be determined. Separation was by
HPLC on a Hypersil AA-ODS 5um column using an 1100 series Hewlett Packard HPLC system.
Crude fat content of the diets was determined gravimetrically following extraction of the lipids
according to the method of Folch et al. (1957). Gross ash content was determined gravimetrically
following loss of mass after combustion of a sample in a muffle furnace at 550°C for 12 h. Gross
energy was determined by adiabatic bomb calorimetry.

11.2.3 Experiment 1 - Ingredient digestibility assessment
11.2.3.1 Ingredient and diet preparation

The experiment design was based on a diet formulation strategy that allowed for the diet-
substitution digestibility method to be used (Aksnes et al., 1996). For this, a basal diet was
formulated and prepared to include approximately 500 g/kg DM protein, 210 g/kg DM fat
and an inert marker (yttrium oxide at 1 g/kg) (Table 11.2). A basal mash was prepared and
thoroughly mixed, forming the basis for all experimental diets in this study. The ingredient
of study for each test diet was added at 30% inclusion to a sub-sample of the basal mash (see
Table 11.2). Diets were processed by the addition of water (about 30% of mash dry weight) to
the mash whilst mixing to form a dough, which was subsequently screw pressed using a pasta
maker through a 4 mm diameter die. The resultant moist pellets were then oven dried at 70°C
for approximately 12 h and then allowed to cool to ambient temperature in the oven. The basal
diet was prepared in a similar manner, but without the addition of any test ingredient.
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11.2.3.2 Fish handling and faecal collection

Hatchery-reared rainbow trout (Oncorhynchus mykiss, Pemberton heat-tolerant strain, \Western
Australia; Molony et al., 2004) were transferred from grow-out ponds to experimental tanks
(200 L). Freshwater (salinity < 1 PSU, Dissolved oxygen 9.2 + 0.50 mg/L, mean + S.D.) of 15.9
1+ 0.20°C (mean = S.D.) at a flow rate of about 4 L/min was supplied to each of the tanks. Each
of the tanks were stocked with 20 trout of 198.0 + 33.8 g (mean + S.D.; n = 40). Treatments
were randomly assigned amongst 44 tanks, over 4 blocks with each treatment having four
replicates.

Fish were manually fed the diets once daily to apparent satiety as determined over three separate
feeding events between 1500 and 1600 each day. The fish were allowed to acclimatise to the
allocated dietary treatment for seven days before faecal collection commenced consistent with
earlier studies by this group (Glencross et al., 2005). Faeces were collected using stripping

techniques. Stripping techniques were based on those reported by earlier studies (Glencross et
al., 2005).

11.2.3.3 Digestibility analysis

Differences in the ratios of the parameters of dry matter, protein, amino acids or gross energy
to yttrium, in the feed and faeces in each treatment were calculated to determine the apparent
digestibility coefficient (ADC ) for each of the nutritional parameters examined in each diet
based on the following formula (Maynard and Loosli, 1979):

ADC,. =1- Y X Parameter ..
Y reces X Parameter,,,
where Y, and Y. represent the chromium content of the diet and faeces respectively, and

Parameter ;,, and Parameter,, . represent the nutritional parameter of concern (organic matter,
protein or energy) content of the diet and faeces respectively. Digestibility values for each diet
are presented in Table 11.4. The digestibility values for each of the test ingredients in the test
diets examined in this study were calculated according to the formulae:

(ADjeq X NUtT e —(ADpasgy X NUtrpaey x0.7))
(O?)X Nutrmgredient)

Nutr ADI ngredient =

Where NutrAD;.ien; 1S the digestibility of a given nutrient from the test ingredient included
in the test diet at 30%. 4D, is the apparent digestibility of the test diet. 4D, is the apparent
digestibility of the basal diet, which makes up 70% of the test diet. NUtrIngredient' Nutr,
and Nutr,,, are the level of the nutrient of interest in the ingredient, test diet and basal diet
respectively (Sugiura et al., 1998). All raw material inclusion levels were also corrected for dry
matter contribution and the effects that this may have had on the actual ratio of reference diet to

test ingredient (Bureau and Hua, 2006).

Digestibilities greater than 1.000 (100%) were not corrected because we consider they are
potentially indicative of interactive effects between the diet and test ingredient and should be
stipulated as determined. However, for reasons of practicality, the total levels of digestible
nutrients/energy were only calculated assuming a maximum digestibility of 100% or a minimum
of 0%. All digestibility values are presented in the form of a coefficient (i.e. 0.000 to 1.000).
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11.2.4 Experiment 2 - Growth assessment using protein-limiting diets
11.2.4.1 Ingredient and diet preparation

Four experimental diets containing either soybean meal, a lupin kernel meal with low-protein
digestibility and a lupin kernel meal with high-protein digestibility, were formulated to be iso-
nitrogenous and iso-energetic on a crude basis. Each test ingredient was included at an inclusion
level of 40 %. Diets were processed by extrusion using an APV 19:25 laboratory-scale twin-
screw feed extruder. Following extrusion, the pellets were oven dried at 60°C for approximately
12 h and then allowed to cool to ambient temperature in the oven. Following drying the pellets
were vacuum infused with the formulated oil allotment (Table 11.4). The reference diet was
prepared in a similar manner, but without the addition of any test ingredient. The diet complete
formulations and source of all of the ingredients used is presented in Table 11.4. Composition
of all experimental diets is also presented in Table 11.4.

11.2.4.2 Fish management

Hatchery-reared rainbow trout (Oncorhynchus mykiss) were transferred from grow-out ponds to
experimental tanks (250 L). Freshwater (salinity < 1 PSU; Dissolved oxygen 9.3 + 0.45 mg/L,
mean + S.D.) of 15.8 + 1.00°C (mean £ S.D.) at a flow rate of about 4 L/min was supplied to
each of the tanks. Each of the tanks were stocked with 20 trout of 36.7 £0.83 g (mean £ S.D.; n
= 800). Photoperiod was maintained at 12:12 (light:dark). Treatments were randomly assigned
amongst 40-tanks, with each treatment having five replicates. For all weight assessments the fish
were netted from their respective tank, placed in a smaller aerated tank containing isoeugenol
(0.002 mL/L) until they lost consciousness.

The fish were fed one of two levels of feed provision; apparent satiety and a restricted, pair-fed
level, once daily at 1600h for 63 days. Apparent satiety was determined by a loss in feeding
activity, this was reached after three feeding sessions over a one-hour period. Any uneaten feed
was removed from each tank one hour later and the uneaten portion dried and weighed to allow
the determination of daily feed intake based on correction factors for leaching losses sustained
over an equivalent period (Helland et al., 1996).

Fish were individually re-weighed after nine weeks (63 days), with all fish within each tank
used to determine the average weight gain/loss per tank and treatment (Table 11.3). Five fish
were taken as an initial sample for composition analysis. At the end of the study three fish were
taken from each tank for whole body analysis. Growth was assessed as the mean weight gain.

Faeces were also collected at the end of the study following their final weighing, from the satietal
fed treatments. The stripping techniques used were based on those reported by Glencross et al
(2005). The faeces were then removed from the distal intestine using gentle abdominal pressure.
Care was maintained to ensure that the faeces were not contaminated by urine and mucous.
After removal of the faeces from the fish, the faecal sample was placed in a small plastic vial
on ice and later stored in a freezer at -20°C. Faecal samples kept frozen at -20°C before being
freeze-dried in preparation for analysis.

11.2.4.3 Protein and energy retention

Protein (N) and Energy (E) retention were determined based on the mass gain in both N and E
over the course of each block, against the respective consumption of N and E. Both values were
calculated according to the following formula (Maynard and Loosli, 1979):
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. . Nt — Ni
Nitrogen Retention = N x 100

Where Nt is the nitrogen content of the fish in a specific replicate at time t and Ni is the initial
nitrogen content of the fish from the beginning of the study (n=5 replicates of 3 representative
fish). Nc 1s the amount of nitrogen consumed by the fish from the time of initial assessment to
time t. Determination of Energy retention was achieved the same way, but with the substitution
of the relevant energy criteria where the corresponding nitrogen criteria are indicated in the
equation. In this study these values are determined both on crude/gross and digestible nitrogen
and energy intake basis.

11.2.5 Experiment 3 - Growth assessment using conventional diets
11.2.5.1 Ingredient and diet preparation

Four experimental diets containing either soybean meal, a lupin kernel meal with low-protein
digestibility and a lupin kernel meal with high-protein digestibility, were formulated to be
iso-nitrogenous (400 g/kg) and iso-energetic (23.5 MJ/kg) on a crude/gross basis. Each test
ingredient was included at an inclusion level of 25%. Diets were processed by extrusion using
an APV 19:25 laboratory-scale twin-screw feed extruder. Following extrusion the pellets were
oven dried at 60°C for approximately 12 h and then allowed to cool to ambient temperature in
the oven. Following drying the pellets were vacuum infused with the formulated oil allotment
(Table 11.6). The reference diet was prepared in a similar manner, but without the addition of
any test ingredient. The diet formulations and source of all of the ingredients used is presented
in Table 11.6. Composition of all experimental diets is also presented in Table 11.6.

11.2.5.2 Fish management

Hatchery-reared rainbow trout (Oncorhynchus mykiss) were transferred from grow-out ponds
to experimental tanks (250 L). Freshwater (salinity < 1 PSU; Dissolved oxygen 9.4 £ 0.10
mg/L, mean £ S.D.) of 18.1+ 0.45°C (mean £ S.D.) at a flow rate of about 4 L/min was supplied
to each of the tanks. Each of the tanks were stocked with 20 trout of 26.8 £ 0.17 g (mean £ S.D.;
n = 39 tanks, 780 individually weighed fish). Photoperiod was maintained at 12:12 (light:dark).
Treatments were randomly assigned amongst the tanks, with each treatment having three
replicates. For all weight assessments the fish were netted from their respective tank, placed in
a smaller aerated tank containing isoeugenol (0.002 mL/L) until they lost consciousness.

The fish were fed to four levels of feed intake ranging from a starved treatment to apparent
satiety and two intermediary feed levels, once daily at 1600h for 56-days. Apparent satiety was
determined by a loss in feeding activity, this was reached after three feeding sessions over a
one-hour period. Any uneaten feed was removed from each tank one hour later and the uneaten
portion dried and weighed to allow the determination of daily feed intake based on correction
factors for leaching losses sustained over an equivalent period (Helland et al., 1996).

Fish were individually re-weighed after four weeks and again at eight weeks, with all fish
within each tank used to determine the average weight gain/loss per tank and treatment (Table
11.7). Five fish were taken as an initial sample for composition analysis. At the end of the study
three fish were taken from each tank for whole body analysis. Growth was assessed as the mean
weight gain. Faeces were also collected at the end of the study following their final weighing,
from the satietal fed treatments for use in digestibility analyses of each of the feeds.
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11.2.5.3 Protein and energy retention

Protein (N) and Energy (E) retention were determined based on the mass gain in both N and E
over the course of each block, against the respective consumption of N and E. Both values were
calculated according to the following formula (Maynard and Loosli, 1969):

. . Nt — Ni
Nitrogen Retention = ( NG ) x 100

Where Nt is the nitrogen content of the fish in a specific replicate at time t and Ni is the initial
nitrogen content of the fish from the beginning of the study (n=3 replicates of 3 representative
fish). Nc is the amount of nitrogen consumed by the fish from the time of initial assessment to
time t. Determination of Energy retention was achieved the same way, but with the substitution
of the relevant energy criteria where the corresponding nitrogen criteria are indicated in the
equation. In this study these values are determined both on crude/gross and digestible nitrogen
and energy intake basis.

To provide some independence of size effects, modelling of the protein and energy retention
efficiency data was done with respect to known energy and protein body-weight exponents for
rainbow trout of x°8 and x%7 respectively (Cho and Kaushik, 1990; Azevedo et al., 1998).

11.2.6 Statistical analysis

All figures are mean + SE unless otherwise specified. Effects of diets and ration levels were
examined by two-way ANOVA using the software package Statistica (Statsoft®, Tulsa, OA,
USA). Levels of significance were determined using Fishers LSD test for planned comparisons,
with critical limits being set at P < 0.05. Multiple regression analysis to determine energy
equivalents was also done using Statistica. Statistical analysis of the regression constants and
coefficients was made using a Kimura Likelihood Ratio test (Haddon, 2001). Regression figures
presented were constructed using Microsoft Excel.

11.3 Results

11.3.1 Ingredient composition

There was substantial variability in the composition of the 10 varieties of L. angustifolius kernel
meal used in this study. Protein concentrations in the kernel meals ranged from 452 to 538 g/kg
DM (Mean + SD: 499 + 23.7, CV 4.7%). Total lipid concentrations in the kernel meals ranged
from 52 to 74 g/lkg DM (Mean + SD: 66 = 7.0, CV 10.5%). Carbohydrate concentrations were
largely a reciprocal of the protein content of the meals. Energy density of the kernel meals
ranged from 20.18 to 20.85 MJ/kg DM (Mean + SD: 20.52 + 0.19, CV 0.9%). The sum of
amino acids in the kernel meals ranged from 417 to 537 g/kg DM (Mean £ SD: 463 + 33.3,
CV 7.2%). The least abundant essential amino acid was methionine in all varieties. The most
abundant essential amino acid was arginine (Table 11.1).

11.3.2 Diet and Ingredient digestibility

Apparent digestibilities of the diets varied among the treatments. Apparent dry matter ranged
from 0.700 to 0.810. Generally there was a decline in apparent dry matter digestibilities with
inclusion of the lupin kernel meals (Table 11.3). Apparent protein digestibilities of the diets
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ranged from 0.888 to 0.905 and were generally increased (> 0.900) with the addition of lupin
kernel meals (Table 11.3). Apparent energy digestibilities of the diets ranged from 0.789 to
0.897 and generally declined (< 0.897) with the addition of lupin kernel meals (Table 11.3).

Apparent dry matter digestibilities of the actual lupin kernel meals varied from 0.425 to 0.579
(Table 11.3). The mean + SD apparent dry matter digestibility was 0.542 + 0.125. This translated
to a digestible dry matter variability of 392 to 534 g DM/kg diet (Table 11.3). The mean + SD
digestible dry matter of the 10 kernel meals was 497 + 115 g DM/kg.

Apparent protein digestibilities of the actual lupin kernel meals varied from 0.655 to 1.089
(Table 11.3). The mean + SD apparent protein digestibility was 0.914 + 0.129. This translated
to a digestible protein variability of 331 to 508 g protein/kg (Table 11.3). The mean + SD
digestible protein of the 10 kernel meals was 485 + 131 g protein/kg diet.

Apparent energy digestibilities of the actual lupin kernel meals varied from 0.522 to 0.647
(Table 11.3). The mean + SD apparent energy digestibility was 0.629 + 0.105. This translated to
a digestible energy variability of 10.58 to 13.35 MJ/kg (Table 11.3). The mean + SD digestible
dry matter of the 10 kernel meals was 13.18 = 3.02 MJ/kg diet.

11.3.3 Growth assessment using limiting-constraint diets

Each of the diets used in experiment 2 had a similar level of crude protein and gross energy.
However, significant differences were determined in the levels of digestible protein and energy
in the diets. Diet L had significantly lower digestible protein than diet H, but not diet R or S.
Digestible energy levels in diet L were significantly lower than diets R and H, but not diet S
(Table 11.4).

Growth of fish was significantly affected by both feed type and ration level. Within each feed
type growth was significantly less in the restricted rations in all cases (Table 11.5). Within the
restricted ration class, the gain by fish fed the L-diet fed fish was significantly less than those
fed the R-diet and numerically less than both the H and S-diets (Table 11.5). Feed conversion
showed significant differences between the L-diet and all other diets. Retention of protein and
energy between feed rations also showed some effects, with all restricted fed fish had reduced
retention efficiencies compared to the satietal fed fish.

Crude protein retention was significantly reduced with feed restriction of the L-diet, but not
so with any of the other diets (Table 11.5). The L-diet had significantly poorer crude protein
retention when restrictively fed than all other diets, except the crude protein retention of the
restrictively fed S-diet. There were no significant differences in crude protein retention when
fish were fed any of the diets to satiety (Table 11.5). The L-diet showed the largest decline in
crude protein retention between restricted (35.4%) and satietal (44.2%) fed regimes.

Digestible protein retention of satietal fed fish was unaffected by diet type (Table 11.5). The
H-diet had significantly higher digestible protein retention when restrictively fed than the S-diet.
There was a significant effect of ration on the digestible protein retention of the L-diet with
the satietal fed fish (56.9%) having a significantly higher retention than the restrictively fed
fish (45.5%) (Table 11.5). Consistent with the effect observed on the crude protein, the L-diet
also showed the largest decline in digestible protein retention between restricted (45.5%) and
satietal (56.9%) fed regimes.

Gross energy retention was reduced with feed restriction of all diets (Table 11.5). The S-diet had
significantly poorer gross energy retention when satietal fed than the H- and L-diets, but not the
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R-diet. However, the L-diet had significantly poorer gross energy retention when restrictively
fed than the R- and S-diets, but not the H-diet (Table 11.5). The L-diet showed the largest
decline in gross energy retention between restricted (25.0%) and satietal (47.9%) fed regimes.

Digestible energy retention was reduced with feed restriction of all diets (Table 11.5). The
L-diet had significantly higher digestible energy retention when satietal fed than all other
diets. The H-diet had significantly lower digestible energy retention when restrictively fed,
than all other diets. Consistent with the effect observed on the gross energy, the L-diet also
showed the largest decline in gross energy retention between restricted (40.1%) and satietal
(76.8%) fed regimes.

11.3.4 Growth assessment using practical diets

Each of the diets used in experiment 2 had similar levels of crude protein and gross energy.
There were no significant differences determined in the levels of digestible protein and energy
in the diets. Diet-L had the lowest level of digestible protein (358 g/kg) and diet-R (390 g/kg)
the highest (Table 11.6). Diet-L also had the lowest level of digestible energy (19.4 MJ/kg) and
diet-H (20.8 MJ/kg) the highest (Table 11.6).

Growth of fish was significantly affected by both feed type and ration level. Within each
feed type growth was significantly less with each level of feed restriction in all cases (Table
11.7). At 4-weeks, within the restricted ration classes, but across diet types there were no
significant differences in growth (Table 11.7). Feed conversion was significant poorer when
fish were restricted in their feed ration. This effect was observed at both the 4-wek and 8-week
assessments. At the 4-week assessment the poorest FCR was that of the low-ration H-diet and
the best FCR was that of the satietal fed H-diet fish (Table 11.7). At 8-weeks, the satietal fed fish
showed significantly better growth when fed the H-diet, followed by the L-diet, then the S-diet
and R-diet. Differences in 8-wek weight gain between the L- and S-diets were not significant
(Table 11.7). Feed intake at the 8-week assessment was significantly poorer for the S-diet than
the other diets. The FCR at the 8-week assessment were significantly affected by diet type, with
diets R- and L- having significantly poorer FCR than diet H- and diet-S. Assessment of protein
and energy retention effects is focussed on the 4-week assessments to allow comparison of both
ration effects and diet types.

Crude protein retention was significantly reduced with feed restriction of each of the diets,
but there was variability among diet types as the extent of this reduction (Table 11.7). Across
diet types there were no significant differences in crude protein retention when fish were fed to
satiety. Digestible protein retention of the satietal fed fish was significantly poorer by the R-diet
fed fish (Table 11.7). The H-diet had significantly poorer digestible protein retention when fed
the low ration than the R- and S-diets, consistent with the effect that was observed with crude
protein (Table 11.7).

Gross energy retention was reduced with feed restriction of all diets (Table 11.7). The S-diet had
the least effect of feed ration on gross or digestible energy retention. The H-diet had the greatest
effect on gross and digestible energy retention with varying feed ration (Table 11.7). The L-diet
had the poorest gross and/or digestible energy retention at each feed ration level (Table 11.7).

Utilisation efficiencies of gross energy were significantly poorer by fish fed the L-diet (Figure
11.1). However, utilisation efficiencies of crude protein were not significantly affected by diet
type (Figure 11.2). When examined on a digestible basis there were no significant effects of diet
type on either energy or protein utilisation efficiency (Figure 11.3 and 11.4).
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11.4 Discussion

Nutritional quality of feed raw materials is a comparative assessment of the capacity for a
specific raw material to provide certain nutrients to a particular animal while being free of
chemical and physical contaminants (van Barneveld, 2001). One aspect of that quality is the
variability in the nutritional value. Feed raw materials, like most biological materials, have an
inherent level of variability in their nutritional value. This has important implications in diet
formulation because the objective of the formulation process is to create a blend of raw materials
to produce a defined product of a specific composition and nutritional value. The introduction
of variability in composition or nutritional value of the raw materials introduces a source of
error. To avert this potential error, formulators have to either or both increase their specification
limits to ensure that any errors don’t impinge on the target composition and nutritional value,
or accurately measure the composition and nutritional value of each raw material prior to the
formulation process. Both strategies add a cost factor to the diet manufacture process, but
significantly reduce formulation risk (Jiang, 2001). An important aspect of understanding this
risk is to assess the implications that such variability in raw material has on the performance
of animals fed the diets (Glencross et al., 2007a). In this study the raw material variability is
examined in a single ingredient, lupin kernel meals.

11.4.1 Variability in lupin kernel meal composition

Each of the lupin kernel meals assessed in this study had substantially higher protein content
than that usually observed for lupin kernel meals (van Barneveld, 1999b; Petterson, 2000;
Glencross et al., 2003a). This variability compared to other data sets is likely to be largely
attributable to environmental variation because the samples were obtained from the same site
from the same season (Cowling and Tarr, 2004). Accordingly, the variation within the sample
set presented (Table 11.1) is solely that attributable to genotype as each of the samples.

The results show that there can be substantial variability in most composition parameters for
lupin kernel meals. This finding is also consistent with other studies on other grain varieties,
which show that most other raw materials show a similar degree of variability (Jiang, 2001; van
Barneveld, 2001).

Variability in crude protein ranged from 452 to 538 g/kg (Table 11.1). This variability of close
to 20% (between maximum and minimum) is substantial and use of standard book values could
result in a significant shortfall or oversupply of protein in any formulation. To avert this risk the
use of near-infrared spectroscopy (NIRS) measurement could be applied to measure the actual
composition of the raw materials prior to formulation, although this has to managed through the
development of appropriate calibrations (Bertrand, 2001). Variability in gross energy content
was substantially less than that of the protein, reflecting the reciprocal relationship between
protein and carbohydrate content in lupin kernel meals and that the energetic values of protein
and carbohydrate a relatively similar. The discrepancy between the sum of amino acids and the
N x 6.25 determined concentration of protein suggests that this correction factor (N x 6.25) may
not be appropriate for use with lupin kernel meals.

11.4.2 Effects of variability in lupin kernel meal digestibilities

Each of the lupin kernel meals assessed for their digestible protein and energy value in this
study were shown to have sound nutritional value. The generic protein digestibility determined
across all varieties (0.914 = 0.129, CV 14%) is consistent with other published reports on the
protein digestibility of L. angustifolius kernel meals (Glencross and Hawkins, 2004; Glencross
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et al., 2003a; Glencross et al., 2005). The generic energy digestibility determined across all
varieties (0.629 + 0.105, CV 17%) is also consistent with other published reports on the protein
digestibility of L. angustifolius kernel meals (Glencross and Hawkins, 2004; Glencross et al.,
2003a; Glencross et al., 2005). The presence of variability in digestible value of lupin kernel
meals has also been previously reported (Glencross et a., 2003a). The observations in the present
study are also consistent with observations by other workers studying the application of lupin
kernel meals in aquaculture diets, who also observed some variability between varieties within
grain species (Glencross et al., 2003a; Refstie et al., 2006; Smith et al., 2007).

The combination of variability in crude composition and that of the digestibilities was observed
to be compounded, with substantially greater variability observed in the digestible value
parameters. Because there is substantial variability in the values of digestible protein (CV
27%) and digestible energy (CV 23%) determined from these lupin kernel meals any means
of assessing the variability in their nutritional value prior to formulation will provide reduced
risk and improved viability. While it is known that there are similar levels of crude composition
variability in other raw materials, it would be of value to assess whether this degree of variability
in digestible protein and energy is also found in other raw materials when fed to fish (van
Barneveld, 1999a; Jiang, 2001).

While use of NIRS for determining the composition of raw materials is now common in most
feed production systems, the use of NIRS to assess the digestible value of protein and energy
from raw materials is not as well established and remains to be successfully undertaken with
any grain product in an aquaculture species (Glencross et al., 2007a). To achieve this a wide
range of samples are be required from which to determine the digestible protein and energy
values and to then correlate this with the NIRS spectra of the samples (Bertrand, 2001; van
Barneveld et al., 1998).

11.4.3 Influence of digestible value variability in low-protein diets

The use of conventional diet formulations and feeding strategies for testing nutrient limitations
is fraught with problems (Glencross et al., 2007a). Because of these problems a protein-limiting
restrictively fed experiment design was used in the second experiment to enable focus to be
placed on the nutritional value of the test ingredients used.

The high (40%) inclusion of the test ingredients in these experimental diets was shown to have
a significant effect on both the protein and energy digestibilities of the diets (Table 11.4). Most
notable was the difference between the L- and H-diets, which compared lupin kernel meals of
similar composition, but known differences in digestible protein (331 vs 505 g/kg) and energy
(12.3 and 12.7 MJ/kg) (Table 11.3). Ironically a bigger difference in diet digestible energy
values (13.4 vs 16.3 MJ/kg) was observed, despite a smaller difference in the digestible energy
values of the two kernel meals, than the difference observed between the diet digestible protein
values (293 vs 335 g/kg). This supports notions of interactive effects with the inclusion of high
carbohydrate materials in compounded diets.

Weight gain of fish fed the diets restrictively showed that there were clear differences in the
nutritional value between the two lupin samples but that there was no significant difference
between the R-, S- or H-diets (Table 11.5). Variability among replicates within the restrictively
fed treatments was substantially reduced compared to the satietal fed fish. The effects of diet
type were more clearly seen through the differences in the FCR of each diet at the restrictively
fed levels. In this regard a higher FCR was observed for the fish fed the L-diet, significantly
more so than that observed for all the other diets. This higher FCR being the combined result of
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minor effects of growth and feed intake variability within this treatment and demonstrates that
when feed intake is largely controlled that effects are usually observed as differences in gain
or FCR (Glencross et al., 2007a). That the L-diet had significantly poorer performance when
restrictively fed clearly demonstrates that the nutritional value of the lupin content of that diet
is significantly poorer compared to that lupin in the H-diet. This demonstrates that it is possible
to clearly determine effects of variability in digestible value of raw materials as a growth and
feed utilisation response.

Growth of fish fed the diets to satiety also showed that there were clear differences in nutritional
value between the two lupin samples and that even variability in feed intake with satietal
feeding did not mask this difference, in fact it appeared to exacerbate it (Table 11.5). It was also
observed that growth from fish fed the soybean was poorer than all other treatments and this
was principally because of a reduction in feed intake compared to the other diets. This suggests
that soybean introduces a palatability issue at 40% inclusion, but that lupin kernel meals do not
necessarily have this problem at this same inclusion level, although feed intake by the fish fed
the L-diet was also marginally reduced compared to the H- and the R-diets (Table 11.5).

The efficiencies of energy retention (i.e. the ratio of energy gain as a function of GE or DE
intake) varied with both diet and feed ration level. At restricted feeding levels there was a
decrease in retention efficiencies (Table 11.5). There was significant variability among the
diets, with the L-diet having the highest energy retention. Considering the parabolic effects of
energy retention with diminished energy intake on fish growth, these results suggest that the
lower digestible energy value of the L-diet was used more efficiently at the higher intake levels
because it provided a digestible energy intake closer to K than that of the other diets (Brett
and Groves, 1979). Notably those retention efficiencies from the fastest growing fish (H- and
R-diets) were similar to each other, but less than that of the L-diet. The substantially lower
efficiencies of the restrictively fed fish are most likely because their energy intake levels were
substantially lower than K. (Brett and Groves, 1979).

The efficiencies of protein retention also varied with both diet and feed ration level, but not to
the same degree as were observed with the energy retention efficiencies. At restricted feeding
levels there was a decrease in retention efficiencies (Table 11.5). There was limited variability
among the diets based on digestible protein intake, with the exception of the H-diet having
significantly higher protein retention when fed restrictively and the L-diet when fed to satiety.

11.4.4 Influence of digestible value variability in normal specification
diets

Although differences in nutritional value could be exhibited as growth effects when stringent
experimental designs were used, to examine the practical implications of the raw material
variability a third trial was conducted where the raw materials were included at more typical
conservative inclusion levels and the diets were formulated to higher protein specifications.

The more conservative inclusion level (25%) of the test ingredients in these experimental diets is
more consistent with the typical inclusion levels of novel ingredients in commercial formulations
(Glencross et al., 2007a). Despite being included in the diets at these more conservative levels
a significant effect of the raw materials being tested were observed on the growth of the fish. In
contrast to the second experiment neither the protein and energy digestibilities differed significantly
among the diets (Table 11.6). This is to be expected given the lower inclusion levels of the raw
materials in question. Although the biggest difference in diet digestible energy values (19.4 vs
20.8 MJ/kg) was between the L- and H-diets respectively, this difference was not significant.
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Weight gain of fish fed the diets restrictively (only conducted to 4-weeks) showed that there were
no clear differences in nutritional value between any of the diets (Table 11.7). Variability among
replicates within the restrictively fed treatments was again substantially reduced compared to
the satietal fed fish, but there was insufficient variability among treatments to identify any
significant effects. There were no clear effects of diet type on the FCR of each diet, although
the FCR did increase with each level of feed restriction. The only exception to this was a higher
FCR observed for the fish fed the H-diet at the lowest ration, which was significantly greater
than that observed for all the other diets at the same ration. It is suspected that this effect, which
is inconsistent with the data at the higher ration levels, is an aberration.

Growth of fish fed the diets to satiety over an 8-week period also showed that there were some
subtle differences in nutritional value still observable between the two lupin samples and that
even variability in feed intake with satietal feeding did not mask this difference, with a key
difference being the FCR of fish fed either the H- or L-diets (Table 11.7). Consistent with
experiment 2 it was also observed that growth from fish fed the soybean was poorer than all
other treatments and this was principally because of a reduction in feed intake compared to the
other diets. It was also noted in experiment 3 that the growth of fish fed the reference diet was
less than that of fish fed either of the lupin diets (Table 11.7). The main factor affecting this
appears to be a poorer conversion of the diet compared to the two lupin diets, with a poorer
FCR, but higher feed intake noted.

The efficiencies of energy retention varied with both diet and feed ration level, consistent with
experiment 2. At restricted feeding levels there was a decrease in retention efficiencies (Table
11.7). There was significant variability among the diets, with the L-diet having the lowest
energy retention and soybean the highest with increasing levels of feed restriction. The energy
retention efficiency (gross or digestible) of each of the diets when fed to satiety was similar,
with only the L-diet being marginally lower than the other diets.

The efficiencies of protein retention also varied with both diet and feed ration level, but not to
the same degree as were observed with the energy retention efficiencies. At restricted feeding
levels there was generally a decrease in retention efficiencies, but in some cases an increase
was noted (Table 11.7). When each of the diets was fed to satiety there were no differences in
protein retention either on a gross or digestible basis. The lack of consistent effects with these
parameters questions their value given that significant effects were noted with both weight gain
and FCR among the same diets.

A further way of examining the effect of the raw materials on feed quality is to assess the
efficiency of energy utilisation (i.e. the ratio of energy gain as a function of GE or DE intake, but
in this case over varying intake levels) (Figures 11.1, 11.2, 11.3 and 11.4). In these assessments
the gradient of the regression function coefficient is consistent with the partial utilisation
efficiency of energy (k) or protein (k) as the case may be (Lupatsch et al., 2003). In the
assessment of gross energy utilisation the coefficient for diets H-, S- and R- was significantly
greater than that from L-diet (Figure 11.1). This supports that the lupin content of the L-diet
was less efficiently utilised on a gross basis. When the same effect is examined on a digestible
basis (Figure 11.3) the significant difference is lost. Although the L-diet is still marginally lower
in utilisation efficiency than the other three diets. What is unusual though is the value of k.
in this case, where values of k. =0.426 and k. =0.375 are observed (Figure 11.3) This energy
efficiency is substantially lower than that observed in other studies on rainbow trout, where
the utilisation of DE for gain (k) was 0.61 regardless of feeding level as well as temperature
(Azevedo et al., 1998) or k. = 0.68 in another study (Rodehutscord and Pfeffer, 1999) and a k.
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= 0.74 observed from earlier work by our own laboratory (Glencross et al., 2007b). By further
comparison, an analysis of the digestible energy utilisation of the diets in experiment 2 shows
values of k.=0.70 and 0.67 from the H- and L-protein limited diets respectively both of which
are more consistent with those reported in other studies.

In contrast no differences were noted from the crude protein intake (Figure 11.2) or the digestible
protein intake (Figure 11.4) among any of the diets.

The effects observed from the assessment of energy and protein utilisation efficiencies support
that the lupin content of the L-diet is as effectively utilised as that of the H-diet, but the key
variability in its nutritional value was determined from its energy value, not its protein value.

No departure from linearity was observed in the relationship between energy gain and energy
intake in this study in contrast to others conducted by our laboratory (Glencross et al., 2007b).
This linearity is however consistent that reported by other workers (Azevedo et al., 1998;
Rodehutscord and Pfeffer, 1999). Although the energy intake levels are similar to that in our
other studies (Glencross et al., 2007b), the energy gain achieved is much lower in the present
study. Similar poorer protein utilisation efficiencies were also observed in this study compared
to those reported earlier (Glencross et al., 2007b). While earlier it was suggested that the
differences in energy and protein utilisation efficiencies might have been a genotypic effect
(Glencross et al., 2007b), we now suspect that this difference may be a dietary effect. Notably
there was a substantial difference in the protein and energy balance of the diets between the two
experiments.

11.4.5 Conclusions

The nutritional value of a raw material depends on both the total content and the biological
availability of the specific nutrients it contains (Jiang, 2001). This biological availability has
two aspects to it, the ability of an animal to absorb nutrients (digestibility) from the raw material
and also the ability of the animal to convert those nutrients into growth (utilisation) (Glencross
et al., 2007a). This study has demonstrated that variability in raw materials has a direct and
measurable impact on their nutritional value when assessed using both digestibility and growth
studies. It was also shown that this variability could be managed to a degree through increasing
the diet formulation specifications to allow for an over-specification of key nutrients. However,
although this formulation strategy reduces performance risk it does add a cost factor to the
diet manufacturing process. The capacity to better manage this variability will depend on an
improve ability to rapidly measure the nutritional value of raw materials prior to the formulation
process. Adaptation of the use of near infrared spectroscopy is one of the more viable options
to pursue this.
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Table 11.3 Diet and ingredient digestibility coefficients and digestible nutrient values for each
ingredient tested.

Dry Matter Protein Energy
Diet digestibilities
Reference 0.810 0.900 0.897
cv Wonga 0.706 0.900 0.797
cv Gungarru 0.718 0.900 0.808
cv Kalya 0.717 0.899 0.803
cv Jindalee 0.740 0.905 0.819
cv Danja 0.733 0.905 0.814
cv Yorrel 0.722 0.903 0.810
cv Tallerack 0.711 0.890 0.802
cv Mandelup 0.721 0.888 0.805
cv Coromup 0.713 0.897 0.803
cv Myallie 0.700 0.893 0.789
Ingredient digestibilities
cv Wonga 0.464 bc 0.928" 0.578"b
cv Gungarru 0.509 ab 0.919°b 0.6012
cv Kalya 0.488°b 1.0022 0.573b
cv Jindalee 0.5792 0.903b 0.6472
cv Danja 0.5612 0.909b 0.6332
cv Yorrel 0.5302b 0.948ab 0.6302
cv Tallerack 0.493°P 0.743°¢ 0.587ab
cv Mandelup 0.5274a 0.655¢ 0.597 ab
cv Coromup 0.492b 1.0832 0.6242
cv Myallie 0.425¢ 1.0892 0.522¢
Digestible nutrient and energy levels
cv Wonga 425 452 11.92
cv Gungarru 465 494 12.38
cv Kalya 447 508 11.76
cv Jindalee 534 438 13.35
cv Danja 513 467 12.96
cv Yorrel 485 456 13.13
cv Tallerack 452 383 11.85
cv Mandelup 483 331 12.26
cv Coromup 452 505 12.76
cv Myallie 392 452 10.58
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Table 11.4 Diet formulations for experiment 2 - using limiting constraint growth studies to assess the
significance of differences in ingredient digestibilities (all values are g/kg).

Ingredient Soy Lupin-L  Lupin-H REF
Formulation (g/kg)

Ytterbium oxide 1 1 1 1
CaPO4 22 16 22 10
Pre-mix vitamins 5 5 5 5
Cellulose 39 51 46 194
Fish oll 174 155 154 162
Wheat flour 150 150 150 150
Soybean meal 400 0 0 0
Mandelup kernel meal 0 400 0 0
Coromup kernel meal 0 0 400 0
Fish meal 204 215 215 478
DL-Methioine 5 7 7 0

Composition as analysed (g/kg DM unless otherwise noted)

Dry matter 974 969 966 973
Protein 369 377 369 360
Digestible Protein 319ab 293P 3352 319ab
Fat 211 199 207 195
Carbohydrate 335 358 352 356
Phosphorus 10 10 10 10
Ash 85 66 72 89
Gross Energy 21.6 215 21.7 21.6
Digestible Energy 15.72 13.4b 16.32 16.52
Arginine 23 17 19 25
Histidine 13 10 8 13
Isoleucine 9 8 8 9
Leucine 15 11 11 14
Lysine 25 19 19 24
Methionine 4 3 4 4
Phenylalanine 16 12 12 16
Threonine 15 10 11 13
Tryptophan 8 7 8 8
Valine 25 25 25 24
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Table 11.6 Diet formulations for experiment 3 - using conventional growth studies to assess the

significance of differences in ingredient digestibilities (all values are g/kg).

Ingredient Soybean Lupin—L Lupin—-H R

Formulation (g/kg)
Marker 1 1 1 1
CaPO4 4 5 5 -
Pre-mix vitamins 5 5 5 5
Cellulose 22 11 11 113
Fish oil 215 204 204 207
Wheat flour 120 120 120 120
Soybean meal 250 - - -
Mandelup kernel meal - 250 - -
Coromup kernel meal - - 250 -
Fish meal 383 404 404 554

Composition as analysed (g/kg DM unless otherwise noted)
Dry matter 960 953 962 968
Protein 410 424 423 438
Digestible Protein 3643 3580 3722 3902
Fat 233 219 230 256
Carbohydrate 271 272 256 211
Ash 85 85 91 95
Gross Energy (MJ/kg DM) 23.3 24.3 24.8 23.8
Digestible Energy (MJ/kg DM) 19.9 19.4° 20.82 20.32
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Figure 11.1 Gross energy retention as a function of gross energy intake from fish fed diets in
Experiment 3. Each data point is a mean (n=3). Regression equation for H is:
y = 0.365x — 26, R2 = 0.988. Regression equation for L is: y = 0.304x — 26, R2 = 0.975.
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Figure 11.2 Crude protein retention as a function of crude protein intake from fish fed diets in
Experiment 3. Each data point is a mean (n=3). Common regression equation is:
y = 0.356x — 0.23, R? = 0.952.
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Figure 11.3 Energy retention as a function of digestible energy intake from fish fed the diets in
Experiment 3. Each data point is a mean (n=3). Regression equation for H is:
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Figure 11.4 Protein retention as a function of digestible protein intake from fish fed the diets in

Experiment 3. Each data point is a mean (n=3). Common regression equation is:
y = 0.4085x - 0.23, R? = 0.965.
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Abstract

A series of practical and theoretical studies were undertaken to examine the potential of
increasing the protein content of a variety of grains. A wet-method using ethanol washing and
dry-method of particle-size classification were used. Increases in protein were observed using
either of the methods. The dry methods were observed to be more effective in increasing the
protein content (30% to 41%), but had poor yield efficiencies. The wet extraction methods had
lower relative increases in protein (55% to 59%), but had significantly better yields. Modelling
of grain protein concentrate use suggested that a product with a protein level in the range of
50% to 60% would be optimal for use in salmonid feeds and provide the most likely economic
feasibility and greatest level of replacement of fishmeal.

12.1 Introduction

The need for alternatives to fishmeal as protein resources in aquaculture feeds is well recognised
(Naylor et al., 2001). While there is a large range of feed grains suitable for use in terrestrial
animal feeds, those feed grains suitable for use in aquaculture feeds are somewhat fewer (Gatlin
et al., 2007). For a raw material to figure in any specific formulation it has to not only be cost
effective, but also satisfy several risk constraints (e.g. presence of contaminants) and be of
a composition amendable to the formulation specifications being sought. These formulation
specifications vary depending on the species being fed and the stage of its lifecycle (Glencross,
2006). One of the principal limitations of many feed grains is their inherently low level of
protein. The presence of anti-nutritional factors (ANF) in some feed grains also can limit their
usefulness as a feed resource (Francis et al., 2001). One way in which both the protein level and
ANF issue can be averted is through the production of protein concentrates from grains.

There are several different processing methods that can be used to increase the protein content
of grain products. Protein concentration technologies generally use either a “dry” approach or a
“wet” approach (Lasztity et al., 2001; Bilgi et al., 2004; Wang et al., 2004; Agren and Ekklund,
2006). A dry approach usually uses a particle size or density differentiation method and has
the advantages of not needing to dry the product, which substantially reduces the production
cost, however yields are usually poor and the potential increase in protein concentration limited
(Reichert, 1982; Cloutt et al., 2006). Wet methods rely on various aspects of protein solubility
(or lack of solubility) to enable either the removal of non-protein components to concentrate
the remaining protein content, or to solubilise the protein itself and isolate it from the remaining
non-protein component. Following either method the product invariably has to be dried and this
can affect product quality (Claussen et al., 2007).
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There have been a range of methods used in making protein concentrates that have been used in
the aquaculture feed sector. Most products have been made using wet methods and base grain
products such as soybeans, canola or lupins (Kaushik et al., 1995; Refstie et al., 1998; Glencross
et al., 2004a). However, Booth et al., (2001) reported the evaluation of an air-classified lupin
protein concentrate. This dry method uses density differentials to separate out protein dense
parts of a grain meal from less dense fibre-rich parts of the meal. The key issue to the use of
either method are the prospective gains in protein concentration achievable from the base grain
and also the potential yield.

This study examines two different methods of protein concentration, using several varieties of
lupins as a base material, to examine the potential for the development of protein concentrates
from these feed grains. The results are then examined in context with a series of modelling
studies on the composition needs of a protein concentrate for the aquaculture feed sector.

12.2 Materials and Methods

12.2.1 Ingredient sources

Seed of Lupinus angustifolius (cv. Kalya), Lupinus luteus (cv. Wodjil) and Lupinus albus (cv.
Kiev-mutant) was used in the particle fractionation part of this study. Each of the test grains
for the particle fractionation was ground such that they passed through a 2000 um hammer
mill screen to create a coarse seed meal. Kernel meals of Lupinus angustifolius (cv. Myallie),
Lupinus luteus (cv. Wodjil) were obtained from commercial grain processors (Coorow Seed
Cleaners, Coorow, WA, Australia). For the ethanol extraction work each of the test meals was
thoroughly ground such that they passed through a 600 um hammer mill screen.

12.2.2 Size fractionation

A 300 g sample of milled lupin seed meal of Lupinus angustifolius (cv. Kalya), Lupinus luteus
(cv. Wodjil) and Lupinus albus (cv. Kiev-mutant) was separated into its various fractions
using the vibratory sieve. Sieves with an aperture size of 1400 um, 1000 um, 710 um, 500
um, 212 um, 125 pum and a collection pan were stacked in descending order. A 300 g sample
of each meal was weighed and placed onto the 1400 um sieve and fixed to a sieve vibrator
(Analysette-3 Spartan Pulverisette, Fristsch, Idar-Oberstein, Germany) for 10 min. Following
sieving the weights of the sample that have passed into each screen was weighed and their
relative amounts determined. A sample was collected from each screen following weighing for
subsequent protein analysis.

12.2.3 Ethanol extraction

Samples of kernel meal from either Lupinus angustifolius (cv. Myallie) or Lupinus luteus (cv.
Wodjil) were protein-concentrated using an ethanol solution wash based on the methods of
Glencross et al. (2003) and Wang et al. (2004). A 100g sample of either meal was placed in a
250 mL beaker with 200 mL of each of the different concentrations of ethanol (60%, 70%, 80%
and 90%), for different periods of time (1, 2, 4, 8, 16, 32 min). Each sample was mixed using
a magnetic stirring system. Following each washing period the contents of the beaker were
filtered and a sample collected and dried at 90°C for 12h, prior to drying and being analysed for
their nitrogen content.
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12.2.4 Chemical analysis

All chemical analyses were carried out by NATA (National Association of Testing Authorities)
accredited analytical service providers (Chemistry Centre (WA), East Perth, WA, Australia).
Samples were analysed for dry matter and protein content. Dry matter was calculated by
gravimetric analysis following oven drying at 105°C for 24 h. Protein levels were calculated
from the determination of total nitrogen by Leco auto-analyser, based on N x 6.25.

12.2.5 Statistical analysis

All values are means unless otherwise specified. Effects of ethanol concentration and washing
time on the increase protein content of the products were examined by two-way ANOVA. All
statistical tests were conducted using Statitistica v6 software. Surface fitting of the data was
undertaken using both Microsoft Excel. Levels of significance were determined using a Least
Significant Difference (LSD) test. Limits for all critical ranges were set at P < 0.05.

12.2.6 Opportunity-cost modelling

A series of formulations were costed for a diet of 450 g/kg protein and 22.5 MJ/kg gross
energy (Salmon 2, Table 12.2) using the software Winfeed 2.8 (Cambridge, UK). Only diet
protein, starch and energy densities were fixed as formulation parameters, no allowance was
made for the impact of any hypothetical GPC on the amino acid composition of the diet.
The only other protein source made available in these formulations was a hypothetical grain
protein concentrate (GPC). These formulations examined the cost that could be afforded
for the hypothetical GPC of varying protein content and 50 g/kg of lipid, the remainder
being of non-nutritive value (assumed as 30 g/kg Ash and the remainder as non-starch
polysaccharides). The maximum values of the GPC and their respective maximum inclusion
levels are indicated in Figure 12.6.

12.3 Results

12.3.1 Fractionation

There was a similar effect of particle-size fractionation on each of the different lupin seed
meals (Figure 12.1). The highest protein concentration was found in the finest fraction (< 125
um), with the lowest protein concentration found in the particle > 500 um. These effects were
generally consistent across all three lupin varieties.

From a base protein level of 30%, the L. angustifolius fractionation had the greatest increase
in protein concentration (122%) in the < 125 um fraction. From a base protein level of 38%,
the L. angustifolius fractionation had the greatest increase in protein concentration (121%)
in the < 125 um fraction. From a base protein level of 36%, the L. albus fractionation had its
greatest increase in protein concentration (137%) in the < 125 um fraction. However, yields in
each of these fractions were nominal (< 1%). The combination of all grain fractions less than
500 um would substantially improve the yields to be 17%, 26% and 35% for L. angustifolius,
L. luteus and L. albus respectively. Relative increases in protein for these higher yielded products
would be somewhat less at 103%, 111% and 106% for L. angustifolius, L. luteus and L. albus
respectively.
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12.3.2 Ethanol extraction

There was a significant effect of both ethanol concentration (P=0.000) and washing time
(P=0.031), on the increase in protein content of the concentrates made through wet-extraction
of L. angustifolius kernel meal. A significant interaction effect was also observed between
ethanol concentration and washing time (P=0.000). The greatest relative increase in protein
content from the base material was observed with the 60% ethanol washed for 32 minutes, with
an increase in protein concentration to 43.5% (increase of 104%). Product yields were > 90%.

There was also a significant effect of ethanol concentration (P=0.000) but not washing time
(P=0.220), on the increase in protein content of protein concentrates made through wet-extraction
of L. luteus kernel meal. A significant interaction effect was also observed between ethanol
concentration and washing time (P=0.000). The greatest relative increase in protein content from
the base material was observed with the 60% ethanol washed for 32 minutes, with an increase in
protein concentration to 59.5% (increase of 107%). Product yields were greater than 90%.

12.3.3 Opportunity modelling

A series of models were created to determine the effect of different protein concentrations, of a
hypothetical GPC, on the opportunity cost of using such a product in a salmonid feed. In these
models the GPC was the sole protein source replacing fish meal in each case. Fish meal price
(AUDS$1,200 per tonne) and composition (65% protein, 9% fat) were fixed. The formulations
were also fixed across each of the models based on a diet of 450 g/kg protein and 22.5 MJ/
kg gross energy (diet - Salmon 2, Table 12.2). The price of other key ingredients was; fishoil:
$1000, wheat: $240, vitamin premix: $5000.

In this model, the formulations showed that the cost that could be afforded for the hypothetical
GPCs increased with increasing protein content of the GPC (Figure 12.6). The maximum inclusion
level for a GPC was observed for the 65% protein GPC at 67% inclusion, which allowed complete
replacement with the fishmeal content of the diet. Above 55% protein, the maximum opportunity
cost for a GPC exceeded AUD$1,000 per tonne. At the lowest protein level examined (45%) an
inclusion level of 8.9% was derived, with an opportunity cost of ~AUDS$830 per tonne.

12.4 Discussion

The need for an alternative to fish meal as a protein source in aquaculture feeds has been well
documented (Naylor et al., 2001; Gatlin et al., 2007). While there are many feed grain options
that are widely used in the terrestrial animal feed sector, there is a comparative paucity of feed
grain options for use in aquaculture feeds (Gatlin et al., 2007; Glencross et al., 2007). To address
this issue and improve the level of risk associated with reliance on fish meal there is a need to
examine the options for value-adding grains to produce a protein concentrated product that suits
the needs of this feed sector. Ideally, this product will need to be low-cost to be competitive, but
there are likely to also be other functional composition constraints on what is needed to serve
this feed sector in terms of a protein concentrated product.

12.4.1 Effects of protein concentration on ingredient composition

In an effort to examine the preliminary possibilities of simple protein concentration options a

particle classification and wet-extraction process were examined using a variety of lupins as the
base material (Riechert, 1982; Wang et al., 2004; Agren and Eklund, 2006; Cloutt et al., 2006).
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The size-fractionation study showed that it was possible to use particle size differentials to
concentrate protein of all three lupin varieties. In this study seed meal was used at the starting
material to minimize the cost of the base material. However, it may be prudent to re-evaluate
this work based on the use of kernel meals also.

Other studies using air-stream classification methods have also shown significant capacity
to increase the protein content of both field peas and lupins (Riechert, 1985; Evans, 1999).
Field peas in particular show good application in particle-classification processes although the
starting protein content of the meal, similar to the present study, has been shown to have a
significant effect on the protein content of the resultant GPC (Riechert, 1985). Although highest
protein concentration was found in the finest fraction (<125 um) the yield of this fraction for all
three lupin varieties was nominal and certainly not worthy of consideration as a useful means
of GPC production. However, if all grain fractions less than 500 um were combined there is a
substantial improvement in the yields to 17%, 26% and 35% for L. angustifolius, L. luteus and
L. albus respectively. The downside to this increase in yield though is that the relative increases
in protein for these higher yielded products would be somewhat less at 103%, 111% and 106%
for L. angustifolius, L. luteus and L. albus respectively. These dry-methods should also be re-
evaluated with field peas, which post-extrusion may also offer some capacity for co-product
development of pea starch as well as a GPC.

The wet-method showed marginal increases in protein content of both lupin varieties. Although
the relative protein increase was not as much as that observed fro the dry-method the absolute
protein levels and the yields were significantly better. Notably these are two key factors affecting
the viability of any GPC produced. It was also noted that the protein content was increasing with
increased duration of mixing and also with more dilute ethanol solutions. It may be possible
to further optimise these processes by expanding the limits of this study. Heating the ethanol
solution may also improve the solubility of any soluble fibres to be removed (Carre et al., 1985;
Petterson, 2000).

The wet-method also confers significant opportunities to not only concentrate the protein content
of the grain, but also remove or modify any anti-nutritional factors. Glencross et al. (2003) used
ethanol washing to remove the oligosaccharides from lupin meal in diets fed to trout. This was
found to significantly improve the digestibility of protein and energy in the meal. The negative
aspect to the wet method though is that it requires a drying phase and this is likely to draw
significant costs into the process. The use of heat in drying grain products has also been shown
to affect the functionality of the protein and also affect its nutritional value (Glencross et al,
2004c; Claussen et al., 2007).

A greater degree of comparability could be made between the two methods if the same starting
material was used in each case. However, the commercial viability of kernel meals and that
these already satisfy many of the modelled GPC requirements supports that there is little value
in pursuing this further with seed meals. Future GPC work should focus on kernel meals as a
base material.

12.4.2 Modelling optimal protein concentration of a grain protein
concentrate for aquaculture feeds

The term “aquaculture feed” is somewhat of a generalisation, as there are numerous types of
diets, depending on species and age of the animals being fed (Table 12.2). Typically, modern
feeds designed for younger, smaller fish tend to be high protein (> 500 g/kg) and are moderately
energy dense (< 20 MJ/kg), while feeds for larger and older fish tend to be lower in protein (400
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to 450 g/kg) and are more energy dense (> 21 MJ/kg) (Webster and Lim, 2002). Typically such
feeds have a high fat content to maximise the dietary energy intake. These types of feeds are
often referred to as high-nutrient-dense (HND) diets.

By contrast there is also a range of diets for species that are either unable to deal with high
dietary levels of lipids, or their large gustatory capacity makes it practical to feed them on lower-
cost, less energetically dense diets. For example, a prawn diet has a protein level not dissimilar
to that of a salmon or barramundi diet, but because they are unable to deal with high dietary
lipid levels the total dietary lipid content must be restricted to less than 100 g/kg (Glencross et
al., 2002). Abalone diets also have similar limitations (van Barneveld et al., 1998). Tilapia are
a species that has a large gustatory capacity and can compensate the use of low protein diets by
consuming sufficient amounts of a low-energy dense diet to satisfy its demand for protein for
growth. These types of diets are often referred to as low-nutrient-dense diets (LND).

One of the fundamental constraints to HND diets is the limited formulation flexibility that exists.
The capacity to use ingredients that do not contribute useful nutritional material is limited in
these diets. In contrast, LND diets have considerably more capacity to accommodate ingredients
with additional non-useful nutritional content. The capacity that each of the different diets have
to accommodate this non-useful nutritional content is estimated in table 2 under the term of
“space”, with the higher the amount of “space” the greater the capacity to accommodate non-
useful nutritional content. This concept of formulation “space” has important implications for
the development of any protein concentrate for this sector.

It is recognised that the higher the protein content of an ingredient then the higher it’s potential
value (Figure 12.5 and 12.6). In addition, protein sources with functional properties are also
likely to command premiums. The highest value noted on figure 12.5 is that of wheat gluten
that commands this high price because of the high value placed on its functional properties by
the food industry. A plant derived protein concentrate for aquaculture feed use though doesn’t
necessarily have to have specific functional properties, but its use is likely to be highly price
sensitive. Accordingly, keeping the cost/price of such an ingredient to an effective level will
depend on many things. One important step is the determination of prospective protein levels at
which the ingredient is likely to be cost-effective to both produce and use. This issue becomes
further complicated by the fact there are two key strategies that can be used to increase the use
of alternative ingredients. One uses the basis of sole substitution and the other, dual substitution,
requires the complimentary use of an accessory low-value ingredient.

In this hypothetical scenario optimising the protein level (and by default the non-useful content)
is the key to defining the most useful product. The determination of an “ideal” protein level
can be determined using a variety of methods and is also likely to be somewhat formulation
dependent. It is also likely to be dependent on the cost and composition of other competitive
ingredients in the feed market. Accordingly these optimal composition and values are only
estimates and would be better evaluated under a broader range of assumptions, including the
options of other competitive ingredients.

Although a somewhat simplistic evaluation, least-cost linear formulation with hypothetical
ingredients can show the relationship between diet formulation, ingredient composition, potential
ingredient value and likely inclusion level (Figure 12.6). The limitations of this evaluation are
that the inclusion levels and price of the hypothetical ingredients are highly dependent on the
price and composition of fishmeal. What this approach does define is that the “ideal” protein
level is from 500 g/kg to 600 g/kg (Figure 12.6). Over this protein range the GPC is included
in the diets at between 11% to 26%. Above this protein range (50% to 60%), the complete
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replacement of the fishmeal occurs and risk is merely transferred from fishmeal to the GPC and
the overall formulation risk is not reduced at all (Glencross et al., 2007).

Ironically several raw materials already exist that fit within this spectrum, notably kernel meals
of L. luteus (Glencross et al., 2004b), but also feed grade corn gluten and wheat gluten products
are also available that cover a similar nutrient profile (Table 12.1). Several soybean protein
concentrates that have these specifications have also been tested (Refstie et al., 1998). Many
rendered animal meals (bovine, ovine and poultry) also have protein specifications within this
range (Table 12.1).

Beyond this simplistic scenario, the issue becomes predominantly a price sensitive one and
competition among other ingredients reduces the effective price of some ingredients. Notably,
the hypothetical maximum price for a GPC of 50% protein was $913, where as soybean meal
at 49% protein (as-fed basis) is worth only $450 per tonne. Notably, while the modelling results
show a linear value of the GPC with increasing protein content (Figure 12.6), actual values of
ingredients against their protein content show that this is more likely an exponential relationship
(Figure 12.5). Further modelling using actual price and composition data of existing feed
ingredients would increase the robustness of this assessment and provide a more realistic value
determination model. In addition, modelling using a variety of diet specifications would also
provide a broader assessment of the likely specifications required for a range of diets.

An improved way to assess the optimal protein level for a hypothetical protein concentrate
would be to use non-parametric modelling. In this scenario the assumption parameters for the
model are not fixed a priori and therefore the modelling approach maximises its flexibility in
being able to identify possible outcomes to service a range of needs. This approach is used in
some manufacturing industries to define certain product parameters (Gani, 2004).

12.4.3 Conclusions

The findings of this study show that both dry and wet methods can be used to produce a value-
added grain protein product. The dry methods were observed to be more effective in increasing
the protein content, but have very poor yield efficiencies. The wet extraction methods had lower
increases in protein, but had significantly better yields. It is difficult to directly compare both
methods directly in this study as the base materials were different in each study. Further work
examining the potential of varying the wet extraction methods would be worthwhile, as would
a direct comparison of size- or air-classification of lupin kernel meals with those wet extraction
methods.

Modelling of GPC use suggests that a product with a protein level in the range of 50% to
60% would be optimal for use in salmonid feeds. Further assessment of the “ideal” product
specifications needs to be undertaken with a broader range of diets as the “ideal” product
specifications are likely to vary depending on the diet in which they are being applied to.
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