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Preface
Recent Advances in Animal Nutrition — Australia, Volume 18, 2011
In planning this event, the conference organising committee enlisted the help of Australia’s Co-operative
Research Centres and private enterprise to identify research that could have a significant impact on the livestock
industry in the future. The central feature of this conference is that greenhouse gas emission, environmental
pollution, nitrogen recycling and biofuel production are emerging as drivers of the livestock research agenda.
For most of the twentieth century, the research agenda was dominated by strategies aimed at increasing
the level of animal production, and less attention was paid to the efficiency with which this was achieved, as
long as net profit improved. This is understandable when one considers that this period coincided with the
Green Revolution, which transformed agriculture around the globe and resulted in a 250% increase in world
grain production between 1950 and 1984. At that time, no one would have ventured to predict that in 2011,
40% of the US maize crop would be used to produce fuel for automobiles and that the price of oil would
affect the price of livestock feed. It is evident that improvement of feed conversion efficiency has risen to
the top of the contemporary research agenda, and the contributions in this volume show that the livestock
industry is eminently capable of increasing the supply of animal products without harming the environment
notwithstanding the dwindling availability of feed grains.
The efforts of the members of the organising committee and Elle Perry, all of whom helped to bring this
event to fruition are gratefully acknowledged. The sponsors deserve special mention: their contributions have
made it possible to host a formidable array of invited speakers, to publish their contributions in this volume and
to provide a forum for industry to engage with research.
Pierre Cronje
Chair of the Organising Committee
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Global feed supply and demand
R.A. Swick
Environmental and Rural Science, University of New England, Armidale, NSW 2351, Australia;
rswick@une.edu.au

Summary

As governments around the world have mandated the
use of corn, sorghum, wheat, soybean oil and rapeseed
oil to produce biofuel, the prices of these commodities
have become correlated with the price of petroleum.
Use of biofuel limits dependence on imported petroleum
and also reduces emissions of greenhouse gases as
these fuels are renewable. Meanwhile, the overall
demand for these crops for food and feed continues to
rise with increasing global population and affluence.
World population is expected to increase from 7 to 9
billion people by 2050. To date, agricultural production
has kept pace with demand. Plantings and yields have
increased substantially over the past 50 years in most
regions of the world. Corn yields in the USA increased
from 2 mt/ha/yr in 1950 to more than 10 mt/ha/yr in
2009. Traditional genetic improvement, irrigation, use
of fertilizers and chemicals, farming practices and
genetic modification have all worked in tandem to
improve yields. About one-third of corn produced in the
USA is currently converted to ethanol; the remainder is
used as domestic and international animal feed and for
corn sugar production. The EU has mandated that 10%
of energy used for transportation will be achieved from
agriculture by 2020. Grain and oilseed consumption for
animal feed continue to increase every year. Prices for
energy-rich feed grains will likely continue to increase
in the future. Feed conversion efficiency has improved
with advances in animal genetics and ingredient
processing. Rapid nutrient measurement techniques
using near infra-red reflectance spectrometry and net
energy diet formulation promise to further enhance
efficiency.

Introduction

The world’s growing population and higher incomes
will significantly boost food and meat consumption in
emerging economies. Demand to convert starches and
edible oils into biofuels will continue into the foreseeable
future. This scenario will place an unprecedented
demand on grain and oilseed production. Ever more
efficient production and use of these commodities are
warranted. Changing climatic conditions may result
in sporadic crop failures, causing stock shortfalls with
drastic price spikes in the future. Drought conditions
were experienced in the wheat-growing areas of Australia
from 2003 to 2009, followed by floods in early 2011.
Russia experienced severe drought and fires in 2010,
resulting in a poor wheat harvest. Wheat production
Recent Advances in Animal Nutrition – Australia 18 (2011)

in China continues to be affected by the drought that
started in 2008. While El Niño (warming) events in the
equatorial East Pacific Ocean increase the possibility
of drought in Australia and Asia, they do not appear to
have a predicable impact on drought in North American
grain-growing areas. Severe drought has not occurred
since 1988 in the USA, currently the world’s largest grain
and oilseed producer and exporter. Improved farming
practices, water management and irrigation have, and
will continue to mitigate the potential effects of drought.
Adoption of biotechnology has reduced the need for
tillage and the ravages of insects and weeds. This has
greatly contributed to a stable balance between supply
and demand for grains and oilseeds. Developments in
oilseed processing technology have shown promise for
increasing the digestibility of energy and amino acids
(Newkirk et al., 2003; Karr-Lilienthal et al.,2005; Neoh,
2009). Formulation of animal diets on a net energy basis
will enable more precise balancing of nutrient inputs
with requirements by taking into account energy lost as
heat. The purpose of this review is to discuss trends and
technology affecting the supply and demand of grains
and oilseeds used in the feed industry.

Grain and oilseed supply trends

The feed industry will not run out of raw materials in
the foreseeable future. However, raw material prices
may test new limits, especially if weather events that
limit production of corn in the USA occur. The floor
price of corn and other energy crops is also likely to
creep up over time. During the economic crisis in 2008,
the price of corn in Chicago was more than US$6 per
bushel (US$ 236.21 per mt) for 5 weeks and spiked
up to nearly $7/bu ($275.58/mt) in June of that year.
The price plummeted to less than US$ 3.44/bu in June
of 2008 and remained low until late 2010. From 2007
until 2011, Chicago corn prices averaged $4.52/bu and
recently reached an historical high of $7.96/bu in May of
2011. It is likely that corn prices will remain high during
2011 and 2012. Wet weather has made early planting
difficult in some regions of the USA and potentially dry
conditions later in the year due to a lingering El Niña
event may negatively affect yields. With such strong
global demand for feed and competition from ethanol
producers, the price of corn may never again be as low
as it was in 2008. Expiration in December 2011 of the
$0.45 per gallon tax credit for blending ethanol into
gasoline enjoyed by the oil companies and removal of
the $0.54 per gallon tariff on imported ethanol in the
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USA may result in some downward pressure on corn
prices. The outcome of the USA budget debate and
public awareness of the link between food cost and
ethanol production will likely help keep credits and
tariffs from being reinstated at current levels. Predicting
the future is difficult at best – watch the weather in the
USA Corn Belt!
Table 1 shows the forecast production of wheat,
corn and sorghum for the main production countries.
Wheat production is widely dispersed around the world
Table 1. USDA 2011 global grain forecast (Anon.,
2011c).
mmt

Wheat
World
EU27
China
India
US
Russia
Australia
Pakistan
Canada
Ukraine
Argentina
Iran
Kazahstan
Egypt
Other

647.5
136.1
114.5
80.1
60.1
41.5
26.0
23.9
23.2
16.9
15.0
14.4
9.7
8.5
78.3

Corn
World
US
China
EU27
Brazil
S.E. Asia
Mexico
Argentina
India
S. Africa
Ukraine
Egypt
Other

813.9
316.1
168.0
55.2
53.0
25.5
22.0
22.0
20.5
12.5
11.5
7.0
88.8

Sorghum
World
Nigeria
US
Mexico
India
Argentina
Ethiopia
Australia
Other

63.0
11.7
8.8
7.1
6.0
3.8
2.6
2.2
15.8

with China and the EU producing the largest quantities.
Forecasts suggest that a large portion of the 2010/2011
global wheat harvest (about 20%) will be used as animal
feed. Wet harvest conditions in Australia are one reason
for this. Figure 1 shows the amount of Australian wheat
destined for feed (“sprung and shot”) and food in 2010
vs 2011 (Pink, 2011).
Corn production is dominated by the USA,
followed by China. The USA is forecast to produce
39% of the global supply in 2010/2011, representing
56% of global corn trade. The USA share of corn trade
is expected to increase steadily to 60% by 2015 and to
decline to 53% by 2020 as production and exports from
Brazil, Ukraine, EU and Argentina increase (Westcott
et al., 2011). Although China is the second largest corn
producer, it may soon become a net importer of corn or
other substitute feed grains.
Sorghum is an important grain that can be grown
in regions drier than those suitable for corn but its
production is about 10% of that of corn. The major
sorghum producers are Nigeria, USA, Mexico and
India. The USA is projected to remain the largest
exporter of sorghum. However, during the past decade,
USA sorghum acreage and production have declined
because of lower net returns compared with corn
and soybeans. Sorghum exports from Argentina, the
world’s second-largest exporter, and from Australia
have risen sharply in the past few years. Both countries
are expected to remain prominent exporters during this
decade (Westcott et al., 2011).
Table 2 shows the global production of major
oilseeds. Although soybeans are indigenous to China,
81% of soybeans are currently produced in the Americas,
Table 2. USDA 2011 global oilseed forecast (Anon.,
2011c).
mmt

Soybeans
World
US
Brazil
Argentina
China
India
Paraguay
Canada
Other

258.4
90.6
70.0
49.5
15.2
9.6
7.5
4.3
11.6

Rapeseed/Canola
World
EU27
Canada
China
Australia
Ukraine
US
India
Other

58.4
20.3
11.9
12.0
2.2
1.5
1.1
0.7
8.0

mmt
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Figure 1. Australian wheat in storage at the end of
January 2010 versus 2011 (Pink, 2011).

Figure 2. Global meat production over 20 Years
(Anon., 2011a; Anon., 2011d).

viz., the USA, Brazil, Argentina and Paraguay. Soybean
production and trade has risen sharply during the past
10 years due to growth in the Asian feed industry.
Rapeseed/canola production is dominated by the
EU, Canada and China. Total global production of
this oilseed is about 20% of that of soybean. Rapeseed
contains about 42% oil, whereas soybean contains
about 19% oil. Rapeseed production is increasing
greatly in the EU because of its use as a feedstock for
the production of biodiesel.

Although purchasing power has increased for
almost everyone in the world over the past decade,
patterns of household spending on food differ greatly
between high- and low-income countries. Bread and
cereals account for 12% of food expenditure in highincome countries and for 27% of food expenditure in
low-income countries. It has been estimated that a 10%
increase in income would result in a 1% increase in
food expenditure in the USA, a 6.5% increase in food
expenditure in the Philippines and an 18% increase
in food expenditure in Tanzania (Seale and Bernstein,
2003).
Figure 3 shows that the top 18 feed-producing
countries accounted for 82% of the total production of
708 mmt in 2010 (Best, 2010). According to the World
Feed Panorama survey conducted by Feed International,
global industrial feed production grew by 1.4% in 2009.
The increase was smaller than expected (2%), which was
likely due to limitation of animal producers’ expansion
plans by higher than expected grain prices. For some
large feed producers such as Charoen Pokphand Foods

Grain and oilseed demand trends

Demand for coarse grains and oilseed products is
dominated by the animal feed industry. Figure 2 shows
the global production for meat and aquaculture products
over the past 20 years (Anonymous, 2011a; Anonymous
2011b). Pork has led the way with steady increases each
year. China now leads the world in the production of
pork and aquaculture products. The USA leads the
world in poultry production with Brazil catching up
quickly. Total demand for beef remained flat in the
1990s and 2000s, indicating that beef consumption has
lost significant market share.
Food consumption habits in developing economies
change when per capita annual gross domestic product
surpasses $1000, and consumption of meat, dairy,
eggs and fish increases sharply (Grainger, 2002). In
many Asian and Middle Eastern countries, per capita
income levels have more than doubled over the past
two decades. Countries in which per capita income has
increased from $500 to $5000 have rapidly growing
feed industries if there is economic growth and a stable
political system. Local production of raw materials and
a lack of trade barriers are considered beneficial for the
feed and animal production industries. When income
exceeds US$10,000 per capita, meat consumption
plateaus and additional income does not have a great
effect on the food consumption pattern.

Figure 3. Global industrial feed production in 2010 by
country (Best, 2011).
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Plc, 2010 was a banner year in which profit margins
surged by more than 30% according to news reports
(Suwannakij, 2011).
Figure 4 shows historical ending stocks and the
stocks-to-use ratios for corn and soybeans. A lower
stocks-to-use ratio indicates a tendency for increasing
prices. Several factors have contributed to the recent
increase in grain and oilseed prices. A severe drought
in Russia and Central Asia decreased wheat harvests in
2010. In late summer 2010, heavy rain fell on mature
wheat crops in Canada and north-western Europe,
reducing the quality of much of the crop to feed-grade
wheat. Late 2010 and early 2011 rains in Australia
reduced and downgraded much of the Australian wheat
crop to feed quality, reducing global supplies of foodquality wheat. Petroleum prices also increased with
improvements in the global economy. The run-up in
crop prices during the last half of 2010 is expected to
stimulate increased plantings and more intensive use of
production inputs in 2011. Assuming average weather
in the major grain-producing regions in 2011, global
production and world stocks of grains and oilseeds are
projected to increase. However, even with the projected
increases in world crop production and stocks, world
market prices are expected to remain well above
historical levels for the next decade (Westcott, 2011).
Biofuels represent a growing demand segment
for both grains and oilseeds. At present, over 90% of
biofuel is ethanol. Corn, wheat, sorghum and sugar
cane juice are all used to produce ethanol. Carbon
dioxide and dried distillers’ grains and solubles
(DDGS) are co-products. The ethanol is blended with
gasoline to reduce reliance on fossil fuels and decrease
net production of greenhouse gas. Ethanol produced
from sugar cane is economically feasible when crude
oil prices are greater than US$45 a barrel (Simbolotti,
2007). Ethanol produced from grain requires various
government subsidies or “blending credits” to remain
competitive with gasoline. Edible oil from various
oilseed crops or restaurant waste can be used to produce
biodiesel. The process involves trans-esterification
and requires addition of methanol (from petroleum)
to generate fatty acid methyl esters with removal of
glycerol. Figure 5 shows that global biofuel production
tripled from 2000 to 2008 (Eisentraut, 2010). Much
of the increase consisted of ethanol production from
corn in the USA. It is predicted that second-generation
biofuels, including biomass and algae, will be used in
the future. Conversion of biomass to liquid biodiesel has
been demonstrated using the Fischer–Tropsch thermochemical synthetic fuel generator. The Petro Algae
Company has demonstrated successful production of
renewable hydrocarbon feedstock from algae that can
be efficiently converted to diesel, jet fuel and other
fuel products using the existing refinery infrastructure.
These new technologies promise to reduce the usage of
grains and oilseeds as raw materials for biofuel in the
future.

Corn

Soybean

Figure 4. World corn and soybean ending stocks and
stock to use ratio (Anon., 2011b).

Figure 5. Global biofuel production, 2000 to 2008
(Eisentraut, 2010)

Future grain and oilseed supply

The USA and other producers have the capacity to
produce more grain (corn, wheat, sorghum) through
yield enhancements, but new grain growing land is
becoming scarce. Ukraine and countries in southern
Africa have potential to develop more grain crop land.
Grains and edible oils will likely remain expensive
until new second-generation technology is developed to
produce biofuel. The supply of low energy, high protein
and high-fibre ingredients such as DDGS, soybean
meal and canola meal will increase with continued
production of biofuel.
Brazil has the capacity to expand production by
opening vast tracts of land to soybean production.
The area of potentially available new land in Brazil
is equivalent to the area of all of the cultivated land
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in the USA. As such, it has the capacity to produce
an additional amount of soybeans equivalent to that
currently produced by the USA (M Sato, pers. Comm.).
New varieties that are resistant to soybean rust will
increase the lead of Brazil as the major exporter. The
EU will remain a major importer of soybean meal with
growth markets in Latin America, North Africa, Middle
East, China, Southeast Asia, Russia, Central Europe
and Eastern Europe. Brazil and Argentina will increase
their share of soybean meal exports and the USA will
experience an erosion of its share. Value-added highnutrient soybean meals will emerge where technology
and transport systems allow for measurement,
segregation and inspection.
Trade in soybeans will increase in coming years as
China imports ever more beans from Brazil and to a
lesser extent from the USA. China has now surpassed
the EU as the largest soybean importer in the world and
represents more than 50% of the soybean trade. China
is no longer a net corn exporter and it appears that
China will attempt to remain self-sufficient in corn at
the expense of growing soybeans. As the EU produces
more biofuel from rapeseed oil, rapeseed meal will
replace soybean meal in animal diets.

Technologies to improve supply
and economize demand

Genetic enhancement of crops has had notable effects
on yield. Figure 6 shows the progress in corn yields
made in the USA since 1866 (USDA, 2011). Major

Figure 6. Historical US corn yields (Anon., 2011c).

genetic improvements began around 1935 (Kucharic
and Ramankutty, 2004). Although the average corn
yield in the USA is now about 10 mt/ha, the highest
yield recorded is double the average. This strongly
suggests that future improvements are possible. Table 3
shows average crop yields for selected countries. There
are great opportunities to enhance yields using water
management, genetic selection and improved farming
practices. Corn yields and harvests in Zimbabwe have
dropped threefold in the past 10 years because of
deteriorating farming practices and poor Government
policies. Southern African countries have the potential
to grow grains and oilseeds due to favourable climate
and rainfall patterns. To this end, China is currently
funding canal and irrigation projects in Mozambique.
Genetically modified corn and soybeans were first
introduced in the USA in 1996. Today over 80% of
corn and soybeans grown in the USA are genetically
modified. Herbicide resistance in corn and soybeans
enables application of glyphosate, a safe and effective
herbicide. This technology enables the farmer to plant
seeds without the need for tilling. This reduces fuel
consumption on the farm and gives easier access to
the fields. Tillage reduction significantly minimizes the
output of greenhouse gases from the soil. Corn expressing
the gene for the insecticidal Bacillus thuringensis
protein improves resistance to the European corn borer
and other insects. The requirement for application of
persistent insecticides is thus reduced.
Acceptance of transgenic crops with improved
nutritive value has the potential to reduce overall
demand, keep prices in check and reduce demands
on the environment associated with the production
of more crops. Soybean varieties that are high in
protein and essential fatty acids and low in trypsin
inhibitor and phytate have been developed and will be
commercialized when they have been thoroughly tested
and deemed acceptable. Digestibility of amino acids
and phosphorus were found to be greater in soybean
meal produced from low phytate beans relative to
conventional soybean meal (Karr-Lillienthal et al.,
2005). In another study by Parsons (2005), soybean
meal produced from genetically modified soybeans
(M703; Monsanto Company, St Louis, Missouri,

Table 3. Average crop yields (mt/ha) for selected grain and oilseed producers (Anon., 2011c).
Country
Australia
USA
Brazil
Argentina
Canada
China
India
EU27
Russia
Egypt
Thailand
Zimbabwe
World average

Corn
9.59
4.11
6.88
9.74
5.33
2.40
6.85
3.02
8.05
4.02
.67
5.08

Wheat
1.95
3.12
3.49
2.8
4.71
2.83
5.26
1.56
6.44
2.92

Sorghum
3.44
4.51
2.40
4.57
3.95
.94
5.27
5.63
1.55

Rice
7.54
4.57
3.7
6.67
3.22
6.82
10.15
2.88
4.27

Soybean
2.92
2.89
2.66
2.94
1.73
1.02
2.73
1.15
1.50
2.50

Rapeseed
1.34
1.92
1.83
1.78
1.00
2.94
.83
1.79
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USA) had considerable advantages over conventional
soybean meal in terms of digestible amino acid and
metabolizable energy content.
Poultry and pig genetics have had a tremendous
impact on reducing the consumption of grains and
oilseeds over the years. Broilers are now capable of
growing to 2 kg by consuming only 3.2 kg of feed.
Twenty years ago, the same broiler would have required
4.1 kg of feed. Assuming that an average of 52 mmt
of live broilers were produced each year during the
past 20 years using a diet consisting of 65% grain and
25% oilseed meal, improved broiler genetics has saved
in excess of 291 mmt of grain and 112 mmt of oilseed
meal over this period.
Feed formulation using a net energy system
holds promise for improving the efficiency of poultry
production. This system has been in use in the pig and
ruminant industries for many years to decrease feed
consumption and carcass fat content. Nutrients present
in feed ingredients are used with varying efficiencies
depending on the amount of energy “wasted” as heat
during metabolism. The current metabolizable energy
system overvalues the energy present in oilseed
meals and high-fibre ingredients such as DDGS and
undervalues the energy present in high-fat ingredients
and synthetic amino acids. The net energy system is
also suitable for broilers because most modern broilers
are grown under thermoneutral conditions in climatecontrolled sheds. Net energy values can be calculated
using equations described by Emmans (1994) or
respiratory quotients obtained from experiments using
live animals in respiration calorimeters.

Conclusions

The animal feed industry is an integral and growing
segment of the food supply chain. It supplies the raw
materials needed to produce healthy animals that
provide essential human food protein and energy.
Animal products are a vital and important food source
for the world’s growing population of 6.9 billion people.
Increasing broad-based income growth and urbanization
are changing eating patterns and resulting in increased
meat consumption. Industrial feed production in mills
producing more than 2,500 mt per year is currently
718 mmt per year. The average growth in animal feed
production is about 2% per year. If future demand
increases at this rate, the supply of raw materials would
cover demand for the next 10 years. The feed industry
will likely experience more tightness and higher price
spikes in coarse grains as ethanol production increases
and China becomes a net importer of corn. Advances
in the production of second-generation biofuels from
biomass will help ease the demand for grains in the
future. Soybean production will continue to increase
in Brazil and Argentina. Transgenic crops with
increased nutrient content may gain acceptance in the
future. Adoption of the net energy system for broiler
feed formulation will improve feed efficiency. The
feed industry will continue to be dynamic and will be

punctuated by major technological developments.
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Summary

Based on historical data and near-future projections,
it seems unlikely that the poultry industry will reach
a 1:1 feed conversion ratio within the next 10 years.
This does not mean that this target will not be reached
at all. In fact, when one considers true dry matter
conversion, this possibility seems more realistic. With
emerging technologies and new selection, nutrition
and management practices, there is a still lot of room
for improved efficiency. The global trend toward
sustainability also fits well with the direction of the
poultry industry. Research has shown that of all animal
species, poultry production has the smallest carbon/
nitrogen footprint and continues to reduce this footprint
per unit of meat produced. Our existing progress
in efficiency has not come at the expense of animal
welfare. Data show that mortality and condemnation
rates are lower than ever and skeletal, heart and lung
health has not been compromised by modern selection
practices. Perhaps most importantly, these advances in
our industry have ensured that poultry meat remains
highly affordable for much of the world’s population.
The industry has shown itself to be highly responsible
in its consideration of the environment and of social and
economic issues, and further advancements in efficiency
will continue this success story.

Introduction

Progress in feed conversion ratio (FCR- feed consumed
per unit body weight) of broiler chickens has been quite
staggering over the past three decades. Despite the radical
improvements and years of intense selection, there is
still significant within- and between-strain variation in
traits such as growth and feed conversion. Emmerson
(1997) presented data from 45 broiler crosses showing
that there was more than 10% between-strain variation
in body weight, growth rate and feed conversion and up
to 30% variation in abdominal fat. Significant withinstrain variation also still exists. Therefore, we can expect
genetic progress to continue at a similar rate for many
of these economically critical traits. Whether a 1:1 FCR
is achievable in the next 10 years is less clear. It would
require us to almost double the current rate of yearon-year progress. Although many advances have been
made in selection, nutrition, health and management, a
doubling of our progress seems unrealistic, but ingenuity
Recent Advances in Animal Nutrition – Australia 18 (2011)

and commitment within various sectors of the industry
has prevailed before.
The question of whether a 1:1 FCR is an appropriate
goal can be answered in more concrete terms.
Previously, advances in certain traits were accompanied
by challenges in other areas of production. For example,
intense selection for growth was often associated with
reduced reproductive performance, increased carcass
fat, skeletal abnormalities and ascites. These issues
have presented producers with challenges in the past
but modified selection schemes have successfully
ameliorated some of these complications. Understanding
the causes of some of the negative traits and developing
tools to measure susceptibility has enabled significant
genetic improvements to be made in many of them.
Skeletal problems such as tibial dyschondroplasia, and
others such as ascites, are examples of such disturbances
that have been significantly improved through section
using novel techniques. Thus, with continued focus on
all of these physiological support traits, there seems no
basis to claim that a 1:1 FCR is not an appropriate goal
due to animal welfare and ethical concerns. Historically,
the industry has been very responsible in this regard.
Furthermore, life cycle analysis and other
environmental impact studies have illustrated the
benefits of low FCRs for the environment and for
sustainability. The poultry industry’s commitment to
efficiency has resulted in a lower environmental impact
and ultimately a lower cost of high-quality protein to
the consumer. Sustainability has become a significant
focus area for the agricultural sector as a whole and
it encompasses economic, social and environmental
issues.

Is a 1:1 FCR achievable in the next
10 years?

According to Aviagen’s (2007) broiler performance
objectives, a 2 kg male broiler should achieve an FCR
of approximately 1.54. This objective is based on the
performance of top quartile customers around the world.
It is certainly achievable with good health, nutritional
and management related inputs. There is a tremendous
amount of variation in measured FCRs in the field.
Within Aviagen’s database of field performance,
adjusted FCRs can vary by up to 50 points from one
operation to another. This variation proves that in any
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That gives us a total improvement of around 34.5
points in FCR. With current FCRs for 2 kg male broilers
of 1.54, we could expect FCRs of 1.2 in the next 10
years (Figure 2).
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Figure 1. Projected progress in feed conversion ratio of
2 kg male broilers due to genetic selection and nutrition
over the next 10 years.
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It is hard to imagine us reaching a goal of a 1:1
FCR in the next decade, but achieving an FCR of 1.2
would represent a phenomenal achievement for our
industry and the benefits would be felt all the way from
the global environment to the individual consumer.
Stepwise improvements in FCR due to breed changes
or major advances in nutrition, feed delivery or health
and management may get us closer to 1:1 than these
projections suggest.
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Figure 2. Overall projected progress in feed conversion
ratio over the next 10 years for a broiler of 2 kg body
weight.

Figure 3. Average number of days to reach a body
weight of 2.3 kg under field conditions (Aviagen).
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Sustainability has become the watch word of the early
twenty-first century. Often the definition “to meet the
needs of the present without compromising the ability
of future generations to meet their own needs” (World
Commission on Environment and Development, 1987)
is used. However, it provides no benchmarks. The
International Reporting Initiative, an organization that
provides a framework for reporting “sustainability”,
considers three “pillars” for sustainability; economic,
environment and social. These three pillars are used in
several models, but one of the most frequently referred
to is that of interlocking and overlapping circles of
influence.
Aviagen (personal communication) collects large
amounts of field data and as such can establish the
trends in traits such as growth rate and feed conversion.
Figure 3 shows the average number of days to reach 2.3
kg. Based on these data there has been an improvement
in days to 2.3 kg of 10 days over the last 15 years.
This trend shows no sign of slowing. Figure 4 shows
the amount of calories required to reach 2.3 kg. These
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If the question is extended beyond the next 10 years,
it is more likely that this goal can be achieved. Although
a 1:1 feed conversion may seem unrealistic to some, if
it is considered on a dry matter basis, a different picture
emerges. On a dry matter basis, a 1:1 FCR is actually
closer to 2.52:1. This value was calculated assuming
that feed contains 11.5% water and a whole chicken
contains 65% water. Thus, a 2 kg bird with a 1.8 FCR
would have an FCR of 4.55 on a dry matter basis. This
should be encouragement and motivation enough to
aim for such a target.
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one flock, the influence of nutrition, management and
disease can far exceed the influence of genetics alone.
Genetic companies are predicting continued
improvement at a rate of 2–3 points of FCR per year
with no immediate plateau in sight. Based on these
projections, a current FCR of 1.54 and no change in the
potential plateau over the next 10 years, we could expect
FCRs of 1.24–1.34. This would certainly represent the
top end of industry performance. Havenstein (2003)
estimated that genetic selection was responsible for
85–90% of the improvement in broiler growth and feed
efficiency. According to his assessment, the other 10–
15% was due to nutrition. If we assume that in the best
case scenario, the genetics companies give us a total of
30 points improvement over the next 10 years, we could
hope for an additional improvement of 4.5 points due to
advances in nutrition (Figure 1).

Year

Figure 4. Average calorie consumption to reach a body
weight of 2.3 kg under field conditions (Aviagen).
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data show that birds require 370 fewer kilocalories to
reach 2.3 kg than they did in 1995. This gives some
indication of the improvements that have occurred in
feed conversion.
Despite these radical improvements in growth
rate and FCR, there has been no increase in mortality
or other welfare and health-related traits during this
period. If anything, these parameters have improved.
This is clear evidence that the genetics companies
have taken a very balanced and responsible approach
to improving FCR. Although improvements have been
significant, they have not come at the expense of bird
welfare and health.
For over 30 years, genetics companies have used
highly controlled individual pen tests to enhance FCR.
This technique has almost halved the amount of feed
required to generate a unit of poultry meat since the
1970s. Individual pens, although cost-effective and of
high welfare standards, do not address the behavioural
aspects of feed efficiency. In 2005, Aviagen started
selecting pedigree chickens using performance testing
stations in their breeding program. These stations
allow birds to be group-housed and demonstrate the
behavioural aspects of feed intake and efficiency.
This technology will allow Aviagen to make faster
improvements in FCR, with improvement rates around
2.5% per annum. This improvement rate is close to
the predicted increases in world chicken meat output.
This being the case, the industry will be close to truly
sustainable with inputs reducing at around the same rate
as growth. Furthermore, since the late 1990s, Aviagen
has not utilized prophylactic antibiotics or coccidiostats
in its breeding programs. High quality breeding and
broiler stock should be sufficiently hardy to perform in
the absence of these feed additives and the conditions
under which the birds are selected should reflect this.

The Environment

With large scale population growth and finite resources,
any farming activity needs to be considered in the context
of its impact on the global environment. Table 1 shows
the results of a Department for Environment, Food
and Rural Affairs (2006) study of the environmental
burden created by various agricultural practices. Of all
land-animal protein sources, poultry meat production
appears the most environmentally efficient, followed
by pork and sheep meat (primarily lamb), with beef the
least efficient. According to the report, this results from
“several factors, including: the very low overheads
of poultry breeding stock (c. 250 progeny per hen
each year vs. one calf per cow); very efficient feed
conversion; high daily weight gain of poultry (made
possible by genetic selection and improved dietary
understanding”. Although the estimate of progeny per
year may be significantly exaggerated, it is still clear
that progress in FCR has resulted in a smaller potential
for greenhouse gas emissions and a smaller carbon/
nitrogen footprint per unit meat produced. The report
estimated the global warming potential (GWP) of all
these species and found that poultry has the lowest
potential of all for global warming. This was measured
in CO2 equivalents produced.
Genetic selection of broilers over the past 20 years
has resulted in a reduction of greenhouse gas emissions
of 25%, and this reduction is predicted to continue for
the next 20 years. Commercial geneticists feel that this
is a very conservative estimate given the enhanced
technologies available today and in the near future.
Selection targets for efficiency, especially in FCR and
meat yield, have primarily driven this reduction at the
same time as reducing the wholesale price of high
quality, healthy animal protein to the customer.

Table 1. The main burdens and resources used in animal production in the current national proportions of production
systems (DEFRA, 2006).
Impacts and resources used per ton of carcass, per
20,000 eggs (about 1 ton) or per 10 m3 milk (about
1 ton DM)
Primary energy used, Gigajoules
GWP100, t CO2 (1)
Eutrophication potential, kg PO43Acidification potential, kg SO2
Pesticides used, dose ha
Abiotic resource use, kg antimony

Beef
28
16
158
471
7.1
36

Pig
meat
17
6.4
100
394
8.8
35

Poultry
meat

Sheep
meat

12
4.6
49
173
7.7
30

Land use (2)
Grade 2, ha
0.04
Grade 3a, ha
0.79
0.74
0.64
Grade 3b, ha
0.83
Grade 4, ha
0.67
(1): Global Warming Potential over a 100 year timescale measured in CO2 equivalents
(2): Grazing animals use a combination of land types from hill to lowland. Land use
normalised at grade 3a.

23
17
200
380
3.0
27
0.05
0.49
0.48
0.38

Eggs

Milk

14
5.5
77
306
7.7
38

25
10.6
64
163
3.5
28

0.67

0.22
0.98

for arable feed crops was

12

•
•
•
•
•
•
•

1.1 billion people survive on less than $1 per day.
Seventy percent live in rural areas where they are
highly dependent on ecosystem services.
Inequality has increased over the past decade. During
the 1990s, 21 countries experienced declines in
their rankings in the Human Development Index.
Over 850 million people were undernourished in
2000–2002, up 37 million from the period 1997–
1999.
Per capita food production has declined in subSaharan Africa.
Some 1.1 billion people still lack access to improved
water supply, and more than 2.6 billion lack access
to improved sanitation.
Water scarcity affects roughly 1–2 billion people
worldwide.
Global improvements in levels of poverty are
skewed by rapid economic growth in India and
China; poverty elsewhere (especially in subSaharan Africa) is profound and persistent.

Free or inexpensive sources of non-vegetable
protein are in decline. For example, the loss of capture
fisheries is reducing an inexpensive source of protein
in developing countries. Per capita fish consumption
in developing countries, excluding China, declined
between 1985 and 1997. As wild populations of fish
and animals shrink and human populations become
increasingly urbanized, the provision of low-cost animal
protein will be increasingly desired by consumers worldwide. Poultry, with its scalability, high throughput and
excellent FCR, is an opportunity for people in both
established and emerging markets.

Animal Welfare

Some of the most sensationalized claims about
the negative impacts of genetic selection relate to
reduced bird welfare and poor skeletal health. Many
campaign groups and welfare-orientated scientists
have made claims as to the negative physiological
health status of broiler chickens caused by commercial
selection practices and leg defects, especially tibial
dyschondroplasia (TD). Some groups have gone as far
as to recommend or campaign for the end of intensive
broiler farming (CIWF, 2010). These claims may have
been valid in the 1980s, when most breeding companies
were using mass selection or selection index technologies
in their programs. However, 20 years of continued focus
on these areas using traditional inspection methods,
medical technologies such as X-rays and genetic
technologies to elucidate relationships between traits
has reduced the incidence of these issues to a very low
level on effectively run commercial production facilities.

Although effective measurement of the reduction in
these problems is difficult, large datasets such as those
available from the Canadian Meat Inspection Service
indicate dramatic improvements in the underlying
genetic susceptibility of modern broilers to these issues
and in awareness of the management requirements of
these improved individuals. Today, most incidences
of TD are associated with incorrect formulation of
diets. One study that is often quoted by welfare activist
groups was carried out in Denmark (Sanotra, 1999)
and showed a 57% incidence of TD in commercial
broilers in 1999. Six years later, in a repeat of this study
(Pedersen et al., 2005), the incidence had dropped to
0.7%. In the first study it was later reported that the diet
had been deficient in calcium, which was most likely to
have caused the TD issues (K. Laughlin, Pers. Comm.).
Another issue that has been debated is ascites, and
again there is strong evidence that a major reduction in
the incidence of ascites incidences has occurred (Figure
5), although this may still be a practical issue at altitude,
in poorly ventilated houses with low air exchange or
where birds are chilled in the early stages of growth.
8
7
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Environmental traits will be increasingly considered
in breeding goals for the future, but these interlink
with social issues across many parts of the globe. The
Millennium Ecosystem Assessment listed the following
as some of the socio-economic issues facing the globe:
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Figure 5. Condemnation rates (per 10,000) as reported
by the Canadian Food Inspection Agency.

Economic Impact

Sometimes the economic impact on the consumer is
overlooked when the benefits of improved efficiency
are discussed. Globally, the broiler industry consumes
417 million parent stock (PS) per year, the equivalent
of an estimated 58 billion broilers. The US industry
alone now generates over US$44 billion per year in
retail sales (USDA, 2006). Over the years, selection
for improved efficiency has been extremely successful.
The cost of producing a pound of live chicken dropped
from US$2.32 in 1934 to US$1.08 in 1960 to US$0.45
in 2004 in today’s money (USDA, 2006). This has
ensured that growth in poultry meat consumption has
outpaced that of other meat types.
The economic impact of improved efficiency is
likely to become increasingly important in maintaining
food prices for the consumer. Food price indices of the
Food and Agriculture Organisation (Figure 6) show
a large spike in cereal prices and food prices in 2008
and early 2011. Meat prices followed the same trend,
albeit with a smaller magnitude. With the global energy
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Figure 6. Food, meat and cereal price indices as reported
by the FAO since 1990.
demand growing and resources dwindling, this trend
towards more volatility and higher prices is likely to
continue. Grain and other raw material prices have
increased radically in recent years. We have no choice
but to focus continually on efficiency of production in
order to provide a healthy, affordable source of animal
protein to the world’s growing population.

Genetic Diversity

Statements have been made that commercial breeding
populations lack genetic diversity and that the formation
of commercial breeding companies and their subsequent
selection strategies have been the direct cause of this.
All of the large commercial companies keep substantial
populations within each “line” to maintain variation
and control inbreeding. There has also been a move
for many of the breeders to acquire more varied stock
types to give more depth to their programs and provide
greater choice to consumers. In some, primarily
developed countries, there is a move away from
standard commercially farmed chickens, to something
that is perceived as higher “quality”. This is achieved by
restrictions on diet ingredients, exposure to the range,
organic nutrition and restriction of growth rate. The
demand stems from a small but significant percentage
of consumers to whom producers are responding.
All of these strategies tend to reduce “sustainability”
through usage of greater amounts of feed and increased
greenhouse gas production. They also increase cost.
Care should be taken that lower income consumers are
not legislated out of eating chicken, as this remains one
of the healthiest and most cost-effective animal proteins
available.

Conclusions

In developed nations, the percentage of household
income spent on food can be as low as 7.4% (USA);
however, in less-developed countries it can be more
than 50% (India and Philippines). The improvement
of chicken production efficiency over the past 50
years, coupled with many other agricultural advances,
has helped bring high-quality, low-fat animal protein
within reach of all but the very poorest of individuals
worldwide. Continued advances in genetics as well as
associated improvements in the optimization of broiler

production will bring chicken within the budget of all.
The theory of population genetics indicates that
variation for traits such as growth and feed conversion
will diminish with continued selection. However,
results from long-term selection experiments provide
little evidence of major plateaus in genetic progress.
In addition, primary breeders have tools to recapture
variation, such as out-crossing and the development of
synthetic lines, if such plateaus do develop (Emmerson,
1997). The future will likely see the incorporation of
molecular approaches to selection. Although these
methods appear to hold great promise, they will likely
always work in concert with traditional selection rather
than replace it. It is still possible that we could achieve
a 1:1 FCR sometime in the not too distant future.
Concerted efforts by breeding companies have
reduced the levels of physiological issues associated
with modern fast-growing broilers. At the same time,
improvements in absolute performance have greatly
reduced the carbon/nitrogen footprint of the industry
and will continue to do so. Undoubtedly, there will be
emerging issues of welfare, sustainability and consumer
ethics that will come to the forefront and our industry is
well positioned to address them.
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Summary

Improving the efficiency with which growing pigs utilise
feed is a high priority for the pork industry because the
cost of feed is by far the major component contributing to
the cost of production. There are relatively few accurate
estimates of feed conversion ratios in commercial
piggeries, but results from experiments conducted over
the past 30 years have shown that there has been a
substantial improvement in feed efficiency. In particular,
recent research conducted by the Department of
Agriculture and Food in Western Australia to determine
the lysine requirements of grower and finisher pigs has
recorded levels of efficiency not previously reported in
Australia. In this paper, some of the factors that may
have contributed to this improvement are discussed.

Introduction

High feed prices are fast becoming the norm, and
pork producers cannot assume that the price for their
product will rise accordingly. As the cost of feed is by
far the greatest input cost in pork production (65–75%),
anything that can be done to improve the efficiency
with which feed is used will have a positive impact on
profitability. The Pork Co-operative Research Centre
(CRC) has for the past 6 years focussed on improving
the international competitiveness of the Australian
industry, and as such has supported several research
projects aimed at improving the feed efficiency of the
growing pig or the whole herd. This paper reports some
of the results of research supported in part by the Pork
CRC in which feed to gain ratio has been measured,
and then speculates on possible reasons why we have
observed improvements in feed conversion far greater
than that thought to be the case in industry.

What is feed efficiency at present?

There are very few accurate records of feed efficiency,
otherwise referred to as feed to gain ratio or feed
conversion ratio (FCR), on commercial farms. The best
estimate available is from the Pork CRC benchmarking
project, which was undertaken with a relatively small
number of farms between 2008 and 2010 and indicates
that FCR from weaning to sale is 2.45. It may seem
surprising that every producer does not have accurate
records for FCR, given its importance and its simplicity
of calculation (total amount of feed consumed divided
Recent Advances in Animal Nutrition – Australia 18 (2011)

by the total increase in weight). Before the introduction
of all-in, all-out production systems it was difficult to
track the performance of a discrete batch of pigs because
pigs were continually being added to or removed from
groups. In theory, it would have been possible to track
a pen (or ‘focus’ pens) of pigs, but this would have
involved measuring the feed allocated to that particular
pen, which is labour intensive. Furthermore, how
representative that particular pen (or group of pens) was
of the rest of the pigs could also be questioned.
Even when the industry changed to all-in all-out
production systems, it was still more difficult than
many thought to measure FCR. For example, although
the name suggests that all pigs are sold at the same time,
in reality they are sold over a 2 to 4 week period to take
into account the range in live weight at the end of the
growing period, unlike the poultry industry. Therefore,
pigs for sale are mixed with pigs from other units to
fill transport vehicles, making it more difficult or in
some cases impossible to measure slaughter weight
for a particular group. Although most producers have
systems for weighing pigs as either individuals or
groups, it is still a labour intensive activity and other
tasks are often given a higher priority. Measurement of
feed consumption is also difficult, often relying on the
scales on feed delivery trucks as the only measure of
total feed delivered. Another important consideration
is the potential variation in energy content of diets
between different production systems, thus adding error
to a comparison of FCR on a per kg basis.
The most accurate measures of FCR are derived
from research, in which accurate measurement of
feed intake and weight gain is critical. The extent of
improvement in FCR can be estimated by comparing
the results of recent research with those of similar
research conducted 10 to 20 years ago.

Results from recent research

The formulation of diets for growing pigs relies on
accurate knowledge of the energy and amino acid
requirements of a particular genotype. With regard
to amino acids, most attention is focussed on the
requirement for lysine because this is referred to as the
first limiting amino acid. As it has been some time since
the lysine requirements of grower and finisher pigs has
been determined, two experiments were conducted
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by Moore and Mullan (2010) at the Department
of Agriculture and Food of Western Australia’s
(DAFWA) Medina Research Centre. This research
involved sourcing weaner pigs from high-health
status commercial herds and rearing them in groups
in straw-based shelters until they reached the target
starting live weight. The genotype chosen was from
the Pig Improvement Company because it accounts for
a significant proportion of the pigs currently grown in
Australia. Two experiments were conducted to measure
the responses of entire male and female pigs, reared
in groups of seven, during the grower (20–50 kg live
weight) and finisher (50–100 kg live weight) phases.
Entire males and females were chosen because they
represent the biggest difference in nutrient requirements,
whereas it is acknowledged that from an eating quality
perspective, entire males should be either physically
castrated or immunocastrated.
In the first experiment, pigs were fed diets ranging
from 0.6 to 1.0 g available lysine per MJ DE over a
live weight range of 22–53 kg. There was no significant
effect of treatment on feed intake (1.45 kg/d for males
and 1.62 kg/d for females), but there was a significant
effect on growth rate and hence feed to gain ratio (Figure
1). The response in feed to gain ratio indicates that the
requirement for females, corresponding to the point of
inflexion at which feed to gain ratio is a minimum, is
0.75 g available lysine per MJ DE, whereas that for
entire males is at least 0.80 g available lysine per MJ
DE. The difference in requirement for lysine between
the two sexes is primarily due to the greater potential of
entire males for protein deposition.
The difference in FCR between entire males and
females is of similar magnitude to that reported by
O’Connell et al. (2005) from research conducted in
Ireland (pooled values of 1.80 vs 1.86 for entire males
and females, respectively, from 20 to 40 kg). In that

experiment, the optimum FCR of 1.72 was for 0.77
g available lysine per MJ DE, similar to the value for
females in the experiment of Moore and Mullan (2010).
In research conducted in the USA, Main et al. (2008)
also reported a similar requirement for females (0.79
g available lysine per MJ DE) between 35 and 60
kg but with a higher FCR (2.10) than in either of the
other two studies. The results of our research indicate
that many commercial diets may not be formulated to
meet the requirements of current genotypes, and the
extremely low values for feed to gain ratio recorded are
particularly noteworthy.
In the second experiment with pigs from 50 to
103 kg live weight, differences in feed to gain ratio
between entire males and females were similar to
those observed in the grower phase, and the optimum
requirement for entire males was also higher than that
for females (0.75 vs 0.65 g available lysine per MJ DE,
respectively; Figure 2). The absolute values for feed
to gain ratio were extremely good and the results from
both experiments indicated that from this perspective,
Australian genetics are capable of achieving results that
compare favourably with other genotypes worldwide
(R. Campbell pers. comm.). O’Connell et al. (2006)
reported a similar difference in FCR between entire
males and females, and although their data are difficult
to interpret because their performance results were
pooled for the two sexes versus treatment, the FCR
values for the experiment conducted in Australia were
approximately 0.2 points lower than their values. The
calculated requirement of 0.67 g available lysine per
MJ DE from the Irish experiment for pigs between 60
and 90 kg is similar to that for females in the Australian
experiment.

Figure 1. Effect of available lysine (g available lysine
per MJ DE) on feed to gain ratio for females and entire
males (± SEM) from 22 to 53 kg live weight (Moore
and Mullan, 2010).

Figure 2. Effect of available lysine (g available lysine
per MJ DE) on feed to gain ratio for females and entire
males (± SEM) from 50 to 103 kg live weight (Moore
and Mullan, 2010).
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How do the values for feed to gain
ratio compare?

There are many factors that can have an effect on feed
efficiency, and it is difficult to accurately compare the
results of one experiment with those of another when
they were conducted 10 or more years apart, often
with different genotypes and in different facilities.
In the mid-1980s Campbell et al. (1988) conducted
experiments similar to that of Moore and Mullan (2010)
to determine the lysine requirements of male and female
pigs. The results for finisher pigs (50–90 kg live weight)
are shown in comparison to the results of Moore and
Mullan (2010) in Figure 3. A substantial improvement in
feed to gain ratio has taken place over this time: average
values decreased by about 0.5 (from 2.70 to 2.20 for
males and from 2.90 to 2.40 for females). Growth
rates in the experiments conducted in the 1980s were
between 700 and 800 g/day, compared with 1100 g/day
in the more recent experiments. Although we suspect
that much of this difference is due to improvements in
genotype, the experiments were also conducted under
quite different environments and conditions, and hence
it is impossible to proportion the degree of improvement
in feed efficiency to particular variables.
Two experiments conducted approximately 10
years previous to the experiments of Moore and Mullan
(2010), in the same facility and also with pigs sourced
from commercial herds that used breeding stock from
the Pig Improvement Company, provide a better means
of assessing how performance has changed over time.
In one experiment conducted from 25 to 106 kg live
weight, an FCR of 2.67 was recorded for entire male
pigs (Mullan et al., 1999), and in a second experiment
that included female pigs and a similar weight range
(22 to 103 kg live weight), the FCR was 2.99 (Mullan
et al., 2000). Whereas the difference between females
and entire males is of similar magnitude to that shown
in Figure 2 for finisher pigs, the 30% improvement
in FCR over a relatively short period of time is quite
outstanding. Some of this improvement can be

Figure 3. Feed to gain ratio in response to dietary
lysine concentration for entire male and female pigs in
experiments conducted approximately 30 years apart
(Campbell et al., 1988; Moore and Mullan, 2010).

attributed to genetic improvement, but a number of
other changes were made over that period, which could
also have contributed to the improvement in FCR. It is
worthwhile discussing each of these changes and, more
importantly, speculating as to how they may have had a
positive impact on feed efficiency.

What has contributed to the
improvement in FCR?
1. Genotype

Some of the improvement in FCR can be attributed to
genetic selection for growth rate and depth of back fat
as well as for FCR. Regarding entire males, in the early
experiment (Mullan et al., 1999), pigs had an average
daily gain from 25 to 106 kg live weight of 863 g/d,
whereas between 48 and 104 kg live weight in the
more recent experiment, growth rates of 1070 g/d were
recorded (Moore and Mullan, 2010). At the same time,
there was a reduction in the depth of back fat (P2) of
approximately 2 mm, indicating the improvement in
lean meat deposition that has occurred over time.

2. Health status

It is well known that health status can affect the
partition of nutrients and in particular, the proportion of
nutrients used for maintenance. The Medina Research
facility is operated on an all-in all-out basis, often
with a break of several weeks between batches of pigs
together with a thorough cleaning protocol. Even so,
a combination of events led to an outbreak of porcine
dermatitis and nephropathy syndrome (PDNS) in 2009,
which necessitated an even more thorough cleaning and
disinfection protocol. Although impossible to measure,
this would have meant that the hygiene level of the
facility was as good as possible. Since there were no
pigs on the same site for a period of approximately one
month, this would also have helped achieve a standard
of cleanliness that many other research groups, and
particularly commercial herds, could never achieve
unless they were building new facilities on a green field
site. In addition, all recent pigs have been vaccinated
against circovirus, which may have had a sub-clinical
impact on pig performance in previous years.
Another factor that affects FCR, but which is often
overlooked, is mortality rate. Payne (unpublished)
calculated that reducing the mortality rate in a growerfinisher herd from 4% to 2% could reduce feed usage
by 1%, on the assumption that, on average, pigs would
have eaten 100 kg of feed before dying. Mortality
rates are typically lower in experiments conducted in
facilities such as Medina than in commercial research
or production facilities, and this would explain some of
the difference in reported values for FCR.
To demonstrate the potential impact of a disease
challenge on nutrient requirements, in a recent experiment
conducted for the Pork CRC, Dr Jae Kim and colleagues
from DAFWA examined the hypothesis that heightened
immune stimulation increases the requirement for
sulphur-containing amino acids. Although it is too early
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to draw conclusions, if the hypothesis were supported,
it could mean that a proportion of pigs in commercial
herds are being fed diets that under-supply some amino
acids because of the likely challenge to their immune
system, which would in turn affect FCR. This research
reflects the growing interest in the role of health status
on pig performance, and in particular feed efficiency.

3. Measurement of feed disappearance

One of the changes that has occurred at the Medina
Research Station in recent years has been the installation
of the Feedlogic feed delivery system. Feedlogic is
a fully integrated feed dispensing and management
system comprised of a self-contained feed delivery unit
suspended from an overhead rail, a charging and loading
station and a wireless network connected to an off-board
computer in a nearby office. The system has the ability
to automatically deliver multiple diets to specific feeders
and provide real-time data on feed disappearance.
While it would not influence pig performance per se,
it has certainly improved the accuracy with which feed
allocation to pens is measured and hence has probably
contributed in a small way to the improvement in feed
efficiency that has been recorded.

4. Feeder design and access

Associated with the installation of Feedlogic at the
Medina Research Station was the installation of new
single-space feeders. These replaced single-space
feeders that had been in place for about 20 years and
in some instances, feed wastage was high due to the
difficulty of adjusting feeders to control the flow of feed.
At the same time, the number of pigs per feeder (7) is
less than that suggested by the manufacturer, meaning
that pigs have ready access to feed at almost any time of
day. Morrison et al. (2003) compared the performance
of entire male growing pigs with either nine or 15 pigs
per feeding space, and reported a significant increase in
feed to gain ratio from 10 to 23 weeks of age (2.46 to
2.64 for 9 and 15 pigs per feeder space, respectively, P
< 0.05). Competition for feed and periods when feeders
run empty are certain to contribute to the higher values
for FCR found on many commercial piggeries. The
space allowance for pigs at Medina is typically 0.9 m2
per pig, substantially higher than the code of welfare
recommendations (0.68 m2 for a 105 kg live weight
pig), which would also allow the pig to exhibit its
genetic potential.

6. Nutrition

The impact that feeding under-specified diets to growing
pigs can have on FCR is clearly shown in Figures 1
and 2. Unfortunately, it is often difficult to feed pigs in
commercial piggeries to their exact specifications. For
example, because variation in live weight is often large,
if diet specifications are set according to the average
live weight of the group, a proportion of pigs will be
fed diets that limit their capacity to grow to their genetic
potential and an increase in FCR will result. On the
other hand, feeding diets that meet the requirement of
all pigs in the group would be expensive and result in
significant waste of nutrients by pigs of lower genetic
potential.

What might be possible?
Weaner nutrition

In the research reported previously (Figures 1 and 2), no
special attention was given to what piglets were fed from
weaning to 20 kg live weight. Pigs were sourced from
a commercial farm at weaning, reared in straw-based
shelters and fed standard commercial diets. A recent
weaner study demonstrated that, compared with a wheatsoybean meal-based control diet, supplementation of 50
g spray-dried plasma protein per kg of diet improved
FCR by 39% in the first week after weaning (Hernandez
et al., 2010). Although the effect diminished during
weeks 2 and 3 post-weaning, use of spray-dried plasma
protein is an efficient strategy to reduce the postweaning growth check and contributes to an overall
improvement in herd feed conversion efficiency. This
is just one example of how diet composition during the
weaner phase might be used to improve overall feed
efficiency of the growing pig.

Feeding systems

In the research experiments described previously, the
same diets were fed to pigs from, for example, 20 to 50
kg or from 50 to 100 kg. Figure 4 shows the theoretical
requirement for a particular genotype. Note that as the
live weight of the pig increases, the requirement for
dietary lysine declines to a point around 100 kg live
weight, where it probably becomes constant. As the
level of lysine declines, so too does the cost of the diet.

5. Environment

Climatic factors such as ambient temperature and
humidity can have a significant impact on FCR.
While they do not explain the change in FCR between
successive experiments at Medina, pigs in that facility
have a close to optimal climatic environment at most
times, which is better than that in many commercial
facilities. Hugh humidity is rare and spray cooling
systems, programmed to switch on at 22 °C, together
with excellent airflow and a large air space per pig, all
contribute to good conditions for efficient growth.

Figure 4. Requirement for lysine versus that supplied
in a three-phase feeding program.
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In the example shown in Figure 4, which depicts a threediet feeding program, each diet is set at the level of the
theoretical requirement, but as live weight increases,
there is a period at which the diet supplies excess amino
acids before the next diet is introduced. This is called
phase feeding, as the diets are theoretically matching
the different phases of growth and hence amino acid
requirements of the pig.
Some feeding systems now incorporate blending of
two or more diets, enabling the diet of pigs to be changed
on a weekly basis. In this way, the supply of nutrients is
better matched to the pigs’ requirements. Blend feeding
has been shown to save AUS $3 per pig in feed costs
(Mullan et al., 1997), but as this does not take into
account the cost of installing the necessary feed system
or the cost of ingredients, the cost benefit will be better
in some years than in others. It is unclear as to how
much of this saving is attributable to improvements in
FCR vs savings in the cost of feed per tonne.

Particle size

It is well-recognised that mechanical grinding of grains
and legumes improves nutrient digestibility and hence
feed efficiency. Grinding generally increases nutrient
digestibility by releasing encapsulated nutrients and
by increasing surface area, which facilitates contact
between nutrients and digestive enzymes. Therefore,
reducing particle size has minimal effects on growth
rate but improves feed efficiency. On the other hand,
excessive grinding can cause stomach ulcers, increase
digesta viscosity, which reduces feed intake and nutrient
digestibility, and increase the cost of milling due to the
extra power required to drive machinery.
A grower pig study conducted at the Medina
Research Station examined the effect of lupin particle
size on ileal energy and amino acid digestibility. The
results showed that for every 100 µm increase in lupin
particle size over 567 µm, ileal digestible N and energy
content were reduced by 2.2 g/kg and 0.53 MJ/kg,
respectively (Kim et al., 2009). In the same experiment,
every 100 µm increase in particle size of lupins over
567 µm reduced the standardised ileal digestible lysine,
methionine, threonine, isoleucine, leucine, valine and
total amino acid content by 0.5, 0.1, 0.5, 0.6, 0.9, 0.6
and 10.5 g/kg, respectively. These results collectively
demonstrate that sub-optimal grinding, in this case of
lupins, increased undigested energy and protein at the
terminal ileum, which would in turn have an impact on
feed efficiency.
However, a grain by particle size interaction was
observed in an experiment with grower pigs in which
ground wheat and sorghum were passed through a
hammermill fitted with a 2 mm screen or a 3 mm
screen (Murphy et al., 2009). The results showed that
reducing the particle size of wheat from 640 µm to 550
µm decreased FCR by 5% (2.00 vs 1.89, respectively),
whereas decreasing the particle size of sorghum from
650 µm to 600 µm did not influence FCR. The authors
suggested that reducing the particle size of sorghum
was deleterious for pellet quality and increased the

percentage of fines from 1% to 4%, which may have
nullified the beneficial effect of small particle size in
the sorghum diet.

Conclusions

Recent results from two experiments conducted at the
DAFWA Medina Research Station have highlighted
what is possible with current genotypes maintained
under close to ideal conditions. We know that many
factors influence FCR, and although we can assume
that many of these have additive effects, it is difficult
to assign values to each. It is perhaps more important to
identify factors that can be implemented on-farm than
to spend valuable resources accurately measuring the
relevant impact of each component. There is certainly no
excuse for not adopting modern genetics and adjusting
diet specifications using the most recent information
available, but other influences such as health status might
be more difficult, more transient and more expensive to
improve in commercial piggeries. An added advantage
of the results of the research conducted at the Medina
Research Station is that the Australian pork industry has
a new benchmark to aim for, which will hopefully focus
attention on this important factor.
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Summary

The feed conversion efficiency of a beef herd can
be increased by increasing net reproductive rate,
by increasing growth rate without increasing cow
maintenance requirements or by decreasing net feed
intake (NFI). Although NFI is heritable and responds
to selection, the high cost of measuring feed intake on
individual cattle has prevented cattle breeders from
measuring this trait and using the measurements for
selection. Many physiological processes contribute
to variation in NFI and perhaps hundreds or even
thousands of genes explain its heritability. The
Australian Beef Co-operative Research Centre is
currently mapping genes for NFI using high-density
single nucleotide polymorphisms (SNPs). The aim of
this work is to identify genes responsible for variation
in NFI and to develop a prediction equation that
estimates breeding value for NFI from a panel of SNP
genotypes covering the whole genome. The prediction
equation will be utilised to calculate estimated breeding
values (EBVs) for NFI within Breedplan and these will
be combined with EBVs for other traits to select for
overall profitability.

Introduction

The cost of feed accounts for at least 60% of the variable
costs of beef production systems (Griffith et al., 2004).
This cost applies to cattle at pasture and to feedlot cattle,
but the cost is sometimes underestimated in the case
of cattle at pasture. The high cost is apparent when a
reduction in feed requirement per animal is considered
equivalent to an opportunity to increase stocking rate.
As most feed is consumed by the cow herd, efforts to
reduce feed costs should not focus only on increasing
feed conversion efficiency (FCE) in the feedlot. A
better objective is to increase the whole herd FCE. In
this review, we first define the traits that determine
herd FCE. One of these traits is residual or net feed
intake (NFI) and we consider the physiological traits
that contribute to NFI, the genetic parameters of NFI,
attempts to map genes for NFI and methods of selecting
for improved NFI.

Herd feed conversion efficiency

Herd FCE may be defined as the beef produced divided
by the feed eaten by the herd over a year. The main
Recent Advances in Animal Nutrition – Australia 18 (2011)

factors influencing this variable can be understood
from a simple model consisting of a single cow and the
offspring she produces in one year:
Herd FCE = wo (f–l) /[fc + f × fo]
where wo is slaughter weight, f is weaning rate, l is cow
loss rate, fc is feed eaten by the cow and fo is feed eaten
by the offspring from birth to slaughter or upon entering
the herd.
This equation shows that the herd FCE could be
increased by increasing the fertility of the herd (weaning
rate) or by decreasing the cow loss rate. The definition
of cow loss rate depends on the value of cows at the end
of their life. If culled cows have no value, then cow loss
rate includes cows that die and cows that are culled. If
culled cows are worth as much as a slaughter offspring,
then cow loss rate is the cow death rate. The actual value
may be intermediate between these two extremes.
Feed eaten by a cow is partitioned between
maintenance, lactation and pregnancy. The feed
required by a slaughter offspring is its live weight at
slaughter minus birth weight multiplied by its food
conversion ratio (FCR; i.e., 1/FCE). Slaughter age
may be determined by a management decision and this
directly affects slaughter weight and FCR. To maximise
herd FCE, there is an optimum age at slaughter when
the other parameters, such as fertility and genetic merit,
are constant. As age at slaughter and hence weight
increases, the animal approaches maturity and hence,
fatness and FCR increase. This phenomenon favours
a low age at slaughter but is balanced by the constant
overhead of cow feed requirement, which must be
offset by lower slaughter weight if age at slaughter is
reduced. The optimum age at slaughter may depend on
mature size, among other factors. The optimum age at
slaughter is usually later for cattle of larger mature size.
In practice, the economically optimum age for slaughter
may be a compromise between the optimum age for
herd FCE and the age at which the value of the slaughter
animal per kg is maximised. However, here we assume
that animals are slaughtered at the optimum age for
herd FCE. Under this assumption, herd FCE is almost
unaffected by mature size because cattle of large mature
size will be slaughtered at heavier weights than cattle
of smaller mature size, but this will only compensate
for the greater feed requirement and possibly slower
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reproductive rate of the cows.
What genetic parameters affect herd FCE? As
mentioned above, increasing net reproductive rate (f–l)
would increase herd FCE, but we will not consider this
possibility further. The feed requirement of the slaughter
offspring and cow can be expressed as follows:
fo = expected (fo) + ro
fc = expected (fc) + rc
where expected (fo) is the average feed requirement
of animals of a defined weight and age, ro is net feed
intake of the offspring, expected (fc) is the expected
feed requirement of a cow of given weight and milk
yield, and rc is net feed intake of the cow.
Herd FCE would be increased by increasing the
slaughter weight of the offspring without increasing the
cow weight or the feed required for milk production or
the net feed intake of either cow or offspring. It may
be possible to do this using a crossbreeding system
in which a small breed of cow is mated to a large
terminal sire breed, provided other problems such
as dystocia can be avoided. Cattle that are adapted
to their environment, for instance, cattle in tropical
Australia that are resistant to ticks and worms, should
grow to slaughter weight more quickly than unadapted
animals without a proportional increase in cow weight
and would thus result in an increase in herd FCE.
Conversely, if Brahman cattle are poorly adapted to a
feedlot environment and grow slowly with a high FCR,
this will depress the herd FCE, of which the feedlot
phase is a part. It may also be possible to achieve an
increase in growth rate without increasing mature cow
size by selecting for a faster-maturing animal, but there
are indications that this would increase maintenance
requirement and hence NFI.
Reduction of the NFI of the cow or the offspring
would increase herd FCE. Conversely, increasing FCE
during part of the production cycle may not increase
herd FCE. For instance, cattle of large mature size have
an elevated FCE during growth between fixed weight
endpoints because, at a fixed weight, they are less
mature and are depositing less fat. However, because
the cows will also be larger and have larger maintenance
requirements, herd FCE may not change.

Components of net feed intake

Herd and Arthur (2009) reviewed the physiological
basis of variation in NFI. They concluded that although
differences in digestibility and body composition
contribute to variation in NFI, the largest source of
variation is in maintenance requirements and this in turn
is due to multiple physiological processes, including
the rate of protein turnover, activity, response to stress
and possibly mitochondrial efficiency, ion transport
and other processes of metabolism. The effect of body
composition on NFI is unclear. As fat is energetically
expensive to deposit but is cheap to maintain, increased
fatness might be associated with increased NFI, as

in cattle (Richardson et al., 2001), or decreased NFI,
as in poultry and mice (Tixier-Boichard et al., 2002).
Metabolic processes in the liver are probably important
for feed efficiency. Chen et al. (2011) identified 128 genes
in the liver that differed in expression between high and
low NFI lines of cattle. The roles these genes play in
NFI is still uncertain but there are some fascinating hints
at the underlying biology. One network of differentially
expressed genes was centred on platelet-derived growth
factor and included insulin-like growth factor binding
protein 3 (IGFBP3). IGFBP3 influences the availability
of IGF1 and serum concentrations of IGF1 are
correlated with NFI as reviewed below. IGFBP3 also
influences glucose uptake by adipocytes and fatness is
also correlated with NFI (see review below).

Genetic variation in net feed intake

A difference between Bos indicus and Bos taurus cattle
in fasting metabolic rate was recognised some time
ago by Vercoe and Frisch (1977). The lower fasting
metabolic rate of Bos indicus would be expected to
lower their maintenance requirement and hence NFI.
Although they were not designed as breed comparisons
and the cattle were not managed together from birth, the
studies of Robinson and Oddy (2004) and Barwick et
al. (2009) did detect the expected differences between
breeds in NFI. These studies showed lower NFI in
tropical breeds than in temperate breeds (Robinson
and Oddy, 2004) and lower NFI in Brahmans than in
composite breeds such as the Santa Gertrudis (Barwick
et al., 2004). However, Schutt et al. (2009) did not
observe a lower NFI in Brahmans than in Brahman
crossbred cattle. Dairy breeds have also been reported
to have a higher maintenance requirement than beef
breeds and this should result in a higher NFI.
Within-breed genetic variation in NFI is evidenced
by estimates of heritability of approximately 0.25
(Arthur and Herd, 2008) to 0.45 (Crowley et al., 2010).
At Trangie experimental station, selection based on
NFI in growing cattle produced high and low NFI lines
that differed in NFI by 10% (Arthur and Herd, 2008).
Differences between the lines in NFI occurred both at
pasture and in a feedlot. When feed quality was low,
the cattle from the low NFI line had a faster growth
rate despite eating less than the cattle from the high NFI
line. NFI has been measured in cattle between weaning
and 12 months of age (NFI-P) and during finishing
in a feedlot (NFI-F). The genetic correlation between
these two traits was 0.65 (Jeyaruban et al., 2009). That
is, cattle that have a genetically low NFI post weaning
tend to have a low NFI in the feedlot, but there is some
re-ranking. There also appears to be a positive genetic
correlation between NFI in growing cattle and cows
because the cows from the high NFI line had a higher
NFI than the cows from the low NFI line (Archer et al.,
2002).
NFI is genetically positively correlated with
subcutaneous and intramuscular fat content (Jeyaruban
et al., 2009). This is expected because fat contains more
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energy than lean, but requires less energy to maintain.
Therefore, it is not surprising that the correlation between
NFI and fatness varies between species, and even within
cattle. Jeyaruban et al. (2009) reported that the genetic
correlation is lower for NFI-F than NFI-P and lower in
heifers than in steers. Barwick et al. (2010) suggested
that the correlation increases as the time between the
measurement of NFI and the measurement of fat depth
increases. Although NFI was initially reported to be
correlated with IGF concentration in blood (Moore
et al., 2005), Jeyaruban et al. (2009) found almost no
correlation using a larger data set.

Mapping genes for net feed intake

The genes controlling NFI are currently unknown.
However, it is possible to map genes for NFI to a
location in the genome using linkage disequilibrium
(LD) and genetic markers such as single nucleotide
polymorphisms (SNPs). LD is a non-random association
between the alleles at the gene for NFI and the alleles
at the SNP. This generates an association between the
alleles at the SNP and NFI. That is, the SNP appears to
have an effect on NFI but it is merely in LD with a gene
affecting NFI. LD is only strong when the gene and
the SNP are closely linked on the chromosome; thus,
a SNP associated with NFI indicates a gene for NFI in
the vicinity of the SNP. Using SNPs covering the whole
genome, it is possible to detect genes for NFI wherever
they are located. This type of experiment is called a
genome-wide association study (GWAS).
The Beef CRC has conducted GWAS for NFI
in several populations. For instance, cattle from the
Trangie NFI selection lines have been genotyped using
the Affymetrix (Santa Clara, California, USA) 10,000
SNP assay and cattle from CRC I and II have been
genotyped using the Illumina (San Diego, California
, USA) 50,000 SNP chip. The results show that
numerous genes affect NFI. For instance, the GWAS on
the Trangie selection lines detected 100 SNPs that were
significantly (P < 0.001) associated with NFI and were
spread across many chromosomes. Other GWAS also
detected SNPs that are significantly associated with
NFI (Barendse et al., 2007).
However, none of the associations between
SNPs and NFI have been consistently replicated
using independent populations of cattle and no genes
or mutations that cause variation in NFI has been
conclusively identified. There are three reasons for this.
Firstly, because so many genes affect NFI, each gene
explains a very small proportion of the variance and
most experiments do not include a sufficient number of
cattle to detect the effect of any one gene. Secondly,
as LD within a breed occurs between genes separated
by >1 megabase (Mb), the confidence interval for the
position of the NFI gene is large and contains many
genes. Thirdly, LD between a gene for NFI and a SNP
in one population may not necessarily exist in another
population; therefore, these effects are not easy to
replicate in multiple populations. The last-mentioned

problem could be overcome by using a denser panel of
SNPs. When SNP are very close together (<10 kb apart),
the LD is similar across breeds (deRoos et al., 2009).
Therefore, it should be possible to identify SNPs that
are consistently associated with a gene for NFI across
breeds, within Bos taurus at least. The Beef CRC is
currently genotyping cattle with an 700,000 SNP chip.
To overcome the first problem (i.e., the small effect of
individual genes on NFI) genotyping using the 700,000
SNP chip will be conducted on a large number of cattle
for which NFI data are available. The Beef CRC is
currently genotyping 3000 cattle for which NFI records
are available. These cattle represent a variety of breeds
and crosses but are mainly feedlot steers. Data on cattle
of various of stages of life and consuming various feed
sources are required to determine whether the genetic
markers have consistent effects.
Despite these problems, preliminary results are
encouraging. When 2000 cattle from eight breeds were
genotyped using a 50,000 SNP chip, 78 SNPs were
significantly associated with NFI (P < 0.001; false
discovery rate = 64.5%). These 78 SNPs were mapped
to 26 bovine chromosomes using the UMD3 genome
assembly. Of the 78 SNPs, the 12 most significant were
detected on chromosomes 3, 4, 8, 13, 14, 15, 16 and 24 (P
≤ 7.1 × 10–5). Some of these chromosome regions were
also found to contain genes for NFI in an independent
experiment using the Trangie NFI selection lines
genotyped using a 10,000 SNP chip. Figure 1 shows
results for chromosome 8 from the 50,000 experiment.
There appear to be many genes affecting NFI on this
chromosome and in particular, one near 82 Mb and one
near 90 Mb. A gene affecting NFI near 90 Mb was also
detected in the 10,000 SNP chip experiment. SNPs with
a significant effect on NFI near 90 Mb were found in
Bos taurus and Bos taurus × Bos indicus cattle but not
in Bos indicus cattle, indicating that this gene may only
be segregating in Bos taurus (Figure 1).
The region between 90 Mb and 91Mb, where the

Figure 1. Minus log transformation of P values for NFI
along chromosome 8 in Bos indicus (Bi), Bos taurus
(Bt) and composite (Bt × Bi) breed lines, combining all
data.

28
most significant SNPs are located, contains at least two
genes that could potentially influence animal growth
or metabolism-related phenotypes. The SNP with the
highest F value is within the SHC gene (related to src).
SHC is thought to be involved in signalling pathways
associated with neurotrophin, chemokine and insulin
signalling. A second gene in close proximity to SHC
encodes a receptor for S1P, a bioactive lysophospholipid.
This G-protein coupled receptor is thought to be
involved in production of the cytokine, interleukin-1β.

Incorporating net feed intake into a
breeding objective

In practice, one would never advocate selection for NFI
alone. The aim of selection should be to maximise the
profitability of the future herd. A breeding objective
is a formula that takes genetic values of traits, such as
slaughter weight, as inputs and produces profitability as
the output. Breeding objectives for various Australian
production systems have been calculated using
BreedObject software and are used by Australian
breed societies. Breeding objectives often calculate
the expected feed intake of cattle based on their weight
and growth rate and incorporate the cost of feed in
calculating profit. This calculation ignores NFI but
it is easy to include it because the rest of the profit
calculation is unchanged – one merely has to increase
or decrease the feed cost above or below that expected
according to the breeding value for NFI. Several NFI
traits should be included in the breeding objective, for
instance, NFI in growing stock, during feedlot finishing
and in cows.
The cost of feed for cattle at pasture may be hard
to calculate but a convenient and equivalent method for
calculating the economic value of NFI is to change the
stocking rate. For instance, if feed intake decreases by
10%, stocking rate increases by 10%. Because the only
costs that would be changed by this are those that are
proportional to the number of cattle (e.g., veterinary
costs), the effect on profit should be large (Archer et al.,
2004). Although a 10% increase it sale weight also has a
high value, this is offset by increased feed requirements
for cows and slaughter stock (Archer et al., 2004).

Selection for net feed intake

Once a breeding objective is chosen, the next step is to
calculate the selection index, based on measured traits,
that best predicts breeding value for the objective. If
it is done correctly, it accounts for all the correlations
between traits in the objective and the index. Even if
NFI is not measured, including NFI in the objective
will improve the accuracy of the selection index
because correlations between NFI and measured traits
will be accounted for. Barwick et al. (2010) calculated
that even without NFI measurement, including NFI
in the objective would improve the index as a result
of selection for lower fatness, provided fat depth was
measured. However, NFI measurement results in greater
improvements in the accuracy of the index and greater

genetic gain in the objective (i.e., profit).
The major problem with NFI measurement of
individual bulls is the cost ($A150–450 per bull). The
total cost can be reduced by conducting selection of the
best bulls in two stages. First, selection is practiced on
all other traits and only the best bulls that are selected
in this first stage are subjected to NFI measurement
in the second stage (Exeter et al., 2000). However,
the profitability of NFI measurement is still marginal
(Arthur and Herd, 2008). As a stud breeder is unlikely
to be able to capture the full value of improved bulls,
it is not surprising that very few have invested in NFI
measurement.
Adoption of selection for NFI will probably not
occur unless a much less expensive method of NFI
measurement is developed or a trait closely correlated
with NFI and inexpensive to measure is discovered.
Initially, it is appeared that IGF concentration in blood
was correlated with NFI and the IGF levels of many
bulls were measured, but subsequent studies showed
that the correlation was weak and of little use (Jeyaruban
et al., 2009).
The most likely method of selecting for NFI in the
near future is genomic selection. Genomic selection
(Meuwissen et al., 2001) refers to the use of a genomewide panel of dense DNA markers in an equation that
predicts breeding value for a particular trait. Genomic
selection for milk production traits in dairy cattle is
very successful (Hayes et al., 2009) and there is no
reason to believe that it could not be successful in
beef cattle. However, it is harder to achieve acceptable
accuracy in beef cattle than in dairy cattle. Genomic
selection requires a large dataset of animals that have
been genotyped for the SNP markers and for which the
trait has been measured. There are thousands of dairy
bulls with EBVs based on accurate progeny tests that
have been genotyped using a SNP chip, most of which
are Holstein. In beef cattle, especially for NFI, a smaller
number of animals have been subjected to measurement
and they are spread across many breeds and two
subspecies (Bos taurus and Bos indicus). However,
by using a denser set of markers and more animals,
we expect to obtain a prediction equation with enough
accuracy to be useful. Dense markers are necessary
because they should provide markers that are close to
the causal polymorphisms and hence in the same phase
of LD with the causal polymorphism in different breeds
(deRoos et al., 2009). These markers will then have an
association with NFI that is consistent across breeds.

Conclusion

The aim of genetic improvement is to increase
profitability, and the FCE of the herd is an important
component of this because feed costs are an important
part of the cost of beef production. Herd FCE can
be increased by increasing net reproductive rate,
by increasing growth rate without increasing cow
maintenance requirement or by decreasing NFI. NFI is
heritable and responds to selection but it is so expensive
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to measure that few stud breeders routinely measure it.
The most likely method of selection in the near future
is genomic selection based on a dense panel of SNP
markers. There are many physiological processes that
contribute to variation in NFI and these are controlled by
hundreds, if not thousands, of genes, each with a small
effect on NFI. Despite this physiological complexity,
genomic selection can result in cattle with reduced
NFI and overall greater profitability and is likely to be
widely implemented in years to come.
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Summary

The aim of the Australian Profit Ranking (APR)
selection index for Australian dairy cattle is to improve
the profitability of dairy farming and assigns weights to
milk, fat and protein yield, daughter survival, daughter
fertility, somatic cell count, live weight, temperament
and likeability according to their contributions to profit
and their correlations. Although the index partially
captures gross efficiency, it does not account for variation
in efficiency with production level or for metabolic
efficiency. Incorporation of residual feed intake (RFI) in
the APR would enable selection for metabolic efficiency,
which may contribute substantially to profit, given that
cost of feed accounts for 50% of all costs associated
with dairy production systems. Whereas the cost of
routine measurement of RFI would be prohibitive,
predictions of RFI breeding value from DNA markers
could be used. An accuracy of 0.42 for a DNA markerderived RFI breeding value was recently reported. In
this report, we discuss an appropriate weight for RFI
for inclusion in the APR, given the genetic variation
in this trait and its correlations with other traits in the
APR. We demonstrate that selection for an APR that
includes DNA marker-derived breeding values for RFI
would improve the annual rate of gain in profitability
by 3.8%. On an industry wide basis, this is equivalent
to $515,092 in additional profit per year.

Introduction

The aim of the Australian Profit Ranking (APR)
selection index for Australian dairy cattle is to improve
the profitability of dairy farming through selection
of bulls and heifers. The APR weights milk, fat and
protein yield, daughter survival, daughter fertility,
somatic cell count, live weight, temperament and
likeability according to their contributions to profit and
correlations among the traits (e.g., Pryce et al., 2009).
Given that the cost of feed accounts for between 43–
67% of the total farming expenses in a dairy production
system (Ho et al., 2005), a key component of this index
is efficiency. The APR captures some of the variation
in gross efficiency, as it includes body weight with an
economic weight based on the energetic requirements
Recent Advances in Animal Nutrition – Australia 18 (2011)

for maintenance and production (Pryce et al., 2009).
However, gross efficiency estimated in this way does
not enable comparison between cattle at different levels
of production and does not distinguish between energy
used for production, maintenance, lactation or tissue
metabolism, which may differ in efficiency (Veerkamp
et al., 1995). Residual feed intake (RFI) as described by
Koch et al. (1963) is a measure of feed efficiency that
is independent of an animal’s body size and production
level and takes into account variation in maintenance
efficiency. RFI can be defined as the difference
between an animal’s actual feed intake and its expected
feed intake based on its production, size and growth
(Veerkamp et al., 1995; Archer et al., 1999).
A recent study demonstrated substantial variation
in RFI among growing heifers; in a trial in which the
intakes of 903 Holstein-Friesian 6-month-old heifers
were individually monitored, the feed intakes of heifers
with the lowest and highest 10% of RFIs differed by
1.5 kg/day. The phenotypic standard deviation was 0.19
kg/day and the heritability of RFI was estimated to be
0.27. Variation in RFI is much larger in lactating cows
than in heifers. Meta-analysis of published values of
RFI measured in lactating cows (Korver et al., 1991;
van Arendonk et al., 1991; Ngwerume and Mao, 1992;
Svendsen et al., 1993; Veerkamp et al., 1995) resulted
in an estimated phenotypic SD of RFI of 9.4 MJ ME/
day, equivalent to 0.9 kg DM/day. The mean heritability
estimate for RFI in lactating Holstein-Friesian cows is
0.1 (van Arendonk et al., 1991; Ngwerume and Mao,
1992).
The reported genetic variation in RFI and the
substantial contribution of the cost of feed to total costs
suggest that selection to improve this trait could have an
economic impact on the profitability of dairy farming.
However, the requirement for data on individual feed
intake, measurement of which is very costly, is a barrier
to selection for RFI. An alternative would be to use
genome-wide DNA markers to capture genetic variation
in RFI, and to use such data to estimate breeding values
for selection (genomic selection; Meuwissen et al.,
2001). Genomic selection has been implemented in
dairy breeding programs in many countries for herd
recording traits (e.g., production, survival, fertility;
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see VanRaden et al., 2009 and Hayes et al., 2009 for
reviews) but not for traits that are not routinely recorded.
The amount of genetic gain that can be made in RFI
using genomic selection will be directly proportional to
the accuracy of the genomic estimated breeding values,
where accuracy is the correlation between the genomic
estimated breeding values and the true breeding values
for the selection candidates. In a recent experiment, a
panel of genetic markers was discovered that was used
to predict genomic estimated breeding values for RFI
in Holstein-Friesian cattle with a moderate degree of
accuracy (0.41 ± 0.02) (Pryce et al., 2011). Thus, the
industry could now make use of genomic selection of
bulls and heifers for RFI. However, selection for RFI
alone would not maximise profit; the best use of RFI
would be to incorporate it as an additional trait in an
APR in which all traits that contribute to profit are
appropriately weighted and profit is maximised.
In this manuscript, we included RFIs of growing
heifers and lactating cows in a multiple-trait selection
index that included the APR to derive an appropriate
economic weight for this trait. We then predicted the
extra profit that would accrue to the Australian dairy
industry if RFI were to be included in the selection
index.

Materials and Methods
Genetic correlations between APR traits
and RFI

In order to understand the implications of including
RFI in a selection objective and to identify possible
unfavourable correlated responses of selecting for RFI,
accurate estimates of genetic correlations between RFI
and other traits in the selection index are required. As the
heifers used to estimate genetic parameters for RFI in
the trial of Williams et al. (2011) are currently part way
through lactation, there is insufficient data to estimate
the genetic correlations directly using data collected
from the heifers for both RFI and other traits in the APR.
As an approximation, we used sire breeding values for
the APR traits to approximate genetic correlations with
RFI, following the approach described by Royal et al.
(2002).
Genetic correlations between RFI and other traits
in the APR were estimated using genetic regressions
of sire ABVs. Of the 168 sires of heifers in the heifer
feed conversion efficiency experiment of Williams et
al. (2011), 157 had ABVs available from the Australian
Dairy Herd Improvement Scheme database for milk,
milk fat and milk protein yields and percentages,
fertility (expressed as the 6-week-in-calf rate), live
weight, overall type and survival. An indication of the
genetic correlation estimates between other traits can
be obtained from genetic regressions of RFI on these
traits. A mixed linear model was fitted to the data using
the restricted maximum likelihood method of ASreml
software (Gilmour et al., 2006). The response variable
was RFI and the explanatory variables were the same
as in the model used to analyse RFI by Williams et al.

(2011), with an additional term for each of the traits
measured using sire ABVs, which were fitted in turn.
Genetic correlations were inferred from regressions by
multiplying the regression coefficient (b) of sire ABV
on RFI by the ratio of the genetic standard deviations
e.g., sire ABV/RFI. The genetic standard deviation for
RFI was 0.23 kg/d (Williams et al., 2011).

Derivation of index weights

Multiple trait selection index theory was used to calculate
the potential benefit of including DNA information
for RFI in selection decisions. A multi-trait selection
index for APR similar to that described by Pryce et
al. (2009) was constructed with RFI as an additional
trait. Genetic correlations between RFI and the APR
traits were the inferred genetic correlations transformed
from genetic regressions, obtained as described above.
The method to include a genomic breeding value in a
selection index has previously been described by Van
Eenennaam et al. (2011). This method assumes that a
genomic estimated breeding value (GEBV) is available,
either independently or in addition to daughter records.
We assumed that RFI was only available as a GEBV,
i.e., that no daughter records were available and that the
accuracy of prediction was 0.4 (Pryce et al., 2011). The
other APR traits were assumed to be estimated breeding
value (EBVs) estimated with either 70 daughters (for
production traits and somatic cell count (SCC) or 30
daughters for non-production traits. Based on recent
work by the Australian Dairy Herd Improvement
Scheme (www.adhis.com.au) the reliability of
the genomic breeding values for production traits
(excluding daughter records) were assumed to be 0.5,
and that of SCC was assumed to be 0.4. Non-production
traits (excluding RFI and SCC) were assumed to have
reliabilities of 0.3.
As the Australian Profit Ranking (APR) is expressed
on an annual basis, the phenotypic SD of RFI (0.44
kg/d) was annualised by multiplying it by 365 to give
159.1 kg/year. The economic value of feed was the same
as the opportunity cost of feed used in the APR model
(Pryce et al., 2009), i.e., $0.019/MJ ME. As feed was
expressed in kg rather than MJ of ME, it was assumed
that the average ME content of dairy feed was 10.5 MJ
ME per kg. Therefore, the economic value of an extra
kg of feed in the multi-trait model was $0.20/kg.

Sensitivity analysis

The genetic correlation between RFI and fertility was
0.11 according to the genetic regression method (see
results). There is a chance that this genetic correlation
is an underestimate. The only way of knowing whether
it is an underestimate is to re-estimate the genetic
correlation when data becomes available. To investigate
the consequences of a very high genetic correlation
between RFI and fertility, we also ran a scenario in
which the genetic correlation between these two traits
was 0.3.
The phenotypic SD of RFI in growing heifers was
assumed to be 0.44 kg/d. As the feed intake capacity
of 6-month-old heifers is lower than that of lactating
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cows, the estimate of response to selection may only
be relevant to heifers. An alternative way to determine
the phenotypic standard deviation of RFI is through
a meta-analysis of published values of RFI measured
in lactating cows (Korver et al., 1991; Ngwerume and
Mao, 1992; Svendsen et al., 1993; van Arendonk et al.,
1991; Veerkamp et al., 1995). The phenotypic SD for
RFI obtained from the meta-analysis of RFI was 9.4 MJ
ME/day, which is equivalent to 0.9 kg DM/d (326.8 kg/
year). This alternative estimate of the SDp of RFI was
also used in our calculations.

Results and Discussion

The genetic correlations between APR and RFI indicate
that selection for RFI will result in an increase in
protein, fat and milk yield, overall type, survival and
live weight (Table 1).
Table 1. Correlations between Australian Breeding
Values (ABVs) of sires and sire solutions for residual
feed intake (RFI) (r(abv,sire_sln), genetic regression
coefficients (b) of RFI on sire ABVs for production,
fertility, live weight, overall type and survival and
corresponding genetic correlations (ra) between RFI
and Australian Profit Ranking (APR) traits.
Trait
Milk protein (kg)
Milk fat (kg)
Milk volume (kg)
Protein (%)
Fat (%)
APR ($)
Overall type (%)
Fertility (%)
Survival (%)
Live weight (kg)

r(abv,
sire_sln)
–0.077
–0.122
–0.077
0.019
–0.027
–0.134
–0.093
0.137
–0.108
–0.048

B

error

P

ra

0.000
0.000
0.000
0.057
0.000
0.000
–0.005
0.008
–0.004
0.001

0.001
0.001
0.000
0.125
0.061
0.000
0.004
0.006
0.007
0.006

0.926
0.903
0.874
0.651
0.994
0.891
0.174
0.189
0.582
0.859

0.007
–0.010
–0.012
0.040
0.001
–0.011
–0.107
0.101
–0.043
0.014

However, these correlations were not significantly
different from zero, reflecting the small sample size. The
correlation between RFI and fertility was 0.10, but was
also non-significant (P = 0.19). Therefore, there may be
a tendency for selection for RFI to decrease fertility,
but our dataset does not support this claim conclusively.
Given the importance of fertility to the Australian
dairy industry, more data is required to understand the
genetic relationship between RFI and fertility; this is
the subject of current research. Furthermore, genetic
correlations estimated using regression coefficients tend
to be sensitive to the genetic variances assumed and
can be biased by dominating sires (the most frequently
represented sire had 43 daughters in the dataset). Due to
the potential bias, the results presented herein should be
treated with a degree of caution.
The effects of including RFI in the APR on
responses to selection are shown in Table 2, assuming

Table 2. Responses to inclusion of residual feed intake
(RFI) in the Australian Profit Ranking (APR) in growing
heifers and lactating cows.
Trait

APR

APR +
APR +
RFI heifer RFI cow

Milk yield (L)

57.60

57.55

57.24

Protein (kg)

2.12

2.12

2.11

Fat (kg)

2.50

2.50

2.48

Survival

0.88

0.88

0.88

Fertility (%)

0.15

0.14

0.13

SCC (log)

–2.12

–2.12

–2.11

Live weight (kg)

0.66

0.65

0.65

Milking speed (1–9)

–0.13

–0.13

–0.13

Temperament (1–9)

–0.30

–0.30

–0.30

RFI heifer(kg/year)

0.12

–0.43

–0.25

RFI cow (kg/year)

0.55

–0.65

–1.61

the genetic correlations presented in Table 1. When RFI
was included in the APR, feed intake was reduced by
0.43 kg/year; if the variation in RFI in cows were much
larger (0.9 kg/d), then RFI would decrease by 1.61 kg/
year (Table 2). Converting the latter feed intake value
to dollar values using the economic weights of Pryce et
al. (2009), this is worth $0.48 per cow per year, which is
equivalent to 3.8% of the economic response in protein
yield (the trait with the highest economic weight in
APR).
If the accuracy of the genomic estimated breeding
value for RFI in lactating cows was 0.3 rather than 0.4,
then the response to selection in RFI would be reduced
to –0.71 kg/year (Table 3).
Table 3. Response to selection using an Australian
Profit Ranking (APR) in which Resdiaul feed intake
(RFI) is included in cows when RFI is assumed to have
accuracy of 0.3 or a correlation of 0.3 with fertility.
Trait

Milk yield (L)

Low RFI High RFI
accuracy correlation with
(0.3)
fertility (0.3)
57.46
57.54

Protein (kg)

2.12

2.12

Fat (kg)

2.49

2.50

Survival

0.88

0.88

Fertility (%)

0.14

0.10

SCC (log)

–2.12

–2.12

Live weight (kg)

0.65

0.66

Milking speed (1–9)

–0.13

–0.13

Temperament (1–9)

–0.30

–0.30

RFI heifer(kg/year)

–0.10

–0.13

RFI cow (kg/year)

–0.71

–1.07
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Given the importance of maintaining and improving
fertility in the Australian dairy industry, the sensitivity
of response to the correlation between RFI and fertility
was also investigated. If the genetic correlation between
RFI and fertility was 0.3 rather than 0.1, the response to
selection in RFI would be –1.07 kg/year, a reduction
in response of 44%. At the same time, the response to
selection in fertility would also be reduced by 26%. A
key aim of current research is to estimate the genetic
correlation between these traits with more precision.
The selection responses in Table 1 can also be
expressed in dollars accumulated across the traits. The
response to the APR in its current form is $18.67 per
cow per year. If the RFI for lactating cows is included in
the APR, the response is $19.15 per cow per year. This
can be expressed on an industry basis by multiplying by
the number of cows in the national herd, approximately
1.8 million. Then, the total industry benefit of including
RFI for lactating cows in the index would be $515,092
per year.
The accuracy of genomic estimated breeding values
for RFI in our study was assumed to be 0.42, the value
reported by Pryce et al. (2011). If this value were to
increase, both the response to selection for RFI and the
total profit would increase if RFI was included in the
APR. The accuracy of 0.42 was obtained as a result of
measuring RFI in approximately 2000 growing heifers,
genotyping the same heifers for 630,000 DNA markers,
and deriving a prediction equation for genomic estimated
breeding values based on these markers. The accuracy
of genomic estimated breeding values can be increased
by increasing the size of the reference population from
which genomic predictions are derived (e.g., VanRaden
et al., 2009). Daetwyler et al. (2008) and Goddard
(2008) made deterministic predictions of the increase in
the accuracy of genomic estimated breeding values as a
result of increasing the size of the reference population
from which the prediction equation was derived. These
predictions suggest that if an additional 2000 heifers
were used for RFI measurement, the accuracy of the
genomic estimated breeding value would increase to
0.5, increasing selection response by 20%.
Finally, another motivation for selection for
RFI concerns methane emission per litre of milk. As
methane emissions are highly correlated with dry matter
intake, exploitation of the variation in RFI reported by
Williams et al. (2011) could reduce methane emission
by 14 g/day, a 5% reduction in methane emission per
litre of milk.
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1

Summary

There are numerous strategies for improving biological
efficiency in the ewe flock, ranging from changes in
management to modifying genetic selection objectives.
This review discusses a range of options including
selection for higher reproduction rate, a higher weight
of lamb weaned, a different growth path to maturity,
improved resilience to poor nutrition and improved feeduse efficiency. In addition the potential of modifying
management to enable ewes to produce their first lamb
at 12 months of age is also discussed. Selection for
higher numbers of lambs weaned is currently practiced
and is likely to deliver gains in system efficiency,
particularly if selection pressure is applied to minimise
the correlated increase in adult ewe weight. In addition,
there is genetic variation in a range of traits that are
currently not well understood or under direct selection
that could improve the efficiency of energy use by the
Australian ewe flock. Of the options discussed those
showing the greatest promise are the development of
management and breeding strategies that improve the
success of mating Merino ewes at 7 months of age and
the implementation of strategies that exploit genetic
variation in the ability of ewes to handle periods of
restricted nutrition. However all of the options discussed
here require further investigation before they can be
widely implemented across industry.

Introduction

In sheep production systems, greater utilisation of
pasture is usually achieved by increasing stocking rate
and often results in enhanced profitability (Young et al.,
2009). In production systems that are already running
at an optimum stocking rate, further improvements
in profitability must be achieved by either changes
to management strategies that enable a better match
between pasture supply and animal requirements
(Young et al., 2009) or by breeding to improve the
biological efficiency of the flock. Biological efficiency
of sheep production can be defined as the total weight of
wool and lamb produced per unit of energy consumed
(Large, 1970; Fogarty, 1978), and its economic value
is dependent on the value of wool and meat and on the
cost of energy consumed (Dickerson, 1970). Most of
the energy costs are associated with energy required for
the maintenance of ewes and ewe progeny retained in
Recent Advances in Animal Nutrition – Australia 18 (2011)

the flock. This represents between 60% and 75% of the
total energy requirements of most flocks (Coop, 1962;
Fogarty et al., 2003). Therefore, efforts to improve
the efficiency of energy use should focus on reducing
the maintenance costs of these ewes or on breeding or
managing ewes to produce more without increasing
their maintenance cost. The cost of maintenance is most
important during summer and autumn in Mediterranean
and temperate environments when pasture quantity
and quality are low and farmers would benefit from
decreased feed costs (Young et al., 2009). During this
dry period, much of the energy for maintenance must
be provided by grain or forage supplements, a cost that
can affect farm profit (Kingwell, 2002; Kopke et al.,
2008). Furthermore, the majority of ewes are pregnant
or lactating during autumn (Croker et al., 2009), which
further increases energy requirements and feed costs.
Therefore, improvements in biological efficiency
during times of feed restriction are likely to lower costs
relative to outputs and to result in higher profits.
There are numerous strategies for improving
biological efficiency in the ewe flock, ranging from
changes in management to modifying genetic selection
objectives. Six of these will be discussed in this review.
Firstly, breeding sheep that wean greater number of
lambs at the same mature live weight will increase
efficiency. Similarly, selection of sheep to increase
the ratio of live weight of lamb weaned to the live
weight of adult ewes will improve efficiency. Thirdly,
breeding ewes that are more resilient to feed restriction
in late summer and autumn may enable greater pasture
utilisation, a higher stocking rate and thus, efficiency.
The fourth option to select ewes for growth-path to
maturity: ewes that have the genetic potential to grow
at fast rates up to slaughter weight but only grow to
a moderate adult weight would improve whole-flock
efficiency. The fifth potential strategy is to modify both
management and breeding objectives to enable ewes
to produce their first lamb at 12 months of age, which
would improve the efficiency of the ewe flock. Finally,
ewes that require less energy yet perform at the same
level as other ewes in the flock are by definition more
feed-use efficient and although this trait is expensive to
measure, it is heritable and can be selected for (Lee et
al., 1995). The aim of this paper is to outline the likely
variability and impact of each of these strategies and to
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rank these options in terms of priority.

Selection for number of lambs
weaned

The reproductive rate of the ewe flock will affect the
biological efficiency of a production system because
the product output of ewes that wean multiple lambs
is greater than the associated increase in ewe energy
requirement. The increase in energy requirement
associated with the extra lambs is small compared
with the energy required to maintain the breeding ewe
(Coop, 1961). Selecting ewes for number of lambs born
is possible and in the Australian sheep population, this
trait has a heritability of 9% and exploitable variation
(Huisman et al., 2008). Similarly, selection for number
of lambs weaned is possible and results in slow but
consistent genetic gain (Cloete et al., 2004). The
heritability of this trait is 7% and, as evidenced by the
realised genetic gain in some sectors of the industry,
has exploitable genetic variation (Huisman et al.,
2008). The economic value of enhancing reproduction
is partially dependant on region and production system
and tends to be higher in regions that receive higher
rainfall and in production systems that focus on lamb
production. Selection for number of lambs weaned
is currently incorporated into the suite of traits in the
indexes of MERINOSELECT (Brown et al., 2007);
thus, efficiency gains are being made by producers who
currently use this technology.

Selection for a high ratio of total
weight of lamb weaned to ewe adult
weight

The weight of the adult ewe has implications for the
entire production system. Adult weight is strongly
correlated with energy required for maintenance
(Garrett et al., 1959). Therefore, ewes with a high adult
weight are more expensive to feed or must be held at
lower stocking rates throughout the year. However, the
extra cost is accompanied by extra gain as ewe weight is
positively correlated with the number of lambs weaned
and the growth potential of the lambs (Huisman and
Brown, 2008). Thus, ewes with higher adult weight
wean a higher total weight of lamb. Therefore, a trade off
exists between efficiency and weight of lamb weaned. A
potential index for evaluating this trade off is the ratio
of the total weight of lamb weaned to the adult of weight
of the ewe (kgL/kgE). Ferguson et al. (2011) showed
that there is significant variation in kgL/kgE and that
the ratio is higher for ewes with higher breeding values
for depth of the longissimus dorsi muscle and depth of
subcutaneous fat at a point between the 12th and 13th ribs
45 mm from the midline at yearling age. Both fat depth
and muscle depth are associated with a higher number of
lambs born and weaned and have negative genetic and
phenotypic correlations with adult weight (Ferguson
et al., 2007, 2010; Huisman and Brown 2008). There
was no corresponding correlation between growth traits

and kgL/kgE (Ferguson et al., 2011). Further study
is required to identify other production traits that are
correlated with kgL/kgE to determine its utility as a
measure of efficiency.

Mating ewes at 7 months of age

The number of lambing events in the productive life
of a ewe can be increased by mating ewes at 7 months
of age rather at 18 months of age, as is normally done.
Mating of ewe lambs can be achieved by feeding
ewes to gain sufficient live weight to reach puberty
at a young age. When the genotype and nutrition are
appropriate, significant success can be achieved by
mating ewe lambs (Drymundsson, 1973; Barlow and
Hodges, 1976). Breeding ewe lambs at 7 months of age
has several advantages: more lambs are born over the
ewe’s lifetime, efficiency and the rate of genetic gain
are increased and net profit is increased (Hight, 1982).
Among Merino ewe lambs that are mated at 7 months of
age, those that are genetically superior for early growth
reach puberty earlier and are more likely to become
pregnant than their low growth equivalents (Barlow and
Hodges, 1976; Rosales Nieto et al., 2011). The effect of
growth genotype on reproductive performance in ewe
lambs may be more important in twin-born lambs than
in those born as singles (Rosales Nieto et al., 2011).
Therefore, selection for higher growth rate is likely
to have greater effect on reproductive performance in
lambs that are born as twins. The effect of reproductive
success in ewe lambs on whole farm profit is an
important consideration. Preliminary modelling
suggests that mating of ewe lambs at 7 months of age
will be profitable if the lamb price is greater than $4/
kg carcase weight and the lamb marking percentage
is greater than 60% lambs marked to ewes joined (J.
Young, unpublished data). It is therefore important
to identify genotypes and management strategies that
enable marking percentages greater than 60%.

Selection for ewe growth path to
maturity

Selection for higher growth to weaning or post-weaning
age often results in higher adult weight because of
positive genetic and phenotypic correlations between
early growth traits and adult weight (Pattie, 1965;
Huisman and Brown, 2008). However, the genetic
correlation between post-weaning weight and adult
weight is 0.6, suggesting there is an opportunity to
select ewes with high early growth that do not have
a correspondingly high adult weight. Thus, it should
be possible to extend the linear phase of growth for a
greater proportion of the total growth curve (bending
the growth curve). Results obtained with beef cattle
(Fitzburgh, 1976) indicate that it should be possible to
bend the growth curve of sheep, but there is no evidence
that this has ever been achieved.
An analysis of available ewe data was carried
out to determine whether it is possible to change the
growth curve of sheep. Two datasets were combined
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for the analysis. The first contained 277 records for
adult Merino ewes and was sourced from two flocks
in Western Australia that were managed together for 8
months. The second dataset consisted of data for 104
adult Merino ewes that had been sourced from one of
the flocks in the first dataset but had been managed
separately from the sheep included in the first dataset.
Ewes were aged between 2.5 and 6.5 years and were
weighed and condition scored (Jefferies, 1961) just
prior to mating. All of the ewes had Australian sheep
breeding values (ASBVs) available for measurements at
yearling age of weight (YWT), depth of the longissimus
dorsi muscle (YEMD) and depth of subcutaneous fat
(YFAT) at a point 45 mm from the midline and between
the 12th and 13th ribs. Ewe weight was analysed using
the linear mixed model of Genstat 12 (Payne et al.,
2009). Ewe age was fitted as a fixed effect and YWT,
YEMD, YFAT and ewe condition score were fitted as
covariates. The dataset of ewe was fitted as a random
term. Yearling weight was positively associated with
adult ewe live weight such that for each 1 kg increase in
yearling weight, the weight of ewes as adults increased
by 1.62 ± 0.20 kg. Conversely, YEMD was negatively
associated with adult ewe live weight and for each 1
mm increase in YEMD, adult ewe weight decreased by
1.29 ± 0.51 kg. There was no effect of YFAT on adult
ewe weight. The model was used to predict the effects
on weight at condition score 3 of high (YEMD = 3) and
low (YEMD = –1) muscling across the range of YWT
values (Figure 1).

Figure 1. The effect of high or low Australian sheep
breeding value (ASBV) for yearling eye muscle depth
(YEMD) on the association between the yearling weight
(YWT) ASBV and ewe live weight at joining predicted
at condition score 3 (n = 381).
This analysis shows that the correlation between
YWT and adult ewe weight is affected by ewe YEMD.
This suggests that there may be mechanisms associated
with growth path that can be exploited to improve the
efficiency of sheep production systems.

Ewe genotypes that express
resilience to restricted nutrition

The annual dry period that occurs in most sheep
production systems in Australia determines stocking
rate and thus, profitability. During the dry period, much
of the energy for maintenance must be provided by
grain or forage supplements at a cost that can have a
large impact on farm profit (Kingwell, 2002; Kopke
et al., 2008). Furthermore, the majority of ewes are
pregnant or lactating during autumn (Croker et al.,
2009), which increases energy requirement and feed
costs. In environments characterised by large seasonal
fluctuations in pasture supply, sheep that are more
resilient to nutritional restriction would reduce the cost
of maintaining animals over the dry period and enable
a reduction in supplementary feeding or an increase in
stocking rate. Rose et al. (2011) showed that live weight
loss over the summer–autumn period has a heritability
of 0.2, and there is exploitable genetic variation in a
flock of Merinos in Western Australia (Lewer et al.,
1992). Furthermore, John et al. (2011) showed that there
is large variation in live weight change in response to
restricted nutrition between individuals and sire groups
in the Information Nucleus Flocks of the Sheep Cooperative Research Centre (van der Werf et al., 2010).
Importantly, this finding was similar for pure Merino
and Merino × Border Leicester ewes and although
there were large site effects, there was no site × sire
interaction, suggesting that the trait is similar across
environments and breeds (John et al., 2011). Therefore,
it is possible to include live weight change over a period
of restricted nutrition in a breeding program to breed
ewes that are less sensitive to variation in feed supply.
It is important to determine the potential value of
a ewe genotype that loses less weight when nutrition
is restricted. Young et al. (2011) used a simulation
model (MIDAS) that calculates live weight profiles,
metabolizable energy requirements, wool growth and
reproductive rate to determine how changes to animal
parameter estimates associated with feed use and
metabolizable energy requirements alter the live weight
profile of ewes and whole farm profit. They showed that
the more resilient genotypes were more profitable in all
of the production systems and pasture system scenarios
and that the benefits are greater for lamb production
systems than for wool production systems. The benefit
of a more resilient genotype was realised through
the ability to maintain higher stocking rates during
summer–autumn without increasing supplementary
feeding (Young et al., 2011). Based on this modelling,
it is evident that a resilient genotype is likely to be
valuable in sheep production systems in which the
summer–autumn feed gap limits stocking rate.

Opportunities to improve the
efficiency of feed use in the ewe
flock

Selection to improve productivity is the aim of most
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sheep breeding enterprises but selection to improve the
efficiency of energy use has received little attention.
When considering the efficiency of energy use it is
important to regard ‘energy’ as the total amount that
needs to be supplied to the production system for a
given level of performance and therefore the efficiency
of its use includes the ability to collect and digest it. It is
important to include feed intake in economic indexes so
that the cost of energy can be appropriately accounted
for (van der Werf, 2004). Residual feed intake is
preferred in breeding programs and its use has proven
successful in breeding more feed-efficient animals that
produce less methane (Kennedy et al., 1993; Arthur et
al., 2001; Hegarty et al., 2007). Measurement of feed
efficiency is normally conducted using young animals,
during a growth phase and under ad libitum feeding
conditions (Koch et al., 1963). It is important to know
whether differences in feed efficiency under these
conditions are correlated with feed efficiency during
reproduction and maintenance as adults. In beef cows
that are intensively fed, residual feed intake during
post-weaning growth has strong phenotypic (0.40) and
genetic (0.98) correlations with residual feed intake as
adults (Archer et al., 2002). Selection for low residual
feed intake (high feed efficiency) resulted in a 15%
increase in maternal efficiency (kg calf weaned per kg of
cow live weight; Herd et al., 1998). Research on rodents
suggests that improvements in residual feed intake may
not be evident during late pregnancy and lactation but
are still of value because of a reduced feed requirement
throughout the non-reproductive phase (Archer et al.,
1998; Hughes and Pitchford 2004). If ewes that are more
feed efficient during early growth also require less feed
across their productive life, it would be of major benefit
to the Australian sheep industry. A range of biological
processes are affected by selection of cattle for residual
feed intake (Richardson and Herd, 2004). Changes in
some of these processes are likely to result in reductions
in energy required for maintenance in the production
environment. In addition, higher digestibility in the
more efficient cattle suggests that these cattle will have
an improved ability to utilise pasture (Richardson and
Herd, 2004).
There is considerable variation in feed intake
in grazing sheep across both Merino and crossbred
populations and part of this variation has a genetic
origin (Lee et al., 2002; Fogarty et al., 2006; Fogarty
et al., 2009). The heritability of feed intake is estimated
to be between 0.1 and 0.3 in Merino ewes and 0.4 in
crossbred ewes; therefore, selection for reduced feed
intake is feasible (Lee et al., 2002; Francois et al., 2002;
Fogarty et al., 2006; Fogarty et al., 2009). Weak genetic
and phenotypic correlations between feed intake and
growth and production traits have been identified (Lee
et al., 2002; Fogarty et al., 2006; Fogarty et al., 2009),
suggesting that the effect of selection for reduced feed
intake on other production traits would be minimal and
could be easily managed using an appropriate index.
Of the correlations identified, none are sufficiently

strong to serve as potential indirect selection criteria.
Although these heritabilities and correlations indicate
that it is possible to increase feed intake using selection
programs, feed intake has never been incorporated
into normal selection programs because measurement
of individual feed intake is difficult and expensive.
The only available option for assessing feed intake in
individuals is pen feeding. Historically this has been done
using sheep in individual pens, but it is now possible to
measure the feed intakes of individual sheep in group
situations accurately and automatically. Feed intake
measured in similar systems based on grain rations is
correlated with feed intake at pasture in cattle (Herd
et al., 1998, 2002), enabling the results of an intensive
measurement system to be applied across the wider
production system. Development of new technologies
that enable the intake of pasture by individual animals
to be measured would facilitate effective research into
differences in feed intake in sheep and their impact on
the entire production system. Although feed intake is
difficult to measure, with the recent advent of genomic
technology (Hayes et al., 2009), it may be possible
to select for reduced feed intake without measuring
the trait, other than in nucleus flocks. Work with beef
cattle has shown that this should be possible (Sherman
et al., 2010) but to date there has been little progress.
If genomic breeding values for residual feed intake in
sheep could be established, this could prove very useful
for future efficiency gains within the Australian sheep
industry.

Conclusions

There are a range of potential options for improving the
efficiency of energy use in sheep production systems.
Selection for higher numbers of lambs weaned is
currently practiced and is likely to deliver gains in
system efficiency, particularly if selection pressure is
applied to minimise the correlated increase in adult
ewe weight. In addition, there is genetic variation in a
range of traits that are currently not well understood or
under direct selection that could improve the efficiency
of energy use by the Australian ewe flock. Of the
options presented here, it seems that the two areas most
likely to deliver large gains in system efficiency are 1)
management and breeding strategies that improve the
success of mating Merino ewes at 7 months of age and
2) strategies that exploit genetic variation in the ability
of ewes to handle periods of restricted nutrition. These
two options, together with most of the options discussed
here, require further investigation before they can be
widely implemented across industry.
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Summary

Residual feed intake (RFI) is a measure of feed efficiency.
It is the difference between the amount of feed eaten
by an animal over a test period and the amount of feed
predicted or expected to have been eaten by the animal
based on its size and level of production. By this measure
of efficiency, animals that eat less than expected have
a negative RFI and are considered more efficient. The
trait is heritable in beef cattle and it is demonstrably
possible to breed cattle for lower RFI. In Angus cattle,
selection for RFI improved the efficiency of growth
of young bulls and heifers, of steers at pasture and in
the feedlot, and of mature non-pregnant, non-lactating
cows fed a pelleted feed ad libitum. Differences in RFI
are accompanied by differences in body composition;
the genetic relationship between these variables appears
stronger than the phenotypic relationship, but body
composition alone is not the only driver of variation in
RFI. The carcass of the high-efficiency steer is likely to
have slightly lower subcutaneous fat depths at the rib and
rump sites used for valuing the carcass, and compliance
with increasingly strict specifications for fat finish will
need to be monitored. Commercial beef producers can
expect low-RFI cows to be heavier and leaner (slightly
less subcutaneous fat). To date, no significant effect of
RFI on maternal productivity traits has been observed,
but there is a trend for high-efficiency cows to calve
later in the season, which is likely associated with
delayed onset of puberty. Other physiological changes
are minor relative to the effects on fatness. There is
increasing evidence that the variance in RFI is related
to feeding level, which could affect the potential for
genetic improvement of RFI under pasture conditions.
Interactions between selection for lower RFI and feed
conversion in cows grazing pastures that vary seasonally
in availability and quality, cow body condition (fat) and
cow lifetime productivity are still poorly understood
and are the subjects of ongoing studies.

Introduction

Residual feed intake (RFI) is a measure of feed
efficiency. It is the difference between the amount
of feed eaten by an animal over a test period and the
Recent Advances in Animal Nutrition – Australia 18 (2011)

amount of feed predicted or expected to have been eaten
by the animal based on its size and level of production.
By this measure of efficiency, animals that eat less than
expected have a negative RFI and are considered more
efficient.
RFI is heritable in beef cattle and it is demonstrably
possible to breed low-RFI cattle i.e., cattle that eat less
with no compromise in growth performance (Arthur
and Herd, 2008). This reduction in feed intake would
also have environmental benefits, viz., reduction in
greenhouse-gas emissions, nitrogen excretion and
manure production (Herd et al., 2002a; Arthur et al.,
2010). It would appear that selection for lower RFI is
an opportunity to simultaneously improve profitability
and the environmental credentials of beef production,
an opportunity that is attracting international attention.
In Australia, the major cattle breed societies have
adopted RFI for the purpose of genetic improvement
in feed efficiency. The term “net feed intake” refers to
feed intake minus that expected based on an animal’s
size and level of production (typically growth rate in
cattle), and is equivalent to RFI. Net feed intake is used
in place of RFI in this industry application. Estimated
breeding values (EBVs) describe the genetic merit of an
animal for breeding purposes. Trial EBVs for RFI were
first published in 1999 for the Australian Angus breed,
and for the Australian Hereford and Poll Hereford breed
in 2002. Two EBVs for RFI have been published: an
EBV for RFI of young animals (typically young bulls
and heifers) tested post-weaning (EBVrfi-pw) and an
EBV for RFI of animals (typically steers) that are fed a
feedlot diet (EBVrfi-f). There is currently no RFI EBV
for cows (BREEDPLAN, 2010).
Herein we review RFI in the context of its potential
use for reducing feed costs. Evidence for variation in
biological processes likely to contribute to differences in
efficiency is discussed, with an emphasis on favourable,
and potentially unfavourable, outcomes for farm animal
productivity and profitability. We attempt to summarise
the likely characteristics of an “improved” steer being
fed for slaughter and those of an “improved” cow
retained in the herd of a commercial cattle producer.

46

Residual feed intake

Feed intake and utilization involve a complex of
biological processes and pathways and interactions
with the environment. That individuals of the same
live weight require widely different amounts of
feed to achieve the same level of production was
acknowledged by Byerly (1941) in his experiments
to determine whether individual differences in the net
efficiency of laying hens are inherited. RFI was one of
several indices used for calculating the feed efficiency
of growing cattle by Koch et al. (1963) and recognized
that differences in both body weight maintained and
body weight gained affect feed requirements. They
suggested that feed intake could be adjusted for body
weight and body weight gain, effectively partitioning
feed intake into two components: feed intake expected
for the given level of production and a residual portion.
The residual portion of feed intake was used to identify
animals that deviated from their expected level of feed
intake, and was moderately heritable; the more efficient
animals had lower (negative) RFIs.
Since the work of Koch et al. (1963), individual
variation in feed intake above and below that expected
or predicted on the basis of size and growth rate have
been demonstrated for mice (Archer et al., 1998), poultry
(Luiting and Urff, 1991), pigs (Foster et al., 1983;
Gilbert et al., 2007; Hoque et al., 2007) and beef cattle
(Archer et al., 1999). There is also evidence for a genetic
basis to this variation across these species; estimates
for the heritability of RFI in the aforementioned reports
and others range from low to moderate (see review by
Pitchford, 2004). The only estimates of zero or nearzero heritability for RFI have been for high-producing
dairy cows (Archer et al., 1999). In 2004, Pitchford
suggested that these low estimates may reflect the
method of feeding or the small size of the dataset, but as
discussed in a subsequent section, they may be related
to net energy intake.
Interest in breeding to improve beef cattle feed
efficiency has increased greatly during the past decade
(Herd et al., 2003a; Arthur and Herd, 2008; Herd, 2008).
RFI may be less influenced by pre-test environmental
factors than growth-related traits (Herd and Bishop,
2000; Arthur et al., 2001c). As this measure of feed
efficiency is independent of an animal’s size and growth
rate, variation in RFI may represent inherent variation
in basic metabolic processes that determine production
efficiency (Archer et al., 1999).

Breeding for low RFI

Direct and correlated responses to selection for RFI
were studied using divergent selection lines of Angus
cattle established at the Trangie Agricultural Research
Centre, NSW, Australia. Creation of the RFI selection
lines commenced in 1994. The 1993- and 1994-born
cattle formed the foundation herd. After completing
a post-weaning RFI (RFIpw) test, the females were
allocated to selection lines based on individual RFI
values. Those with low RFI (<0; more efficient) were

allocated to the low-RFI line and those with high RFI
(>0; less efficient) were allocated to the high-RFI line.
Three to six of the lowest and highest RFI bulls tested
each year were allocated to the low- and high-RFI
lines, respectively. Divergent selection, based solely
on individual RFIpw, continued until 1998; the first
progeny of the selected parents were born in 1995 and
the last were born in 1999. During the RFI tests, animals
had ad libitum access to a pelleted ration consisting of
70% lucerne hay and 30% wheat containing 10.5 MJ
metabolisable energy (ME) per kg dry matter (DM)
and 16% crude protein. The RFI test procedure and the
design of the selection lines are described in detail by
Arthur et al. (2001a, b).
Direct and correlated responses in post-weaning feed
efficiency and growth traits after 5 years of divergent
selection for RFIpw (approximately two generations)
are summarised in Table 1. Compared with the high-RFI
line progeny, the low-RFI line progeny had significantly
lower RFI (−0.54 vs 0.71 kg/d, respectively), lower
feed intake (9.4 vs 10.6 kg/d, respectively) and better
feed conversion (6.6 vs 7.8, respectively), but did
not differ in average daily gain (ADG; 1.44 and 1.40
kg/d, respectively) over the test period or in final live
weight (384 and 381 kg, respectively). These results
show that selection for RFIpw improved post-weaning
feed efficiency with minimal effect on growth. The
1.247 kg/d divergence between lines in feed consumed
represented a 14% saving in feed cost (Arthur et al.,
2001a).

Biological processes and the highefficiency beef animal

Residual feed intake measures whether an animal eats
more or less feed than predicted according to published
feeding standards or feed intake records. In the late
19th century, it was established that farm animals
follow the physical laws of conservation of mass and
energy. It follows that, apart from measurement error
in its component traits (e.g., feed intake, live weight,
weight gain), variation in RFI must be underpinned by
measurable differences in biological processes.
Studies on lines of animals selected for other
traits (e.g., growth rate, wool production) indicate
that no single mechanism is likely to be primarily
responsible for the associated change in phenotype
(Oddy, 1999). For example, replication of lines of
mice selected for divergence in growth rate resulted in
mice with similar divergence in the selected trait, but
markedly different phenotypes with respect to body
composition, feed intake, metabolism and activity
(Falconer, 1973). There are a limited number of cases
in which a single gene mutation has caused a marked
phenotypic difference in livestock species, for example,
the mutation in the myostatin gene that causes the
double-muscled phenotype in cattle (Grobet et al.,
1997). However, is apparent that many physiological
mechanisms contribute to variation in RFI. This was
shown in experiments on Angus steer progeny after
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Table 1. Trangie residual feed intake (RFI) divergent selection lines: means for production traits for young bulls
and heifers post-weaning and for steers after divergent selection for low RFI measured post-weaning (RFIpw;
high efficiency) or high RFIpw (low efficiency), and regression coefficient with their estimated breeding value for
RFIpw (EBVrfi-pw).
Trait

Selection Line
Low RFI

Post-weaning test of bulls and heifers1
Feed intake (kg/d)
9.4
Average daily gain (kg/d)
1.44
Yearling live weight (kg)
384
RFI (kg/d)
–0.54
Steer performance at pasture2
Feed intake (kg/d)
3.0
Average daily gain (kg/d)
0.50
Feed conversion ratio (kg/kg)
6.4
Steer performance in the feedlot3
Feed intake (kg/d)
12.3
Average daily gain (kg/d)
1.53
Feed conversion ratio (kg/kg)
7.6
RFI (kg/d)
–0.12
Preslaughter rib fat depth (mm)
10.2
Preslaughter rump fat depth (mm)
13.1
Preslaughter eye-muscle area (mm2)
66.9
Carcass3
Hot carcass weight (kg)
306
Dressing percentage
52.1
Predicted retail beef yield (%)
67.5
Body composition of steers, percentages of final live weight4
Non-carcass fat
7.8
Carcass fat
9.9
Total dissectible fat
19.8
Retail beef
35.4
Total chemical protein
14.2
Total chemical fat
21.9

Regression
with EBVrfipw

High RFI

Level of
Significance

10.6
1.40
381
0.71

*
ns
ns
*

3.2
0.42
8.5

ns
†
††

0.28ns
–0.11*
2.9†

12.5
1.49
8.2
0.10
11.6
14.8
70.6

ns
ns
†
*
*
*
*

0.04 ns
–0.09*
0.59†
0.42*
1.8*
2.4*
3.6*

314
52.9
67.3

ns
*
ns

–1.1
1.3*
–2.7

8.4
11.3
21.5
35.2
13.9
23.1

ns
*
†
ns
†
ns

0.28
0.50*
0.42*
–0.36*
–0.33†
0.38*

ns P > 0.1, †† P = 0.1, † P < 0.1,* P < 0.05. 1 After two generations of selection, adapted from Arthur et al.
(2001a). 2 After one generation of selection, adapted from Herd et al. (2002b). 3 After one generation of selection,
adapted from Herd et al. (2003b). 4 After one generation of selection, adapted from Richardson et al. (2001)

a single generation of divergent selection for RFIpw
(Richardson and Herd, 2004). The difference in energy
retained as protein and fat accounted for only 5% of the
difference in RFI following divergent selection. Of the
variation in RFI, digestion accounted for 10%, feeding
pattern for 2%, heat increment of feeding for 9% and
activity for 10%. Indirect measures of protein turnover
suggest that protein turnover, tissue metabolism and
the stress response accounted for at least 37% of the
variation in RFI. Approximately 27% of the difference
in RFI was due to variation in other processes that
were not measured, e.g., ion transport (Figure 1). A
comprehensive review of the physiological basis of
variation in RFI, including recent genomic evidence,
was published by Herd and Arthur (2009).

The high-efficiency steer
The high-efficiency steer at pasture

In this review, we have used the Trangie low-RFI
selection line as a phenotypic model of high feed
efficiency and the high-RFI selection line as a phenotypic

Figure 1. Contributions of biological mechanisms to
variation in residual feed intake as determined from
experiments on divergently selected young cattle (from
Richardson and Herd, 2004).
model of low feed efficiency. These closed lines of
cattle were the progeny of parents selected on the basis
of post-weaning RFI during ad libitum consumption
of a medium quality (10 MJ ME/kg DM) pelleted diet
(Arthur et al. 2001a).
High-efficiency steers grew a little faster than low-
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efficiency steers but there was no difference in pasture
intake during grow-out on summer pasture (Table
1; Herd et al., 2002b). Feed conversion ratio (FCR)
appeared to be two units lower (better) in the lowRFI selection line steers but this difference was only
significant at P = 0.1. These associations were consistent
with the regression coefficients for these traits against
the mid-parent EBVrfi-pw of the progeny, i.e., negative
for ADG (progeny of parents with a negative mean
EBVrfi-pw grew faster), not statistically significant
for pasture intake and positive for FCR (progeny of
parents with a negative mean EBVrfi-pw had lower, i.e.,
better, FCR). Comparison of alkane profiles in pasture
and faeces indicated that the steers mainly consumed
perennial ryegrass and some tall fescue, with a trend (P
< 0.1) for the steer progeny of high-efficiency parents to
have a higher proportion of ryegrass in their diet. There
was no evidence that digestibility differed between the
selection-line progeny groups or that it varied with
RFI.
Further evidence for a favourable association of
steer growth and feed efficiency at pasture with genetic
variation in RFI was reported by Herd et al. (2004),
who studied the growth and feed intake of Angus and
Hereford weaner steer progeny of sires with known
EBVs for RFI-f on three different pasture systems
during spring and summer in northern New South
Wales. Significant regression coefficients with sire
EBVrfi provided evidence for favourable associations
between ADG, pasture RFI and FCR. The lack of
a significant regression coefficient between pasture
intake and sire EBVrfi indicated that superior FCR was
caused by superior ADG, and not lower feed intake.
The results showed that a 1 kg/d lower sire EBVrfi was
associated with steer progeny that grew 19% faster, with
no increase in pasture consumption, a 26% lower RFI
and a 41% better FCR. Trangie high-efficiency steers
are often a little heavier and leaner (lower subcutaneous
fat depths over the rib and rump scanning sites) at the
end of a backgrounding phase at pasture prior to feedlot
entry.
In both experiments, growth of the steers at pasture
was well below their genetic potential. The lack of a
difference in pasture intake provided evidence that
other factors, such as pasture characteristics, were
regulating feed intake. Superior FCR resulted from
superior ADG when the pasture conditions limited the
growth rates of the steers. There are no studies on the
foraging behaviour at pasture of high-efficiency cattle.
Differences in activity have been observed between
high- and low-efficiency steers confined to feedlot
yards (Richardson et al., 1999), as have differences in
patterns of feeding from automated feed dispensers/
recorders when feed consumption is not restricted
(Richardson, 2003; Robinson and Oddy, 2004; Dobos
and Herd, 2008). The energy cost of work involved in
feeding, ruminating and locomotion has been estimated
for high- and low-RFI selection-line bulls and heifers
under standard test conditions, and accounted for

approximately 5% of the increase in feed energy intake
of the high-RFI cattle (Herd et al., 2004). Whether
there are differences in activity or foraging behaviour at
pasture between high and low efficiency cattle remains
to be determined.
Studies on monogastric species have demonstrated
the contribution of differences in activity to variation
in RFI. In pigs, total daily feeding time and the number
of visits to a feeding station are positively correlated
with RFI (r = 0.64 and 0.51, respectively; de Haer et al.,
1993). Activity contributes to a substantial proportion
of the variation in RFI in chickens (Braastad and Katle,
1989; Katle, 1991; Luiting et al., 1991). Luiting et al.
(1991) concluded that 80% of the genetic difference in
RFI between lines of chickens divergent for RFI could
be related to a difference in physical activity. In lines
of mice divergently selected for heat loss, Mousel et al.
(2001) showed that the high heat loss (low efficiency)
mice were twice as active as the low heat loss (high
efficiency) mice and that this difference in activity
accounted for 36% of the difference in feed intake
between the selection lines. In lines of mice divergently
selected for food intake corrected for body weight,
Bünger et al. (1998) found that mice in the high food
intake (low efficiency) line were three times more active
than mice in the low feed intake (high efficiency) line.

The high-efficiency steer in the feedlot

Feedlot performance and carcase attributes of steer
progeny from parents selected for low or high RFIpw
were investigated using three cohorts of Trangie-bred
calves born in 1997, 1998 and 1999 and fed for slaughter
at light, heavy and medium market weights, respectively
(Herd et al., 2003b). Selection for low RFIpw produced
steer progeny that ate less per unit live weight gain
compared with steers from high RFIpw parents over a
70-day test period in the feedlot, with no adverse effects
on growth (Table 1). Low-RFI line steers tended to
have lower (better) FCR than the high-RFI line steers
(7.6 vs 8.2, respectively) and had lower RFI (–0.12
vs 0.10 kg/d). Significant positive regressions of FCR
and RFI with EBVrfi-pw provided further evidence for
favourable associations with genetic variation in postweaning RFI.
Growth, feed intake over 251 days, feed efficiency
and carcass traits of 208 yearling Angus steers differing
in genetic merit for RFI were measured in a large
commercial feedlot (Herd et al., 2009). At feedlot
entry, the steers were drafted into one of three groups:
high efficiency (HE; midparent EBVrfi-pw less than or
equal to –0.3 kg/d), medium efficiency (ME: midparent
EBVrfi-pw –0.3 to 0.14 kg/d) and low efficiency (LE;
midparent EBVrfi-pw >0.14 kg/d). The HE steers grew
as fast as or faster than the ME and LE steers (1.11 kg/d,
1.06 kg/d and 1.07 kg/d, respectively). At slaughter, the
HE and ME groups were heavier than the LE group
(713 kg, 714 kg and 701 kg, respectively). The HE
steers consumed less feed than the ME and LE steers
over the 251 days (10.4 kg/d, 11.8 kg/d and 11.1kg/d,
respectively). Compared with the LE steers, the HE
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steers had a 10% lower FCR and a 0.98 kg/d lower
RFI. The experiment showed that genetic superiority in
RFI reduced feed consumed over 251 days in a large
commercial feedlot with no compromise in weight
gain.
Genetic variation in total tract digestion of feed
contributes to between-animal differences in feed
intake. For example, in ewes from lines of sheep
selected for or against weaning weight, the magnitude
of the difference was about two percentage units of
organic matter digestibility around a mean of 70%
(Herd et al., 1993). In these selection lines, digestibility
in 16-month-old rams was four percentage units higher
in the high weaning weight line than in the low weaning
weight line at a level of feeding close to ad libitum
(Oddy, 1993). Wilkes et al. (2011) compared Damara
and Merino sheep and found that the Damara had a
much higher digestibility (52%) than the Merino (42%)
when fed low-quality feed. Whereas the feed intake
of the Damara was only 2% greater than that of the
Merino, its RFI was 7% lower (better) than that of the
Merino. This illustrates the contribution of variation in
digestibility to variation in RFI.
Richardson et al. (1996) found that young bulls
and heifers that phenotypically ranked low or high for
RFIpw tended to differ in their ability to digest DM by
about one percentage unit when tested using a pelleted
diet with an estimated DM digestibility of 68%. This
difference in DM digestibility accounted for 14% of the
difference in intake between the two groups of cattle.
Digestibility was correlated with RFI in cattle fed a
high-grain diet in individual pens in an animal house.
The magnitude of the correlation (r = –0.44) indicates
that differences in digestibility accounted for 19% of
the phenotypic variation in RFI and the direction of the
correlation indicates that lower RFI (higher efficiency)
was associated with higher digestibility (Richardson and
Herd, 2004). The difficulty in precisely measuring small
differences in digestibility suggests that caution should
be exercised in assuming that variation in digestion is a
major factor contributing to differences in RFI in beef
cattle. Studies on monogastrics indicate that differences
in digestibility are not important sources of variation in
RFI in chickens (Luiting et al., 1994), pigs (de Haer et
al., 1993) or mice (Bünger et al., 1998).
The rate of feed ingestion and the duration of the
meal have been described as key factors determining
the energy cost of eating in cattle (Adam et al., 1984).
A study of feeding patterns of Angus steers bred for
high or low RFI (Richardson, 2003) reported a trend
(P < 0.10) for high-RFI steers to have a faster decline
in average daily feeding session times over their feed
intake test and to spend more time eating early in the
test compared with low-RFI steers. Spectral analysis of
feeding patterns for another cohort of Angus steers from
the RFI selection lines found that the high-RFI steers
had more variable temporal patterns of feed intake early
in the RFI test period compared with low-RFI steers,
with the latter appearing to quickly settle into a regular

feed intake cycle (Dobos and Herd, 2008). Robinson
and Oddy (2004) reported genetic variation in three
feeding behaviour traits of feedlot steers, that they had
moderate heritabilities and were positively correlated
with RFI. The higher feed intake accompanying higher
RFI was associated with a longer feeding time per day,
more eating sessions per day and a faster rate of eating
(g/min). Feeding time and number of eating sessions (but
not eating rate) also had positive genetic correlations
with RFI, indicating that effects of some genes for these
feeding behaviours also had an effect on effect on RFI.
Montanholi et al. (2010) also found that high-RFI (less
efficient) steers had a larger meal size, a higher eating
rate and made more visits to the feeder than low-RFI
steers. Less efficient steers (high-RFI) made more visits
to the feeder during the night than more efficient steers.
Differences in activity between high- and low-efficiency
steers in feedlot yards was examined by Richardson et
al. (1999). They reported a phenotypic correlation of
0.32 between RFI and “daily pedometer count”, which
indicates that about 10% of the observed variation in
RFI was explained by this measure of activity.
Richardson and Herd (2004) hypothesized that
susceptibility to stress is a key driver for many of the
biological differences observed in beef cattle following
divergent selection for RFI. This hypothesis is supported
by several measurements that indicate that high-RFI
(low efficiency) steers are more susceptible to stress than
low-RFI (high efficiency) steers, and as a consequence,
metabolize more feed energy than predicted on the
basis of weight or weight gain. Montanholi et al. (2010)
reported that low-RFI (more efficient) steers had lower
cheek and snout temperatures than less efficient steers
(28.1 °C vs 29.2 °C, respectively, and 30.0 °C vs 31.2
°C, respectively), indicating greater energetic efficiency
for the low-RFI steers. Plasma cortisol level was not
correlated with efficiency traits but more efficient
steers had higher fecal cortisol metabolite levels than
less efficient steers (51.1 vs 31.2 ng/g, respectively),
indicating that a higher cortisol baseline is related to
better feed efficiency.
In laying hens from lines subjected to divergent
selection for RFI, the more efficient hens had a
significantly lower corticosterone maximum response to
an exogenous adrenocorticotrophic hormone (ACTH)
challenge than the low efficiency line hens, but the
response of the more efficient hens was sustained for
longer than that of the less efficient hens (Luiting et
al., 1994). It has also been suggested that many of the
differences in the activity of chickens divergently selected
for RFI reflect differences in frustration behaviour
associated with long-term stress (Luiting et al., 1994).
Altan et al. (2004) found that low-RFI quail were less
fearful and less susceptible to stress. In young crossbred
rams, poor feed efficiency (measured as either high RFI
or high FCR) was phenotypically associated with higher
basal levels of serum cortisol and a greater elevation in
serum cortisol level during an ACTH challenge (Knott
et al., 2008). Genetic variation in susceptibility to stress
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has been reported in pigs (Zhuchaev et al., 1996).
High rates of cortisol production in pigs have been
associated with frustration at the lack of control over
or predictability of their environment (Dantzer, 1981).
Given that the physiological responses to stress include
an increase in metabolic rate and energy consumption
coupled with an increase in catabolic processes such as
lipolysis and protein degradation (Knott et al., 2008),
variation in stress response warrants further evaluation
as a potential mechanism involved in differences in
feed efficiency.

Carcass and body composition

Evidence exists that there is a genetic relationship
between RFI and subcutaneous fat depth, i.e., more
efficient (lower RFI) animals are leaner than less
efficient (high RFI) animals. Ultrasound measurement
before slaughter showed that low-RFI line steers had
less fat over the standard Australian 12/13th rib and P8
rump sites and a smaller eye-muscle area than high-RFI
line steers (Herd et al., 2003b). The low-RFI steers had
a similar carcass weight to the high-RFI steers, less fat
depth at the rump on the hot carcass (14.9 vs 16.5 mm,
respectively; P < 0.05) and a slightly lower dressing
percentage. Significant (P < 0.05) regressions for the
subcutaneous fat measurements, eye-muscle area and
dressing percentage with EBVrfi-pw provides additional
evidence for the association of these carcass traits with
genetic variation in feed efficiency (Herd et al., 2003b).
No compromise in intramuscular fat content (marbling)
has been reported (McDonagh et al., 2001). Three
groups of Angus steers differing in midparent EBVrfipw (high efficiency, HE; medium efficiency, ME; and
low efficiency, LE) were slaughtered after they were
fed for 251 days in a large commercial feedlot (Herd et
al., 2009). Carcass weight and dressing percentage were
lowest in the LE steers and eye muscle area was highest
in the ME steers. Fat depth over the ribs of the carcass
was lower in the HE steers than in the ME and LE
steers (15.6 mm, 17.6 mm and 20.7 mm, respectively).
AUSMEAT and USDA marbling scores (AUSMEAT: 1
to 9 by 0.1unit scale, Anon, 2005; USDA: 100 to 1100
by units of 10, Romans et al., 1994) were highest in
the ME group and did not differ between the HE and
LE groups, demonstrating that correlations with fatness
are not the same for all fat depots (Egarr et al., 2009).
The experiment showed that genetic superiority in
RFI was accompanied by lower (better) FCR over 251
days of feeding in a large commercial feedlot with no
compromise in carcass weight, dressing percentage or
marbling grade.
Total tissue dissections of the carcasses of steers
subjected to divergent selection for RFIpw (Richardson
et al., 2001) showed significant selection-line
differences in dissectible carcass fat and total dissectible
fat as a percentage of bodyweight (Table 1), which is in
agreement with the genetic correlation between RFIpw
and subcutaneous fat depth. There was a significant
positive regression coefficient between retail beef yield
and EBVrfi-pw, which is favourable providing market

specifications for fatness are met.
In the few instances in which contributions of body
composition to genetic variation in heat production or
feed efficiency have been studied, it was found that
variation in body composition was small relative to
variation in heat production (Herd et al., 2004). Results
for beef steers divergently selected for RFI (Richardson
et al., 2001) showed that whole-body chemical
composition was correlated with genetic variation in
RFI, viz., steer progeny of low-RFI parents had less
whole-body fat and more whole-body protein than
progeny of high-RFI parents. The differences in energy
retained in the body were estimated to account for only
5% of the difference in feed intake, with the remainder
(95%) due to heat production.
The size and direction of genetic correlations
between measures of body composition and RFI
provide additional information on the magnitude of the
association between body composition and variation
in RFI. Arthur et al. (2001b) found that subcutaneous
fat depth over the 12/13th rib and the P8 rump site
had positive genetic correlations with RFI of 0.17 and
0.06, respectively, in beef weaner bulls and heifers. For
yearling bulls of several beef breeds, Schenkel et al.
(2004) reported genetic correlations between RFI and
fatness traits of similar magnitude to those reported by
Arthur et al. (2001b), viz., r = 0.16 for scanned backfat
thickness and r = –0.02 for scanned intramuscular fat
percentage (IMF%). In these young cattle, although
these measures of body fat had statistically significant
correlations with genetic variation in RFI, they
explained less than 5% of the variation in RFI. In young
feedlot steers, Nkrumah et al. (2007) reported slightly
stronger genetic correlations for phenotypic RFI with
backfat thickness and marbling fat score, both for
measurements on the live animal (r = 0.35 and r = 0.32,
respectively) and measurements on the carcass (r =
0.33 and 0.28, respectively). In older feedlot steers and
heifers, Robinson and Oddy (2004) reported genetic
correlations between the 12/13th rib and rump fat depths
and RFI of of 0.48 and 0.72, respectively, and a genetic
correlation of 0.22 between IMF% and RFI; evidence
for a much stronger association between the effect of
genes controlling these measures of fatness and their
effect on RFI. In pigs, where attainment of moderate
levels of fatness in the carcass is also required, a
moderately strong and antagonistic genetic relationship
between RFI and carcass backfat thickness (r = 0.44)
was reported by Gilbert et al. (2007).
In chickens, reports vary as to the contribution
of differences in body composition to variation in
RFI. Luiting (1990) summarized reported genetic and
phenotypic correlations of body fat traits with RFI,
which ranged from –0.40 to 0.45. In a later paper, Luiting
et al. (1991) found that the low-RFI line contained
3.4% more fat than the high-RFI line. Subsequently,
Gabarrou and Picard (1997) and Tixier-Boichard et al.
(2002) both reported lower body fatness in the high
RFI lines, that is, the opposite to that observed in cattle
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and pigs. In mice, improved RFI was associated with a
slight increase in fat post-weaning and a decrease in fat
at maturity (Archer et al., 1998).
These results suggest that the magnitude of the
association between body composition and variation in
RFI is influenced by the age and stage of maturity of
the test animals. It may be that performance tests on
beef cattle and pigs usually involve growing animals,
in which protein synthesis is more efficient than fat
deposition, whereas, in the adult animal, maintenance
requirements for protein are higher are than for fat,
favouring an association between increased fatness and
lower RFI, which is more typical of results with poultry
and mice (Tixier-Boichard et al. 2002).

slightly less subcutaneous fat depth at the rib and rump
sites used for valuing the carcass, and compliance with
increasingly strict specifications for fat finish should be
monitored. The high-efficiency steer carcass may have
a slightly greater yield of retail beef but may not have
an advantage in dressing percentage. No compromise
in intramuscular fat content (marbling) has been
reported. According to objective measurements made
using an instrument, meat tenderness is reduced in
high-efficiency steers, but the Angus steers studied all
produced meat that would have been regarded as tender
by Australian consumers.

Meat tenderness

Research to improve feed efficiency has mainly been
directed at growing cattle (typically steers) consuming
high-cost grain-based diets. In a commercial beef cattle
herd, the feed energy consumed by the cows constitutes
75% or more of the total feed consumed annually by
the herd, and maintenance represents 60–75% of the
total energy requirements of individual breeding cows
(Archer et al., 1999). The impact of RFI on the cost of
maintaining cows is clearly important for the efficiency
and profitability of beef production systems.

After a single generation of divergent selection for
post-weaning RFI, meat samples taken from the M.
longissimus dorsi (LD) of feedlot-finished steers showed
no differences between selection lines in shear force or
compression after 1 or 14 days of aging, or in initial
muscle concentrations of m- and µ-calpain (enzymes
associated with initiation of muscle fibre breakdown)
(McDonagh et al. 2001). However, LD muscle from
low-RFI steers contained a slightly higher concentration
of calpastatin (an inhibitor of calpain) and a lower level
of myofibre fragmentation than LD muscle from highRFI steers. These results provide evidence that ongoing
selection for low RFI (high efficiency) could negatively
affect meat tenderness. This association should be
monitored. Small differences in myofibre fragmentation
are consistent with the proposal that differences
in protein degradation and turnover contribute to
variation in RFI (Richardson and Herd, 2004). Recent
unpublished results from later generations of progeny
in the feedlot trial referred to above (Egarr et al., 2009;
Herd et al., 2009) show that meat from low-RFI steers
had a greater peak force and a greater aging rate than
that from high-RFI steers. Consequently, there was no
difference between these lines in tenderness after aging
for 7 days. The low-RFI steers had less calpastatin
activity and therefore had a greater rate of proteolysis
than high-RFI steers, suggesting that protein turnover is
not the cause of differences in RFI.

Summary for steers

The Trangie selection trial indicates that commercial
beef producers who select for low RFI can expect an
animal that has superior growth rate on reasonable
quality pastures, differs little from unselected animals
in the amount of pasture consumed, and has superior
FCR. The high-efficiency steer is likely to be a little
heavier and leaner (lower subcutaneous fat) at the end
of a backgrounding phase at pasture prior to feedlot
entry. Foraging behaviour, especially on lower quality
(low availability, low digestibility) pastures, and
associated differences in animal performance remain
to be studied. In the feedlot, the high-efficiency steer
should grow faster and eat less with no compromise
in final weight, which would reduce feed costs. The
carcass of the high-efficiency steer is likely to have

The high-efficiency cow

Cow feed efficiency

Cows from the Trangie RFI selection lines provide a
phenotypic model of the likely impact of selection for
RFI on the female component of a beef herd. After the
post-weaning test, all heifers entered the cow herd.
Cows were not mated again after the birth of their
second calf and were re-tested for RFIcow in a manner
similar to the post-weaning RFI test about 10 weeks
after the calf was weaned. One cohort of females was
tested for efficiency as lactating 3-year-old cows at
pasture and as 4-year-old non-pregnant dry cows at a
restricted level of feeding before being tested for RFI as
cows. After the RFIcow test, cows entered the Trangie
herd and their reproductive performance was recorded
over subsequent years.
The mature cow test traits were all moderately
to highly heritable (Archer et al., 2002). The results
indicated that there was significant genetic variation
in daily feed intake and feed efficiency (RFI and
FCR) between the cows. The phenotypic and genetic
relationships between traits measured during the postweaning and mature cow tests are presented in Table 2.
At the phenotypic level, most traits (with the exception
of metabolic mid-test live weight) were only moderately
correlated from post-weaning heifers to mature cows.
However, at the genetic level, all traits, with the
exception of FCR, were highly correlated across the
two ages. In particular, the relationships between postweaning and mature daily feed intake and RFI were
strong, and the genetic correlations approached unity.
Therefore, selection for lower post-weaning RFI will
reduce the intake of a pelleted ration by dry, nonpregnant cows and slightly increase cow weight, thus
improving the efficiency of the cow herd.
These strong relationships present an opportunity
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to utilise selection for improved feed efficiency in
young growing animals to simultaneously improve feed
efficiency in mature cows fed at an ad libitum level.
However, Archer et al. (1999) stated that information
is required on whether animals selected under
conditions typical of those used in RFI tests are also
superior when offered diets typical of those consumed
by cows at pasture. To address this issue, Herd et al.
(2011) conducted an experiment on the phenotypic
associations between efficiency traits in a cohort of
Angus females that were tested as heifers for RFIpw, as
lactating 3-year-old cows at pasture, at a restricted level
of feeding as 4-year-old non-pregnant dry cows and
were then tested for RFIcow at an ad libitum level of
feeding. Phenotypically, lower RFI during the RFIpw
test was associated with heavier cow weight during
lactation 2 years later, with no associated increase in
pasture intake, and with a trend to lower (better) feed
efficiency at pasture (Table 2). However, post-weaning
RFI was not associated with variation in efficiency
(as ADG or RFI) during the restricted feeding test.
Lower (better) RFIpw was associated with lower RFI,
but not FCR, in 4-year-old dry cows fed ad libitum.
Superior efficiency at pasture was associated with
inferior efficiency as indicated by lower ADG and was
not associated with RFI in the subsequent restricted
feeding test or with efficiency in the mature cow RFI
test. Efficiency in the restricted feeding test was not
associated with efficiency, as RFI or FCR, in the mature
cow RFI test. RFI at a restricted level of feeding is
discussed in a subsequent section. In summary, there
was evidence that heifers identified as phenotypically
superior in feed efficiency under ad libitum conditions
post-weaning were also superior as lactating cows when
grazing medium-quality pasture and as dry cows under
ad libitum conditions, but not when tested for efficiency
at a level just above maintenance. Superior efficiency
at a restricted level of feeding was not phenotypically

associated with superior efficiency in the other three
efficiency tests. At the genetic level, lower (better)
post-weaning RFI was associated with lower (better)
phenotypic RFI during post-weaning RFI testing, with
heavier lactating cow weight at pasture but not with
superior feed efficiency during restricted feeding, and
was associated with lower (better) FCR and RFI in the
mature cow RFI test.

Maternal productivity

In a review of results from several species, Pitchford
(2004) concluded that low RFI might have negative
effects on reproduction. Since that time, two studies
have been conducted on the maternal productivity of
cows from the Trangie RFI divergent selection lines.
In the first, data from 185 Angus cows were used to
study the effect of divergent selection for RFI on
maternal productivity across three mating seasons,
starting in 2000 (Arthur et al., 2005). The cows were
the result of 1 to 2.5 generations of selection (mean =
1.5 generations), and differed in RFIpw EBV by 0.8
kg/d. The average RFIpw EBV of cows in the lowRFI line differed significantly from that of the highRFI cows (–0.254 ± 0.287 (sd) kg/d and 0.533 ± 0.314
kg/d respectively; P < 0.01; P.F. Arthur, pers. comm.).
In general, the cows lost subcutaneous fat (measured
twice per year) when they were nursing calves and
gained fat thereafter. High-RFI cows had significantly
(P < 0.05) greater rib fat depths than low-RFI cows at
the start of the 2000 (10.8 mm vs 9.3 mm, respectively),
2001 (11.3 mm vs 9.8 mm, respectively) and 2002 (7.0
mm vs 5.7 mm, respectively) mating seasons. No other
significant selection-line differences in fatness were
observed. No significant selection line differences in
weight (measured four times per year) were observed.
However, the cows either maintained or lost weight
during lactation and gained weight thereafter; mean
weight ranged from 450 to 658 kg. There were no

Table 2. Correlation coefficients (r-values) between growth, feed intake and efficiency traits for Angus heifers in
post-weaning residual feed intake (RFI) tests and as cows in a pasture efficiency test, a restricted feeding efficiency
test and mature cow RFI tests.
Pasture test (past)
Restricted feeding test (res)
Mature RFI test
Cow
Cow
Cow
2
DMI
FE
DMI ADG
RFI
ADG DMI FCR
RFI
WT1
WT
WT3
Post-weaning test v Mature test (Archer et al., 2002)
Cow WT3
0.70
0.18
0.34
0.02
0.10
ADG
0.61
0.28
0.33 –0.07 0.09
DMI
0.60
0.24
0.51
0.03
0.34
FCR
–0.13 –0.11 0.09
0.10
0.20
RFI
–0.02 0.06
0.34
0.06
0.40
Associations between tests (Herd et al., 2011)
STWTpw
0.77
0.19 –0.15 0.76
0.80
0.01
0.02
0.79
0.38
0.62 –0.11 0.13
ADGpw
0.63
0.11 –0.39 0.60
0.63 –0.20 0.07
0.61
0.32
0.40 –0.12 –0.03
DMIpw
0.65
0.12 –0.17 0.66
0.70 –0.06 0.07
0.70
0.39
0.65 –0.08 0.21
FCRpw
–0.23 0.31
0.41 –0.13 –0.14 0.19
0.00 –0.10 –0.05 0.17
0.13
0.34
RFIpw
–0.34 0.12
0.28 –0.27 –0.25 0.09
0.04 –0.23 –0.02 0.16
0.14
0.38
FEpast
–0.15 0.14
0.27 –0.22 –0.15 –0.03 –0.07 0.00
0.01
ADGres
–0.05 –0.05 0.03
0.10
0.12
RFIres
–0.09 0.16
0.06 –0.16 0.04
1
Average cow weight (kg); ADG, average daily gain (kg/d); DMI, dry matter intake (kg/d); FCR, feed conversion
ratio (kg/kg); 2 kg DMI/500 kg cow liveweight plus calf liveweight; 3Mid-test cow weight (kg).
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significant selection-line differences in pregnancy rate
(90.4%), calving rate (88.7%), weaning rate (80.8%)
or milk yield (7.7 kg/d; Table 3). There was a trend (P
< 0.1) for high-efficiency cows to calve slightly later
than low-efficiency cows, but this was not associated
with a difference in the weight of calf weaned per cow
exposed to the bull (mean = 195 kg).
The second study on the maternal productivity of
cows was conducted to evaluate early-life reproductive
performance and the onset of puberty in females from
the Trangie RFI-divergent selection lines (Donoghue
et al., 2011). In the first part of this study, data on
1999-born females (n = 64) were evaluated in terms of
weight, subcutaneous fat (P8 fat depth) and reproductive
performance over two breeding cycles. These females
were the result of approximately 1.8 generations of
selection and the mean EBVrfi-pw of their parents
differed by 1.4 kg/d. As observed in the previous study,
no significant selection-line differences were evident
for cow weight, pregnancy rate, calving rate, calf birth
weight or weight of calf born per female exposed to
the bull (Table 3). Females from the low-RFI line had
significantly (P < 0.05) lower P8 fat depth relative to their
high-RFI contemporaries at most of the measurement
dates. Low-RFI females calved significantly (P < 0.05)
later in the calving season than high-RFI females (35.7
d vs 27.6 d, respectively). Basarab et al. (2007) also
reported that low RFI cows calved 5–6 days later.
These results indicate that there is a delayed pregnancy
date during the first mating season, which resulted in
a later calving date for the low-RFI heifers. The later
first calving date was then maintained at the subsequent
calving. The later calving did not affect pregnancy rate
or calving rate. However, in commercial herds in which

restricted mating is practiced, 8 days could represent an
8% difference in pregnancy rate for a breeding season
(D.J. Johnston, pers. comm.). In the second part of this
study, ultrasonography was used to scan the ovaries of
2008-born heifers on four occasions after weaning. In
these heifers, the presence of a corpus luteum provided
evidence of ovulation, and hence the onset of puberty.
The mean EBVrfi-pw of their parents differed by 1.1
kg/d. Irrespective of selection line, heifers that had
attained onset of puberty had significantly (P < 0.05)
greater P8 fat depth than those that had not attained
puberty (Donoghue et al., 2011). Hence, the expectation
was that, relative to high-RFI heifers, the low-RFI
heifers, which had less rump (P8) subcutaneous fat,
would attain onset of puberty at a slightly older age.
This expected trend was observed but the difference
was not significant, and further investigations were
recommended.

Summary for cows

Strong relationships exist that present an opportunity
to utilise selection to improve feed efficiency of
growing animals and mature cows simultaneously,
based on measurements made post-weaning. The
Trangie selection trial indicates that commercial beef
producers can expect high-efficiency cows to be heavier
and slightly leaner (slightly less subcutaneous fat) than
unselected cows. After approximately two generations
of divergent selection for RFI, no significant selectionline differences have been observed for the key maternal
productivity traits of pregnancy rate, calving rate, calf
birth weight and weight of calf weaned per female
mated. However, there is a trend for high-efficiency
cows to calve later in the season than low-efficiency

Table 3. Trangie residual feed intake (RFI) divergent selection lines: means for maternal productivity traits for
cows from lines divergently selected for low RFI (high efficiency) or high RFI (low efficiency).
Trait

Selection Line
Low RFI
High RFI

Level of
Significance

After approximately 1.5 generations – adapted from Arthur et al. (2005)
Reproductive rate
Pregnancy rate (%)
90.5
90.2
ns
Calving rate (%)
89.2
88.3
ns
Weaning rate (%)
81.5
80.2
ns
Growth of calves
Birth weight (kg)
36.9
36.2
ns
Pre-weaning average daily gain (kg/day)
0.88
0.89
ns
220 Day weight (kg)
231
231
ns
Maternal productivity
Calving day1
215
210
†
Milk yield (kg/day)
7.5
7.8
ns
Weight of calf born per cow mated (kg)
33.6
31.8
ns
Weight of calf weaned per cow mated (kg)
191
198
ns
After approximately 1.8 generations – adapted from Donoghue et al. (2011)
Pregnancy rate (%)
93.5
92.6
ns
Calving rate (%)
89.1
92.6
ns
Calving day2
35.7
27.6
*
Calf birth weight (kg)
36.2
35.0
ns
Weight of calf born per cow mated (kg)
32.6
31.9
ns
1
2
ns P > 0.1, † P < 0.1, *P < 0.05; Number of days from the start of the calendar year; Number of days from the start
of the calving season.
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cows, which may be associated with a delay in the
onset of puberty because they are slightly leaner at
first joining. It is not known whether ongoing selection
would be associated with a decline in pregnancy rate
during a restricted mating period such as that used in
commercial herds. Furthermore, the effectiveness of
selection for lower RFI at a restricted level of nutrition
such as that typical of pasture-based production systems
for much of the year requires further research.

Variance in RFI

Previous studies have focussed on the heritability
of RFI, selection response and correlated responses.
However, variance in RFI has received little attention.
The variance in feed intake is a function of how much
variance there is in growth (live weight and daily gain)
and how much of the variance in intake is associated with
that variance in growth. We hypothesize that variance
will be elevated under ad libitum feeding conditions
and low at a restricted level of feeding. When there is
negligible variance in RFI, there is negligible variation
in efficiency and consequently, little opportunity for
improvement.
Bordas et al. (1995) reported that differences between
poultry RFI selection lines were greater on the regular
control diet than on control diet diluted with 19% bran
(and hence with a lower feed energy density). Selection
for efficiency in fish is done by selecting for growth at
a restricted level of feeding. Silverstein (2006) found
that although genetic differences between families were
present under satiation feeding conditions, they were
absent under limited feeding conditions. Veerkamp et
al. (1995) reported that variance in RFI in dairy cattle
was much lower in early lactation (effectively, restricted
feeding) than later in lactation.
Roberts et al. (2007) measured RFI in composite
beef heifers and found that the variance was 22-fold
greater under ad libitum feeding conditions (0.088 kg2/
d2) than under restricted feeding conditions (0.004 kg2/
d2). The restricted diet was set at 80% of that eaten by
the ad libitum group. If the relationship between feeding
level and variance in RFI were linear, then this would
suggest zero variance in RFI at 75% of ad libitum. Lines
et al. (2009) reported differences in energy metabolism
between 16 heifers from RFI selection lines at two
feeding levels. Subsequent analysis (unpublished)
showed that the variance at ad libitum intake (6.9 kg/d)
was 0.0610 kg2/d2 compared with 0.0017 kg2/d2 at just
above maintenance (4.2 kg/d). This represents a 36-fold
difference and is similar to that reported by Roberts et
al. (2007). Variance in RFI of Angus cows (n = 56) was
0.66 kg2/d2 when fed ad libitum and 1.01 kg2/d2 when
tested as mature cows (Herd et al., 2011). When fed at
a restricted level of feeding just above maintenance, the
variance in RFI was 0.27 kg2/d2.
Another recent trial at the University of Adelaide
demonstrated a similar effect when intake was restricted
by quality rather than quantity. Wilkes et al. (unpubl. data)
the compared growth and energy balance of Merino and

Damara lambs offered ad libitum access to a low or a
high quality diet (7 or 11 MJ ME/kg DM, respectively).
The variance in RFI was 0.38 kg2/d2 for the low quality
diet and 1.67 kg2/d2 for the high quality diet. This 4.4fold difference demonstrates the relationship between
intake and variance in RFI regardless of the method of
intake restriction. This is similar to the results of the
study of Veerkamp et al. (1995), in which the variance
in RFI of dairy cows was low in early lactation even
though they were fed ad libitum throughout lactation.
The implication of these results is that variance
in RFI is related to variance in net energy available to
the animal. This supports findings that RFI is related
to body composition and may warrant inclusion of a
measure of body composition in the RFI equation.
Unfortunately, this does not indicate that our current
measure of RFI, based on live weight and ADG, reflects
differences in metabolic efficiency, which was the
original aim of selecting for the trait. If these results
extend to adult ruminants exposed to annual variation
in energy availability, then we may conclude that
during times of energy restriction (either due to feed
quality or quantity), there may be negligible variation
in RFI. During times of high energy availability, there
will be large variation in RFI, which is correlated with
fatness and may be of little financial value because at
these times pasture utilisation and therefore feed costs
are often low.

Can the cost of measuring RFI be
justified?

To exploit genetic variation in feed efficiency requires
incorporation of feed intake as an additional selection
criterion into beef cattle breeding programs. However,
collection of information on feed intake and growth
performance under standardised conditions is expensive.
It is therefore important that the investment in collecting
RFI data is justified by the economic returns generated.
As it is unlikely that routine measurement of the feed
intakes of all candidate animals for breeding could
be justified, Archer et al. (2004) evaluated breeding
program designs that target investment to generate
maximum returns.
Assuming that the relative cost of testing, feed and
prices received for cattle have remained stable since their
evaluation, Archer et al. (2004) showed that it would
be profitable for the Australian beef cattle industry to
incorporate measurement of (residual) feed intake on
a proportion of candidate sires for the seedstock sector.
These results were for two different beef production
systems in southern Australia that targeted either
the domestic market (pasture-based finishing) or the
Japanese market (animals finished on grain). The
analysis considered a breeding program incorporating
most information sources currently used in beef cattle
genetic evaluation in Australia and compared this with
a program that included measurement of feed intake in
a two-stage selection process. After accounting for the
cost of measuring feed intake (which then ranged from

55
$150 to $450), additional profit was generated from
inclusion of feed intake measurement on a proportion
of bulls for all breeding schemes considered. Profit was
generally maximised where 10% to 20% of bulls were
selected at weaning for measurement of feed intake,
with the selection of the bulls being done on a multipletrait index incorporating all information available on
the bulls and their relatives.

Conclusions

Selection for RFI is effective in improving the
efficiency of growth of young bulls and heifers, of
steers at pasture and in the feedlot, and of mature nonpregnant, non-lactating cows fed ad libitum on pelleted
feed. Differences between selection lines in RFI are
accompanied by differences in body composition but
the phenotypic correlation is not strong.
The small improvement in the lean beef yield of
steers afforded by selection for low RFI should be
balanced against increasingly tight specifications for fat
on the carcass. There is a need to ensure that selection
for improved feed efficiency does not delay the onset of
puberty in the young cow and that cow productivity is
not compromised in commercial herds with a restricted
joining season. The interactions between selection for
lower RFI and improvement in feed conversion of cows
grazing pastures that vary in availability and quality,
cow body condition (fat) and cow lifetime productivity
are poorly understood. This is the subject of the Beef
CRC Maternal Efficiency Project.
Rauw (1998) proposed that genetic selection has
increased the occurrence of behavioural, physiological
and immunological problems in livestock. Estimation
of RFI involves estimation of feed intake based on
live weight and product output. The composition of
the output is rarely considered, nor are differences in
locomotion, disease status, immunocompetence or
other metabolic processes that use energy. It follows
that if no allowance is made for the energy requirements
of these processes, the reduction in feed intake sought
by selection for low RFI may compromise an animal’s
capacity to sustain these functions (Rauw, 1998).
There is a need for a better understanding of energy
requirements for maintenance and production (including
reproduction) and of variation in the efficiency of energy
utilization for these processes throughout an animal’s
life. For beef cattle, it is unclear whether changes in
metabolic efficiency have been achieved and there are
no good early-in-life selection criteria for intake traits
suitable for use in selection programs. In practical terms,
there is a need for a better understanding of the genetic
and phenotypic relationships between feed intake and
components of production at different phases in the
animal’s productive life.
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Summary

Management of the sow herd has direct and indirect
effects on the performance of their progeny and
consequently, on herd feed conversion (HFC). Reducing
sow replacement rate has a small direct effect on HFC
due to changes in breeder feed consumption. However,
the indirect impact of the associated reduction in the
proportion of gilts and their progeny in the breeding herd
has a large effect on HFC. Compared with the progeny
of pluriparous sows, the progeny of gilts are lighter at
birth and weaning and are more susceptible to disease.
The indirect effect of reduced pre- and postweaning
mortality and growth associated with a reduction in
the proportion of gilts in a breeding herd with a low
turnover is equivalent to a 10% reduction in HFC. Thus,
improvement of reproductive performance and sow
turnover will improve HFC. The consequences of birth
weight on progeny performance and replacement gilt
reproductive performance are discussed with reference
to recent research findings.

Introduction

The reproductive performance of sows in the breeding
herd is critical for the success of pig production. As,
the sow herd accounts for 20% of feed costs in most
piggeries, it has less of a direct impact on total herd feed
conversion (HFC) than the grower–finisher population.
However, sow productivity has a substantial impact on
the throughput of market pigs and on the utilization
of space and associated fixed costs. Sow productivity
is influenced by genetics, parity, seasonal infertility,
nutrition and health. During the past decade, much
effort has been devoted to improving sow productivity,
especially by increasing sow longevity and lifetime
performance. Although some herds in Australia are able
to wean 26 pigs per sow per year (Close et al., 2005),
the average Australian herd weans 19.7 pigs per sow
per year, which is similar to the average for all other
countries except Denmark (23.5 pigs weaned per sow
per year(Davidson, 2005). It is economically sound to
keep sows in the breeding herd for as long as possible.
Theoretically, if a sow produces an average of 11.0 liveborn piglets per litter over a lifetime of nine parities,
Recent Advances in Animal Nutrition – Australia 18 (2011)

she should produce about 100 piglets in total. However,
sows in most production herds produce 30–40 piglets
during their lifetime in the herd (Close et al., (2005).
A high sow turnover rate has a direct effect on breeder
feed consumption because replacement gilt must be
maintained for 6–12 weeks before their first mating. In
addition, it is now recognized that the ability of gilts to
sustain foetal development in utero and to support the
growth and immune competence of their progeny during
lactation affects the subsequent health and growth of
the progeny. Improvements in sow longevity and the
growth and health of their progeny will improve HFC.

Direct effects of sow replacement
rate on herd feed efficiency

Most sows are culled because of low reproductive
performance. In a review of sow longevity, Hughes
and Varley (2003) concluded that sow replacement
rate has not improved over time, whereas other sow
productivity traits such as litter size have improved
steadily as a result of advances in genetics (Bunter,
2009) and management (Thorup, 2009). The average
sow replacement rate in Australia is 49%, and ranges
from 16% to 68% (APL, 2010). Thus, a target sow
replacement rate of 40%, equivalent to 14% gilt matings,
can be achieved by many piggeries in Australia. The
heritabilities of breeding traits that determine sow
longevity have recently been quantified, enabling the
emphasis within breeding programs to be adjusted.
Traits such as leg conformation and soundness and sow
retention to parity 2 are moderately heritable (Rathje,
2007). When producers retain more gilts to maintain
mating volume, HFC (feed consumed per unit carcass
weight produced) is increased (less efficient) because
of increased breeder feed consumption or reduced
output of pigs per year. In addition to reproductive
performance, mortality and management decisions such
as destocking and repopulating for health or genetic
reasons affect sow turnover. A lower sow replacement
rate due to improved reproductive performance and
lower mortality will improve HFC (Table 1).
Most of the cost of maintaining extra gilts or sows
to sustain a constant mating budget is associated with
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the space required to house them, which may reduce
the space available for the finisher herd, and with the
purchase cost of replacement gilts. A high stocking rate
in the mating shed may result in a high frequency of
anoestrous, especially during summer and autumn.

Gilt litters and the mortality and
growth of their progeny

A high sow turnover rate is associated with an increase
in the proportion of litters born to gilts. Gilts generally
have a low litter size and farrowing rate (Hughes and
Varley, 2003; Levis, 2005), which can reduce the
number of pigs weaned. However, in commercial
production units, the number of matings is adjusted
according to a desired weaner production rate. A lower
sow replacement rate and improved reproductive
performance will reduce the need for replacement gilts
and consequently, reduce the proportion of piglets born
to gilts. The output of weaners would also increase, as
the preweaning mortality of the progeny of multiparous
sows is less than that of the progeny of gilts because
the former have a more developed immune system and
shed fewer pathogens (Holyoake, pers. comm.).
The progeny of gilts are smaller at birth than the
progeny of multiparous sows (Gatford et al., 2010;
Miller, 2006). Progeny of gilts also experience greater

postweaning morbidity, which affects survival and
weight gain to market age (Holyoake, 2006; Larriestrar
et al., 2002; Moore, 2001). In a Pork Co-operative
Research Centre (CRC) investigation into factors
affecting pre- and postweaning survival and growth,
we showed that sow parity and piglet birth weight
are significant factors contributing to weaning weight
and survival, and that they ultimately determine the
lifetime growth and survival of the progeny. Sow parity
accounted for 26% of the variation in birth weight
and 12% of the variation in weaning weight. We also
observed that 27% of deaths between weaning and
finisher age were due to low weight at birth. Much
research has been conducted by the Pork CRC on ways
to increase the birth weights of piglets born to gilts.
Progeny of gilts are 200 g lighter at birth than progeny
of sows (Gatford et al., 2010; Geale et al., 2009; Miller,
2006) and grow about 13% slower, with the result
that they are 1 kg lighter than the progeny of sows at
weaning at 26 days of age (Geale et al., 2009; Smits and
Collins, 2009). This weight difference increases as the
pigs approach market age (Table 2), which is consistent
with the results of (Dunshea et al., 2003).
Progeny of gilts have a greater mortality rate than
progeny of sows in commercial herds. We observed
significant differences between the progeny of gilts

Table 1. Predicted response in annual reproductive output and herd feed conversion efficiency (HFC) to a
reduction in herd replacement rate from 65% to 40% in a 1000-sow herd producing a constant number of weaners
(source: HFC calculator, Pattison pers. comm.).
Pigs
weaned

Pigs mated

Pigs
born alive

Progeny
sold

Cull
Progeny
HFC
carcass
carcass
weight (t)
weight (t)
a
18,720
Scenario 1
2,349
21,767
15,420
127.2
1,170.6
3.86
b
18,720
Scenario 2
2,176
21,273
15,731
96.7
1,194.2
3.78
a
Scenario 1: 65% replacement rate, base production levels, 26% gilt matings, 82% farrowing rate, 11.3 born
alive, 14% preweaning mortality, 17% breeder mortality, culled sow weight = 175 kg hot standard carcass
weight. bScenario 2: 40% replacement rate, 14 % gilt matings, 85% farrowing rate, 11.5 born alive, 12%
preweaning mortality, 8% breeder mortality, culled sow weight = 210 kg cwt.

Table 2. Effect of cross-fostering between gilt and sow litters on weaner live weight, daily gain between 4 and 21
weeks of age and carcass performance (Smits and Collins, 2009).
Treatment1
(sow/progeny)

No. records

Weaned
weight (kg)

Weight 21
weeks (kg)

Daily gain
(kg/d)

Carcass
Backfat P2
weight
(mm)
(kg)
Gilts/birth
197
6.9a
90.0a
0.695a
68.0a
8.3a
a
b
b
b
Gilts/Gilts
201
6.8
94.0
0.725
71.0
8.8bc
b
b
b
b
Gilts/Sows
236
7.3
95.0
0.728
71.5
8.5ab
c
cd
bc
bc
Sows/birth
234
8.0
97.2
0.743
72.8
9.0c
c
d
c
c
Sows/Sows
258
8.1
99.0
0.754
74.0
9.0c
Sows/Gilts
229
7.3b
95.4bc
0.731b
72.6bc
8.4ab
P value
<0.001
<0.001
<0.001
0.001
0.001
1
Treatments groups were created by keeping dam progeny with the rearing mother (Gilts/birth, Sows/birth), or
by swapping whole litters within 24 h either within a parity (Gilts/Gilts, Sows/Sows) or between parities (Gilts/
Sows, Sows/Gilts). abcMeans within columns that have different superscripts are significantly different (P < 0.05).
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and sows in mortality before weaning and during the
weaner (4–10 weeks of age) and grower (11–16 weeks)
phases (Table 3; Smits and Collins, 2009). There was
also a trend for lower mortality among the progeny of
sows than among the progeny of gilts during the finisher
phase.
Table 3. Differences between gilt and sow (parity 3–7)
progeny in respect of mortality and removal for ill thrift
expressed as a percentage of the number of pigs at the
start of each growth phase.
Treatment Preweaning Weaner Grower Finisher
Progeny
14.4%
5.6%
3.9%
6.7%
of gilts
Progeny
11.2%
2.7%
2.2%
4.8%
of sows
χ2 5.2
χ2 10.9 χ2 4.2
χ2 2.5
P value
0.022
0.001 0.041
0.116
Miller (2006) showed that the progeny of gilts grew
slower than the progeny of sows irrespective of birth
weight differences and suggested that this difference
may be associated with differences in immune
competence, and thus, susceptibility to disease. In a
subsequent experiment, they demonstrated that gilts
transfer less IgG to their progeny during lactation than
sows and suggested that this could explain why the
progeny of gilts are more susceptible to disease than the
progeny of sows (Miller et al., 2009). The composition
of the colostrum (Geale et al., 2009) and milk (Beyer et
al., 2007; Geale et al., 2007) of gilts differs from that of
older sows. Although (Beyer et al., 2007) reported that
the milk yield of gilts was less than that of multiparous
sows, there were small differences in litter weight
gain between gilts and older sows in studies in which
demand for milk by the piglets was equal (Boyce et
al., 1997; Smits and Collins, 2009). Thus, birth weight
and neonatal health are likely to determine the growth
and health of the progeny over their lifetime and to
affect HFC through their effects on mortality and sale

weight.
Table 4 shows that the direct effects of sow
replacement combined with the indirect effects of a
reduced proportion of progeny of gilts in the herd are
equivalent to 10% of HFC.

Effects of increased litter size on
progeny growth and development

Across all parities, an improvement in reproductive
performance in traits such as litter size and farrowing
rate will increase the number of progeny produced per
year and hence defray the costs and feed usage of the
breeder herd. Genetics, nutrition, management and
health have interrelated effects on the number of weaners
produced per sow per year. An annual genetic increase
in litter size of 0.07 pigs born alive has been achieved,
as has a corresponding increase in phenotypic litter
size (Hermesch, 2006). The potential negative effects
of selection for more prolific sows on birth weight,
foetal development and growth have been investigated
(Foxcroft et al., 2006; Town et al., 2004; Vonnahme et
al., 2002). In some selection indexes, this effect has been
addressed by including birth weight and the number of
piglets surviving to 5 days of age as variables (Stumpf
et al., 2011). Breeding companies are now recognizing
that the number of progeny that survive until weaning
is an important economic trait, although it is difficult to
measure accurately when fostering is practiced.
Advances in nutrition have also contributed to
improvements in litter size. Examples of these include
the inclusion of ractopamine in lactation diets (van
Wettere et al., 2009), dietary inclusion of betaine
(van Wettere and Herde, 2009), supplemental folate
and vitamin B12 in diets of gestating sows (van
Wettere, unpubl.), omega-3 polyunsaturated fatty acid
supplementation during lactation (Smits et al., 2011b)
and during lactation and early gestation (Smits et al.,
2011a) and reduced suckling demand in parity 1 litters
(Hewitt et al., 2009).

Table 4. Predicted response in annual reproductive output and and herd feed conversion efficiency (HFC) when
the direct effects of improved sow replacement (see Table 1) and the indirect benefits of a reduced proportion of
progeny of gilts are taken into account for a 1000-sow herd producing a constant number of weaners per year
(source: HFC calculator, Pattison pers. comm.).
Pigs
weaned

Pigs mated

Pigs born
alive

Progeny
sold

Cull carcass
weight (t)

Progeny
carcass
weight (t)

HFC

Scenario 1

18,720

2,349

21,767

15,420

127.2

1,170.6

3.86

Scenario 2

18,720

2,176

21,273

15,731

96.7

1,194.2

3.78

a

b

Scenario 3
18,720
2,176
21,273
15,914
96.7
1,217.7
3.74
Scenario 1: 65% replacement rate, base production levels, 26% gilt farrowings, 82% farrowing rate, 11.3 born
alive (gilts = 10.2, sows = 11.7), 14% preweaning mortality, 17% breeder mortality, culled sow weight = 175
kg cwt. bScenario 2: 40% replacement rate, 14 % gilt farrowings, 85% farrowing rate, 11.5 born alive, 12%
preweaning mortality, 89% weaned progeny from parity 2+ sows, 12% breeder mortality, culled sow weight =
210 kg cwt. cScenario 3: As for Scenario 2 plus an increase of 0.8 kg live weight at sale and a 0.05% reduction in
weaner–grower mortality rate.
c

a
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Foetal and neonatal programming
for lifetime performance

Regardless of whether litter size is increased by genetic
or nutritional means, there is increasing evidence that
increased litter size has adverse consequences for the
growth and development of the progeny. The foetal
programming effect of litter size has not been widely
investigated, but it has been established that uterine
capacity can limit foetal nutrient uptake and growth,
resulting in slower postnatal development as well as
lower birth weight (Foxcroft et al., 2006; Town et al.,
2004). It has recently been shown that the environment
(stalls vs pens) in which future breeding sows are
reared and their neonatal litter size (≤7 vs ≥10) have
carry-over effects on their reproductive performance.
Estienne (Estienne, 2011) reported that fewer female
progeny born to gilts reared in gestation stalls reached
puberty by 165 d of age than female progeny born to
gilts reared in group pens during gestation. The neonatal
health status of replacement gilts has also been observed
to influence their breeding performance 30 weeks later
(Table 5).

Table 5. Reproductive characteristics of gilts with a
history of neonatal diarrhoea (0–21 d of age) at puberty
and after parity 1 (Flowers, 2008).
Reproductive
performance
Age at puberty (d)
Farrowing rate (%)
Number born alive

Gilts with
neonatal
diarrhoea
193 ± 7
74 (37/50)
10.1 ± 0.5

Gilts without
neonatal
diarrhoea
190 ± 6
87 (46/53)
11.2 ± 0.5

Flowers (2008) reported that first-litter sows are
especially vulnerable to the drain of lactation of body
reserves in that parity 2 litter size is inversely related to
first-litter weaning weight. This finding is supported by
the study of (Hewitt et al., 2009), in which a reduction
in litter size and thus use of body reserves for lactation
in first-litter sows increased parity 2 litter size. Flowers
(2011) presented the results of a large research project
in which on-farm observations were conducted to
determine whether neonatal growth has a lifetime effect
on reproductive performance. Future breeding gilts born
to litters consisting of 10 to 12 piglets were manipulated
by allocating them within 24 h of birth to groups of
either ≤7 piglets or ≥10 piglets during lactation, after
which they were managed identically until mating. Gilts
from the small lactation litters had greater preweaning
growth rates and weaning weights than those from the
large lactation litters. These traits were significantly
correlated with sow longevity, and birth weight tended
to be correlated (P < 0.10) with sow longevity. After
six parities, 38% of the sows that were reared in the
small litter group during lactation remained in the herd
compared with only 16% of those reared in the large

group during lactation. The average farrowing rate of
sows that were reared in the small litter group during
lactation was significantly higher than that of sows that
were reared in the large group during lactation (88.7%
vs 83.3%, respectively), as was the average number of
piglets born alive to them (11.0 vs 10.5, respectively).
These results provide evidence of the impact of the early
neonatal growth of the sow and gestational housing and
stressors on the reproductive potential of gilts selected
for breeding.
Foetal development and neonatal growth also
have consequences for progeny destined for slaughter.
Compared with piglets with normal birth weight, light
birth-weight piglets have lower muscle mass, grow
slower and less efficiently postweaning and tend to
have fatter carcases as finishers (Gatford et al., 2010;
Gondret et al., 2006). Dunshea et al. (2003) showed
that pigs with a 0.5 kg higher birth weight were 13
kg heavier at 23 weeks of age, but had a backfat level
similar to pigs born light and sold at the same age.
There are few reports on the effects of birth weight or
weaning weight on progeny feed efficiency. In a Pork
CRC project to investigate the lifetime performance of
light weaners, Morrison et al. (pers. comm.) observed
that heavy weaners had a 7% greater FCR (i.e., were
7% less efficient) than light weaners (P < 0.05), which
decreased to a tendency (P = 0.10) for a 4% greater
FCR during the grower-finisher period. This finding was
somewhat surprising, but may be due to assessment of
feed efficiency according to age rather than live weight.
In their Pork CRC project on the use of recombinant
somatotropin (pST) to increase birth weight, Gatford et
al. (pers. comm.) also evaluated progeny feed efficiency
based on age. They also found there was a trend for
light birth-weight piglets to be more efficient than their
medium and heavy birth-weight counterparts (Table
6).

Table 6. Performance of light, medium and heavy
birth-weight piglets (Gatford pers. comm.).

10-week
weight (kg)
Sale weight
(kg)
Grow–
finish
feed:gain
Carcass
weight (kg)
Carcass P2
(mm)1

Light
21.8 ± 0.3a

Medium
23.7 ± 0.3b

Heavy
25.9 ± 0.2c

82.6 ± 0.7a

86.1 ± 0.6b

90.5 ± 0.6c

2.22 ± 0.06x 2.36 ± 0.05y 2.32 ±
0.05xy
62.3 ± 0.6a

64.8 ± 0.5b

68.6 ± 0.5c

7.9 ± 0.1b

7.8 ± 0.1b

7.5 ± 0.1a

Carcass fatness adjusted to similar carcass weight
using covariate analysis. abcMeans within rows differ (P
< 0.05); xymeans within rows tend to differ (P < 0.10).
1
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The results of Morrison et al., who evaluated feed
efficiency based on age, may have differed had they
assessed feed efficiency between standardized live
weights (i.e., between 60 kg and 90 kg live weight).
As the general commercial practice is to sell pigs at
a targeted market weight, feed efficiency between
the grower and finisher weight ranges would be more
appropriate than efficiency traits assessed between ages
when assessing the relationship between birth weight or
weaning weight on progeny feed efficiency.
The number of foetal muscle fibres during earlyto mid-gestation determines postnatal lean tissue mass.
Piglets with low birth-weight as a result of uterine
overcrowding (Foxcroft et al., 2007) are likely to have
low numbers of myofibres that hypertrophy abnormally
(structurally abnormal fibres of extreme size) during
postnatal growth (Rehfeldt and Kuhn, 2006). The
carcasses of low birth-weight progeny are fatter and
meat from these carcasses is less tender and has greater
drip loss (Gondret et al., 2006). Gatford et al. (2004)
investigated the possibility of treating the dam with
pST during gestation to reduce the incidence of low
birth-weight piglets. They found that treatment of gilts
with pST from day 25 to day 100 of gestation increased
birth weight, whereas short-term pST treatment (days
25–50) did not. In a follow-up experiment, they again
showed that long-term treatment was successful in
increasing birth weights of progeny of gilts and sows,
but litter size was decreased by the treatment (Gatford
et al., 2010). Gatford et al. (2004) reported that maternal
dietary protein level did not affect foetal development
or the birth weight of the progeny. In other studies,
manipulation of the composition of diets fed during
gestation has not affected birth weight (Bee, 2004;

Dwyer et al., 1994) or weaning weight (Mahan, 1998).
Changes in gestational feeding level and nutrition may
elicit greater responses in sow herds in which low birthweights occur because of uterine crowding.
The effects of birth weight and weaning weight on
sale weight and HFC are presented in Table 7.
The predicted consequence of progeny growth
on carcass weight sold, and consequently HFC
demonstrates the importance of progeny weight in
production systems. Note that HFC does not account
for the adverse effects of high growth rate or carcass
weight on carcass fat penalty or stocking rate. However,
in terms of HFC, improvement of growth rate, either
through increased birth weight or weaning weight, has
the potential to produce substantial benefits.

Conclusion

Sow herd management affects progeny performance and
HFC. Although sow replacement rate has a direct effect
on feed consumption per breeder, its greatest effect is an
indirect effect associated with the proportion of progeny
of gilts on pre- and postweaning health and growth rate.
There is evidence that piglets with low birth-weights
because of impaired gestational development have
low slaughter weights and are fat. Recently, low birth
weight and poor neonatal growth were found to have
repercussions for the breeding potential of replacement
gilts.
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Table 7. Predicted response in annual reproductive output and herd feed conversion efficiency (HFC) when the
indirect benefits of a heavier piglet at birth and weaning and a 7% improvement in lifetime daily gain are taken
into account for a 1000-sow herd producing a constant volume of weaners (source: HFC calculator, Pattison pers.
comm.).
Pigs weaned Pigs mated
Scenario 1
Scenario 2

a

b

18,720
18,720

2,349
2,349

Pigs born
alive
21,767
21,767

Progeny
sold
15,420
15,420

Cull carcass
weight (t)
127.2
127.2

Progeny carcass
weight (t)
1,170.6
1,250.6

HFC
3.86
3.63

Scenario 1: 65% replacement rate, base production levels, 26% gilt farrowings, 82% farrowing rate, 11.3 born
alive (gilts = 10.2, sows = 11.7), 14% preweaning mortality, 17% breeder mortality, culled sow weight = 175 kg
cwt. bScenario 2: As for Scenario 1 plus a heavier birth weight resulting in a 7% increase in lifetime growth rate
and a 5 kg heavier carcass.
a
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1

Summary

Dietary lipids and fatty acids are not only fundamental
in determining animal performance, but also determine
the eating qualities of animal products. Several methods
have been used to quantify fatty acid metabolism but
most involve expensive in vitro approaches that are
not suitable for most laboratories. Furthermore, there
is considerable variation between methods with regard
to enzyme activity, which makes comparison of results
between studies difficult. The recently developed
whole-body fatty acid balance method (WBFABM)
is a simple and reliable in vivo method for assessing
fatty acid metabolism, including rates of liponeogenesis
and de novo fatty acid production, β-oxidation of fatty
acids and bioconversion (elongation and desaturation)
of fatty acids to long-chain polyunsaturated fatty acids.
Initially developed for implementation with a fish
model, the WBFABM has proven to be a simple and
effective method that can be used in any laboratory
equipped with a gas chromatography unit. Since its
development, it has been used in several farmed finfish
feeding trials and in broiler chicken feeding trials. The
WBFABM is currently used at research institutions
worldwide and its use is increasing in popularity among
animal scientists. With this method, it is possible to
track the fate of individual dietary fatty acids within the
body. The WBFABM could contribute significantly to
information generated by animal feeding trials.

Introduction

Lipids are ubiquitous in cells and fulfil a variety of
functions essential for life. They are present in the body
as preferential sources of available energy, structural
components of biomembranes, precursors of eicosanoids,
hormones and vitamin D, enzyme cofactors and
carriers of fat-soluble vitamins. Consequently, the lipid
components of diets are important for the promotion of
growth, health, reproduction and other body functions.
Of the nutrients, lipids contain the highest amount
of energy per unit weight (39.5 kJ/g, roughly double
that that of proteins and carbohydrates). Therefore,
their catabolism via mitochondrial or peroxisomal
β-oxidation to produce energy in the form of ATP plays
Recent Advances in Animal Nutrition – Australia 18 (2011)

a major role in nutrition. With the exception of free
cholesterol, all classes of lipid contain one or more fatty
acid molecules. Fatty acids can be grouped into three
major classes according to their degree of unsaturation:
saturated fatty acids (SFAs), monounsaturated fatty
acids (MUFAs) and polyunsaturated fatty acids
(PUFAs). Furthermore, PUFAs are often sub-classed
as omega-3 (n-3) or omega-6 (n-6) PUFAs according
to whether the first double bond is located at the third
or sixth carbon, respectively, and the use of the term,
long-chain polyunsaturated fatty acid (LC-PUFA), is
becoming increasingly common.

Lipids and fatty acids in animal nutrition

To adapt to the aquatic environment and its trophic chain,
which is particularly rich in proteins and lipids and very
poor in carbohydrates, fish metabolism has evolved to
utilise lipids preferentially, specifically fatty acids, as
dietary sources of energy. Consequently, in fish feed,
lipid sources are the most effective raw materials for an
optimal balance of protein and energy (Bell and Koppe,
2010). Although terrestrial animals such as poultry
use carbohydrates efficiently for energy production,
lipids are a highly concentrated energy source and are
useful for feed formulation (McDonald et al., 1988).
Dietary lipids are important for both terrestrial and
aquatic animals because they contain essential fatty
acids. Essential fatty acids are defined as fatty acids
indispensable for normal functioning of the organism
that cannot be synthesised de novo by the organism
itself and consequently must be obtained from the diet.
No terrestrial or aquatic farmed animals, as is the case
with all vertebrates, are able to produce n-3 and n-6
PUFAs de novo. The bioactive forms of these fatty acids
include the LC-PUFA, eicosapentaenoic acid (20:5n-3),
docosahexaenoic acid (22:6n-3) and arachidonic acid
(20:4n-6). The majority of farmed animals are able to
produce 20:5n-3, 22:6n-3 and 20:4n-6 from α-linolenic
acid (18:3n-3) and linoleic acid (18:2n-6). 18:3n-3
and 18:2n-6 are produced by plants and algae and are
therefore normally termed basic essential fatty acids
and should always be provided in adequate amounts
in the feed (McDonald et al., 1988; Bell and Koppe,
2010). However, from an etymological viewpoint, this
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definition of essential fatty acids is not totally correct
because i) it has been shown that 18:3n-3 and 18:2n-6
can be synthesised in vivo by bioconversion of shorter
fatty acids such as 16:3n-3 and 16:2n-6, respectively,
and ii) from a physiological point of view, the truly
“essential” fatty acids are the LC-PUFAs. For a
comprehensive discussion of this subject, the reader is
referred to Cunnane (2003).
The lipid nutrition and fatty acid metabolism of fish
is of significant interest to the global aquaculture sector
because of environmental and economic issues pertaining
to the use of fish oil in aquaculture feed (Turchini et al.,
2009). The challenge for fish nutritionists is to reduce
the utilisation of fish oil in aquafeed formulations
while ensuring that an appropriate amount of n-3 LCPUFAs are present in the final product. Similarly, fat
metabolism in terrestrial farm animals and the fatty acid
composition of their products and tissues is the subject
of much ongoing research (Poureslami et al., 2010a).
Control of fat deposition is of great economic importance
in meat producing animals. In addition, the fatty acid
composition of intramuscular and subcutaneous lipids
has nutritional and technological implications, e.g., meat
could be a valuable source of n-3 LC-PUFA for humans
and the unsaturated to saturated fatty acid ratio of
animal fats affects their suitability for meat processing.
Total body fat content and fatty acid composition are
determined by genetic and environmental factors. Of
the environmental factors, diet has by far the largest
effect. In all farm animal species, body fatty acids are
derived from dietary uptake, de novo synthesis and
bioconversion.
Thus, paradoxically, whereas fish nutritionists are
currently focusing their research effort on the effects of
reducing the dietary supply of n-3 LC-PUFA, terrestrial
farm animal nutritionists are interested in understanding
the potential to increase the dietary supply of n-3 LCPUFA. In both cases, a reliable in vivo method for
assessing fatty acid metabolism is paramount.

Assessing fatty acid metabolism in
animals

After digestion, dietary fatty acids are absorbed and
transported to various organs, where they may be
incorporated into triacylglycerols and stored as reserve
energy, incorporated into membrane phospholipids or
oxidised to produce metabolic energy. Dietary fatty
acids may be used as is or they may be bioconverted by
alternating chain elongation and desaturation reactions
catalysed by fatty acid elongase and desaturase enzymes.
Numerous studies have been performed to investigate
the effects of source and content of dietary fat and the
duration of feeding fat on the fatty acid composition
of various tissues. In many of these studies, inferences
about fatty acid metabolism were made from analyses
of the fatty acid composition of tissue samples after
controlled feeding and slaughter experiments. More
fundamental studies have used in vitro and in vivo
approaches with labelled fatty acids (Brown, 2005).
A variety of methods exists for the assessment of

fatty acid metabolism ex vivo and in vivo. The most
widely used method involves isolating whole cells
(e.g., hepatocytes) or tissue microsomes and incubating
them with labelled fatty acids (e.g., [1–14C]18:2 n-6 or
[1–14C]18:3 n-3). During the past decade, the abundant
use of ex vivo methods has significantly increased our
understanding of some aspects of lipid metabolism.
However, these analytical methods require expensive
and sophisticated equipment that is unavailable at the
majority of research institutions. Furthermore, these
methods differ greatly depending on the application
and some do not take important factors such as fatty
acid-binding proteins into account or measure flux
through pathways such as β-oxidation (Brown, 2005).
In vivo methods employ a whole-body approach and
enable estimation of an organism’s overall capacity
to metabolize fatty acids within the context of an
integrated system (Cunnane and Anderson, 1997;
Turchini et al., 2007). In vivo methods are practical,
relatively simple, require routine laboratory techniques
and can be applied to almost all organisms. Surprisingly,
few studies have relied on the whole body balance
approach for investigating fatty acid metabolism even
though the serial slaughter technique and whole carcass
homogenization followed by analysis of the gross
chemical composition has been regularly applied to
study changes in body composition during growth and
development.

The whole body fatty acid balance
method

The whole-body fatty acid balance method (WBFABM)
was initially proposed by Cunnane’s group (Chen and
Cunnane, 1993; Cunnane and Yang, 1995; Cunnane and
Anderson, 1997) and was subsequently developed further
and refined by Turchini et al. (2007) and Turchini and
Francis (2009). The method involves quantification of
the initial and final fatty acid composition of the wholebody and quantification of the net intake of dietary fatty
acids in a feeding trial. It can be used in conjunction
with a very short feeding trial that results in minimal or
no weight gain or even weight loss (Chen and Cunnane,
1993). However, it has been suggested that when applied
to farmed animals, for which individual variation is
greater than for laboratory animals, the feeding trial
should be of sufficient duration to accommodate a
change in weight to enable accurate quantification of
fatty acid metabolism (Turchini et al., 2007). As the
method is fundamentally a mass balance analysis, it is
possible to increase the sensitivity of the measurement
by increasing differences between variables. It is crucial
that the feed intake is measured accurately. A total
collection of faeces or a corresponding digestibility
estimation is essential for quantifying the net intake of
fatty acids. The analyses required for this method are:
initial and final body weight, initial and final fatty acid
composition of the whole body, total feed intake, fatty
acid composition of the diet and fatty acid digestibility
or composition of the faeces.
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If the primary objective of the investigation is to
study the conversion of C18PUFA to LC-PUFA in a
species that has a limited bioconversion capability,
the absence of LC-PUFA from the diet is preferred.
However, this condition is not obligatory, and is
of less concern for species with relatively efficient
bioconversion capabilities, such as fish and poultry, as
is discussed later in this review.
The WBFABM involves four steps. The first step
is to determine the partitioning of dietary fatty acids
between excretion, accumulation, appearance and
disappearance, as described by Cunnane and Anderson
(1997). The second step involves a backwards
computation along the three main fatty acid pathways,
the n-3 PUFA pathway, the n-6 PUFA pathway and the
SFA and MUFA pathway. Briefly, the amount of fatty
acids represented by a specific metabolic pathway is
converted from mg to mmol of fatty acids appearing
or disappearing. The number of mmol of longer chain
or more unsaturated fatty acids appearing is subtracted

from the number of mmol of the previous fatty acid in
the specific fatty acid pathway. Estimation of the fate
(elongation, desaturation or oxidation) of each fatty
acid can therefore be computed accordingly to its
specific metabolic pathway. At this point (the third step
of the method), it is possible to quantify the amount
of an individual fatty acid used for β-oxidation and de
novo biosynthesis. The activities of specific enzymes
(elongase, ∆-5, ∆-6 and ∆-9 desaturase) and the rates of
β-oxidation and de novo biosynthesis are estimated in
the fourth and final step of the method. Enzyme activity
is then expressed as mmol (or µmol) of product per
gram of body weight (average body weight) per day and
is conventionally reported as “apparent in vivo enzyme
activity” to distinguish it from enzymatic activity
measured using in vitro methods. In the following
sections (and as depicted in Figure 1), examples of how
WBFABM results are interpreted and used to optimise
feed efficiency and product quality are presented.

Figure 1. The whole-body fatty acid balance method. Fatty acid concentrations in feed, faeces and the whole body
are analysed in a feeding trial and used to calculate deposition, bioconversion and β-oxidation of fatty acids.
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Examples of results obtained using fish

The WBFABM has been used to study the Murray
cod (Maccullochella peelii peelii), rainbow trout
(Onchorhynchus mykiss), Nile tilapia (Oreochromis
niloticus), red hybrid tilapia (Oreochromis sp.) and
barramundi (Lates calcarifer) (Turchini et al., 2006;
2011; Francis et al., 2007; 2009a; 2009b; Turchini and
Francis 2009; Alhazzaa et al., 2011; Senadheera et al.,
2011; Teoh et al., 2011).
The first attempt to elucidate the fate of individual
fatty acids using the WBFABM was reported by
Turchini et al. (2006), who studied the effects of dietary
canola oil and linseed oil on Murray cod. For the first
time, this species was shown to be capable of fatty acid
biosynthesis via the n-6 and n-3 pathways. In fish fed
the canola oil diet, 54.4% of the 18:2n-6 consumed
was accumulated, 38.5% was oxidized and 6.4% was
elongated and desaturated to higher homologs. In fish
fed the linseed oil diet, 52.9% of the 18:3n-3 consumed
was accumulated, 37% was oxidized and 8.6% was
elongated and desaturated. Murray cod also showed
a preferential order of utilisation of C18 fatty acids
for energy production (18:3n-3 > 18:2n-6 > 18:1n9). Moreover, it was demonstrated that an increase in
dietary 18:3n-3 was directly responsible for increased
desaturase activity and augmented saturated fatty acid
accumulation in the body of the fish. The total elongase
activity and total Δ6-desaturase activity was higher (P <
0.01 and P < 0.001, respectively) in fish fed the linseed
oil diet compared with fish fed the canola oil diet.
The presence of Δ5-desaturase activity could only be
quantified in fish fed the linseed oil diet, whereas in fish
fed the canola oil diet, there was no accumulation of any
fatty acid after the Δ5-desaturation step in the elongation
and desaturation pathway. In fish fed the linseed oil
diet, Δ6-desaturase activity (14.34 ± 0.37 µmol/g/d)
was significantly higher than elongase activity (8.56 ±
0.99 µmol/g/d), and both were significantly higher than
Δ-5 desaturase activity (0.75 ± 0.54 µmol/g/d).
These authors subsequently used the method to
investigate potential methods for alleviating the global
shortage of fish oil. Francis et al. (2007) investigated
modulation of fatty acid metabolism in Murray cod using
graded increments (0–100%) of a blended vegetable oil
formulated to mimic the fatty acid profile of fish oil. The
WBFABM revealed that the rate of accumulation of both
n-3 and n-6 LC-PUFAs decreased as the substitution
of fish oil with vegetable oil approached 100%. With
respect to the overall balance of individual fatty acids,
there was an accumulation and significant appearance
of 18:3n-6, 20:3n-6, 18:4n-3 and 20:4n-3 despite
negligible dietary intakes of these fatty acids. Levels
of n-6 and n-3 LC-PUFAs decreased as substitution
of fish oil with vegetable oil approached 100%. The
WBFABM revealed that although the balance of 20:4n6, 20:5n-3 and 22:6n-3 was negative in each of the
treatments, the values became progressively closer to
being positive as the level of vegetable oil substitution
in the diets increased. Elongase and Δ-6 desaturase

activity increased as vegetable oil inclusion increased;
fish that received 100% vegetable oil had the highest
elongase and Δ-6 desaturase activities. The WBFABM
was used to evaluate the presence of a feedback
mechanism affecting desaturase and elongase activities
in Murray cod fed graded dietary levels of C18 PUFA
with a constant ratio of 18:2n-6/18:3n-3 (1/1) (Francis
et al., 2009a). This study demonstrated a greater degree
of apparent enzyme activity (Δ-6 desaturase activity)
in fish fed diets containing high concentrations of C18
PUFAs. In fish receiving high concentrations of C18
PUFA, Δ-6 desaturase reacted with 18:3n-3 to a greater
extent than with 18:2n-6. As the C18 PUFA concentration
was reduced, the substrate preference of Δ-6 desaturase
changed from 18:3n-3 to 18:2n-6. This indicates that
Δ-6 desaturase has a greater affinity for 18:3n-3 than
for 18:2n-6 when C18PUFA are provided in abundance.
However, a higher affinity towards 18:2n-6 over 18:3n3 was recorded when substrate intake was low. Thus,
the authors suggested that, in Murray cod, the primary
LC-PUFA requirement that needed to be fulfilled was
represented by 20:4n-6, above that for 20:5n-3 and
22:6n-3. Once this requirement has been met, and if
sufficient substrate is available, the affinity of Δ-6
desaturase for the n-3 substrate increases. Therefore,
the authors concluded that the absolute quantity of Δ-6
desaturated fatty acids was proportional to substrate
availability, but the maximal efficiency of the Δ-6
desaturase enzyme was attained at average substrate
availability. Senadheera et al. (2011) took this approach
one step further by investigating the role of dietary
18:2n-6 and 18:3n-3 on LC-PUFA bioconversion in the
same species. However, this study evaluated the effects
of different 18:2n-6 to 18:3n-3 ratios while maintaining
a constant level of C18PUFA. The results of this study
indicated that 18:3n-3 was more actively β-oxidised
and bioconverted than 18:2n-6, which was deposited
to a greater degree than 18:3n-3. Interestingly, 18:2n-6
was β-oxidised at a constant rate (~36% of net intake),
but 18:3n-3 was β-oxidised at a rate proportional to its
dietary supply. In synchrony with the increasing dietary
18:2n-6 availability, an increase in the in vivo apparent
Δ-6 desaturation of 18:2n-6 was recorded. On the other
hand, when dietary 18:3n-3 availability increased, a
higher in vivo apparent Δ-6 desaturation of 18:3n-3 was
recorded. This data provided a clear indication that Δ-6
desaturase enzyme activity is substrate dependent. This
study revealed that Δ-6 desaturase activity for 18:3n-3
peaked at a substrate level of 3.2186 µmol/g/d, whereas
that for 18:2n-6 peaked at a substrate level of 4.1512
µmol/g/d. It was concluded that dietary inclusion of
18:3n-3 and 18:2n-6 at levels greater than required
to attain these maxima would be wasteful in terms of
n-3 LC-PUFA bioconversion. Additionally, it was also
shown that Δ-6 desaturase enzyme had a 3.2-fold greater
affinity for 18:3n-3 than for 18:2n-6. The WBFABM
was also used to assess the effects of alternated feeding
schedules in Murray cod (Francis et al., 2009b) and
to identify a new phenomenon termed the “omega-3
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sparing effect” of MUFA in farmed fish (Turchini et al.,
2011). It was shown that an abundant dietary supply of
MUFA, and to lesser extent SFA, spares n-3 LC-PUFA
from oxidation for energy production and increases
their deposition.
Turchini and Francis (2009) used the WBFABM to
compare the fates of individual fatty acids in rainbow
trout fed fish oil- or linseed oil-based diets. Similar
to the results for Murray cod, much of the 18:3n3 provided by the linseed oil diet was oxidised for
energy production. Despite the appearance of fatty
acids because of Δ-6 and Δ-5 desaturation, whole-body
concentrations of 20:5n-3 and 22:6n-3 were 2- and
3-fold less, respectively, for the linseed oil diet than
for the fish oil diet. In general, there was a greater net
disappearance for surplus fatty acids. Therefore, in fish
receiving the fish oil diet, a large proportion of 20:5n-3
was used for energy production and a small amount was
converted to 22:6n-3 and deposited. For the first time,
these authors applied the WBFABM to record a net
appearance of SFA and MUFA resulting from de novo
production of fatty acids. Rainbow trout receiving the
linseed oil diet exhibited a net appearance of 18:4n-3,
which was 62-fold higher than concentrations observed
in fish that received the fish oil diet, in which it was
preferentially oxidised.
Teoh et al. (2011) investigated fatty acid metabolism
responses in Nile tilapia and red hybrid tilapia to a
vegetable oil blend formulated to mimic the major
fatty acid classes of fish oil. This study demonstrated
an increase in β-oxidation, Δ-6 desaturase activity and
Δ-5 desaturase activity in both species of fish receiving
the vegetable oil based diet, whereas no Δ-5 desaturase
activity was apparent in the n-3 pathway for the fish oil
treatment. Regarding the n-6 conversion pathway, fish
were shown to be capable of bioconversion of 18:2n-6
to n-6 LC-PUFA. From a dietary formulation viewpoint,
the WBFABM proved useful in showing that a higher
level of SFA and MUFA would be beneficial because of
the high rate of liponeogenesis in both species.
Alhazza et al. (2011) used the WBFABM with
barramundi fed echium (rich in 18:4n-3) or a canola oil
diets to test the hypothesis that consumption of a diet
rich in 18:4n-3 increases n-3 LC-PUFA biosynthesis.
They demonstrated that barramundi are capable of
desaturating and elongating fatty acids to higher
homologs, but not to the degree originally anticipated,
and that they have low rates of conversion of fatty acids
to n-3 LC-PUFA. Fish receiving the 18:4n-3-rich diet
did not exhibit Δ-6 desaturase activity.

Examples of results obtained with
livestock species

The WBFABM is rarely used with livestock species
because of the high cost and labour associated with
homogenization of whole carcasses, particularly those
of the larger species of livestock. Therefore, it is not
surprising that the few studies in which this method has
been used have involved growing chickens and pigs.
Poureslami et al. (2010a,b) used the WBFABM to study

the effects of dietary fat source, age and sex on fatty
acid metabolism in broiler chickens. Crespo and EsteveGarcia (2002) also analysed whole body fatty acids in
broilers fed different dietary fat sources to determine
the efficiencies of energy, fat, protein and fatty acid
deposition, but restricted their calculations to the main
classes of fatty acids. Kloareg et al. (2005, 2007) and
Duran-Montgé et al. (2010) applied a whole body fatty
acid balance approach to growing pigs. Methodological
differences exist between these studies, making it
difficult to compare some of the results.
Poureslami et al. (2010a) compared various lipid
sources (palm fat, soybean oil, linseed oil or fish oil),
which were included at a level of 3% in a basal diet
containing 5% palm fat, for female and male broilers.
The experiment was conducted in two phases: when
the broilers were 7–21 days of age and when they
were 21–42 days of age, and thus encompassed the
entire fattening period. Sex had no effect on fatty acid
metabolism, and age had a minor effect compared with
that of dietary fat source. Accumulation of 18:2n-6 was
higher than that of 18:3n-3, whereas bioconversion to
longer chain metabolites and oxidation were lower for
18:2n-6 than for 18:3n-3. Accumulation of 18:3n-3
was 63% of net intake and was not affected by the diet.
Accumulation of 18:2n-6 was higher with the linseed oil
diet than with the other diets (85% vs 74% of net intake,
respectively). Bioconversion of 18:2n-6 was lower for
the fish oil diet than for the plant oil diets (1% vs 3–5%
of net intake, respectively), confirming the well-known
inhibitory effect of long chain n-3 PUFA on n-6 PUFA
metabolism as a result of competition for the same
desaturase enzymes. 18:3n-3 bio-conversions were
similar for the palm fat and soybean oil diets and were
greater than that for the linseed oil diet (9% vs 6% of net
intake, respectively). β-oxidation of 18:2n-6 was lower
for the linseed oil diet than for the other diets (11% vs
23% of net intake, respectively), whereas β-oxidation of
18:3n-3 was higher for the fish oil diet than for the other
diets (42% vs 27% of net intake, respectively). Fish oil
suppressed apparent elongase and desaturase activity in
terms of µmol/g/d, whereas a higher dietary supply of
18:3n-3 and 18:2n-6 enhanced apparent elongase and
desaturase activity in terms of the PUFA involved in the
n-3 and n-6 pathways, respectively.
Although this experiment was not designed for
investigating SFA and MUFA metabolism, these authors
also analysed their data for this purpose (Poureslami et
al., 2010b). The accumulation (percentage of net intake
and de novo production) of SFA and MUFA was lower
for the palm fat diet than for the other diets (86 vs 97%,
respectively). Conversely, β-oxidation was higher for
the palm fat diet than for the other diets (14% vs 3%
of net intake and de novo production, respectively). A
mean of 33% of the total SFA and MUFA accumulated
in the body was elongated, and 14% was Δ-9 desaturated
to a longer chain or to more unsaturated metabolites.
A lower proportion of total SFA and MUFA were
elongated and desaturated with the palm fat and fish oil
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diets compared with the soybean and linseed oil diets.
Total in vivo apparent elongase activity decreased
exponentially in relation to the net intake of SFA and
MUFA. Somewhat surprisingly, total in vivo apparent
Δ-9 desaturase activity was not affected by dietary
treatment or age. The total de novo production and
β-oxidation rates of SFA and MUFA had negative and
positive curvilinear relationships, respectively, with net
intakes of SFA and MUFA, respectively.
Bazinet et al. (2003) used the WBFABM (as
described by Cunnane and Anderson, 1997) to evaluate
the oxidation of 18:2n-6 and 18:3n-3 in piglets
subjected to a segregated early weaning (SEW) system
or a non-segregated weaning system (NSW). In the
SEW system, pigs are weaned when they are 10–14
days old instead of at 21 days old and are housed in
a cleaner environment compared with NSW system,
which is commonly used in commercial units. SEW
pigs are reported to eat more and grow faster, and it was
suggested that this is due to reduced antigen exposure,
i.e., to less demand on their immune system (Bazinet et
al., 2003). Pigs were fed a control diet (n-6/n-3 = 21.3)
or a high 18:3n-3 diet (n-6/n-3 = 2.5) and were weaned
either at 14 days old into a SEW nursery or at 21 days
old into a conventional NSW nursery. NSW pigs had
15–25% lower carcass 18:2n-6 content (expressed as a
percentage) and 20–30% lower carcass 18:3n-3 content
at 49 days of age. Between 35 and 49 days of age, the
NSW pigs had higher whole-body oxidation of 18:2n-6
(40–120%) and 18:3n-3 (30–80%) than SEW pigs. The
high-18:3n-3 diet decreased whole-body oxidation of
18:2n-6 by 73% and that of 18:3n-3 by 63% in NSW
pigs. The authors concluded that moderately cleaner
housing (SEW) significantly decreases 18:2n-6 and
18:3n-3 oxidation in pigs.
Kloareg et al. (2005) fed a diet containing 3.6% fat
(no added fat) to young pigs from 24 kg to 65 kg live
weight at 23 °C or 30 °C and at four feeding levels to
investigate the effect of high ambient temperature and
feed restriction on fatty acid deposition. Kloareg et al.
(2007) fed a diet containing 1.5% soybean oil (total
fat content = 4.4%) to two genotypes and sexes of
slaughter pigs from 90 kg to 150 kg live weight. In both
studies, digestibility values for dietary fatty acids were
obtained from the literature and it was assumed that
70% of dietary non-essential fatty acids were deposited
as is. This assumption was based on the observed 70%
deposition vs 30% net oxidation of total n-6 PUFA.
Although the authors acknowledged that the extent
of oxidation depends on fatty acid chain length and
saturation, they argued that the assumption of a constant
oxidation rate for all fatty acids had little effect on the
outcome of their studies because of the low dietary fat
content.
Kloareg et al. (2005) estimated a deposition rate
of 69% for total n-6 PUFA (deposition of 18:2n-6
and conversion to 20:3n-6 and 20:4n-6), and thus an
oxidation rate of 31%. The corresponding values
for 18:3n-3 were 48% for deposition and 52% for

oxidation (long chain n-3 PUFA were not measured).
These authors used a data analysis model to partition
de novo synthesized fatty acids and showed that the
quantitatively most important transformations were
elongation of 16:0 to 18:0 and desaturation of 18:0 to
18:1. The effects of temperature and feeding level on the
partitioning of de novo synthesized fatty acids were also
observed. Kloareg et al. (2007) observed much lower
values for accumulation of PUFA in the body (31% and
40% of digestible n-6 and n-3 PUFA, respectively) and
concomitantly higher values for PUFA that could not be
accounted for and were assumed to have been oxidized
or converted to non-fatty acid metabolites. They
hypothesized that the large difference in oxidation rate
between their studies might be related to differences in
the stage of development of the animals and in dietary
18:2n-6 and 18:3n-3 content. In chickens, it has been
shown that a higher dietary PUFA supply increases
the oxidation of these fatty acids (Crespo and EsteveGarcia, 2002). In the study of Kloareg et al. (2007), of
the 40% of dietary 18:3n-3 that was recovered in the
body, more than one-third was deposited as 20:5n-3,
22:5n-3 and 22:6n-3. This suggests that conversion of
18:3n-3 to these long chain metabolites is more efficient
in pigs than in humans (Brenna et al., 2009). A similar
conclusion was made by Poureslami et al. (2010a) for
broiler chickens.
Duran-Montgé et al. (2010) fed pigs a diet with
a very low level of fat or one of six fat-supplemented
diets differing in fat source. Ileal digestibility values had
been determined in a previous study. They calculated
18:2n-6 deposition rates of 65–73% for diets rich in this
fatty acid. Deposition rates for 18:3n-3 were 63–64%.
Diets rich in PUFA resulted in lower PUFA deposition
rates and deposition generally decreased as the degree
of unsaturation increased. The observed deposition
rates for the long-chain n-3 PUFAs, 20:5n-3 and 22:6n3 were 48% and 49%, respectively, for a diet containing
fish oil.

Conclusions

As dietary lipids and fatty acids affect animal
performance and the eating qualities of animal products,
in vivo estimations of fatty acid metabolism are of
paramount importance for optimal feed formulation
and management. The WBFABM is a simple, but very
powerful analytical tool that is capable of tracking the
individual fate of each dietary fatty acid within the
body of a growing animal. In theory, the method can be
applied to any organism, requiring little more than a gas
chromatography unit for fatty acid analysis, appropriate
experimental protocols and elementary calculations.
The WBFABM is a simple, effective and easily
implemented method that can contribute significantly
to information obtained from animal feeding trials.
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Summary

Dietary fatty acids have been shown to be potent
mediators of physiological processes related to body
composition, brain and cognitive development as well
as immune function. There is emerging evidence to
suggest that type of fat fed during gestation as well
as the relative proportions of different fatty acids in
the diet influence these outcomes. More recently,
nutritionists have investigated the potential benefits
of fatty acids for their use in animal production. In the
present study, two trials were performed to investigate
the effects of feeding gilts gestation and lactation diets
enriched with saturated fatty acid (SFA) or n-3 or n-6
polyunsaturated fatty acids (PUFA) on the behaviour,
growth, performance and body composition of their
progeny. Dietary fatty acids influenced the reproductive
performance of gilts and the behaviour, growth and
health status of their progeny. Feeding n-6 PUFA
diets post-weaning significantly reduced the growth
and performance of progeny compared with pigs fed
SFA or n-3 PUFA diets. Furthermore, the health status
of pigs fed n-6 PUFA-enriched diets post-weaning
was significantly compromised. These results are in
agreement with published findings in other species and
may be a consequence of the dietary n-6:n-3 PUFA ratio.
This paper presents a summary of current findings and
compares the results to those in the available literature.

Introduction

Piglet pre-weaning mortality is an important source
of loss for the Australian pig industry and has been
estimated to account for 13% of piglets produced
(Australian Pork Limited, 2008). Genetic selection
for a leaner genotype, which has been shown to
produce piglets that are less physiologically mature
at birth, could be contributing to these losses (Rooke
et al., 2000). The maternal diet has also been shown
to influence the growth and development of offspring.
A growing body of evidence in other species suggests
that the types of dietary fatty acid in the maternal diet
during gestation have physiological outcomes for foetal
development and the piglet post-partum. These postnatal effects include altered cognitive development,
gene expression and energy metabolism (Wainwright,
2002). Animals are unable to synthesise n-6 or and n-3
polyunsaturated fatty acids (PUFAs) and therefore these
Recent Advances in Animal Nutrition – Australia 18 (2011)

must be supplied in the diet either in their long-chain
form or as their precursors, linoleic acid (LA 18:2n6) and α-linolenic acid (ALA 18:3n-3), respectively.
Confounding this requirement is competition between
n-6 PUFA and n-3 PUFA for the same elongation and
desaturation enzymes that produce long-chain PUFAs.
Thus the relative proportions of n-6 PUFA and n-3
PUFA consumed in the diet significantly influences the
synthesis of long-chain PUFAs.
Despite the known importance of fatty acids,
limited research has been conducted on the fatty
acid requirements of gestating sows. NRC (1998)
recommendations only provide for n-6 PUFA for
grower-finisher pigs (LA: 0.1% of the diet) and no
recommendations have been made for n-3 PUFA
(Rooke et al., 1998). There appears to be a requirement
for specific fatty acids by the developing embryo and
the foetus (Perez Rigau et al., 1995). Brazle et al. (2009)
reported that the maternal diet can affect the fatty acid
composition of the conceptus as early as day 19 of
pregnancy and that embryonic docosahexaenoic acid
(DHA; 22:6n-3) is 6–12 times greater than the maternal
concentration by day 40 of pregnancy. As commercial
pig diets are based on cereals that are rich sources of
n-6 PUFA, it may be necessary to supply long-chain
n-3 PUFA to the foetus during this period (Rooke et
al., 1998).
In a recent study comprising two animal trials, gilts
were fed one of three fatty acid treatment diets prior
to mating and throughout gestation. These diets were
enriched with sources of saturated fatty acid (SFA), n-3
PUFA and n-6 PUFA (Table 1).
Table 1. Summarised fatty acid profiles fed gilts
fed diets containing saturated fatty acid (SFA), n-3
polyunsaturated fatty acid (PUFA) or n-6 PUFA during
the third trimester in Trial 1.
Tallow
Salmate®1 Safflower oil
(SFA) (n-3 PUFA) (n-6 PUFA)
∑ SFA
35.6
27.9
21.3
∑ MUFA
32.7
34.1
21.4
∑ PUFA (n-6)
29.6
31.4
54.9
∑ PUFA (n-3)
2.2
6.3
1.8
P/S
0.9
1.4
2.7
n-6:n-3
13.6
5.0
30.1
Feedworks Pty Ltd, Romsey, Vic., Australia
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Figure 1. Timeline for feeding of diets containing
saturated fatty acid (SFA), n-3 polyunsaturated fatty
acid (PUFA) or n-6 PUFA to gilts in Trials 1 and 2.
The amounts of fat of each source added to the diets
and the period of time offered are shown in Figure 1.
Progeny were maintained on the same dietary treatment
as their dams after weaning in Trial 1. However, in
Trial 2, a subset of animals from the n-3 PUFA and
n-6 PUFA litters were fed SFA diets post-weaning and
compared with their litter mates who continued with
the same dietary treatment as their dam. Outcomes
measured as a part of these trials included reproductive
performance, piglet behaviour, energy metabolism,
carcass composition and the growth and performance
of gilt progeny. This paper provides a review of some
of the known physiological effects of dietary fatty acids
and compares these with the findings of our study.

Reproductive performance

Dietary fatty acids are of particular importance for
foetal development because they are incorporated into
all cell membranes (Binter et al., 2008) and are involved
in the regulation of processes such as gene expression
and hormone and eicosanoid production (Simopoulos,
2004; Ibrahim et al., 2009). Fatty acids have also
been implicated in improvement of fertility in dairy
cows (Zachut et al., 2010) and improved reproductive
performance in sows (Mateo et al., 2009). Webel et al.
(2003) demonstrated improved embryo survival when
sows were supplemented with n-3 PUFA; however,
the mechanism responsible remains undefined.
Maternal nutrition has a pronounced influence on foetal
development during the final trimester of gestation
(Brazle et al., 2009). This period is when development
of the brain and retina is most rapid (Rooke et al.,
1998). Because grain-based maternal sow diets contain

little n-3 PUFA, scope may exist to improve both sow
reproductive performance and post-partum piglet
survival (Mateo et al., 2009).
Although there is evidence suggesting a positive
role for n-3 PUFA in sow nutrition, few studies have
assessed performance in gilts fed diets differing in
fatty acid composition (Estienne et al., 2008). Diets
high in n-3 PUFA have been associated with increased
gestation length and birth weight in humans (Olsen et
al., 1992; Koletzko et al., 2008), rats and pigs (Rooke
et al., 2001a). Conversely, diets high in n-6 PUFA are
thought to be associated with a higher risk of preterm
labour in humans (Wathes et al., 2007) and have been
shown to reduce gestation length in rabbits (Allen and
Harris, 2001) and sheep (Elmes et al., 2005; Capper et
al., 2006).
In the current study, dietary treatment had no
significant effect on the reproductive performance of
gilts in Trial 1. In Trial 2, feeding gilts diets enriched
with n-6 PUFA significantly reduced (P < 0.05) the
number of piglets born alive, significantly increased
(P < 0.05) the number of mummified foetuses and
numerically increased (P = 0.2) the number of stillborn
piglets compared with gilts that were fed litters SFA or
n-3 PUFA (Table 2).
This effect has not been reported previously.
However, Perez Rigau et al. (1995) postulated that
proportions of n-6 PUFA and n-3 PUFA in maternal
sow diets may influence embryo survival. In the present
study, a positive trend was evident for an increase in
piglets born alive with an increase in the proportion
of dietary n-3 PUFA. The data from our current study
support the notion that the dietary n-6:n-3 PUFA ratio
affects embryo or foetal survival. Gestation length and
piglet birth weight were not significantly affected by
dietary fatty acid treatment. There was no treatment
effect on the number of piglets weaned or their body
weight at weaning.

Cognition and behaviour

The association between brain fatty acid content,
brain development and neonatal behaviour is well
documented (Wainwright, 2002; McCann and Ames,
2005; Fedorova and Salem, 2006). Long-chain

Table 2. Trial 2 treatment mean (± SEM) litter characteristics for gilts fed diets containing saturated fatty acid
(SFA), n-3 polyunsaturated fatty acid (PUFA) or n-6 PUFA.
Tallow
Optigen®1
Safflower oil
P
(SFA)
(n-3 PUFA)
(n-6 PUFA)
n = 14
n = 29
n = 17
Gestation length (d)
115.6 ± 0.40
116.0 ± 0.30
115.2 ± 0.30
0.21
Piglet body weight (kg)
1.40 ± 0.04
1.28 ± 0.06
1.36 ± 0.06
0.33
a
a
b
Number born alive
10.98 ± 0.80
11.22 ± 0.62
9.19 ± 0.74
0.05
Number of mummies
0.21 ± 0.25a
0.12 ± 0.18a
1.05 ± 0.23b
0.002
Number stillborn
1.14 ± 0.40
0.70 ± 0.29
1.53 ± 0.36
0.20
Total born
12.16 ± 0.87
11.88 ± 0.70
10.77 ± 0.81
0.33
1
Mean within rows without common superscripts differ (P < 0.05). Optigen Ingredients Pty Ltd., Port Adelaide,
SA, Australia
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PUFA such as arachidonic acid (AA; 20:4n-6) and
DHA (22:6n-3) are widely reported to be important
for maintaining normal brain structure and function
(Takeuchi et al., 2003; Demar et al., 2006). Previous
work has shown that AA (20:4n-6), eicosapentaenoic
acid (EPA; 20:5n-3) and DHA (22:6n-3) accumulate
predominantly in the brain and retina of developing
foetuses during the third trimester (Clandinin et al.,
1980). Innis (2007a) reported benefits of n-3 PUFA
supplementation on cognitive development in piglets
and Rooke et al. (2001a) demonstrated beneficial
effects of n-3 PUFA supplementation of the diets of
gestating and lactating sows on the growth and survival
of their progeny. An inadequate supply of these fatty
acids has been associated with impaired visual acuity
and cognitive development in humans (Innis, 1991) and
experimental animals (Rooke et al., 1998). Previously,
Rooke (2001b) demonstrated that piglets from sows fed
tuna oil from day 92 of gestation through to term tended
to contact the udder and suckle significantly earlier
than piglets from sows fed a basal diet or a tuna oil
supplemented diet on days 63–91 of gestation. Similar
results have also been reported by Capper et al. (2006),
who showed a decreased latency for neonatal lambs to
suckle from ewes fed fish oil from day 110 of gestation
to term compared with lambs from ewes fed a basal diet
that contained no added long-chain n-3 PUFA.
The results from Trial 1 in the current study showed
that piglets born to n-3 PUFA gilts had significantly
reduced rectal temperatures at birth and were the only
progeny to have an increased temperature 60 min postpartum (Table 3).
Piglets from the n-3 PUFA-supplemented gilts
tended to make contact with the udder and suckle
earlier compared with piglets from either SFA- or n-6
PUFA-treated gilts. Compared with piglets of the n-3
PUFA group, progeny of the SFA group took 1.6 and
9.6 minutes longer to reach the udder and to suckle,
respectively, and progeny of the n-6 PUFA treatment
group took 4.2 and 7.9 minutes longer to reach the udder
and to suckle, respectively. The time taken by piglets
between contacting the udder and suckling (latency)
was also reduced with maternal n-3 PUFA dietary
supplementation. There was a significant interaction
(P = 0.04) between birth weight and treatment for time
taken to suckle (Figure 2).

Figure 2. Relationship between body weight and
the time taken to suckle for progeny from gilts fed
diets containing saturated fatty acid (SFA), n-3
polyunsaturated fatty acid (PUFA) or n-6 PUFA during
gestation.

Figure 3. Mean (± SEM) whole brain tissue fatty acid
content (g per 100 g) for selected fatty acids from oneday-old piglets from gilts fed diets containing saturated
fatty acid (SFA), n-3 polyunsaturated fatty acid (PUFA)
or n-6 PUFA during gestation.
As birth weight increased, there was a corresponding
decrease in the time taken by SFA and n-3 PUFA piglets
to reach the udder and suckle. In contrast, for piglets
from the n-6 PUFA group, the amount of time taken to
reach the udder and suckle increased as birth weight
increased. Brain tissue of piglets from the n-3 PUFA
group showed greater incorporation of both EPA (20:5n3) and DHA (22:6n-3) compared with brain tissue of the
SFA and n-6 PUFA groups (Figure 3).

Table 3. Treatment mean (± SEM) litter characteristics for gilts fed diets containing saturated fatty acid (SFA), n-3
polyunsaturated fatty acid (PUFA) or n-6 PUFA.
Tallow
(SFA)
n=4
Body weight (kg)
1.80 ± 0.13
Udder contact (min)
11.82 ± 0.26
Time to suckle (min)
29.2 ± 0.26
Rectal temperature (T0) (°C)
36.82 ± 0.54a
Rectal temperature (T60) (°C)
36.38 ± 0.51
Change in rectal temperature (°C)
–0.32 ± 0.50
Means within rows without common superscripts differ (P < 0.05).

Salmate®
(n-3 PUFA)
n=7
1.50 ± 0.86
10.19 ± 0.17
19.59 ± 0.15
35.74 ± 0.46b
36.16 ± 0.43
0.40 ± 0.25

Safflower oil
(n-6 PUFA)
n=3
1.43 ± 0.13
14.41 ± 0.22
27.49 ± 0.23
36.42 ± 0.46a
36.00 ± 0.48
–0.58 ± 0.42
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Incorporation of total SFA and monounsaturated
fatty acid into brain tissue was not affected by maternal
dietary fatty acid source, and similar amounts were
incorporated in all three treatment groups.
Although neonatal behaviour after maternal dietary
n-3 PUFA supplementation has been described, there are
no reports on the relationship between birth weight and
suckling behaviour of piglets from gilts supplemented
with n-6 PUFA. Innis and de La Presa Owens
(2001) showed that the fatty acid composition of the
developing foetal rat brain is very sensitive to changes
in the maternal dietary n-6:n-3 PUFA ratio. The DHA
(22:6n-3) content and the n-6:n-3 PUFA ratio in whole
brain tissue of progeny from the n-6 PUFA-treated gilts
was similar to that of progeny from the SFA group. The
significant incorporation of long-chain PUFA into brain
tissue of progeny from the SFA and n-6 PUFA groups
supports the notion that there is a specific requirement
for n-3 PUFA for brain development and function
(Amusquivar et al., 2008). In the present study, brain
fatty acid profiles were obtained for piglets of average
body weight. The amount of n-3 PUFA incorporated
into brain tissue may depend on body weight and could
vary between regions in the brain, as demonstrated by
Carrie et al. (2000).

weaning. However, 7 days post-weaning, pigs of the
n-6 PUFA treatment group were significantly lighter (P
< 0.05) than pigs of the SFA and n-3 PUFA treatment
groups, which did not differ in live weight. This pattern
persisted for the remainder of the post-weaning period
(Figure 4) and through to the completion of the trial.
The results for Trial 2 supported those for Trial
1. No significant differences in body weight occurred
at weaning (day 23). Pigs from the n-6 PUFA/SFA
treatment group were significantly heavier than pigs
from the n-6 PUFA treatment group 14 days post
weaning (Figure 5).

Post-weaning growth and
development

Figure 4. Trial 1 post-weaning treatment mean (± SEM)
body weight for pigs fed diets containing saturated fatty
acid (SFA), n-3 polyunsaturated fatty acid (PUFA) or
n-6 PUFA.

Dietary fat is a concentrated source of energy and acts
as a carrier for fat-soluble vitamins A, D, E and K
(Rossi et al., 2010). Furthermore, their use in animal
feed has been shown to improve diet palatability and
to reduce dust during processing. There appears to be
little information on the comparative effects of feeding
sources of SFA, n-3 PUFA and n-6 PUFA to gilt progeny
on their growth and development.
Performance data for the post-weaning period in
Trial 1 are shown in Table 4.
Voluntary feed intake of pigs from the n-6 PUFA
treatment group was significantly lower (P < 0.05) than
that of the SFA and n-3 PUFA treatment groups for each
week of the post-weaning period. The total voluntary
feed intake for the post-weaning period for pigs fed
the n-6 PUFA diet was equivalent to 50% and 53%
of the total feed consumed by the SFA and n-3 PUFA
treatment groups, respectively. There was no significant
difference in body weight between treatment groups at

Figure 5. Trial 2 post-weaning treatment mean (± SEM)
body weight for pigs fed diets containing saturated fatty
acid (SFA), n-3 polyunsaturated fatty acid (PUFA) or
n-6 PUFA (*P < 0.05)

Table 4. Performance data (± SEM) for Trial 1 gilt progeny fed diets containing saturated fatty acid (SFA), n-3
polyunsaturated fatty acid (PUFA) or n-6 PUFA during the post-weaning period.
SFA
n=9
Voluntary feed intake (g/day)
691.1 ± 35.8a
Initial body weight (kg)
8.8 ± 0.4
Final body weight (kg)
24.6 ± 1.2a
Average daily gain (g/day)
577.1 ± 38.7a
Feed:gain
1.13 ± 0.05
Means within rows without common superscripts differ (P < 0.05).

n-3 PUFA
n = 19
646.8 ± 25.7a
9.7 ± 0.3
25.5 ± 0.8a
574.2 ± 26.4a
1.02 ± 0.03

n-6 PUFA
n = 19
345.4 ± 25.8b
9.2 ± 0.3
17.3 ± 0.6b
288 ± 13b
1.0 ± 0.03
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This significant difference continued throughout
the trial and became significant for all other treatment
groups relative to the n-6 PUFA group 21 days postweaning. Progeny that were maintained on n-6 PUFA
diets post-weaning showed significant reductions in
feed consumption and growth throughout the trial
(Table 5).
Interestingly, there was no growth setback for n-6
PUFA progeny that were fed SFA diets post-weaning.
The findings show that progeny post-weaning growth
was negatively affected by n-6 PUFA diets.

Energy partitioning and carcass
composition

Dietary fatty acids have been shown to modulate body
composition in chickens (Newman et al., 2002), humans
(Micallef et al., 2009) and rats (Storlien et al., 1991).
Specific fatty acid subtypes have also been shown to
affect insulin sensitivity and energy partitioning (Couet
et al., 1997). Improved sensitivity to insulin results in
increased protein retention (Bergeron et al., 2007) and,
in chickens, has been associated with greater muscle
mass (Newman et al., 2005). Bee et al. (2002) showed
that energy supply and specific fat sources alter lipid

deposition as well as the fatty acid composition of
porcine adipose tissues. Diets rich in n-3 PUFA have
been associated with reduced feed intake, increased
energy expenditure and lower fat mass (Kratz et al.,
2009), whereas diets containing high proportions of
either SFA or n-6 PUFA are thought to contribute to
the development of disorders associated with metabolic
syndrome, such as diabetes (van Dijk et al., 2009).
In Trial 1, the respiratory exchange ratios (RERs) of
male progeny from gilts fed SFA, n-3 or n-6 PUFA diets
were measured to determine which type of substrate
was oxidised for energy production. Piglets fed n-6
PUFA had higher RER values than those fed SFA (P =
0.05) (Table 6).
The higher RER for the n-6 PUFA group indicates
greater carbohydrate oxidation compared with piglets
from the SFA or n-3 PUFA groups. The lower RER
values for piglets fed SFA is indicative of greater lipid
oxidation compared with piglets fed the n-6 PUFA
diets. When body composition was measured using
computed tomography, no effect of fat source on carcass
composition was identified. Feeding different fatty acid
subtypes to finisher pigs had no significant effect on
the proportion of individual carcass components (bone,
lean tissue, adipose tissue and water) (Table 7).

Table 5. Treatment means (± SEM) for voluntary feed intake, body weight and feed-to-gain ratio for post-weaning
pigs fed diets containing saturated fatty acid (SFA), n-3 polyunsaturated fatty acid (PUFA) or n-6 PUFA.
SFA
n = 31
5.5 ± 0.3

n-3 PUFA
n = 30
5.2 ± 0.2

n-3 PUFA / SFA
n = 28
5.2 ± 0.2

Initial body
weight (kg)
Final body
15.2 ± 0.7a
14.6 ± 0.6a
15.5 ± 0.7a
weight (kg)
Average daily
331.0 ± 16.2a
327.3 ± 16.0a
362.5 ± 18.5a
gain (g/day)
Voluntary feed
372.9 ± 14.3a
374.3 ± 14.3a
408.0 ± 14.8a
intake (g/day)
Feed:gain
1.11 ± 0.04
1.13 ± 0.04
1.15 ± 0.04
Means within columns without common superscripts differ (P < 0.05).

n-6 PUFA
n = 22
5.5 ± 0.3

n-6 PUFA / SFA
n = 26
5.3 ± 0.2

12.8 ± 0.6b

14.3 ± 0.5a

249.9 ± 14.5b

325.4 ± 17.3a

299.4 ± 16.6b

402.8 ± 16.1a

1.20 ± 0.05

1.24 ± 0.05

Table 6. Mean (± SEM) respiratory exchange ratios of male progeny from gilts fed diets containing saturated
fatty acid (SFA), n-3 polyunsaturated fatty acid (PUFA) or n-6 PUFA.
SFA
Respiratory exchange ratio

0.75 ± 0.01

a

n-3 PUFA

n-6 PUFA

0.77 ± 0.01

0.79 ± 0.01

ab

P
b

0.05

Means within rows without common superscripts differ (P < 0.05).
Table 7. Mean (± SEM) carcass composition of finisher pigs fed fed diets containing saturated fatty acid (SFA),
n-3 polyunsaturated fatty acid (PUFA) or n-6 PUFA as determined by computed tomography.
Component
SFA
n-3 PUFA
Body weight (kg)
92.8 ± 3.4a
96.4 ± 2.8a
Fat (%)
18.1 ± 0.9
19.1 ± 0.7
Lean tissue (%)
59.0 ± 1.1
58.7 ± 0.9
Bone (%)
10.0 ± 0.4
9.7 ± 0.3
Water (%)
8.4 ± 0.2
8.4 ± 0.1
P2 (mm)
8.8 ± 0.8
8.5 ± 0.5
Means within rows without common superscripts differ (P < 0.05)

n-6 PUFA
82.8 ± 2.5b
18.6 ± 0.7
59.0 ± 0.9
9.1 ± 0.3
8.3 ± 0.1
8.1 ± 0.5

P
<0.05
0.57
0.90
0.13
0.90
0.73
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However, pigs from the SFA and n-3 PUFA
treatment groups had greater (P < 0.05) increases in
bone weight during this period compared with pigs fed
the n-6 PUFA diet. These results may be indicative of a
species difference or may be because the amount of fat
in the diet was insufficient to affect body composition.
Diets in this study were enriched with 3% fat whereas
a poultry study detected effects on body composition
when the diet contained 8% fat (Newman et al., 2002).

Health and immune function

The effects of dietary fatty acids on postprandial
inflammation have been linked to the quantity of fat,
the proportion of SFA and the ratio of n-6:n-3 PUFA
(Margioris, 2009). Several animal and epidemiological
studies have shown that disturbances in the uterine
environment may program the foetus for the
development of diseases in later life (Barker, 2002;
Ibrahim et al., 2009). In the present study, no mortalities
were observed in the first trial, which was conducted in
a controlled environment. However, in Trial 2, which
was conducted on-farm, animals fed n-6 PUFA were
13 times more likely to die than pigs from the SFA
treatment group (Table 8).
These effects could not be attributed to differences
in susceptibility to a specific disease. The increased
propensity for mortality was unique to pigs from n-6
PUFA litters that were maintained on n-6 PUFA diets
post-weaning. Piglets from n-6 PUFA litters that were
fed SFA diets post-weaning had no mortalities.
Chronic illnesses such as diabetes, obesity and
atopic diseases are increasingly thought to be a
consequence of foetal programming (Enke et al., 2008).
It is widely accepted that AA (20:4n-6) and its derivative
eicosanoids upregulate the inflammatory response
and that eicosanoids derived from EPA (20:5n-3) and

DHA (22:6n-3) reduce the production of inflammatory
cytokines such as interleukin-1, interleukin-6 and
tumour necrosis factor-α and play roles in preventing
future allergies (Cetin et al., 2009). Diets containing
high levels of n-6 PUFA promote synthesis of
inflammatory cytokines and eicosanoids (Innis, 2007b).
This connection between increased dietary n-6 PUFA
consumption and inflammation could have predisposed
progeny to an increased risk of health complications and
failure to mount an adequate immunological defence
against environmental pathogens in a commercial
environment. This finding demonstrates that the
proportions of dietary n-6 PUFA and n-3 PUFA may be
important for pig health and should be considered when
formulating diets.

Conclusions

The results from this work show that the type of dietary
fat fed to gilts influences reproductive performance,
post-weaning progeny growth and the health status of
grower-finisher pigs. Continued consumption of n-6
PUFA-rich diets had detrimental outcomes in both
trials. Treatment diets in both trials were formulated to
be isoenergetic, isonitrogenous and contained similar
ingredients with the only difference being the type
of dietary fat used. For these reasons, it is suggested
that the dietary n-6:n-3 PUFA ratio is important for the
growth and development of pigs. This is in agreement
with an increasing body of evidence showing that the
dietary n-6:n-3 PUFA ratio is a potent mediator of
physiological outcomes (Simopoulos, 1991; Calder et
al., 2009; Calder, 2010).
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Table 8. Frequency of mortality and morbidity in Trial 2 grower-finisher pigs fed diets containing saturated fatty
acid (SFA), n-3 polyunsaturated fatty acid (PUFA) or n-6 PUFA.
SFA
n-3 PUFA
n-3 PUFA/SFA
Off trial
2
1
0
a
a
Mortalities
1
1
2a
Survived
24
23
20
Means within rows without common superscripts differ (P < 0.05).

n-6 PUFA
4
6b
11

n-6 PUFA/SFA
2
0a
20
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Concentrations of omega-3 fatty acids in meat are
lower when livestock are fed grain than when they are
fed forage such as cereal silage (Scollan et al., 2006),
which is high in omega-3 fatty acids (Clayton et al.,
2010). Although plasma concentrations of fatty acids
are often monitored in trials on omega-3 fatty acids, the
long-term storage of omega-3 fatty acids in red blood
cells (RBCs) has not been studied. The aim of this study
was to determine changes in the omega-3 fatty acid
content of RBCs following the introduction of ewes to
oat grain.
All ewes grazed an improved pasture containing
ryegrass and lucerne for at least 3 months prior to the
experiment. Ewes were fed either 100% oat/pea silage
harvested at the boot stage (n = 15) or a mixture of oat
grain, oat/pea silage and cottonseed meal (70:22:8,
n = 14) for 52 d. Fatty acid concentrations in RBCs
(collected on days 0, 28 and 52) were determined using
gas chromatography (Clayton et al., 2008). Significant
changes in fatty acid proportions (percentage of total
fatty acids) over time were determined using the Mixed
Model procedure of SAS (Clayton et al., 2009).
The proportions of all omega-3 fatty acids in RBCs
decreased (P < 0.01) following the introduction of ewes
to grain. The proportions of α-linolenic acid (C18:3n-3,
P < 0.001), eicosapentaenoic acid (C20:5n-3, P < 0.001)
and docosahexaenoic acid (C22:6n-3, P = 0.033) in

RBCs were significantly lower 52 days after feeding
the oat grain-based diet compared with silage. The ratio
of omega-6:omega-3 fatty acids was also significantly
(P < 0.001) higher when ewes were fed the oat grainbased diet.
It is likely that fatty acid profiles in meat and RBCs
are correlated. Future experiments will determine the
relationship between omega-3 concentrations in blood
and meat.
Clayton EH, Hanstock TL, Kable CJ, Hirneth SJ,
Garg ML, Hazell PL (2008) Long-chain omega-3
polyunsaturated fatty acids in the blood of children
and adolescents with juvenile bipolar disorder.
Lipids 43, 1031–1038.
Clayton EH, Hanstock TL, Kable CJ, Hirneth SJ,
Garg ML, Hazell PL (2009) Reduced mania and
depression in juvenile bipolar disorder associated
with long-chain omega-3 polyunsaturated fatty
acid supplementation. European Journal of Clinical
Nutrition 63, 1037–1040.
Clayton EH, Wynn PC, Mailer RJ, Piltz JW (2010).
Total lipid and fatty acid profiles in fresh and
ensiled forages grown in Australia. In: Proceedings
of the Australian Society for Animal Production
Vol. 28 (eds Dobos RC, Greenwood PL, Nolan JV)

Table 1. Mean proportion of omega-3 fatty acids (percentage of total identified fatty acids) and the ratio of omega6:omega-3 fatty acids in the red blood cells of ewes prior to and following the consumption of a diet based on
cereal silage or oat grain for 52 days.
Fatty Acid1
Silage
Oats
(% total)
Day 0
Day 28
Day 52
Day 0
Day 28
Day 52
C18:3n-3
1.04b (±0.05) 1.75a (± 0.11) 1.52a (± 0.08)
0.99b (± 0.05) 0.80bc (± 0.11) 0.54c (± 0.09)
C20:3n-3
0.08ab (± 0.01) 0.07a (± 0.00) 0.06bc (± 0.00)
0.07ab (± 0.01) 0.06c (± 0.00) 0.05d (± 0.00)
a
a
a
C20:5n-3
0.49 (± 0.05) 0.51 (± 0.06) 0.40 (± 0.03)
0.50a (± 0.05) 0.45a (± 0.06) 0.24b (± 0.03)
C22:5n-3
0.40b (± 0.03) 0.58a (± 0.05) 0.44b (± 0.03)
0.40b (± 0.03) 0.48ab (± 0.05) 0.28c (± 0.04)
a
a
a
C22:6n-3
0.38 (± 0.02) 0.43 (± 0.05) 0.34 (± 0.03)
0.39a (± 0.02) 0.36a (± 0.05) 0.23b (± 0.04)
c
d
d
n-6:n-3
3.49 (± 0.12) 2.42 (± 0.37) 2.57 (± 0.28)
3.23c (± 0.13) 5.43b (± 0.37) 6.89a (± 0.29)
Means in the same row with different superscripts differ significantly (P < 0.05).
1
C18:3n-3 = α-linolenic acid, C20:3n-3 = eicosatrienoic acid, C20:5n-3 = eicosapentaenoic acid, C22:5n-3 =
docosapentaenoic acid, C22:6n-3 = docosahexaenoic acid, n-6:n-3 = ratio of omega-6:omega-3 fatty acids.
Recent Advances in Animal Nutrition – Australia 18 (2011)

92
p. 56. Australian Society for Animal Production,
Armidale, NSW.
Scollan N, Hocquette J-F, Nuernberg K, Dannenberger
D, Richardson I, Moloney AP (2006) Innovations in
beef production systems that enhance the nutritional
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reducing lipid oxidation in meat products than
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Dietary supplementation with vitamin E is an efficient
approach to maintaining meat quality during storage
because it effectively reduces the rate of lipid oxidation
within the tissue. Tissue α-tocopherol is not degraded
during storage or cooking, and the protective effect of
endogenous α-tocopherol is ongoing during the storage
and processing of meat and meat products (Jenssen
et al., 1998). Natural-source vitamin E is derived
from vegetable oils and exists in the form of RRR-αtocopherol. Synthetic vitamin E, all-rac-α-tocopherol,
consists of equal amounts of eight isomers, i.e., the RRR-,
RRS-, RSR- and RSS- stereoisomers, the 2R forms,
and the SRR-, SRS-, SSR- and SSS-stereoisomers, the
2S forms. Not all of these stereoisomers are equally
bioavailable to animals. The natural form, RRRα-tocopherol, has the highest bioavailability. Other
2R forms are bioavailable, but to a lesser extent than
RRR-α-tocopherol; the 2S forms are not bioavailable.
Animals preferentially retain RRR-α-tocopherol in
tissues over the synthetic forms of vitamin E, resulting
in higher α-tocopherol deposition in the muscle.
α-Tocopherol deposition in the tissues of pigs was 2–3
times higher with natural-source vitamin E than with
synthetic vitamin E when these forms of vitamin E were
fed at the same level (Dersjant-Li and Peisker, 2010).
The stable forms of vitamin E, i.e., RRR-α-tocopheryl
acetate and all-rac-α-tocopheryl acetate, are commonly
included in livestock diets.
The effects of different forms of vitamin E on the
lipid oxidation of pork during storage were assessed
(Boler et al., 2009). One hundred and fifty pigs were
allocated to six treatments with six pens per treatment.
The following diets were fed for 95 d before slaughter:
10, 40, 70, 100 and 200 mg/kg RRR-α-tocopheryl
acetate and 200 mg/kg all-rac-α-tocopheryl acetate.

Carcass characteristics and lipid oxidation (assessed
using thiobarbituric acid reactive substances [TBARS])
in loin chops and ground pork during storage were
measured.
Supplementation with 40 mg/kg of natural-source
vitamin E reduced lipid oxidation to the same extent as
supplementation with 200 mg/kg of synthetic vitamin
E (Table 1). An increase in natural-source vitamin E
inclusion from 40 to 200 mg/kg numerically reduced
TBARS. Carcass characteristics such as percentage
lean, back fat thickness and loin depth were not affected
by the treatments.
Natural-source vitamin E is more efficiently
retained in the muscle than synthetic vitamin E and is
more effective in reducing the rate of lipid oxidation,
which may contribute to an extended meat shelf-life.
Dietary supplementation with 40 mg/kg of naturalsource vitamin E is as effective as supplementation with
200 mg/kg of synthetic vitamin E.
Boler DD, Gabriel SR, Yang H, Balsbaugh R, Mahan
DC, Brewer MS, McKeith FK, Killefer J (2009)
Effect of different dietary levels of natural-source
vitamin E in grow-finish pigs on pork quality and
shelf life. Meat Science 83, 723–730.
Dersjant-Li Y, Peisker M (2010) A critical review
of methodologies used in determination of bioavailability ratio of natural and synthetic vitamin
E. Journal of the Science of Food and Agriculture
90,1571–1577.
Jensen C, Lauridsen C, Bertelsen G (1998) Dietary
vitamin E: quality and storage stability of pork and
poultry. Trends in Food Science and Technology 9,
62–72.

Table 1. Effect of various levels of natural-source vitamin E (NSE; ppm) on thiobarbituric acid reactive substances
(mg/kg) in ground pork and loin chops, in comparison with synthetic vitamin E (Syn E; ppm)1.
Ground pork
Loin chops

NSE 10
0.15a
0.11a

NSE 40
0.07b
0.07b,c

NSE 70
0.07b
0.1a,c

NSE 100
0.08b
0.06b

NSE 200
0.05b
0.06b

Syn E 200
0.08b
0.09ab

Values are least square means for 36 pigs; Row means without common superscript letters differ significantly
(P < 0.05).
1
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Insulin resistance in horses is a complex
pathophysiological condition that appears to underlie
several chronic conditions often encompassed by
the term “equine metabolic syndrome”, including
laminitis, obesity and hyperkalemic periodic paralysis
(Geor and Frank, 2009). There is much interest in the
effect of insulin on bone metabolism, as the skeleton is
increasingly regarded as an endocrine organ that affects
energy metabolism and has a role, through osteocalcin,
in regulating insulin response (Reinhr and Roth, 2010).
Another recent study has shown that leptin, produced
by adipose tissue, regulates bone metabolism via
the sympathetic nervous system (Confavreux et al.,
2009). Furthermore, IGF-1, which acts in concert with
insulin to promote bone and cartilage growth, also
exerts insulin-like effects on carbohydrate metabolism.
Therefore, perturbation of any of these hormones may
contribute to skeletal disease.
In horses, osteochondritis dissecans (OCD) is a
developmental disease caused by a defect in the normal
process of bone formation and causes thickening,
cracking and tearing of the joint cartilage (Jeffcott,
1996). OCD is a multi-factorial condition associated
with dietary deficiencies or nutrient imbalances,
biomechanical stress or trauma, rapid growth rate and
genetics. The prevailing hypothesis is that an elevated
post-feeding blood insulin level predisposes a growing
horse to OCD (Ralston, 1996; Pagan et al., 2001).
However, it is not clear whether the hyperinsulinaemia
observed in these studies was a direct cause of OCD
or whether it reflected the excess body weight of the
rapidly growing foals. We investigated the relationship
between fasting insulin status and OCD in Thoroughbred
yearlings.
Yearlings were recruited in 2007 from two
Thoroughbred stud farms (farm A, n = 53; farm B,
n = 16) and blood samples were collected between
06:00 and 07:00 after an overnight (>12 h) fast. The
following year (2008), another group of yearlings was
sampled from farm A (n = 30) using the same blood
sampling procedure. Plasma insulin concentrations
were determined using a radioimmunoassay (Coat-ACount Insulin; Diagnostic Products Corp., Los Angeles,
CA) previously validated for use with equine plasma
(Sessions et al., 2004). Plasma glucose concentrations
were analysed enzymatically using a hexokinasebased Olympus kit and an Olympus AU 400 analyser
Recent Advances in Animal Nutrition – Australia 18 (2011)

(Olympus Diagnostics Systems Division, Melville,
NY) and skeletal abnormalities were determined using
radiography.
In the 2007 farm A cohort, fasting insulin
concentrations were lower in yearlings with OCD
and skeletal abnormalities than in yearlings with no
abnormalities (3.0 ± 0.4 mIU/L and 4.5 ± 0.3 mIU/L,
respectively; P < 0.01). A similar result was obtained
for the 2007 farm B cohort (P < 0.05). Neither
fasting glucose concentrations nor birth weights were
significantly different between the two groups across
both farms. In the 2008 farm A cohort, fasting insulin
concentrations were also significantly lower in yearlings
with OCD and other skeletal abnormalities than in
yearlings with no abnormalities (1.5 ± 0.3 mIU/L and
3.2 ± 0.6 mIU/L, respectively; P < 0.05).
The results demonstrate a relationship between low
fasting plasma insulin concentration and the incidence
of OCD in Thoroughbred yearlings. Perturbation of
insulin metabolism during growth may be linked to the
development of equine skeletal diseases.
Funding was received from the Rural Industries
Research and Development Corporation, Canberra,
Australia.
Confavreux CB, Levine RL, Karsenty G (2009) A
paradigm of integrative physiology, the crosstalk
between bone and energy metabolisms. Molecular
and Cellular Endocrinology 310, 21–29.
Geor R, Frank N (2009) Metabolic syndrome - From
human organ disease to laminar failure in equids.
Veterinary Immunology and Immunopathlogy 129,
151–154.
Jeffcott LB (1996) Osteochondrosis - An international
problem for the horse industry. Journal of Equine
Veterinary Science 16, 32–37.
Pagan JD, Geor RJ, Caddel SE, Pryor PB, Hoekstra EE
(2001) The relationship between glycemic response
and the incidence of OCD in Thoroughbred
weanling: A field study. Proceedings of American
Association of Equine Practitioners 47, 322–325.
Ralston SL (1996) Hyperglycemia/hyperinsulinemia
after feeding a meal of grain to young horses
with osteochondrosis dissecans (OCD) lesions.
Pferdeheilkunde 12, 320–322.
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Insulin resistance is becoming more prevalent among
horses worldwide and is associated with a range of
metabolic disturbances (Geor and Frank, 2009). Nutrition
has a major impact on insulin kinetics and metabolism
(Schmidt and Hickey, 2009), but most research has
concentrated on the effect of dietary carbohydrate on
insulin metabolism and much less emphasis has been
placed on the effects of dietary protein and fat (Geor and
Frank, 2009; Schmidt and Hickey, 2009). Performance
horses require energy in excess of maintenance and in
some circumstances, dietary protein intake may be in
excess of recommended requirements (NRC, 2007).
The objective of this study was to evaluate the effects of
elevated dietary protein content on glucose and insulin
dynamics in horses using the modified frequently
sampled intravenous glucose tolerance test (M-FSIGT)
protocol and minimal model analysis (Boston et al.,
2003).
Twelve mature Standardbred geldings of similar
weight (428.3 ± 10.9 kg) and body condition score
(BCS; 2 ± 0.5) that had recently been retired from the
racetrack were used in this study. The initial M-FSIGT
was undertaken after feeding the horses a hay basal
diet for 12 days (daily intake = 650 g) and the second
M-FSIGT was undertaken after feeding the horses either
a low- or a high-protein diet for 6 weeks (daily crude
protein intakes were 650 g and 1600 g, respectively).
The horses were matched according to weight and
allocated to treatments at random. The horses received
the experimental diets from the morning after the
first M-FSIGT until the afternoon prior to the second
M-FSIGT. Oaten hay (89 g crude protein per kg) was
provided ad libitum after the first 45 min of the test
period. Jugular catheters were inserted 45–60 min prior
to collection of the baseline sample. A glucose bolus
(0.3 g/kg body weight) was administered, followed by
collection of blood samples at 1, 2, 3, 4, 5, 6, 8, 10, 12,
14, 16 and 19 min. At 20 min, an insulin bolus (20 mIU/
kg body weight) was administered, followed by blood
sampling at 22, 23, 24, 25, 27, 30, 35, 40, 50, 60, 70,
80, 90, 100, 120, 150, 180, 210 and 240 min. Results
obtained from the M-FSIGT were used for minimal
model analysis (Boston et al., 2003) of glucose and
insulin dynamics to determine insulin sensitivity (SI),
glucose effectiveness (Sg), acute insulin response to
glucose (AIRg) and disposition index (DI).
Recent Advances in Animal Nutrition – Australia 18 (2011)

Plasma insulin concentrations were assayed using a
radioimmunoassay (Coat-A-Count Insulin, Diagnostic
Products Corp., Los Angeles, CA) validated for use
with equine plasma (Sessions et al., 2003). Plasma
glucose concentrations were analysed enzymatically
using a hexokinase-based Olympus kit and an Olympus
AU 400 analyser (Olympus Diagnostics Systems
Division, Melville, NY). Means (± SE) were calculated
for plasma insulin and glucose concentration, body
weight, BCS and minimal model parameters derived
from M-FSIGT analysis. Statistical significance was
assessed using parametric tests including one-way
ANOVA with repeated measures for treatment and
time comparisons and an unpaired t-test for analysis of
individual time points.
No significant differences were shown in the
minimal model parameters for horses fed low or high
protein diets. However, the glucose concentrations of
all horses fell below their baseline concentrations for a
considerable period during both M-FSIGTs. The reason
for this drop in circulating glucose levels is unclear but
may be related to the low BCS of these horses and may
reflect increased insulin sensitivity. Hypoglycaemic
responses necessitated the administration of glucose
to six horses during the tests and this was not related
to protein intake. Investigation into hypoglycaemia in
horses and its potential effects on the minimal model
analysis would be useful in proving the robustness of
the use of the minimal model for horses. Development
of a recommended small but effective insulin dose for
use during the M-FSIGT for insulin sensitive individuals
would be useful to help prevent hypoglycaemia during
testing.
Interestingly, the glucose concentrations of the
horses that received the low protein diet dropped below
baseline earlier (P = 0.009) and remained low for longer
(P = 0.043) than those of horses that received the high
protein diet. This appears to indicate that dietary protein
may perturb the insulin/glucose axis. Further studies on
the mechanism by which protein and amino acids could
alter insulin sensitivity in horses are required.
Funding was received from the Rural Industries
Research and Development Corporation, Canberra,
Australia.
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Animal by-products are excluded from most
commercially manufactured poultry diets in Australia
as a precaution against contamination of feed mills
with zoonotic agents that could infect ruminants.
Excluding animal by-products from formulations not
only reduces the nutritive value of the diets but also
creates a constraint in feed formulation. This study was
undertaken to compare responses of broiler chickens
fed all-vegetable diets with those of chickens fed
conventional diets.
Three hundred and twenty day-old broiler chicks
(initial weight, 46.0 ± 0.88 g) were randomly allocated
to five dietary treatments, each of which was replicated
eight times using eight birds per replicate. The birds
were reared in a temperature-controlled house in
brooder cages (600 × 420 × 23 cm) from 1–21 days of
age and were then transferred to large metabolism cages
where they were held until 35 days of age. The birds
had ad libitum access to water and feed throughout the
trial period. The diets were cold-pelleted. The birds
were held at 33 °C for the first two days, after which
the temperature was gradually reduced to 24 °C by 19
d of age and maintained at this temperature until the
end of the trial. Sixteen hours of lighting per day were
provided throughout the trial period.
Four experimental diets were formulated using

maize and wheat as the main energy sources and
soybean meal, canola meal or fishmeal as protein
sources. The SBM75 and Can75 diets were formulated
using plant ingredients to meet or exceed NRC (1994)
recommendations. The ratio of total dietary protein
derived from soybean meal to that derived from canola
meal in the SBM75 diet was 3:1 and the ratio of total
dietary protein derived from canola meal to that derived
from soybean meal in the Can75 diet was 3:1. The ratio
of total dietary protein derived from soybean meal
to that derived from canola meal in the SBM50 diet
was 2:1 and the ratio of total dietary protein derived
from canola meal to that derived from soybean meal
in the Can50 diet was 2:1. Fishmeal was included in
the SBM50 and Can50 starter diets at levels of 7.74%
and 8.39% (DM basis), respectively, and in the SBM50
and Can50 finisher diets at levels of 7.18% and 7.0%
(DM basis), respectively. The control diet contained
soybean meal, canola meal and mung bean as vegetable
protein sources, and tallow. All diets were isoenergetic
and isonitrogenous and contained enzymes (Avizyme
and Phyzyme, each 0.3 g/kg) and zinc bacitracin (0.5
g/kg). Starter diets (ME, 12.37 MJ/kg; CP, 210 g/kg)
were fed for the first 3 weeks of the trial and finisher
diets (ME, 12.42 MJ/kg; CP, 191 g/kg) were fed for
the last 2 weeks of the trial. Body weight, feed intake

Table 1. Feed intake, body weight and feed conversion ratio (FCR) of broiler chickens fed various diets from hatch
to 35 d of age.
Age (d)
Live weight (g)

Feed intake (g)

FCR

Dietary Treatment

Pooled SEM

SBM75

Can75

SBM50

Can50

Control

1–7

159.2b

149.9cd

178.1a

169.5a

154.6c

1–21

809.0

830.0

945.9

956.1

788.1

1–35

2083.5

2156.4

2264.3

2274.7

1916.8

36.02*

1–7

135.4

136.8

149.4

145.2

137.5

1.73

1–21

1154.7

1–35

b

b

b

a

b

a

a

1.87***
11.50***

c

a

c

1252.7

1344.2

1290.4

1185.0

3677.7

3879.4

3856.6

3840.6

3413.6

39.68*

1–7

1.20

1.31

1.12

1.18

1.27

0.01*

1–21

1.51

1.59

1.50

1.42

1.61

0.02

1–35

1.80

1.84

1.73

1.72

1.91

0.03

c
b

b

b
a

a

a
a

c

b
a

c

c
c

b

12.18***

Means within a row without a common superscript are significantly different (*P < 0.05, ***P < 0.001).
SBM75 and SBM50, 75% and 50% of total dietary protein supplied as soybean meal, respectively; Can75 and
Can25, 75% and 50% of total dietary protein supplied as canola meal, respectively.
a,b,c,d
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and feed conversion ratio were measured weekly until
35 days of age. A subsample of four birds per cage
was assessed for visceral organ development and ileal
digestibility of nutrients at 21 d of age. At 28 d of age,
bone development was assessed through observation of
gait and the latency-to-sit test (Berg and Sanotra, 2003).
Two birds per replicate were randomly selected at 35 d
of age and processed for measurement of meat yield. The
right tibia from another bird was used for assessment
of mineral content and bone breaking strength. All data
were analyzed using one-way ANOVA and Minitab
software (Minitab, 2010).
Feed intake up to 14 d and 35 d was highest for the
SBM50 diet (P < 0.001) and the Can75 diet (P < 0.05),
respectively, and lowest for the control diet (Table 1).
Birds fed the Can50 diet were significantly heavier at 21
d (P < 0.001) and 35 d (P < 0.05) than birds in the other
groups, of which control group birds weighed the least.
Feed conversion ratio differed (P < 0.05) during the first
week of the rearing period only and was not affected
by dietary treatment during the rest of the trial period,
although birds in the Can50 group tended (P = 0.088)
to be the most efficient and those in the Can75 group (P
= 0.088) tended to be the least efficient. Bone breaking
strength was higher (P < 0.05) in SBM50 group than
in the other groups. Except for abdominal fat content,
meat yield parameters were not significantly affected
by dietary treatment. The Can50 group had the highest
abdominal fat content (24.9 g per bird) and the SBM75
group had the lowest abdominal fat content (14.7 g per
bird). From these results, it may be inferred that broilers
fed conventional diets (SBM50 and Can50) containing
fishmeal utilized feed more efficiently and grew more
rapidly than those fed all-vegetable diets (SBM75 and
Can75) or a contemporary commercial diet (control
diet). The reasons for these effects may include
synergistic effects of animal and vegetable proteins and
the amino acid balance of the conventional diet.
Berg C, Sanotra GS (2003) Can a modified latencyto-lie test be used to validate gait-scoring results
in commercial broiler flocks? Animal Welfare 12,
655–659.
Minitab (2010) Minitab Statistical Software User’s
Guide 2: Data Analysis and Quality Tools. Minitab
Release 16. Minitab Inc., State College, PA 16801–
3008, USA.
National Research Council (1994). Nutrient
Requirements of poultry, 9th edition. National
Academy Press, Washington DC.
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Evaluation of kolanut shell as a feed ingredient for
cockerels
B.B. Babatunde1 and R.A. Hamzat2
College of Agriculture, Fisheries and Forestry, Fiji National University, PO Box 1544 Nausori, Fiji;
1
bukola.babatunde@fnu.ac.fj; 2Cocoa Research Institute of Nigeria, P.M.B. 5244 Ibadan, Nigeria.

Alternative feed ingredients have proved valuable in
supporting the performance of livestock and poultry
at low cost (Babatunde and Oluyemi, 2000). Kolanut
shell can be substituted for 60% of the maize in layer
mash (Olubamiwa et al., 2000), for 20% of the maize
in broiler diets (Hamzat and Babatunde, 2001) and
for 50% of the maize in rabbit diets (Babatunde et
al., 2001). This study was designed to determine the
optimal replacement level of kolanut shell meal (KSM)
for maize in a diet for cockerels.
Eighty chicks were randomly allotted to receive
diets containing 0%, 10%, 20% or 30% KSM for
12 weeks in a completely randomised experimental
design. Water and feed (Table 1) were provided daily

throughout the experiment. A digestibility trial was
conducted at the end of the feeding trial.
Feed consumption increased as the dietary
inclusion level of KSM increased. Birds fed the control
diet had the lowest feed intake (6433.80 g per bird).
This was probably due to caloric dilution of the feed
by KSM, as they tend to eat to satisfy their energy
requirements (Oluokun and Olalokun, 1999). No
significant differences (P > 0.05) were observed in final
body weight or mortality. However, KSM depressed
(P < 0.05) growth rate, feed conversion ratio (Table 2)
and apparent digestibility of protein, crude fibre and
ether extract (Table 3). It is not feasible for commercial
producers to incorporate 30% KSM in the diet, as

Table 1. Ingredients and nutrient composition of experimental diets.
Kolanut shell meal (%)
0
10
20
30
Maize
50.7
40.1
30.4
20.7
Kolanut shell meal
0.0
10.0
20.0
30.0
Soybean meal
16.2
15.9
15.5
15.2
Palm oil
0.0
1.0
1.0
1.0
*Fixed ingredients
33.1
33.1
33.1
33.1
Analysed chemical composition (%)
Dry matter
90.8
91.2
89.7
91.3
Ash
8.0
8.0
8.2
8.1
Crude protein
17.7
17.4
16.8
16.0
Ether extract
3.4
3.5
3.9
3.9
Crude fibre
6.5
6.8
7.2
7.0
Nitrogen free extract
55.2
55.5
53.6
56.3
*Fixed ingredients (dry matter basis): fishmeal, 3.0%; palm kernel meal, 10%; groundnut cake, 16.0%; oyster
shell, 1%; bonemeal, 2%; salt, 0.25%; vitamin /mineral mix, 0.5%; methionine, 0.25%; and lysine, 0.1%.
Table 2. Feed intake, growth rate and feed conversion ratio of cockerels fed diets containing various levels of
kolanut shell meal
Kolanut shell meal (%)
Parameter (g/bird)
0
10
20
30
Initial live weight
66.0
66.0
66.0
66.0
Final body weight
1259.0
1091.0
1048.0
961.0
Total weight gain
1193.0a
1025.0b
982.0b
895.0b
Feed intake
6483.8 c
6742.2b
6886.7b
7046.9a
c
b
ab
Feed conversion ratio
5.1
6. 2
6.6
7.3a
Mortality
abc
Means within rows with common superscripts are not significantly different (P > 0.05).
Table 3. Apparent digestibility (%) of various nutrients at 84 days of age in cockerels fed diets containing various
levels of kolanut shell meal.
Kolanut shell meal (%)
0 a
10
20
30
Dry matter
35.3
7.7 d
16.9 c
22.0 b
Ash
65.2 a
42.4 b
37.3 c
32.6 d
a
b
c
Crude fibre
69.5
57.6
48.0
40.8 d
a
c
b
Ether extract
73.9
61.3
63.5
47. 8 d
c
d
b
Nitrogen-free extract
24.9
7.6
37.3
37.8a
a
b
d
Crude protein
45.7
24.6
9.1
13.7c
abc
Means within rows with common superscripts are not significantly different (P > 0.05).
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this resulted in high feed intake and low weight gain.
However, 10% KSM can be incorporated into cockerel
diets without any detrimental effects on performance.
Babatunde BB, Hamza RA, Adejinmi OO (2001)
Replacement value of Kolanut husk meal in rabbit
diets. Tropical Journal of Animal Science 4, 127–
133.
Babatunde BB, Oluyemi JA (2000) Comparative
digestibility of three commonly used fibrous
ingredients in maize–soyabean meal–fish diet by
broiler chicks. Tropical Journal of Animal Science
3, 33–43.
Hamzat RA, Babatunde BB (2001) Performance
characteristics of broiler finishers fed kola-pod
husk-based diets. Moor Journal of Agriculture
Research 12, 153–158.
Olubamiwa O, Iyayi EA, Ayodele EA (2000) Kola pod
husk as a partial substitute for maize in layers mash.
Tropical Journal of Animal Science 3(1), 63–68.
Oluokun JA, Olalokun EA (1999) The effect of graded
levels of brewers’ spent grains and kolanut pod
meal on the performance characteristics and carcass
quality of rabbits. Nigerian Journal of Animal
production 26, 71–77.
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Feed additives and feed efficiency in the pork
industry
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Summary

Although metabolic modifiers that require daily
injection, such as porcine somatotropin, are available
for the Australian pork industry, producers are interested
in the potential of orally administered compounds to
improve body composition, especially to reduce fat
depth. The purpose of this review is to discuss dietary
additives that can be used to manipulate growth, body
composition or meat quality in growing pigs, viz.,
ractopamine, cysteamine, chromium, lecithin, betaine
and dietary narcoleptics. Ractopamine increases lean
tissue deposition in all sexes after 60 kg live weight
and recent evidence suggests that 0.56 g and 0.60
g available lysine per MJ DE should be sufficient to
maximize performance when 5 ppm of ractopamine is
included in the diets of boars and gilts, respectively.
Cysteamine may stimulate somatotropin secretion
in pigs and under some circumstances may increase
growth rate and decrease back fat depth. However,
responses are variable and further work is needed to
define the dose-response curve. Responses to dietary
chromium are variable and this may in part be due
to inefficient digestion and absorption of chromium.
Micro- and nano-particles of chromium may increase
the efficacy of dietary chromium and improve insulin
sensitivity and growth performance in pigs. Dietary
lecithin offers a means of reducing skeletal muscle
collagen content and improving meat quality. It may
also improve dressing percentage, but this effect needs
to be verified. Dietary betaine has the potential to reduce
maintenance requirements and, in some circumstances,
the additional energy made available may be used to
support protein deposition. Dietary narcoleptics offer
a means of reducing sexual and aggressive behaviours
in finisher pigs, specifically boars, and of improving
growth performance. Responses to dietary feed
additives are generally not as great as responses to
porcine somatotropin, but they do offer an alternative
means of manipulating growth and carcass quality.

Introduction

It has been known for almost 60 years that injection of
growing pigs with pituitary tissue extracts containing
Recent Advances in Animal Nutrition – Australia 18 (2011)

porcine somatotropin (pST) increases protein deposition
and decreases fat accretion (Turman and Andrews, 1955).
Advances in biotechnology have now provided a means
of producing pST on a commercial scale and the efficacy
of daily injection of recombinant pST for improving
the productive performance of swine is beyond doubt
(Campbell et al., 1991). Porcine somatotropin has now
been approved for use in the Australian pig industry as
a daily injectable metabolic modifier (Dunshea et al.,
2002; Dunshea, 2005). Because daily injection with
pST is problematic, alternative regimens involving less
frequent injections have been investigated and have been
demonstrated to have similar efficacy to daily injections
(Dunshea, 2002). Nonetheless, pork producers are
still interested in orally administered compounds for
improving body composition, particularly for reducing
fat depth. The purpose of this review is to discuss
dietary additives that can be used to manipulate growth,
body composition or meat quality in growing pigs, viz.,
ractopamine, cysteamine, chromium, lecithin, betaine
and dietary neuroleptics.

Ractopamine

Ractopamine is a β-agonist and has been shown to
increase lean tissue deposition, although its effects
on back fat are small and variable (Dunshea et al.,
1993a,b;1998a) and responses may diminish with time
due to downregulation of β-receptors (Dunshea et al.,
1998b). The efficacy and mode of action of ractopamine
has been much reviewed and the reader is referred to
Dunshea (1993), Dunshea and Gannon (1995) and
Mersmann (1998) for comprehensive discussions.
However, since the early registration studies, there
have been changes in management, genetics and
slaughter weights as well as in pricing structures, which
necessitated the commission of further studies by the
Australian Pork Cooperative Research Centre (CRC)
to ensure optimum exploitation of the benefits of
ractopamine. These studies were focused on the effects
of sex, live weight, dietary lysine, timing and dosage on
the temporal response to ractopamine.
Rikard-Bell et al. (2009 and unpublished data)
investigated interactions between starting weight (65,
80 and 95 kg) and dose of dietary ractopamine (0, 5, 10
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and 20 ppm) in two separate experiments with boars and
gilts. These studies clearly showed that most measures
of productive performance and carcass composition,
except feed intake and back fat depth, improved with
increasing doses of ractopamine in all weight and sex
classes. For lighter animals, average daily gain (ADG)
was maximised at 5 ppm, whereas higher doses were
required for heavier classes of pigs and for maximal
responses in carcass weight and dressing percentage.
This scenario may suit the Australian and New Zealand
markets because pigs are marketed at light weights;
thus only 5 ppm of dietary ractopamine is required to
achieve maximum ADG responses in boars. However,
greater doses of ractopamine are required for further
improvements in carcass attributes.
Research conducted 20 years ago indicated that the
lysine requirements of gilts fed 0 or 20 ppm ractopamine
between 60 kg and 90 kg live weight were 0.65 g
and 0.75 g available lysine per MJ DE, respectively
(Dunshea et al., 1993a). There has been considerable
genetic selection for lean growth since then as well as a
general industry decision to use a lower inclusion rate
of ractopamine than initially suggested. Furthermore,
there were no data on the ractopamine requirements
of boars. Rikard-Bell et al. (unpublished data) recently
investigated the lysine requirements of boars and gilts
fed 0, 5 or 10 ppm ractopamine from 65 kg live weight
and found that 0.56 g of available lysine per MJ DE
was sufficient to maximize ADG, feed conversion
ratio (FCR) and carcass weight in gilts fed 0, 5 or 10
ppm of ractopamine. On the other hand, there were
interactions between dietary ractopamine and lysine in
boars such that 0.56 g and 0.60 g of available lysine
per MJ DE were sufficient to maximize ADG and
FCR in boars consuming diets containing 5 ppm and
10 ppm ractopamine, respectively, whereas there was
no sign of a plateau in the control boars up to 0.72 g
of available lysine per MJ DE. These data suggest that
the ractopamine-treated pigs were more efficient at
utilizing lysine and other amino acids than the control
boars, perhaps through a reduced protein turnover rate.

Cysteamine

The release of endogenous pST from the pituitary is
regulated by several secretagogues and by inhibitors
such as somatostatin. Several researchers have attempted
to increase pST secretion by immunizing against
somatostatin, but results have been inconsistent, possibly
because of low antibody titres (Dubreuil et al., 1989;
McCauley et al., 1995). Others have reported that the
sulfhydryl compound, cysteamine hydrochloride (CSH),
increases somatotropin secretion in rats (Tannenbaum
et al., 1990), sheep (McLeod et al., 1995a,b) and fish
(Xiao and Lin, 2003), presumably through inhibition of
somatostatin secretion (Wakabayashi et al., 1985). A few
recent studies have investigated the effects of CSH on
growth performance in pigs. Zhou et al. (2005) fed CSH
(0.6 g/kg diet) to finisher pigs for 5 weeks and reported
that it increased ADG (+4.8%) and decreased back fat

depth (–20%). Dunshea (2007) found that dietary CSH
(0.7 g/kg diet) increased ADG (+12%) and decreased
FCR (–9.4%) over the first 2 weeks of supplementation.
Although the response was not as pronounced over the
entire 5-week supplementation period, nevertheless
dietary CSH supplementation resulted in a modest
increase in ADG (+7.4%). As a result, final live weight
(+2.0 kg) and carcass weight (+1.6 kg) were increased
and back fat depth was decreased (–1.0 mm) by CSH.
Yang et al. (2005) found that daily gain was increased
(+13.7%) by a low dose of CSH (0.03 g/kg feed) but not
by a higher dose of CSH (0.05 g/kg feed); these doses
are very low compared with those used in other studies.
Back fat depth at the P2 site was reduced in a dosedependent manner by dietary CSH supplementation
(15.7, 12.7 and 10.4 mm for pigs fed 0, 0.03 and 0.05
g/kg CSH, respectively). Liu et al. (2009) found that
dietary CSH (0.07 g/kg) increased ADG (+19%), feed
intake (+15%) and nitrogen retention (+63%) but did
not change FCR. In a recent study conducted within the
Pork CRC, dietary CSH (0.7 mg/kg) had no effect on
growth performance but decreased P2 back fat depth
(–1.9 mm) (David Miller, personal communication).
Cysteamine had no effect on serum somatotropin
level but decreased ghrelin level after 3 weeks of
treatment. The inhibitory effect of CSH on ghrelin may
be a feedback mechanism and may partially explain
the apparent transitory nature of the growth response
(Dunshea, 2007). An area of research that needs to be
investigated is the dose response to CSH, as the dose
used in studies reported above varies 10-fold and
downregulation may be more rapid at higher doses.

Chromium

Cr is an essential element for humans and animals
(Mertz, 1969; 1993), trivalent Cr3+ being the most stable
form. Cr functions as a cofactor for insulin and enhances
the ability of insulin to regulate glucose, protein and fat
metabolism (Amoikon et al., 1995). However, Cr3+ is
normally poorly absorbed and utilized. The digestibility
of the inorganic and organic forms of Cr is 0.5–2% and
10–25%, respectively (Mertz, 1969; Underwood, 1977).
Currently, there is no recommendation for dietary Cr
supplementation (NRC, 1998) for pigs and, as most pig
diets are primarily formulated using ingredients of plant
origin, which are usually low in Cr content (Giri et al.,
1990), it is possible that many pig diets have a low Cr
content.
It has been suggested that dietary Cr increases
insulin sensitivity in pigs (Steele et al., 1977; Matthews
et al., 2001b) and over the past three decades, Cr has
been investigated as a potential means of manipulating
fat deposition in humans and farm animals. Although
chromium chloride has been successful in improving
the growth rate of turkeys (Steele and Rosbrough,
1979) and protein-deficient rats (Mertz and Roginski,
1969), effects in pigs have been equivocal (Page et
al., 1993; Mooney and Cromwell, 1995; Mooney and
Cromwell, 1997; Zhang et al., 2010). Page et al. (1993)
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conducted three experiments to determine the efficacy
of Cr chloride, Cr picolinate and picolinate alone for
grower-finisher pigs. Although Cr and picolinate had
no effects on growth rate or FCR, Cr picolinate had
dose-dependent effects on loin-eye area and back-fat
depth. Others have also observed little or no effect of Cr
picolinate on ADG and FCR (Evock-Clover et al., 1993;
Mooney and Cromwell, 1995; Kim et al., 2009). Zhang
et al. (2010) observed no effect of dietary Cr picolinate
in grower pigs but observed a small increase in ADG
in finisher pigs. Lean tissue deposition /loin-eye area
was increased and fat deposition/back-fat depth was
decreased by Cr picolinate in some studies (Page et al.,
1993; Jackson et al., 2009) but not in others (EvockClover et al., 1993; Matthews et al., 2001c).
At least part of the variation in response to Cr may
be related to the low and variable digestion, absorption
and availability of Cr, which could be improved by
using nano- or micro-sized Cr. For example, in rodents,
the efficiency of uptake of 100 nm particles by the
intestinal tissue was 15- to 250-fold higher compared
with large micro-particles (Desai et al., 1996). The
digestibility of nano-Cr picolinate was threefold
higher than that of native Cr picolinate in rats (Lien
et al., 2009). Recently, we conducted a meta-analysis
of seven studies conducted on nano-Cr during the past
6 years and found that ADG and FCR were improved
by 7% and 4%, respectively (Hung et al., 2010). Pork
CRC scientists have also conducted research on dietary
nano- and micro-Cr to determine their efficacy and
mechanisms of action.
Hung et al. (2009) investigated interactions between
dietary fat (2% vs 6% fat) and the form of dietary Cr
picolinate (400 ppb of normal, micro- or nano-sized
particles) for 6 weeks in finisher gilts. Nano- and microCr was produced using the dry polish method in a dry
cryo-nanonization grinding system integrated with a
size separator. Briefly, the particle size of Cr picolinate
was reduced using a grinder and it was then passed
through appropriately sized sieve end-plates to collect
the nano- and micro-sized particles. No solvent was
used and the temperature was restricted to less than 40
°C during milling.
Over the first 21 days of the experiment, there was a
significant main effect of Cr on ADG (944 vs 1011 g/d,
respectively, P = 0.021) but not of Cr size (P = 0.17).
Dietary Cr increased carcass weight and loin muscle

depth and responses were greatest for nano-Cr (Table
1). Dietary Cr also decreased P2 back fat depth and the
greatest response was observed in pigs fed nano-Cr and a
high-fat diet. Furthermore, dietary Cr decreased plasma
insulin level (7.0 vs 5.1 mU/mL, P = 0.04) without
changing plasma glucose level (3.6 vs 3.5 mmol/L,
P = 0.60) and increased muscle phosphatidylinositol
3-kinase and Akt mRNA expression, which are
indicative of an improvement in insulin sensitivity in
muscle through enhanced signalling downstream of
the insulin receptor. A more recent Pork CRC study
conducted under commercial conditions with very lean
gilts found that final live weight was increased by 400
ppb of micro-Cr picolinate (94.0 vs 95.4 kg, P = 0.09)
but back fat depth did not change (8.0 vs 8.0 mm, P
= 0.94). These data suggest that dietary Cr picolinate
increases ADG and improves carcass traits in lean
genotypes and that responses are most pronounced in
pigs fed a high fat diet containing micro-Cr or nanoCr. Further studies on dose-response curves are being
conducted to determine the effects of low nano- and
micro-Cr picolinate inclusion rates.

Lecithin

Tenderness and texture are considered the most
important organoleptic or sensory attributes of pork by
consumers and are affected by the connective tissue,
myofibril and sarcoplasmic protein components of
meat (Lawrie, 1998). Collagen, a major component of
intramuscular connective tissue, is a key determinant
of the tenderness of meat (Light et al., 1985). The
stability of collagen is dependent on the cross-linking
of collagen fibrils (Rowe, 1981) and the degree of
cross-linking of collagen is dependent on the amount
of hydroxyproline present in collagen. The enzyme
responsible for the hydroxylation of proline is prolyl4-hydroxylase (Bailey and Light, 1989). It has been
hypothesized that polyenylphosphatidylcholine (PPC),
a phospholipid present in lecithin extracted from soya
bean, may decrease the cross-linking of collagen fibrils.
Several studies have shown that the primary mode
of action of PPC on collagen involves inhibition of
prolyl-4-hydroxylase, resulting in reduced collagen
fibril cross-linking (Lieber, 1997, 1999). Lieber (1997,
1999) also found that PPC promotes the action of
collagenase and increases the breakdown of collagen in
non-human primates. Previous Australian research has

Table 1. Effect of dietary fat level and the size of chromium picolinate on carcass weight and carcass characteristics
in gilts (Hung et al., 2009)A.
Low fat
High fat
Con CrP µCr nCr Con CrP µCr nCr SED SignificanceB
Carcass weight (kg)
65.5 65.0 70.4 68.5 65.2 68.3 67.6 69.6 1.52 C*, C.D+, T**, F.C.D*, F.T+
P2 back fat depth (mm) 8.1 7.6 7.4 7.9 8.4
7.7 7.5 6.7 0.42 C**, F.C.D*, T*, F.T*
Muscle depthC (mm)
51.4 52.3 50.8 52.5 47.1 52.9 50.3 53.9 1.96 C*, F.C*, T*
A
Con, Control; CrP, chromium picolinate; µCr, micro-sized CrP; nCr, nano-sized CrP. B C, Con vs all Cr diets; D, Con
vs CrP vs µCr vs nCr; F, low fat vs high fat; T, CrP vs µCr vs nCr. +P < 0.10, *P < 0.05, **P < 0.01. C Loin eye muscle
depth measured by ultrasound at the P2 depth.
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shown that dietary lecithin decreases the compression
characteristic of pork (D’Souza et al., 2005; Edmunds
et al., 2005) (Table 2), possibly by decreasing the
amount of collagen or the extent of collagen crosslinking. Dietary lecithin supplementation may reduce
cholesterol absorption and LDL cholesterol. The use of
dietary lecithin supplementation to improve pork quality
and the health benefits of pork represents a significant
marketing opportunity for the industry (Bellhouse et al.,
2010). This would be particularly appealing if carcass
weights and characteristics could also be improved by
dietary lecithin. Hence, the Pork CRC has commissioned
research to investigate the effect of dietary lecithin on
carcass characteristics and meat quality in pigs.
Table 2. The effect of dietary lecithin supplementation
on some aspects of meat quality of individually housed
female pigs (after D’Souza et al., 1995)A
Diet
Control Lecithin SEDB
P
(3 g/kg)
value
Hardness (kg)
3.22a
2.80b 0.160 0.011
a
Chewiness
1.26
1.07b 0.075 0.021
Cohesiveness
0.385
0.381 0.0074 0.57
Cooking loss (%)
31.4
28.7
1.57 0.090
A
Values in the same row with different superscripts are
significantly different (P < 0.05). B Standard error of the
difference.
The first study commissioned by the Pork CRC
investigated the dose response to dietary lecithin under
commercial conditions. Briefly, 36 gilts were randomly
allocated at 55 kg live weight to individual pens in an
experimental finisher shed for acclimatization one week
before the beginning of the experiment, during which
time they were fed the control diet at 80% of ad libitum
intake. Subsequently, the pigs were fed a commercial
finisher diet plus 0% (control diet), 0.4%, 2% or 8%
lecithin. All pigs had ad libitum access to feed and water
for 6 weeks. Dietary lecithin had no effect on shear force
(3.1 vs 3.8, 3.4 and 3.3 kg for 0, 0.4, 2 and 8% lecithin,
respectively) but increased dressing percentage (73.6
vs 75.5, 75.5 and 75.5% for 0, 0.4, 2 and 8% lecithin,
respectively; P = 0.009). Dietary lecithin also made
the pork more red and darker as indicated by a linear
increase in a* (5.1 vs 5.3, 6.0 and 6.2 for 0, 0.4, 2 and
8% lecithin, respectively; P = 0.004) and a decrease in
L* (51.1 vs 49.9, 49.4 and 49.1 for 0, 0.4, 2 and 8%
lecithin, respectively; P = 0.048). These effects were
associated with changes in the expression of genes
involved in collagen synthesis and degradation.
Pork from pigs fed dietary lecithin had lower
intramuscular fat than pork from the control pigs (2.1
vs 1.5, 1.6 and 1.8% for 0, 0.4, 2 and 8% lecithin,
respectively; P = 0.07), although there was no significant
effect on total cholesterol. Pork from pigs fed diets
supplemented with lecithin had higher (P < 0.05) levels

of polyunsaturated fatty acids (PUFAs), linoleic acid
and α-linolenic acid compared with pork from pigs fed
the control diet. Levels of long-chain PUFAs such as
C20:2n-6 and C20:3n-3 were also higher in pork (P <
0.05 for both) from pigs fed dietary lecithin compared
with pork from pigs fed the control diet. There was
a dose-dependent increase in the ratio of PUFA to
saturated fatty acid in pork from pigs that consumed
lecithin (0.46 vs 0.56, 0.60 and 0.73 for 0, 0.4, 2 and 8%
lecithin, respectively; P < 0.001).
The effect of dietary lecithin on dressing percentage
(+2 percentage units) was initially unanticipated but,
if proven correct, could improve feed efficiency. The
study of D’Souza et al. (2005) did not indicate any
effect of lecithin on dressing percentage. However,
further interrogation of data from the study of Edmunds
et al. (2005) suggests that dressing percentage may
have increased with an increase in the dose of lecithin
(Mullan, unpublished). Larger on-farm studies are
currently being conducted under the auspices of the
Pork CRC to identify the effects of dietary lecithin on
carcass dressing percentage.

Betaine

Betaine is a methyl donor and has a lipotropic effect
(Barak et al., 1993). Betaine has been investigated as a
partial replacement for choline in pig and poultry diets,
as it is less expensive and less corrosive than choline.
When incorporated into pig diets, betaine has been
reported to improve growth performance by reducing
the maintenance energy requirement of the animal,
perhaps by reducing the need for ion pumping involved
with maintaining intracellular osmolarity (Schrama et
al., 2003). In addition, dietary betaine has been reported
to increase protein deposition and carcass leanness
(Fernandez-Figares et al., 2002; Matthews et al., 2001a;
Suster et al., 2004) and to decrease back-fat depth
(Cadogan et al., 1993). There is evidence that betaine
has a more pronounced effect when dietary energy is
limiting (Suster et al., 2004), thus offering a means of
improving growth performance and meat quality by
increasing the availability of energy. The additional
energy may improve or maintain performance and
meat quality under conditions in which performance
may be limited by energy intake, e.g., in genetically
improved pigs housed under commercial conditions
and in pigs treated with metabolic modifiers such as
pST (Suster et al., 2004) or ractopamine (Dunshea et
al., 2009). Although betaine is used in many animal
production systems, there are relatively few studies
on the effects of betaine on meat quality. In one study,
betaine supplementation resulted in improved carcass
quality and improved subjective colour and marbling
scores (Xu et al., 1999). Pork from pigs fed betaine was
darker and had elevated ultimate pH and thaw loss and
decreased cooking loss in another study (Matthews et
al., 2001b). In a companion study, fresh pork from pigs
fed betaine had increased initial pH and decreased drip
loss (Matthews et al., 2001a). Cooking loss and total
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Table 3. Effect of sex and dietary additive between 17 and 22 weeks of age on final weight and carcass characteristics
at slaughter (after McCauley et al., 2003 and unpublished)A

Final weight (kg)
Carcass weight (kg)
Dressing rate (g/kg)
P2 back fat depth (mm)

Boars
Control Mg
93.7
95.2
69.0
71.3
750.9 761.0
10.6
11.0

Br
97.9
74.1
761.4
11.1

Trp Anti-GnRF Castrate
94.1
99.8
99.3
71.0
73.7
76.8
760.1
754.8
773.0
10.3
11.7
15.6

LSDB
4.66
4.62
8.70
1.36

P value
0.044
0.053
0.009
<0.001

Anti-GnRF injections were given at 13 and 17 weeks of age. Control – entire males with no dietary supplements;
Mg, magnesium supplement; Br, bromide supplement; Trp, tryptophan supplement; GnRF, immunized against
GnRF; Castrate, physical castrate. BLeast significant difference (P = 0.05) between treatment groups.
A

loss from frozen pork were decreased by dietary betaine
in pigs with adequate pen space but were increased by
dietary betaine in pigs with inadequate pen space. Shear
force was not significantly altered in either of these
studies (Matthews et al., 2001a,b). In another study,
there was no effect of betaine supplementation on
objective meat quality (Overland et al., 1999). Although
it is difficult to make any conclusions on the effects of
betaine on meat quality, there do appear to be some
benefits in terms of water-holding capacity, which may
be associated with the osmotic properties of betaine.

Dietary neuroleptics

In Australia, the pork industry has traditionally not
castrated male pigs to take advantage of the improved
carcass leanness and feed efficiency associated with
entire males. Apart from the risk of boar taint, another
disadvantage of entire male pig production is the
likelihood of aggressive behaviour and sexual activity
among group-housed boars (Cronin et al., 2003;
Rhydmer et al., 2006; 2010), which may prevent them
from performing to their potential. Cronin et al. (2003)
found that immunization against gonadotrophin releasing
factor (GnRF) to reduce boar taint also decreased sexual
and aggressive behaviour to levels observed in physical
castrates. In addition, dietary tryptophan reduces
aggression in boars subjected to mixing during lairage
(Pethick et al., 1997) and dietary magnesium reduces
plasma catecholamine concentrations and the incidence
of pale soft exudative pork in stressed pigs (D’Souza et
al., 1998). Potassium bromide is a dietary neuroleptic
that has been shown to decrease sexual and aggressive
activities without altering growth rate in growing bulls
(Genicot et al., 1991). In the early 2000s, our group
conducted a series of studies to test the efficacy of
dietary neuroleptics (McCauley et al., 2003; 2004), and
there is now renewed interest in this approach within
the Pork CRC.
The first study involved 200 entire boars and 40
contemporary castrates (physical castration at 2 weeks
of age) (McCauley et al., 2003). Entire boars were
allocated to the treatments at 13 weeks of age and housed
in 10 pens of 20 pigs each (two pens per subsequent
treatment). The physical castrates were housed in two
pens of 20 pigs each. The immunized boars were given
the first dose of an anti-GnRF vaccine (Improvac™,

Pfizer Animal Health, Parkville) at this time. All pigs
received a standard grower ration containing 14.0
MJ DE and 9.8 g true ileal digestible lysine per kg
ad libitum until 17 weeks of age. Feed consumed and
ADG were determined from 13 to 17 weeks of age.
At 17 weeks of age, each group of 20 pigs was further
divided into groups of 10 pigs (predetermined at 13
weeks of age) and moved into pens in the finisher shed.
Immunized pigs (four pens of 10 pigs each) were given
their second dose of the anti-GnRF vaccine at 17 weeks
of age and dietary treatments began. Control boars,
immunized boars and physical castrate boars were
offered a commercial finisher ration containing 13.5
MJ DE and 7.4 g true ileal digestible lysine per kg. The
three other dietary treatments offered to entire boars
were a finisher diet supplemented with magnesium (5
g Mg proteinate per kg), bromide (140 mg Br chloride
per kg) and tryptophan (Trp; 5 g/kg). All diets were
offered ad libitum and feed intake and live weight were
determined weekly on a per-pen basis.
There was no significant effect of sex or dietary
treatment on ADG between 17 and 19 weeks or between
19 and 22 weeks. Over the entire period (17 to 22
weeks), the immunized boars had a greater ADG than
all other classes of pigs. The ADG of physical castrates
tended to be higher than that of the entire boars (P =
0.087). Feed intake of the control and Trp boars was
less (P < 0.05) than that of the other groups over the
first 2 weeks after transfer into the finisher shed. For the
Trp pigs, this effect was most pronounced during the
first week, whereas for the control boars, it was most
pronounced during the second week (data not shown).
Feed intake of the physical castrates was higher than
that of the other groups over the first 2 weeks of the
finishing period. There was no effect of any of the
dietary additives on feed intake of entire boars over the
latter part of the finishing phase (19–22 weeks). Boars
immunized against GnRF increased their feed intake
after the first week after secondary immunization to
a level similar to that of the surgical castrates. There
was no effect of sex or dietary additive on FCR over
the first 2 weeks of the finishing period. However, over
the latter part of the finishing phase, the FCR of the
physical castrate pigs was 21% higher than that of the
control boars. Over the entire finishing period, the FCR
of the Trp boars was 10% lower than that of the control
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boars, whereas the FCR of the surgical castrates was
17% higher than that of the control boars. The FCR of
boars immunized against GnRF and those offered diets
containing Br or Mg were not different from that of the
control boars.
The final live weights of castrates and boars
immunized against GnRF were greater (P < 0.05)
than those of control boars and boars fed Trp (Table
3). Relative to the control boars, carcass weight was
significantly increased in the castrates, immunized boars
and boars fed Br (Table 3). In the surgical castrates and
the boars fed Br, the increase in carcass weight resulted
from an increase in live weight as well as an increase
in dressing rate, whereas for the immunized boars, the
increase in carcass weight was the result of an increase
in live weight but not in dressing rate. Dressing out rate
was also increased by dietary Mg and Trp. Surgical
castrates had greater P2 fat depth (+5 mm) than the
control boars, but none of the dietary additives affected
P2 fat depth, nor did immunization.
A subsequent study (McCauley et al., 2004),
investigated the effects of Br and Trp, alone or in
combination, in pigs that were either light, average or
heavy for age. Immunization against GnRF was used as
a positive control. Over the period from 17 to 22 weeks,
the immunized males grew more quickly than all other
classes of pig. In particular, the immunized males grew
19% (+153 g/d) faster than the control boars. However,
there was an interaction between treatment and weight
such that growth response was greatest in the medium
weight class of pigs treated with Improvac and least
in the light pigs. Whereas there were no significant
individual effects of either Br (+1.8%) or Trp (+2.2%)
on daily gain, pigs treated with both compounds grew
significantly faster than the controls (10.3%, P < 0.05).
Pigs from all treatment groups grew faster than the
control boars, but there was an interaction between
treatment and weight class such that this effect was
most pronounced in the heavy pigs.

Conclusions

Dietary additives offer a means of manipulating growth
performance and carcass quality. However, responses
are often variable and inconsistent and further research
is needed to identify the circumstances under which
they are most effective. Although responses to dietary
feed additives are generally not as great as responses
to porcine somatotropin, they do offer an alternative
means of manipulating growth performance and carcass
quality.
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Summary

This paper discusses the use of alternative feed
ingredients in poultry nutrition. The importance and
limitations, particularly the presence of anti-nutritive
factors, of such ingredients are highlighted. The results
of a series of studies recently completed or ongoing at
the University of New England, Australia, suggest that
the nutritive value of such ingredients can be improved
through supplementation with microbial enzymes. As it
is likely that such ingredients will be increasingly used
with enzyme supplementation and other treatments,
it is important to identify the anti-nutritive factors in
alternative ingredients and develop the best enzyme
combinations for diets that contain these ingredients.

Introduction

The poultry industry relies on a few major ingredients
for feed formulation. Cereal grains are the principal
sources of energy in poultry diets, whereas grain
legumes and oilseed cakes are the main sources of
protein. Wheat, barley, triticale and sorghum are the key
cereal grains and soybean meal, canola meal, peas, lupin
and beans are important protein sources. The industry
has always been inclined to use the cheapest ingredients
to maximise profit (Batal, 2009). As such ingredients
do not always support optimum productivity, they
are included in small amounts or efforts are made to
improve their nutritive value. Despite these limitations,
the use of alternative feed ingredients is increasing due
to a variety of factors. Conventional feed ingredients
are more expensive and are not readily available to all
producers at all locations. Adverse climatic conditions
and the use of feed ingredients in the biofuel industry
have stimulated the search for alternative feed ingredients
for poultry. The biofuel industry generates by-products
such as distillers’ dried grains and solubles (DDGS),
that not only need to be disposed of but are becoming
core feed ingredients because of the shortage and cost
of conventional ingredients. For example, it is estimated
that 35% of the maize crop of the USA will be used for
ethanol production in 2011. In Australia, most of the
ethanol produced by the biofuel industry is derived from
sugarcane, but two plants, one in New South Wales and
Recent Advances in Animal Nutrition – Australia 18 (2011)

one in Queensland, use grains for ethanol production.
More plants are planned (King, 2009) and although the
El-Nino phenomenon appears to have ended a drought
cycle, the country usually experiences drought every
6–10 years, so that grain production will continue to
be affected. In many grain-producing areas, the drought
has given way to flooding.
All over the world, but more so in areas experiencing
feed shortage, alternative ingredients are investigated
with the aim of replacing all or some conventional
ingredients. With alternative diets, poultry productivity
is often poor due to deficiencies in nutrients such as
amino acids and minerals, imbalances in energy to
protein ratios (Dilger and Baker, 2008) or anti-nutritive
factors such as non-starch polysaccharides (NSPs),
polyphenols or phytic acid (Iji, 1999; Iji et al., 2004;
Olukosi et al., 2010). There is insufficient data on the
nutrient composition of many alternative ingredients.
Producers strive to improve the quality of alternative
diets through a variety of practices, including feed
processing and supplementation with nutrients. The
aim of this paper is to review the use of feed additives
for unconventional diets to improve their quality, with
particular reference to recent research at the University
of New England.

Cassava and cassava by-products:
a new energy source

The use of cassava roots and other parts of the plant
as an animal feed is traditional in Africa and Asia
(Chauynarong et al., 2009). Recently, cassava production
began on a large scale in northern Queensland to
support feedlots (Peter Cain, pers. comm.). There is a
possibility that this industry could diversify into nonruminant feed production in the future. In Thailand, the
third largest producer of cassava, almost all cassava is
used for animal feed and starch production. The latter
industry yields a fibrous by-product, cassava pulp,
which has been used for feeding cattle and pigs. We
tested this product as a replacement for maize in diets
for layers and broiler chickens (Chauynarong, 2011) and
established that 15% cassava pulp can be included in
layer diets without detrimental effects on egg production
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and egg quality, except yolk colour, which was paler
for diets containing cassava pulp. Supplementation
with products with xylanase and phytase activities
(Danisco Animal Nutrition, Marlborough, UK) enabled
an increase in cassava pulp inclusion to 20% in diets for
layers and maintained egg production at the same level
as the maize control diet.
In another study, we measured metabolizable
energy (ME), net energy of production (NEp) and heat
production of broiler chickens raised on starter diets
containing cassava pulp and microbial enzymes. The
ME content of the diets and the intake of ME and protein
were reduced by increasing levels of the by-product in
the diet but were improved by the enzyme supplements
(Table 1). NEp and heat production were reduced by
cassava pulp but were increased by supplementation
with microbial enzymes. The efficiency of utilization of
ME for energy and fat retention was reduced by cassava
pulp but the efficiency of utilization of ME for protein
retention was increased. Enzyme supplementation had
no effect on these values. Feed intake to 35 days of age
was reduced (P < 0.05) by inclusion of 10% cassava
pulp but feed intake recovered as inclusion level rose
to 15%; it was not affected by microbial enzyme
supplementation at either level.
Overall, there is scope for the use of cassava pulp
in diets for layers and broiler chickens at low levels,
but this would require supplementation with microbial
enzymes and yolk pigments. It is likely that the
Australian poultry industry will use more cassava chips
and pellets in future and less cassava pulp.

Triticale for poultry

The University of New England has conducted research
on triticale for several years (Scanlan, 2005; UNE, 2008).

A major limitation to increased exploitation of triticale
for poultry feeding in Australia is a dearth of published
data. The energy value of triticale was assessed as part
of a larger project, the Premium Grains for Livestock
program, which included a wide range of grains (Black
et al., 2005). Ravindran et al. (2005) reported lower
amino acid digestibility for triticale than for wheat and
maize. In another study, Hughes and van Barneveld
(2004) reported that pre-germination of triticale, wheat
and sorghum did not improve the apparent ME (AME)
of triticale, wheat or sorghum. Triticale holds promise as
a replacement for wheat due to its tolerance of drought
and poor soils. This advantage would be extended if the
nutritive value of the crop were equal to or better than
that of wheat. Most of the triticale varieties developed
at the University of New England are higher in crude
protein than wheat, ranging from 123.91 to 138.64 g/
kg DM. The in vitro digestibility of triticale starch and
protein varies between 41.1% and 87.8%. A feeding
experiment was concluded to define the AME of diets
containing 72–75% triticale and the NEp and HP
of broiler chickens raised on diets in which triticale
completely replaced wheat (Table 2). The ME intake
and NEp from 1 to 22 days were lower (P < 0.05) on the
wheat-based diet than on the Bogong-, Jackie-, Tobrukand maize-based diets, and diets containing the other
two varieties of triticale (Canobolas and Endeavour)
did not differ from the wheat-based diet. Chickens fed
triticale-based diets retained more (P < 0.05) energy in
the form of protein and fat than those fed the wheatbased diet. These diets may promote protein accretion
and growth on the one hand while increasing meat fat
content on the other hand.
The results of the study show that the utilisation of

Table 1. Metabolizable energy content of diets containing cassava pulp for poultry and intake of metabolizable
energy (ME), fat and protein (as-fed basis).

Cassava pulp Enzyme1
(%)
0
–
+
10
–
+
15
–
+
SEM
Source of variation
Cassava pulp
Enzyme
Cassava pulp × enzyme

ME (MJ/kg)

ME intake
(kJ)
3065.7ab
3234.9a
2770.8c
2911.0bc
2768.4c
2849.2bc
98.54

Fat intake (g)

11.6
11.8
11.2
11.1
11.6
11.2
0.44

Energy intake
(kJ)
4653.2ab
4707.8a
4452.6c
4737.7ab
4335.0c
4659.0c
18.54

26.3c
27.2c
32.1b
34.1a
32.7b
35.0a
0.43

Protein intake
(g)
64.8b
68.0a
60.6bc
64.0b
59.3c
62.3b
0.99

NS
NS
NS

***
***
NS

**
*
NS

**
**
NS

**
**
NS

Means within a column without common superscripts are significantly different (*P < 0.05, **P < 0.01,
***P < 0.001). 1Cocktail of Avizyme (carbohydrase, protease) and Phyzyme (phytate).
a,b,c
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energy in triticale is not poorer than that in conventional
ingredients such as wheat and maize. This study also
shows that energy deposition as protein is greater than
energy deposition as fat for triticale-based diets. This
may affect the quality of meat produced using such
diets.

Sorghum distillers’ dried grains

DDGS will remain in the forefront of nutrition
research for some time as the major cereal producers,
particularly those in the USA, intensify efforts to reduce
dependence on petroleum. Most research on DDGS has
focussed on maize DDGS produced in North America.
In Australia, most DDGS is derived from sorghum or
wheat and has not been used to a large extent by poultry
producers. We initiated a project aimed at improving
the nutritive value of sorghum DDGS for poultry. In
preliminary tests, six DDGS samples were obtained
from the Shoalhaven Starches Plant in New South
Wales to investigate variability between batches. The
six samples were obtained on six different occasions.
The DM content of the DDGS samples ranged from
890.5 to 931 g/kg. The highest gross energy content
was 19.59 MJ/kg and the lowest gross energy content
was 18.69 MJ/kg. Lipid content ranged from 79.5 to
100.1 g/kg with a coefficient of variation (CV) of 9%.
Crude protein content was relatively high, between
287.1 and 310.4 g/kg (CV = 3%). Starch content ranged
from 65.02 to 80.01 g/kg DM (CV = 8%). Most of the
starch was digestible, as indicated by low resistantstarch content (12.8–18.5 g/kg). The average content of
insoluble NSP in the six samples was 178 g/kg and the
soluble and free sugar contents were 27.65 and 54.63 g/

kg DM, respectively. The phytate content varied from
1.61 to 1.79 g/kg (CV = 5 %).
The samples generally contained appropriate
amounts of essential amino acids and had a high content
of threonine (10.1–11.4 g/kg). The content of the first
limiting amino acid for poultry, lysine, was the most
variable, with a range of 4.0–5.4 g/kg and a CV of 12%.
Methionine content varied from 3.5 to 4.5 g/kg (CV =
10%).
We conducted two feeding trials in which microbial
enzymes were supplemented. In the first experiment,
432 day-old male broiler chicks were used in a 4 × 2
factorial design. Four levels of DDGS inclusion (0, 100,
200 or 300 g/kg) with or without a xylanase enzyme
(Ronozyme WX, 1000 fungal Xylanase units per gram,
DSM, Heerlen, Netherlands) were fed for 21 days in
starter diets and then from 21 days to 35 days of age
in finisher diets. Compared with the control diet, feed
intake was increased (P < 0.001) by DDGS during
the first 3 weeks and during the entire period of the
study. Body weight gain was not affected by DDGS or
xylanase. Feed conversion ratio (FCR) deteriorated (P <
0.05) as the level of DDGS increased during the first 3
weeks of feeding. Over that period, the effect of xylanase
supplementation was not significant for inclusion of
up to 200 g/kg DDGS. However, in birds fed 300 g/
kg DDGS, xylanase supplementation improved FCR
(P < 0.05) over the starter period and over the entire
feeding period with the result that birds fed this diet
ended the study with body weights similar to those of
other treatments but tended to consume less feed than
birds fed the other diets. These results concur with those
reported by Liu et al. (2011) for maize DDGS.

Table 2. Metabolisable energy (ME) content, ME intake, net energy (NE) of production and energy retained as
protein and fat for broilers fed diets based on triticale (Bogong, Canobolas, Endeavour, Jackie, Tobruk), wheat or
maize (as-is basis).

Diet
Bogong
Canobolas
Endeavour
Jackie
Tobruk
Maize
Wheat

ME (MJ/
kg)

ME Intake
(kJ/d)

NE
Production
(kJ/d)

Heat
Production
(kJ/d)

12.96
12.27
11.39
12.13
12.95
12.82
13.27

620.12a
430.27c
464.26c
547.88b
544.56b
537.98b
426.99c

264.36a
189.95b
195.43b
246.59a
253.48a
223.73b
170.84bc

355.77a
240.33b
268.83b
301.29ab
291.08a
314.25a
256.16bc

Energy retained as
Protein
Fat
(kJ/d)
(kJ/d)
140.78a
111.6b
119.9b
133.77a
130.73a
129.04a
100.32bc

Means within a column without common superscripts are significantly different (P < 0.05).

abc

126.30a
90.31b
82.02b
119.26a
125.42a
100.17b
74.08bc
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Protein digestibility declined as the level of DDGS
increased. This could be responsible for the increase in
feed intake as a result of DDGS inclusion. However,
starch digestibility was not affected by enzyme
supplementation or DDGS.
Analysis of total NSPs (Table 3) showed that
increasing the level of DDGS to 30% reduced the
concentrations of rhamnose and fucose in ileal digesta.
The concentrations of arabinose, ribose and total NSP in
ileal digesta were not affected by DDGS level, whereas
levels of glucose and xylose in ileal digesta rose as
DDGS level rose to 30%. Xylanase supplementation
increased xylose concentration in the digesta, but only
at the 30% DDGS level.
It can be concluded from this study that inclusion
of up to 30% DDGS in broiler diets is feasible and
that when combined with carbohydrases, xylanase in
particular, productivity is similar to that for DDGS-free
diets. Xylanase may depolymerise viscous xylans, and
therefore reduce their detrimental effect on nutrient
digestion. This is partly responsible for the observed
increase in the concentration of free xylose in digesta.
However, protein digestibility and growth were reduced
when diets contained 20% or 30% DDGS with no
enzyme supplementation.

High-moisture maize

More than 817 million tonnes of maize were produced
worldwide in 2009, compared with 682 million tonnes
of wheat (FAO, 2009). The production of maize
is increasing in non-tropical areas of the world, in
southern Europe and parts of temperate South America.
This necessitates early harvest at a relatively high
moisture content and artificial drying. Artificial drying
of high-moisture grain is fraught with problems. The

starch quality, particularly the ratio of amylopectin to
amylose, may be affected, reducing the nutritive value
of the grain (Bhuiyan et al., 2010a, b). Amylopectin
is the most digestible starch fraction. Recently, we
investigated changes in the physical quality and nutrient
composition of high-moisture maize grain subjected to
artificial drying. This was followed by a feeding trial in
which microbial enzymes (carbohydrase, protease and
phytase) were included in the diet.
Maize cobs with the grain attached were
harvested at relatively high moisture content (23%)
from in northern New South Wales and dried in the
sun or in a forced-draught oven at 80, 90 or 100 °C
for 24 hours. The in vitro digestibility of DM, starch
and crude protein were determined according to the
method of Babinszky (1990) and the structure of grain
was assessed using electron microscopy and nuclear
magnetic resonance techniques (Bhuiyan et al., 2010a).
The results are shown in Table 4. The scanning electron
microscope showed some shrinkage of starch granules
as a consequence of drying temperature. The in vitro
digestibility of DM was improved by artificial drying
but starch digestibility was reduced.
The effects of feeding diets containing sundried
or artificially dried high-moisture maize grain
supplemented with microbial enzymes on growth
performance, visceral organ mass, tissue protein
content, enzyme activity and gut development were
investigated in a broiler growth trial (Bhuiyan et al.,
2010b). Feed intake up to 21 days of age was decreased
by oven drying whereas microbial enzymes increased
feed intake compared with non-enzyme diets (881.1 vs
817.2 g) (Table 5). Feed intake was highest for sundried
grain. There was no effect of drying temperature or
enzymes on feed intake at 7 days of age.
Up to 21 days of age, body weight decreased as grain

Table 3. The effect of graded levels of distillers’ dried grains and solubles (DDGS) and xylanase on the total nonstarch polysaccharide composition of ileal digesta (g/kg) in 21-day-old birds.
DDGS
(%)
0

Xylanase Rhamnose Fucose Ribose

Arabinose Xylose Mannose Galactose Glucose Total
NSPs
83.6
72.4c
9.9c
64a
51c
259
c
c
a
b
75.4
67.4
10.5
61
76
267
76.7
76.8bc
13.3b
53b
87ab
281
70.5
69.2c
12.9b
50bc
91ab
270
74.9
85.1ab
15.9a
44c
104a
295
74.1
75bc
15.7a
45c
103a
285
a
a
d
a
71.7
89.9
16.3
35
107
290
71.6
77.7bc
15.8a
32d
100a
271
1.441
1.293
0.184
0.954
2.806
4.06

–
2.5a
6.4a
2.4
ab
ab
+
2.3
6
2.2
10
–
2.1bc
5.2bc
2.4
+
1.9cd
4.8cd
2.3
20
–
1.6ef
4.2d
2.4
+
1.6de
4.3cd
2.4
fg
e
30
–
1.3
3.2
2.3
+
1.2g
3.2e
2.4
SEM
0.034
0.113
0.047
Source of variation
DDGS
***
***
NS
0.07
***
***
***
***
0.07
Xylanase
NS
NS
NS
NS
***
NS
NS
NS
NS
DDGS × xylanase
NS
NS
NS
NS
NS
NS
NS
NS
NS
Means within a column without common superscripts are significantly different (***P < 0.001). NS, not
significant.
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Table 4. Composition (g/kg) of maize resulting from sun drying or artificial drying at various temperatures.
Sun-dried
870.0
98.4
45.0
1.23
1.8
18.9
12.7
670.0
317.0
390.0
280.3
0.72

Dry matter
Crude protein
Ether extract
Ash
Phytate-P
Gross energy (MJ/kg)
AME (MJ/kg)1
Starch
Resistant starch
Amylopectin
Amylose
Amylose:Amylopectin

80 °C
950.0
93.4
42.0
1.29
1.36
18.4
13.6
691.0
363.0
388.0
303.7
0.78

90 °C
963.0
92.2
42.1
1.3
1.35
18.4
13.6
688.0
366.0
380.0
308.0
0.81

100 °C
980.0
93.8
41.3
1.32
1.21
18.5
14.0
684.0
416.0
370.0
313.8
0.85

CV (%)
5.0
3.0
4.0
3.0
1.8
1.0
4.0
2.0
1.1
2.0
5.0
7.0

SEM
24.34
1.36
1.73
0.03
0.05
0.11
0.27
4.65
20.3
42.5
7.35
0.10

1. Calculated value. CV = Coefficient of variation; SEM = Standard error of the mean.
Table 5. Feed intake, live weight and feed conversion ratio (FCR) of broiler chickens at 7 and 21 days of age for
diets based on maize that was sundried or dried artificially at various temperatures with or without enzymes.
Drying method
Sun drying
80 °C
90 °C
100 °C
Pooled SEM

Enzyme
–
+
–
+
–
+
–
+

Feed intake (g)
7d
21 d
125.5
130.2
125.7
120.9
123.3
130.9
117.0
126.2
1.23

832.4b
966.6a
841.9b
844.3b
831.2b
863.1b
763.3c
850.4b
10.32

Live weight (g)
7d
21 d
115.9cd
130.4a
119.0bc
116.2bcd
118.6bc
125.8ab
107.7d
116.5bcd
1.37

557.2cde
731.3a
546.7de
619.7bc
579.8bcd
634.7b
505.1e
567.5cde
11.76

Significance
<0.01
<0.01
Drying temperature
NS
<0.01
<0.01
<0.01
Enzyme
0.09
<0.01
Drying temperature ×
<0.02
<0.03
enzyme
NS
NS
a, b, c, d, e
Means within a column without common superscripts are significantly different
significant; SEM = standard error of the mean.
drying temperature increased and supplementation with
enzymes improved weight only for diets containing
sundried grains and grains dried at 90 °C. Body weight
was higher (P < 0.01) for the enzyme-supplemented
diets than for diets that did not contain enzymes (638
vs 547 g). FCR at this age improved as grain drying
temperature increased and was improved by enzyme
supplementation (1.48 vs 1.62). There was an increase
in the relative weight of the small intestine and liver
with an increase in grain drying temperature at 21
days of age enzyme supplementation did not change
the relative weights of these organs. Grain drying
treatment, but not enzyme supplementation, increased
the activities of alkaline phosphatase (on day 7) and
maltase and sucrase (on day 7 and day 21, respectively).

7d

FCR

21 d

1.67
1.45
1.59
1.60
1.58
1.53
1.73
1.66
0.02

1.61
1.40
1.66
1.46
1.55
1.45
1.66
1.62
0.02

<0.03
<0.03
NS

<0.02
<0.01
<0.07

(P < 0.05); NS = non-

The ileal digestibilities of gross energy, protein and
starch were not changed by grain drying temperature
or enzyme supplementation. This contradicts the report
of Iji et al. (2004) in which similar enzymes improved
the body weight of broiler chicks fed diets based on
sundried maize. The enzymes were also more effective
with sundried maize than with artificially dried maize.
No clear reason could be adduced for this disparity, but
changes in starch quality as a result of heating could
have reduced the overall quality of the grain and its
response to enzyme supplementation.
The concentrations of formic and acetic acids in
the ileum and propionic and valeric acids in the caeca
were significantly increased by an increase in grain
drying temperature but there was no effect of enzyme
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supplementation on the concentrations of these acids.
The populations of lactic acid bacteria and lactobacilli in
ileal digesta were decreased by enzyme supplementation
but were not affected by drying temperature. The total
anaerobic bacteria count in caecal digesta was increased
by microbial enzymes (8.1 vs 7.8 log10 colony-forming
units per gram of digesta). The number of lactic acid
bacteria was increased by increased grain drying
temperature. The response of microbial populations to
changes in the quality of grain in the diet has not been
studied previously. Concentrations of short-chain fatty
acids in the upper small intestine of broiler chickens
were increased by diets high in low-AME wheat (Choct
et al., 1999). This may be indicative of an increase in
microbial populations responsible for the fermentation
of fibre.
In the current study, diets based on sundried maize
or maize dried at 90 °C gave better responses than
maize that was artificially dried at other temperatures.
There was a positive response to microbial enzymes.

Conclusion

The increased use of alternative ingredients has increased
the demand for microbial enzyme supplements. The
studies presented in this paper illustrate how responses
to microbial enzyme supplements differ and suggest
that producers should to choose supplements according
to dietary treatment.
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Summary

The application of organic acids and their salts to diets
for pigs has been studied extensively. They have proved
especially effective in maintaining growth performance
since the ban on antibiotic growth promoters came
into effect in Europe in 2006. Numerous trials have
demonstrated their mode and magnitude of action and
have established effective doses for piglets, fattening
pigs and sows. The use of formic acid and its double
potassium salt in particular have been the subject of
intense investigation, with the result that we now know
its dose-dependent effect on growth performance and
feed conversion in pigs under a range of different
environmental conditions and feed formulations. Its
main mode of action is its antimicrobial effect, which
makes it comparable with antibiotic growth promoters;
however, organic acids also reduce pH in the stomach,
which optimises conditions for pepsin activity, and
increases the digestibility of nitrogen, phosphorus and
several minerals. This is not only beneficial in sparing
nutrients, but also prevents losses that might otherwise
contribute to environmental pollution. More recently,
the use of acids in general and diformates in particular
has spread to the poultry and aquaculture industries. Its
performance-enhancing effects in poultry and fish are
documented. With a growth-promoting effect similar
to that of antibiotic growth promoters, switching from
growth promoters to organic acids, especially potassium
diformate, can be achieved without detriment to
profitability.

Introduction

Organic acids have been used for decades in commercial
compound feeds, mostly for feed preservation, for which
formic and propionic acids are particularly effective. In
the European Union, these two organic acids and several
others (lactic, citric, fumaric and sorbic acids) and
their salts (e.g., calcium formate, calcium propionate)
are used under the classification ‘feed preservatives’.
One such organic acid salt is also approved for use as a
zootechnical additive (products that formerly included
antibiotics and other growth promoters) for enhancing
performance in pigs. To achieve this status for each lifeRecent Advances in Animal Nutrition – Australia 18 (2011)

stage of a species, evidence of significant performance
enhancement (feed conversion ratio, live weight
gain) must be shown in three separate trials for each
recommended dosage.
Experience has shown that acidifiers are the
most reliable product group of the non-antibiotic
growth promoters available in Europe and can also
be used safely and effectively with other additives.
The main mode of action of organic acids is through
their antimicrobial effects, the magnitude of which is
dependent on the chemical properties of the individual
acid or acid salt.
The market for organic acids in Europe is expected
to continue to grow, especially in southern and Eastern
Europe, reflecting the industry’s move away from
antibiotic growth promoters. Northern Europe was
already beginning to adopt these products before the
EU-ban, based on the expectation that acids would
emerge as a ‘cost-effective, performance enhancing
option for feed industry’ (Kochannek, 2011).

Mode of action of organic acids for
pig diets

Since the ban of antibiotic growth promoters in
the European Union, organic acids have been used
increasingly, not only because of their preservative
qualities, but also for their nutritive properties.
They are both bacteriostatic and bactericidal. As
undissociated organic acids are lipophilic, they can cross
the cell membrane of Gram negative bacteria, such as
Salmonella. Once inside the cell, the higher cytosolic
pH causes the acid to dissociate, releasing hydrogen
ions, which consequently reduces the intracellular pH.
Microbial metabolism is dependent on enzyme activity,
which is depressed at lower pH. To redress the balance,
the cell is forced to use energy to expel protons out across
the membrane via the H+-ATPase pump to restore the
cytoplasmic pH to normal. Over a period of exposure
to an organic acid, this can be sufficient to kill the cell.
Expelling protons also leads to an accumulation of acid
anions in the cell (Lambert and Stratford, 1998), which
inhibits intracellular metabolic reactions, including
the synthesis of macromolecules, and disrupts internal
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membranes. Lactic acid bacteria are less sensitive to
the pH differential across the cell membrane, and thus
remain unaffected. Inhibition of microbial growth by
this mode of action has been exploited for thousands
of years in food preservation; organic acids are natural
by-products of microbial metabolism.
Studies have quantified the effects of several organic
acids against different microbes in vitro (e.g., Strauss
and Hayler, 2001; Figure 1). Minimum inhibitory
concentration (MIC) is commonly used as an index of
the efficacy of antimicrobial substances and reflects
the minimum concentration of a substance needed to
inhibit bacterial growth.

Figure 1. The antimicrobial effects (minimum inhibitory
concentration, MIC) of formic, propionic and lactic
acids against various bacteria (from Strauss and Hayler,
2001).

Organic acids in pig diets

Addition of organic acids to feed combats susceptible
microorganisms, including pathogenic bacteria and
some fungi, which would otherwise cause spoilage and
reduce its nutritive value by metabolizing the starch and
protein therein.
In pig diets, organic acids and their salts also take

effect in the gastrointestinal tract, mainly in the proximal
tract - the stomach and small intestine. Firstly, organic
acids lower the pH of the stomach contents, which can
be especially beneficial at weaning, when the gastric
acid secretion capacity of the animal’s stomach is
often insufficiently developed. Although pH reduction
can inhibit pathogen growth and optimise pepsin
activity, pH alone does not account for the numerous
benefits reported when organic acids are included in
diets for pigs. Inorganic acids, such as hydrochloric
or phosphoric acid (both of which reduce stomach
pH), do not improve growth rate or feed conversion of
pigs in vivo (Metzler and Mosenthin, 2007; Table 1).
Supplementation of diets with organic acids reduces the
pH in the stomach, especially in weaning pigs, where
it stimulates the conversion of inactive pepsinogen to
active pepsin. This may improve protein digestibility
and decrease the rate of gastric emptying. Organic acids
also stimulate exocrine pancreatic secretion of enzymes
and bicarbonate, thus assisting with protein and fat
digestion.
Furthermore, organic acid anions can complex with
calcium, phosphorus, magnesium and zinc, improving
the digestion of these minerals and reducing the
excretion of supplemental minerals and nitrogen (Roth
et al., 1998a, b). This is particularly useful from the
perspective of European pig production systems, which
have come under increasing scrutiny from legislators
because of their emissions into the environment. The
bacteriostatic or bactericidal effects of organic acid
anions also take effect in the proximal gastrointestinal
tract. Here, the differential inhibition of pathogens
compared to beneficial bacteria such as lactobacilli and
bifidobacteria improve the microbial load (eubiosis)
in the tract, preventing post-weaning diarrhoea. As
several studies have shown that the bactericidal effect
of organic acids persists in the absence of a significant
decrease in pH, they are also useful in combating
bacterial pathogens in grower–finisher pigs and sows
(e.g., Kirchgessner and Roth, 1987; Kirchgessner et al.,
1992).
It should be noted that whereas organic acids lower
gastric pH, organic acid salts do not (Eidelsburger et
al., 1992a). Therefore, the improvements in growth
performance resulting from dietary inclusion of

Table 1. Effects of organic acids on the apparent total tract digestibility of crude protein and energy and on
nitrogen (N) retention in pigs (adapted from Metzler and Mosenthin, 2007).
Level
Crude protein
Gross energy
N retention
Organic acid
(%)
D (%)
ΔD
D (%)
ΔD
R (%)
ΔR
Formic acid
1.4
80.6
+1.4
82.2
+0.7
48.3
+4.9*
Butyric acid
2.7
80.6
+1.4
82.2
+1.6*
48.3
+4.0*
Fumaric acid
1.8
80.6
–1.0
82.2
+0.7
48.3
+2.9*
Propionic acid
2.0
80.2
+2.3
77.9
+1.4
D: digestibility of non-acidified control diet; ΔD: percentage unit change in the digestibility relative to the nonacidified control diet; R: N-retention of non-acidified control diet as a percentage of intake; ΔR: percentage
unit change in N-retention relative to the non-acidified control diet; *significantly different from the control
diet (P < 0.05).
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organic acid salts are due to an antimicrobial effect, as
demonstrated by Kirchgessner et al. (1992).
Other studies have demonstrated that adding
organic acids to diets for pigs stimulates secretion
of pancreatic enzymes – especially butyrates and
propionates (Mosenthin, pers. comm.) – and may
influence gut morphology and intermediary metabolism
via metabolic enzyme activity. Butyric acid for instance,
is the main energy source for the epithelial cells of the
large intestine and is considered to be effective for
promoting epithelial growth (Gálfi and Bokori, 1990).

Achieving best results in pig
performance

Although growth performance benefits have been shown
in numerous studies over the past half-century (Cole et
al., 1968), the ban on antimicrobial growth promoters
in the European Union in 2006 resulted in an increased
scientific focus on organic acids. Even before the ban,
a double salt of potassium formate and formic acid
had generated sufficient data to support its approval as
a ‘growth promoter’ under Council Directive 70/524/
EEC in 2001 (Øverland, 2001). Achieving this approval
required that the growth-promoting effects had been
established under a range of practical conditions across
Europe.
At weaning, piglets are particularly susceptible to
infection with intestinal pathogens, as well as being
inadequately equipped physiologically to deal with
solid feed. The buffering capacity of weaning feeds is
also high, compounding the problem through a negative
effect on pepsin activity in the stomach (Eidelsburger
et al., 1992b), a problem that is addressed through the
acidification of the diet.
In diets for grower–finisher pigs, the antimicrobial
effect of organic acids in the feed (hygiene), stomach
and small intestine is largely responsible for their
performance-enhancing benefits. This has been
shown repeatedly in trials under European conditions.
Effective doses have been established that can improve
productivity of pigs to levels comparable with antibiotic
growth promoters (Øverland et al., 2000; Table 2).
More recent studies have demonstrated benefits of
adding organic acids to diets for sows. Øverland et al.
(2009) added 0.8% or 1.2% potassium diformate to diets
for primiparous and multiparous sows from one mating
to the next, feeding the acidifier through gestation and
lactation. The performance of the piglets of these sows
was also recorded and compared. The authors found

that sows fed potassium diformate had increased back
fat thickness during gestation, although daily feed
intake and body weight gain did not change. Feeding
potassium diformate also tended to be associated with
a heavier birth weight of piglets, irrespective of dose.
It also improved average daily gain, resulting in a
greater weaning weight. Sows fed the diets containing
potassium diformate tended to have increased milk fat
content on day 12 post-farrowing. On the other hand,
sows fed potassium diformate at a dosage of 0.8%
under tropical conditions (Lückstädt, 2011) tended
(P < 0.1) to have a higher feed intake from 3 days after
farrowing onwards. Furthermore, reduced weight loss
(P = 0.06) during the weaning period and lower back fat
loss (P = 0.05) was observed.

Salmonella control in fattening pigs

Salmonella control has a high priority in European pork
production systems. It is a significant cause of human
salmonellosis and causes major economic losses in the
pork production chain through reduced productivity
and increased veterinary and hygiene control costs.
Preventing the spread of salmonella to the consumer
requires special control measures during slaughter
and processing. The extra cost of these controls is
increasingly being transferred back to the producer in
the form of financial penalties or as a loss of income for
contaminated pigs.
Good gut health is increasingly being shown to
be effective against intestinal pathogens, a strategy
that has only been made possible through the removal
of antibiotic growth promoters in feed. Creating and
maintaining a healthy intestinal environment has
become essential to productivity and food safety
programmes alike.
Salmonella enteritica Typhimurium is the
predominant serotype found in pig carcasses in Europe,
accounting for about 71% of cases. Several serotypes
are resistant to antibiotics, which has put pressure on
producers to prevent contamination. While salmonella
cannot be wholly eradicated in pig units, it can be
controlled to minimise the risk to consumers. Biosecurity
plays a significant role in salmonella control. In feed
compounding, although heat treatment is effective in
reducing contamination of feed leaving the feed mill,
this effect does not persist during transport, storage and
subsequent outfeeding. When conditions within the feed
are less conducive to bacterial infection, salmonella
contamination can be reduced. The next critical control

Table 2. Effect of potassium diformate (KDF) and tylosin phosphate on the performance of piglets (9–21 kg live
weight; n = 120) under Danish production conditions (adapted from Danielsen, 1998; Øverland, 2001).
Treatment

Negative 0.6% KDF
1.2% KDF
1.8% KDF
40 ppm
control
Tylosin
a
ab
ab
bc
Feed intake (g/d)
554
593
600
646
629b
a
b
bc
cd
Growth rate (g/d)
355
418
437
471
471cd
a
b
b
b
FCR
1.56
1.42
1.37
1.37
1.34b
a,b,c,d
Means in the same row without common superscripts differ significantly (P < 0.05).

1.2% KDF + 150
ppm Cu
704c
486d
1.45ab
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point is within the pig’s gut, where conditions for
bacterial growth may again be optimal. Salmonella
growth requires warmth (35–37 °C is optimal), a
moisture content greater than 12% and a pH between
4.5 and 9.0. It is no coincidence that the pig gut can
provide salmonella everything they need to thrive.
While biosecurity and hygiene in the feed mill and
on farm are essential, organic acids also have benefits
for salmonella control. Feed acidification is not only
effective within the feed, as reviewed by Stonerock
(2007), its biggest benefit may occur within the pig
itself. Research trials in the UK, France and Ireland
with a 0.6% potassium diformate (KDF) feed additive
showed that KDF significantly reduced the salmonella
count in the feed as well as in the gut of pigs. This effect
is particularly well illustrated by data collected on 12
farms in Ireland (Lynch et al., 2007). Salmonella control
has been compulsory under Irish law since 2002 and
farm status is categorised by the percentage of positive
pigs in a herd according to the Danish mix-ELISA test.
Category 3 (>50% positive) farrow-to-finish farms and
their associated fattening units were selected for the
study. All the farms that were treated with KDF alone
or a combination of KDF and improved hygiene and
biosecurity measures had notable improvements in
both the bacteriological and the serological prevalence
of Salmonella spp. All but one farm in which KDF was
used ended the trial with a much improved salmonella
status and the bacteriological prevalence was also low
on most farms. Improved hygiene and biosecurity
measures alone also improved salmonella status, but
to a much lesser extent than KDF. The reduction in
prevalence obtained with KDF alone, compared with
the two farms in which KDF and additional hygiene
and biosecurity measures were used demonstrates the
additive’s efficacy.
A study by Dennis and Blanchard (2004) in the
UK and a more recent study by Correge et al. (2010)
in France also concluded that potassium diformate
is an effective tool in salmonella control strategies
on commercial farms, as it reduced the percentage
of salmonella-positive pigs by 50% and decreased

salmonella ELISA scores in pork meat juice by 46%
in grower–finisher pigs. The UK trial also showed an
improvement in daily gain of 7.7%, reduced mortality
and a reduction in medicinal intervention compared
with the rolling average for the unit, which showed an
economic benefit to implementing salmonella control
measures.

Organic acids in poultry diets

One of the first reports of improved broiler performance
when diets were supplemented with single acids was
for formic acid (Vogt et al., 1981). Subsequently, Izat et
al. (1990a) reported reduced levels of Salmonella spp.
in carcass and caecal samples after including calcium
formate in broiler diets. Izat et al. (1990b) showed that
buffered propionic acid could be used to counteract
pathogenic microflora in the intestine of broiler
chickens, which resulted in a significant reduction
in carcass contamination with Escherichia coli and
Salmonella spp.
The use of pure formic acid in breeder diets reduced
the contamination of tray liners and hatchery waste
with S. enteritidis (Humphrey and Lanning, 1988).
Hinton and Linton (1988) studied salmonella infections
in broilers using a mixture of formic and propionic
acids. They demonstrated that 6 kg/t (0.6%) of this
organic acid blend was effective in preventing intestinal
colonization with Salmonella spp. from naturally or
artificially contaminated feed.
Improvements in broiler performance and hygiene
in response to organic acids are often reported. However,
an important limitation is that organic acids are rapidly
metabolised in the foregut (the crop to the gizzard),
which will reduce their impact on growth performance.
Double salts of organic acids, such as potassium
diformate and sodium diformate, which reach the small
intestine, have been shown to have a significant impact.
Selle et al. (2004) demonstrated the effects of potassium
diformate at dosages of 0.3–1.2% until 35 days posthatch on nutrient utilisation (Table 3). Furthermore,
diformates reduced numbers of pathogenic bacteria
(Salmonella, Campylobacter and Enterobacter) in

Table 3. Effects of potassium diformate (KDF) on growth performance, apparent metabolizable energy (AME)
and N-retention of broilers from hatch until 35 days post-hatch (adapted from Selle et al., 2004).
Control

0.3% KDF

0.6% KDF

1.2% KDF

1785
2836a
1.59

1808
2800a
1.55

1889
3083b
1.63

1853
2898a
1.57

1478a
2426a
1.64

1488a
2380a
1.60

1556b
2652b
1.70

1528ab
2480a
1.62

AME (MJ/kg DM)
13.73a
14.33b
13.98ab
a
ab
N retention (%)
53.8
55.1
53.8a
a, b
Means in the same row without common superscripts differ significantly (P < 0.05).

14.21b
56.8b

1–35 days post hatch
Weight gain (g)
Feed intake (g)
Feed conversion ratio
16–35 days post hatch
Weight gain (g)
Feed intake (g)
Feed conversion ratio
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broiler chickens and increased numbers of Lactobacilli
and Bifidobacteria (Lückstädt and Theobald, 2009).
Mikkelsen et al. (2009) showed that 0.45%
potassium diformate reduced mortality caused by
necrotic enteritis (Clostridium perfringens). After the
necrotic enteritis outbreak (day 35 of the trial period),
KDF significantly reduced the number of C. perfringens
in the jejunum, in agreement with results showing that
formic acid inhibits growth of C. perfringens (Mroz,
2005) in vitro.
The reduction in pathogenic bacteria in broilers,
together with the improved gut microflora, which resulted
in a state of eubiosis in treated chickens, suggests that
diformate will also improve bird performance. A trial
conducted in Russia (Lückstädt and Theobald, 2011)
recorded feed intake, growth and mortality of birds. An
economic analysis of these data based on the European
Broiler Index (EBI) showed statistically improved live
weights with increasing dosage (Table 4).
The mode of action of acidifiers in poultry is
mainly antimicrobial, whereas in pigs, a key activity
is reduction of stomach pH (Desai et al., 2007). Other
trials have shown improved health status in chickens,
as demonstrated by improved gut microflora (lower
Enterobacter numbers and high Lactobacilli and
Bifidobacteria counts).

Organic acid–diet interactions

Much of the data available on the use of acidifiers in
pig diets involves trials conducted under European
conditions. However, within Europe, there are great
variations in climatic conditions (Spain to Norway),
feed ingredients (wheat, soy, maize) and nutrient
composition (protein, carbohydrates, fibre, minerals).

Studies have shown that these variables can have a
significant impact on the animal’s response to an acidifier.
For example, a piglet trial carried out by Paulicks et
al. (2000) demonstrated that calcium can influence the
efficacy of potassium diformate. High dietary calcium
content (14 g/kg) increased the buffering capacity of
the diet and reduced the acidifier’s growth-promoting
effect, although the effect on pig performance was still
noticeable. A calcium content of 7–8 g/kg is desirable
and will optimise the acidifier’s growth-promoting
capacity. Eidelsburger et al. (2007) tested the effect
of potassium diformate on the performance and health
of weaner piglets fed two different protein levels,
representing the high protein contents typically fed in
the UK compared with elsewhere in Europe. Although
the acidifier was found to improve feed intake, weight
gain and feed conversion, it achieved this irrespective
of protein content.
Callesen (1999) observed a synergistic effect on
weight gain and feed conversion when potassium
diformate and phytase were used together. When
phytase is added to diets, it enables phosphorus and
calcium levels to be reduced, decreasing the acidbinding capacity of the feed, which increases the utility
of adding organic acids to the diet. In addition, the pH
reduction conferred by the acidifier helps establish the
pH optimum for phytase.

Multifactorial analysis

Partanen and Mroz (1999) evaluated the effects of
dietary organic acids on the performance of weaned
piglets and fattening pigs using a meta-analysis of
data from the literature. Their findings are summarised
in Table 5. Organic acids improved all performance

Table 4. Performance data of broilers with or without dietary diformate.
Control
0.1% Diformate
0.3% Diformate
0.5% Diformate
Weight, day 38 (g)
1872 ± 20
1993 ± 19
2044 ± 24
2065 ± 28
Feed conversion ratio
1.84
1.70
1.62
1.63
Survival rate (%)
94.3
100
100
100
EBI*
247
302
325
327
*EBI: European Broiler Index = Average daily gain (g) × survival (%) / 10 × feed conversion ratio
Table 5. Multifactorial analysis of the effect of organic acids in piglets (adapted from Partanen and Mroz, 1999).
Formic acid
Fumaric acid
Citric acid
Potassium diformate
Experiments/ observations 6 /10
18/27
9/19
3/13
Acid level (g/kg feed)
3–18
5–25
5–25
4–24
Feed intake (g/d)
Control
667 ± 87
613 ± 148
534 ± 276
764 ± 9
Experimental
719 ± 75
614 ± 152
528 ± 302
823 ± 38
Feed to gain (kg/kg)
Control
1.64 ± 0.13
1.59 ± 0.16
1.67 ± 0.25
1.60 ± 0.02
Experimental
1.60 ± 0.14
1.55 ± 0.14
1.60 ± 0.24
1.54 ± 0.04
Unbiased effect size (d)
Feed intake
0.46a ± 0.16
–0.08b ± 0.10
–0.20b ± 0.13
0.59a ± 0.14
P≤*
0.01
0.42
0.14
0.001
Weight gain
0.77a ± 0.16
0.25b ± 0.10
0.32b ± 0.11
0.89a ± 0.15
P≤
0.001
0.01
0.01
0.001
Feed to gain
–0.91 ± 0.36
–0.71 ± 0.27
–0.81 ± 0.30
–1.04 ± 0.42
P≤
0.02
0.01
0.01
0.02
*Probability value for comparison with the control diet. a,bMeans in the same row without common superscripts
differ significantly (P < 0.05)
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parameters in weaned and fattening pigs compared with
non-acidified control diets.
Holoanalysis, which makes use of as much
of the literature as possible, is less restricted to
the experimental parameters, e.g., housing, feed
components and acidifier dose, (Mellor, 2008). The
holoanalytical model demonstrated that using acids
in pig diets improves the productivity parameters of
greatest importance to economic success (Rosen, 2008),
as shown in Table 6. Moreover, this effect is dosedependent. Even when the input data is confined to one
acidifier (potassium diformate), the models also show
(Table 7) that its inclusion has beneficial effects on feed
intake (+3.52%), live weight gain (+8.67%) and feed
conversion ratio (–4.20%) compared with other acids
and acid salts (Lückstädt and Mellor, 2010).

Conclusion

Organic acids and their salts have become common
additives in pig diets, where their modes of action and
dosages are clearly characterised. Their antibacterial
effect has also attracted interest in their application to
poultry diets, for which effective salts and dosages are
rapidly being established. The use of acidifiers in pig
and poultry diets is growing, especially in Europe, but
also in the Austral-Asian region.

Table 6. Nutritional responses to acids, salts and their admixtures (Rosen pers. com.).

Control feed intake (kg/day) *1
Effect on control feed intake
Control live weight gain (kg/day)*2
Effect on control live weight gain
Control feed conversion ratio
Effect on control feed conversion ratio *
*Calculated as *1/*2.

Responses to acids, salts and mixtures (n = 37,924 pigs)
Mean
Range
0.917
0.141–3.03
0.0111 (1.21%)
–0.63–0.415
0.434
0.086–0.981
0.0235 (5.48%)
–0.132–0.284
1.98
1.05–5.08
–0.0730 (3.69%)
–1.15–0.890

Table 7. Effects of potassium diformate, calcium formate, citric acid, formic acid and fumaric acid in pig diets
relative to negative control performance (responses are expressed as percentages of values for the negative control)
(from Lückstädt and Mellor, 2010).

No. of trials
Feed intake
Weight gain
Feed conversion ratio

Potassium
diformate
59
3.52
8.67
–4.20

Calcium
formate
26
–0.59
1.68
–1.39

Citric acid

Formic acid

Fumaric acid

64
0.24
3.29
–3.60

32
1.15
4.94
–2.75

103
0.97
4.00
–3.04
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Changes in rumen microbial ecology are linked with
feed efficiency, diet and methane production in beef
cattle
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Enteric methane (CH4) emissions from ruminant
livestock account for ca. 12% of Australia’s total
greenhouse gas emissions (DAFF, 2011). CH4 is formed
by methanogenic microorganisms present within the
animal’s rumen. These perform the beneficial task of
removing hydrogen from the rumen and enhancing
the breakdown and fermentation of ingested food.
CH4 mitigation strategies developed for ruminants
need to consider the influence of genetics, diet, rumen
microbiology and the degree to which these can be
manipulated without compromising rumen function and
animal production. Recently, residual feed intake (RFI)
in beef cattle was shown to be linked with reductions in
CH4 emissions when animals are grazed on high-quality
pasture (Jones et al., 2011).
The aim of the current work was to investigate
how ruminant microbial communities are influenced
by animal RFI phenotype and diet and to determine
whether changes in CH4 production are linked to
changes in specific rumen microbial communities.
Rumen microbial communities were investigated
using a molecular microbial profiling technique (terminal
restriction fragment length polymorphism; T-RFLP).
This technique provides a snapshot of microbial
communities without requiring prior knowledge of
the microbial species present within the community,
emabling changes in community structure associated
with dietary or host genetic factors to be screened.
T-RFLP has been successfully used to investigate gut
microbiota in other livestock and to establish links with
feed efficiency (Torok et al., 2008). In the current study,
we investigated rumen microbial communities in highand low-RFI lines of Angus cows (n = 24 per group)
that had been grazed on low dry matter digestibility
(550 g/kg) and high dry matter digestibility (810 g/
kg) pastures (Jones et al., 2011). CH4 emissions were
determined using the open path Fourier transform
infrared spectrophotometer technique (Jones et al.,
2011). Rumen fluid (ca. 10 mL) was collected from
each animal after 6 weeks of grazing on the allocated
pastures and total nucleic acid was extracted using the
method described by Torok et al. (2008). The microbial
community structures of bacteria, archaea, methanogens,
Recent Advances in Animal Nutrition – Australia 18 (2011)

fungi and protozoa were determined using T-RFLP.
Data were validated (Torok et al., 2008) and analysed
using multivariate statistical methods (PRIMER-E).
A significant difference (P < 0.05) in CH4 production
between high and low RFI cows (0.34 ± 1.017 and 0.46
± 0.023 g CH4 per kg live weight, respectively) was
only observed in cows fed high-quality pasture (Jones
et al., 2011). T-RFLP analysis of rumen samples showed
that diet significantly (P < 0.05) altered all microbial
communities investigated in this study (bacteria,
archaea, methanogens, fungi and protozoa), regardless
of RFI grouping. RFI phenotype also significantly (P
< 0.05) influenced bacterial and fungal communities,
irrespective of dietary treatment. Furthermore, archaeal
and methanogenic communities were only significantly
different between high and low RFI cows when they
were fed a high quality pasture. No significant influence
of RFI line on the rumen protozoan community structure
was detected. The observed changes in rumen microbiota
are related to specific organisms and to changes in the
abundance of common organisms. In conclusion, both
diet and RFI phenotype influence rumen microbiota,
with diet having the greater influence on microbial
community structure. However, when cows were fed a
high-quality pasture, specific changes in archaeal and
methanogenic communities were detected between
high and low RFI cows. These data are supportive of
the significant methane differences observed between
high and low RFI cows grazing high-quality pasture.
The microbial profiling work was funded by the
Australian Government’s Climate Change Research
Program and Meat & Livestock Australia; the animal
experimentation was funded by the Department
of Agriculture and Food and the Cattle Industry
Compensation Act.
DAFF (2011) Department of Agriculture, Fisheries
and Forestry. Emissions reduction http://www.
daff.gov.au/climatechange/australias-farmingfuture/climate-change-and-productivity-research/
emissions_reduction2 (accessed on 11 February
2011).
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A urine creatinine excretion model for beef steers
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Metabolism studies often require collection of urine
for accurate determination of excreted products. Total
collection of urine over a period of 24 h or more can
be stressful to the animal and is often impractical,
especially in grazing situations and when large numbers
of animals are involved. Urine spot-sampling, while not
as accurate as total collection of urine, can be useful
for assessing the metabolic state of an animal if total
daily urine output can be calculated. Creatinine is a
waste product of muscle turnover and the creatinine
concentration of urine spot-samples has been used to
estimate daily urine excretion. Several workers have
used this approach to compare mineral excretion in
periparturient dairy cows (e.g., Goff and Horst, 1998).
Chizzotti et al. (2008) measured creatinine excretion
rates using Holstein heifers of various live weights and
derived the equation, CE (mg/kg) = (0.28 – 0.000097
× LW) × 113.18, where CE is creatinine excretion per
24 h, LW is live weight of the animal in kg and 113.18
is the molecular weight of creatinine. They found that
creatinine excretion rate decreased as body weight
increased and as animals aged. Thus, it may be possible
to use a standard creatinine production rate (per kg live
weight) for mature animals.
Three data sets obtained from successive
metabolism studies at the University of New England
were evaluated with the aim of producing a model for
the calculation of daily creatinine excretion in beef
steers. Rumen fistulated Angus × Brahman beef steers
(n = 19, ca. 25% Bos indicus content) were housed
in metabolism crates for up to five consecutive days.
Over a 12-month period, the steers were used in three
experiments that each involved total collection of urine.
The steers were approximately 15 months old (mean
live weight, 275 kg) at the start of the first experiment
and 28 months old (mean live weight 457 kg) at the
start of the last experiment.
Urine samples were analysed for creatinine level
using an auto-analyser (Dade Behring Dimension RXL
Clinical Chemistry System, Newark, DE). Data from
the three experiments were pooled and analysed for
the effect of treatment. The results were described by
the linear regression y = –0.05x + 48.14 (R2 = 0.398),
where y is urine creatinine excretion (mg/kg.day-1
and x is liveweight (kg). There were no treatment
effects on urine creatinine production in the respective
experiments.
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Figure 1. Comparison of predictive daily creatinine
excretion equations (McGrath: from this study;
Chizzotti: from Chizzotti et al., 2008) with the average
measured daily creatinine excretions of steers from
three total urine collection experiments (observed) at
different live weights.
Figure 1 shows that the formula created using data from
our experiments provides better predictions at lower
live weights than the formula of Chizzotti et al. (2008).
The difference between the two calculated creatinine
excretion rates decreased as the animals matured.
The formula for creatinine excretion presented here
will more accurately predict creatinine excretion from
lightweight beef steers.
Chizzotti ML , Valadares Filho SdC, Valadares RFD,
Chizzotti FHM, Tedeschi LO (2008) Determination
of creatinine excretion and evaluation of spot urine
sampling in Holstein cattle. Livestock Science 113,
218–225.
Goff JP, Horst RL (1998) Use of hydrochloric acid as
a source of anions for prevention of milk fever.
Journal of Dairy Science 81, 2874–2880.
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Urinary Ca excretion in preparturient dairy cows is
an indication that plasma ionised Ca is in excess of
requirements (Kurosaki et al., 2007). As blood plasma
Ca concentration must be maintained within a narrow
range, any increase in Ca inflow to the extracellular
pool can be expected to increase the outflow of Ca via
the kidneys. Ca concentration is under homeostatic
control, primarily via parathyroid hormone (PTH)
(Horst, 1986). PTH promotes production of 1,25
dihydroxycholecalciferol (1,25OH2D) from 25
hydroxycholecalciferol (25OHD) in the kidney
(Goff et al., 1991), which in turn upregulates active
transport of Ca in the small intestine. Feeding anionic
salts to ruminants reduces urinary pH and results in
hypercalciuria (Kurosaki et al., 2007). Diets that are
anionic (negative dietary cation–anion difference,
DCAD) increase intestinal absorption of Ca and Ca
resorption from bone (to buffer metabolic acidosis) and
thus increase urinary excretion of Ca (Horst, 1986).
Mild metabolic acidosis may increase the sensitivity of
the 1,25OH2D receptors (Goff et al., 1991). This study
was designed to determine if slow release intra-rumen
supplementation with 25OHD increases urinary Ca
excretion when steers are fed negative DCAD diets.
Rumen-fistulated crossbred beef steers (n = 18; ca.
25% Bos indicus content) were allocated to two dietary
treatments, a DCAD of 150 meq/kg or a DCAD of
–120 meq/kg. DCAD was manipulated using MgCl2.
The forage-based diet consisted of a combination of
lucerne, wheaten chaff and barley in pelleted form,
fed with low quality pasture hay. Steers were allocated
randomly to slow-release rumen boluses that contained
either monensin or monensin plus 45.6 mg of 25OHD.
Blood samples were taken at three different times to
correspond with varying stages of bolus degradation.
Daily mineral excretion rates were determined using
spot urine samples and creatinine:mineral ratios,
assuming a constant value for daily creatinine excretion
(mg/kg live weight).
Supplementation of steers in the DCAD 150 group
with 25OHD did not increase urine Ca excretion (P >
0.05). Treatment DCAD –120 resulted in greater urine
Ca excretion than treatment DCAD 150 (P < 0.05).
Plasma 25OHD levels greater than 75 ng/ml increased
urinary Ca excretion within treatment DCAD –120 (P <
0.05, Figure 1). Supplementation with 25OHD at twice
Recent Advances in Animal Nutrition – Australia 18 (2011)

the endogenous level increased (P < 0.05) urinary Ca
excretion when combined with anionic salts. This effect
was not observed when anionic salts were absent from
the feed.

Figure 1. Urinary Ca excretion is increased by a
combination of anionic salts in the feed and intrarumen administration of 25OHD. DCAD –120
(▲). DCAD 150 (♦). Linear regression: y = 65.04x
+ 1343 (R2 = 0.621).
Intra-rumen supplementation with 25OHD and
a reduced DCAD resulted in hypercalciuria. The
interaction between 25OHD and a reduced DCAD
confirms the theory that hormone receptors of PTH
and vitamin D analogues are more sensitive because
of reduced metabolic alkalosis (Goff and Horst, 2003).
Administration of 25OHD into the rumen appears to
be very effective in manipulating Ca homeostasis in
ruminants when combined with a reduction in DCAD.
This technique may be useful for controlling parturient
paresis in dairy cows.
Goff JP, Horst RL (2003) Role of acid–base physiology
on the pathogenesis of parturient hypocalcaemia
(milk fever) - the DCAD theory in principal and
practice. Acta Veterinaria Scandinavica 97, 51–56.
Goff JP, Reinhardt TA, Horst RL (1991) Enzymes and
factors controlling vitamin D metabolism and
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action in normal and milk fever cows. Journal of
Dairy Science 74, 4022–4032.
Horst RL (1986) Regulation of calcium and phosphorus
homeostasis in the dairy cow. Journal of Dairy
Science 69, 604–616.
Kurosaki N, Yamato O, Mori F, Imoto S, Maede Y
(2007) Preventive effect of mildly altering dietary
cation–anion difference on milk fever in dairy
cows. Journal of Veterinary Medical Science 69,
185–192.
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Anionic salts are widely used to prevent clinical
hypocalcaemia (milk fever) in dairy cattle (Goff and
Horst, 2003) and their effects have often been determined
in Holstein cows. At the University of New England,
Brangus steers (ca. 25% Bos indicus content) have
been selected for use in studies on the effects of anionic
salts on calcium metabolism. However, the effects of
anionic salts may differ between yearling crossbred
beef steers and mature Holstein cows. Kurosaki et al.
(2007) showed that Holstein heifers had a much greater
ability than Holstein cows to adapt to rapid changes
in Ca excretion and Horst et al. (1990) showed that
an increase in age is associated with a decrease in the
concentration of vitamin D receptors in the intestine
and bone.
The response to anionic salt supplementation was
studied using eight yearling Brangus steers (average live
weight, 234 kg) and six periparturient Holstein cows
(average live weight, 635 kg). The steers were allocated
randomly to one of two treatments, BRAN –80 or
BRAN 130, and the cows were allocated to treatments
HOL –80 or HOL 130. The BRAN 130 and HOL 130
treatments consisted of a pelleted forage diet (dietary
cation–anion difference [DCAD] = 130 meq/kg). For
the BRAN –80 and HOL –80 treatments, MgCl2 was
mixed with the same pellets used for the BRAN 130
and HOL 130 treatments prior to each feeding to reduce
the dietary DCAD to –80 meq/kg. On days 7, 8 and
9 of the experiment, urine spot-samples were collected
immediately prior to the first feeding and analysed
for pH and Ca concentration. Daily Ca excretion was
calculated using urine creatinine concentration.
Urine pH was lower (P < 0.05) in the BRAN –80
group than in the other treatments, which is similar to
the results of Kurosaki et al. (2007). Urine pH did not
differ between the HOL treatments (P > 0.05). Urine pH
for the HOL 130 and HOL –80 treatments was lower
(P < 0.05) than for the BRAN 130 treatment (Figure
1). There were no effects of anionic salts on urine Ca
excretion between any of the treatments. The lack of
a response in the BRAN –80 treatment was due to a
large coefficient of variation. The absence of increased
Ca excretion in two of the steers in the BRAN –80
group may have been caused by stress, as this was
the first time that they were exposed to experimental
conditions. The lack of response to anionic salts in the
Recent Advances in Animal Nutrition – Australia 18 (2011)

HOL –80 treatment can be explained by reduced feed
intake. Although individual intake was not measured,
the total feed intake of the HOL –80 group was half that
of the HOL 130 group. MgCl2 is known to reduce diet
palatability (Goff and Horst, 2003).
Although it is accepted that anionic salt
supplementation results in reduced palatability for
Holstein cows, the Brangus steers did not appear to
experience reduced palatability, as the feed intakes
of both BRAN treatment groups were similar. The
difference in urine pH between the BRAN 130 and HOL
130 treatments is noteworthy. Brangus steers appear to
have higher urine pH when consuming forage diets
with a positive DCAD than Holstein cows. This may
be a result of extra metabolic Ca buffering in the steers
because the rate of bone turnover is greater in young
animals than in older animals (Horst et al., 1990).
Brangus steers appear to be suitable for studying the
effects of DCAD on Ca excretion as they do not have
palatability problems with anionic salts, Ca excretion
per unit of body weight is similar to that of Holstein
cows and urine pH is suitably responsive.

Figure 1. Urine pH of Brangus (BRAN) steers and
Holstein (HOL) cows fed a forage diet with dietary
cation–anion differences of 130 meq/kg or –80 meq/kg.
Columns with different letters differ significantly (P <
0.05).
Goff JP, Horst RL (2003) Milk fever control in the
United States. Acta Veterinaria Scandinavica 97,
145–147.
Horst RL, Goff JP, Reinhardt TA (1990) Advancing
age results in reduction of intestinal and bone
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126,1053–1057.
Kurosaki N, Yamato O, Mori F, Imoto S, Maede Y
(2007) Preventive effect of mildly altering dietary
cation–anion difference on milk fever in dairy
cows. Journal of Veterinary Medical Science
69,185–192.
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mineral digestibility of sorghum by broilers
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Australian poultry diets are mainly based on wheat,
sorghum or sorghum/wheat blends. However, broilers
fed sorghum-based diets often underperform because
of reduced energy utilisation (Black et al., 2005).
The mechanism responsible for this effect has not
been defined (Bryden et al., 2009). Sorghum contains
kafirin, phytate and polyphenols that decrease its
nutrient availability (Bryden et al., 2009; Selle et al.,
2010). Sorghum protein is heterogeneous and has poor
digestibility. Wet cooking and steam pelleting further
reduce the digestibility of nutrients by promoting the
formation of disulphide linkages (Selle et al., 2010).
The low nutritive value of sorghum is most likely
linked to the structure of the grain (Gidley et al., 2011),
and the compounds mentioned above impede starch
digestibility (Selle, 2011). This study was undertaken
to assess the effects of xylanase, phytase and protease
on the digestibility of sorghum.
A control diet containing 918 g/kg of a commercial
sorghum cultivar (protein, 110.4 g/kg; starch, 632.3
g/kg; P, 2.25 g/kg [as is basis]) was prepared using
celite as an indigestible marker. The three experimental
diets consisted of the control diet plus either xylanase,
phytase or protease at levels recommended by the
manufacturers. Birds were fed the diets ad libitum from
35 to 42 days of age. All birds were euthanized on day
42 and the contents of the distal half of the ileum were
pooled per pen and freeze-dried. The nitrogen, starch,
phosphorus and calcium concentrations of the feed and
ileal digesta were measured. Digestibility coefficients
were calculated using the indigestible marker and
apparent metabolisable energy (AME) was determined.
The procedures were approved by the University’s

Animal Ethics Committee.
Protease significantly (P < 0.05) enhanced protein
and starch digestibility, whereas xylanase significantly
(P < 0.05) improved phosphorus and calcium
digestibility (Table 1). A strong positive correlation
(P < 0.01, r = 0.82) was observed between the protein
and starch digestibility coefficients. All three enzymes
significantly (P < 0.05) enhanced starch digestibility
and this was reflected in AME values.
Although phytase improved P and Ca digestibility
numerically, the increases were not significantly
different. This is in accord with the literature (see
Selle et al., 2000) in that variable responses to phytase
have been reported. These findings demonstrate the
role of feed enzymes in improving the nutrient value
of sorghum. The different responses to the enzymes
are consistent with the structure of the grain. Further
research is required to refine the application of enzymes
to sorghum-based diets, including the efficacy of
simultaneous enzyme application and the effect of
sorghum variety and bird age.
Black JL, Hughes RJ, Nielsen SG, Tredrea AM,
MacAlpine R, Van Barneveld RJ (2005) The energy
value of cereal grains, particularly wheat and
sorghum, for poultry. Proceedings of the Australian
Poultry Science Symposium 17, 21–29.
Bryden WL, Selle PH, Cadogan DJ, LI X, Muller ND,
Jordan DR, Gidley MJ, Hamilton WD (2009)
A review of the nutritive value of sorghum for
broilers. RIRDC Publication 09/077, Rural
Industries Research and Development Corporation,
Barton, ACT.

Table 1. Effect of dietary enzymes on nutrient digestibility and apparent metabolisable energy (AME) of sorghum
in 42-day-old broilers.
Ileal digestibility coefficient
Protein
Starch
Phosphorus
Calcium
Control
0.76b
0.91d
0.35b
0.27b
ab
c
a
Xylanase
0.77
0.92
0.50
0.41a
Phytase
0.79ab
0.93b
0.42ab
0.35ab
a
a
ab
Protease
0.80
0.94
0.41
0.32ab
Pooled SEM
0.01
0.01
0.03
0.02
abcd
Means within rows without common superscripts differ significantly (P < 0.05).
Treatment
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AME
(MJ/kg DM)
14.14c
14.56b
14.92a
14.91a
0.08
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Sultan A, Gan GY, Li X, Zhang D, Bryden WL
(2011) Sorghum grain starch digestibility: effects
of particle size and enzyme treatment. Proceedings
of the Australian Poultry Science Symposium 22,
139–146.
Selle PH (2011) The protein quality of sorghum.
Proceedings of the Australian Poultry Science
Symposium 22, 147–160.
Selle PH, Cadogan DJ, Li X, Bryden WL (2010)
Implication of sorghum in broiler chicken nutrition.
Animal Feed Science and Technology 156, 57–74.
Selle PH, Ravindran V, Caldwell A, Bryden WL (2000)
Phytate and phytase: consequences for protein
utilisation. Nutrition Research Reviews 13, 255–
278.
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Measurements of heat production (HP) can be used
to identify sheep or cattle that use metabolisable
energy efficiently for growth. Three methods have
been used to determine the HP of ruminants. The
open-circuit respiration chamber method provides
short-term estimates of CH4 and CO2 emissions and
O2 consumption. However, measurements are usually
conducted over a short period (1–2 d) using small
numbers of confined animals. The sulphur hexafluoride
(SF6) tracer technique enables simultaneous estimation
of the HP of many animals and is suitable for grazing
ruminants. It provides indirect estimates of CH4 or CO2
emissions from the ratios of CH4 or CO2 to SF6 in breath
samples collected continuously from above the nose
of the animal. HP can be estimated directly from CO2
production by assuming a respiratory quotient. CH4
and CO2 estimates obtained using this method tend to
be more variable than those derived using respiration
chambers (Boadi et al., 2002; Vlaming et al., 2005).
HP over long periods can be estimated from ME intake
and energy deposited as fat and protein during growth.
Energy retention can be estimated from tissue energy
deposition over time using the calorific values of protein
and fat. The heavy water (D2O) technique has been used
successfully to estimate the total body water content of
sheep, from which the mass of fat and protein can be
predicted (Bocquier et al., 1999).
We compared estimates of HP derived using the
open-circuit respiration chamber, SF6 tracer and the
heavy water (D2O) dilution techniques. A range of
HP rates was established by using sheep that differed
in live weight and feed intake. The aim of this study
was to assess the utility of the SF6 tracer method for
measuring energy expenditure in large groups of
grazing ruminants.
Two groups consisting of eight mixed-sex sheep
each, i.e., a high live weight group (39.0 ± [SED] 3.19
kg) and a low live weight group (26.7 ± 1.71 kg), were
used and sheep in each group were randomly allocated
to receive 700 g/d or 1400 g/d (as fed) of chopped
lucerne hay.
Estimates of HP were greater (P < 0.001) for the
SF6 technique than for the respiration chamber and
D2O dilution techniques (11.7, 8.2 and 8.5 ± 0.37 MJ/d,
respectively). Estimates of HP did not differ significantly
(P > 0.05) between the respiration chamber and D2O
Recent Advances in Animal Nutrition in Australia 18 (2011)

techniques. Sheep fed 1400 g/d of lucerne had greater
(P < 0.001) HP than those fed 700 g/d of lucerne (10.2
and 8.7 ± 0.3 MJ/d, respectively). None of the methods
detected a significant difference in HP between sheep
of high and low live weight (9.3 and 9.6 ± 0.3 MJ/d,
respectively; P > 0.05). The SF6 technique overestimated
HP by about 40% because it overestimated CO2 and
CH4 production. These errors preclude the use of this
technique for identifying sheep with high efficiency of
energy utilisation and low greenhouse gas emission.
Our results confirm that the energy expenditure of large
numbers of sheep can be estimated using estimates of
changes in body composition and the D2O technique.
Boadi DA, Wittenberg KM, Kennedy AD (2002)
Validation of the sulphur hexafluoride (SF6) tracer
gas technique for measurement of methane and
carbon dioxide production by cattle. Canadian
Journal of Animal Science 82, 125–131.
Bocquier F, Guillouet P, Barrillet F, Chilliard Y (1999)
Comparison of three methods for the in vivo
estimation of body composition in dairy ewes.
Annales de Zootechnie 48, 297–308.
Brouwer E (1965) Report of sub-committee on constants
and factors. In Energy Metabolism, (ed. Blaxter
KL) pp. 441–443. European Association of Animal
Production, London, UK.
Vlaming JB, Clark HN, Villalobos NL (2005) The effect
of SF6 release rate, animal species and feeding
conditions on estimates of methane emissions from
ruminants. Proceedings of the New Zealand Society
of Animal Production 65, 4–8.
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High diet costs, labour intensiveness, and low and
variable intake of creep feeds have made their viability
in commercial production systems questionable. Piglets
are weaned prior to immune maturity (Gallois et al.,
2009), with progeny of primiparous (PP) sows having
inferior immunity (Boyd et al., 2002). The provision of
creep feed to pigs before weaning exposes them to feed
antigens and bacterial pathogens (Barnett et al., 1989)
while they are still receiving passive immune protection
from the sow’s milk. The value of creep feeding is
difficult to quantify because its benefits are likely to
extend beyond the pre-weaning period and may differ
between the progeny of PP and multiparous (MP) sows.
We investigated whether pre-weaning exposure to creep
feed influences growth and survival after weaning.
Eighty-five litters (40 PP and 45 MP) of suckling
pigs (n = 734, 19 ± 3 d old, 4.86 ± 1.2 kg) were
randomly assigned to one of two dietary treatments:
no pre-weaning creep feed (NPC) or non-medicated
traditional creep feed (PPC) in a 2 × 2 factorial design.
Pre-weaning creep feed was provided from d 19 to d
27 of age. Selected pigs (n = 480, 28 ± 3 d of age, 7.23
± 2.0 kg) were weaned and penned in the same groups
as before weaning. All pigs were offered one diet from
28 to 68 d of age. Growth and survival were assessed
throughout the nursery phase. Multifactorial analysis of
variance was used to analyse growth data using pen as
the experimental unit. Chi-squared analysis was used to
analyse mortality and morbidity data.
The mean pre-weaning creep feed disappearance
was 4.0 ± 3.3 g/pig/d for PP litters and 10.1 ± 11.3 g/
pig/d for MP litters. Growth of piglets from d 28 to
d 68 was not influenced by exposure to pre-weaning
creep feed (P > 0.05). However, progeny of MP sows
had higher body weights at d 28 (P < 0.01, 7.91 vs 6.55
± 0.238 kg) and at d 68 (P < 0.01, 26.52 vs 22.28 ±
0.719 kg), higher average daily gains from d 49 to d
68 (P < 0.01, 673 vs 552 ± 28.6 g/pig/d) and higher
feed intake from d 28 to d 68 (P < 0.01, 634 vs 549
± 14.0 g/pig/d) respectively, compared to the progeny
of PP sows. Progeny of PP sows also had greater (P <
0.01, 23 vs 9) total removals (pigs removed from the
nursery due to mortality or morbidity) from d 28 to d
68 than progeny of MP sows (Figure 1). Pre-weaning
creep feed exposure reduced total removals from 21 to
11 pigs (P = 0.07) from d 28 to d 68. The reductions
in total removals were consistent between parities with
Recent Advances in Animal Nutrition in Australia 18 (2011)

a 47% and 50% reduction for PP and MP respectively
(Figure 1). Respiratory related mortality was greater (9
vs 2, P = 0.03) in the NPC group than in the PPC group
from d 28 to d 68.

Figure 1. Mortality, morbidity and total removals from
d 28 to d 68 of primiparous (PP) or multiparous (MP)
sow progeny offered no pre-weaning creep feed (NPC)
or pre-weaning creep feed (PPC).
Even though pre-weaning feed intake was low, the
provision of creep feed influenced nursery survival and
the incidence of disease. Pre-weaning creep feed was
particularly important for the progeny of PP sows and
appeared to reduce the incidence of respiratory disease
during the late nursery phase.
Barnett KL, Kornegay ET, Risley CR, Lindemann
MD, Schurig GG (1989) Characterization of creep
feed consumption and its subsequent effects on
immune response, scouring index and performance
of weanling pigs. Journal of Animal Science 67,
2698–2708.
Boyd RD, Castro GC, Cabrera RA (2002) Nutrition
and management of the sow to maximize lifetime
productivity. Advances in Pork Production 13,
47–59.
Gallois M, Rothkötter HJ, Bailey M, Stokes CR, Oswald
IP (2009) Natural alternatives to in-feed antibiotics
in pig production: can immunomodulators play a
role? Animal 3, 1644–1661.

149

Effect of legume (Stylosanthes guianensis) inclusion
in a rice straw and grass diet on intake, digestibility
and microbial protein production in Bos Indicus
cattle
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Supplementing low-quality straw with protein meal,
fresh tropical grass or legume forage improves dry
matter intake (DMI), digestion and live weight gain in
cattle (Doyle et al., 1986). Smallholder cattle farmers in
Cambodia mostly use rice (Oryza sativa) straw as a basal
diet, especially during feed shortages. Supplementation
of such diets with C4 grasses such as Mulato II hybrid
(Brachiaria spp.) increases the intake and digestibility
of rice straw, but mixed diets of grass and rice straw
may still be deficient in rumen degradable N (RDN),
especially if the grass is mature when cut. Inclusion of
a tropical legume such as Stylo CIAT 184 (Stylosanthes
guianensis) as a source of RDN may further increase
microbial activity and DMI. Our objective was to
measure the effect of adding Stylo 184 forage to a
mixed diet of rice straw and C4 grass fed to cattle in
terms of DMI, digestibility, microbial crude protein
(MCP) production and live weight gain.
In Cambodia, four rumen-cannulated steers
(about 3.5 years old and weighing 222 ± 60 kg) were
randomly allocated to two treatments (T1, ad libitum
rice straw + 60% fresh Mulato II; T2, ad libitum rice
straw + 30% fresh Mulato + 30% fresh Stylo 184) in

two periods (crossover design). The animals were
adapted to the diets for 10 days, followed by 7 days of
total collection and one day of measurement of rumen
variables (fluid pH and ammonia). The feedstuffs were
markedly different in nutrient content, viz., rice straw
(6 months growth, DM 88.7%, crude protein [CP] 4.1%
and neutral detergent fibre [NDF] 76.9%), Mulato II (24
months old, cut after 16 weeks regrowth; DM 26.3%,
CP 8.9% and NDF 66.9%) and Stylo 184 (3 months old,
cut at 50 cm height; DM 21.8%, CP 21.8% and NDF
47.5%). The diets were offered each day at 08:00, 12:00
and 16:00 and clean water was available ad libitum.
Rumen ammonia level was analysed colorimetrically
and MCP outflow from the rumen was predicted from
urinary allantoin excretion (80–85% of total urinary
purine derivatives; Chen and Gomez, 1995). The results
were analysed using analysis of variance.
Compared with cattle offered T1, cattle offered
Stylo 184 (T2) doubled their intake of rice straw (P <
0.01) and had a 32% higher total DM intake (DMI; 26.8
and 20.3 kg/day, respectively, P < 0.01, Table 1) than
T1 cattle, but DM digestibility did not differ between
T1 and T2 (P > 0.05, mean 59.2%). Rumen ammonia

Table 1. Dry matter (DM) intake, DM digestibility, digestible organic matter intake (DOMI), rumen ammonia
concentration, rumen pH, urinary allantoin excretion, predicted microbial protein production and live weight
change of cattle offered rice straw and grass ad libitum with or without Stylo 184. MCP, microbial crude protein;
EMCP, efficiency of microbial crude protein production.

DM intake (g/kg live weight per day)
Mulato II
Stylo 184
Rice straw
Total
DM digestibility (%)
DOMI (g/kg live weight per day)
Rumen NH3-N (mg/L)
Rumen pH
Allantoin excretion (mmol/day)
MCP production (g/kg live weight per
day)
EMCP (g MCP per kg DOMI)
Live weight change (kg)

Diet without Stylo 184
(T1)

Diet with Stylo 184
(T2)

s.e.d.

14.4*
5.9
20.3
58.3
11.3
14.2
6.7
21.5
0.4

7.4
7.3**
12.0**
26.8**
60.0
15.1†
59.7*
6.6
37.7**
0.9*

0.32
0.76
0.52
1.50
0.79
0.94
8.19
0.01
1.50
0.11

36.2
-1.7

61.5*
17.9*

5.77
3.36

Significance of differences between column means within rows: *P < 0.05, **P < 0.01, † P = 0.056.
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concentration in T1 cattle (14.20 mg/L) was likely to
be limiting for microbial growth (Satter and Slyter,
1974) but was higher in T2 cattle (59.7 mg/L) (P < 0.01)
and was most likely non-limiting. Rumen pH did not
differ between treatments (P > 0.05). The higher MCP
in cattle fed T2 together with ruminal escape protein
from the Stylo 184 would have substantially increased
the amino acid availability in the small intestine, and
this was probably the reason for their higher digestible
DMI (Egan, 1965). The efficiency of MCP production
(EMCP) for T1 and T2 was low, which was probably
related to the low content of RDP in tropical forages
(Panjaitan et al., 2010), but it was higher (P < 0.05) for
T2 than for T1, likely because of a greater supply of
RDN from Stylo 184 in the T2 diet.
Cattle ingesting T2 obtained more fermentable
energy and absorbed more amino acids than T1 cattle
and thus gained weight (18 kg), whereas the T1 cattle
lost weight (–1.8 kg) over the experimental period
(P < 0.01). These results provide confirmation of the
potential benefits of including legume forages in mixed
diets based on rice straw for Zebu-type cattle under
tropical conditions.
Chen XB, Gomez M (1995) Estimation of microbial
protein supply to sheep and cattle based on urinary
excretion of purine derivatives – an overview of
the technical details. International Feed Resources
Unit, UK.
Doyle PT, Devendra C, Pearce GR (1986) Rice straw
as a feed for ruminants. International Development
Program of Australian Universities and Colleges
Limited, Canberra, Australia.
Egan AR (1965) The fate and effects of duodenally
infused casein and urea nitrogen in sheep fed on
a low-protein roughage. Australian Journal of
Agricultural Research 16, 169–177.
Panjaitan T, Quigley S, McLennan S, Swain T, Poppi
D (2010) Intake, retention time in the rumen and
microbial protein production of Bos indicus steers
consuming grasses varying in crude protein content.
Animal Production Science 50, 444–448.
Satter L, Slyter L (1974) Effect of ammonia concentration
on rumen microbial protein production in vitro.
British Journal of Nutrition 32, 199–208.
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Excess hydrogen produced during rumen fermentation
is used by methanogenic bacteria to reduce CO2 to CH4
(methane). Ruminant livestock produce 80–115 million
tons of CH4 annually, equivalent to 15–20% of total
anthropogenic CH4 production. Garlic contains allicin,
diallylsulfide, dialyldisulfide and allyl mercaptan, which
affect rumen methanogens, decreasing rumen CH4 and
acetate production and increasing rumen propionate
and butyrate production (Busquet et al., 2005).
The effect of garlic oil (GAR) was evaluated using
batch cultures of rumen liquor (RL) fed with a 50:50
wheat straw to concentrate mixture with GAR (150,
300 or 450 mg/L) or without GAR (control). The
incubations were carried out in 100 mL calibrated glass
syringes as described by Menke et al. (1979) and Menke
and Steingass (1988). After 24 hours of incubation, gas
samples were withdrawn from the tips of the incubation
syringes using Hamilton gas-tight syringes and analysed
for CH4 using gas chromatography. In vitro dry matter
(DM) digestibility was estimated according to Goering
& Van Soest (1970) and concentrations of volatile fatty
acids were determined using gas chromatography.
Ten lactating Murrah buffaloes (2nd to 3rd lactation)
were randomly allocated to a control diet with or without
GAR. The control diet consisted of concentrate, berseem
and wheat straw in a ratio of 35:25:40 and was fed for
120 days. A 7 day digestion trial was conducted in midexperiment. CH4 emission from animals was measured
using the sulphur hexafluoride tracer technique.
Data were analysed using analysis of variance for a
randomized block design with three (in vitro study) or
five (in vivo study) replicates. Results are expressed as

the mean ± SE. Critical difference was used to compare
mean values. Statistical significance was accepted at P
< 0.05.
In the in vitro trial, GAR concentrations of 150,
300 and 450 mg/L of RL all decreased DM digestibility
(Table 1). This contrasts with the results of Busquet et
al. (2005), who reported that GAR concentrations of
30 and 300 mg/L of RL did not affect the digestibility
of DM, organic matter (OM), neutral detergent fibre or
acid detergent fibre in a 50:50 forage:concentrate diet.
Moreover, Yang et al. (2007) observed that garlic and
berry essential oil did not affect total-tract digestibility
of DM, OM, fibre or starch, but rumen DM and OM
digestibility were increased.
In our in vitro study, acetate concentration and the
proportions of propionate and butyrate were decreased
by all levels of GAR. The acetate:propionate ratio was
also decreased by GAR. These results are in accordance
with those of Busquet et al. (2005). In our in vitro study,
GAR decreased CH4 production (P < 0.05) at all doses;
99% of methane production was inhibited at GAR
doses of 300 and 450 mg/L of RL. Hart et al. (2006)
investigated the effect of a commercially available
aqueous allicin product using the Rusitec technique.
Allicin had no effect on VFA production but CH4
production was decreased by 94% by 20 mg/L RL of
allicin.
The addition of GAR to the diets of lactating
buffaloes decreased CH4 production (P < 0.05) in
absolute terms (g) and in terms of g/kg digested DM
and mM/kg DM intake. Total CH4 emission (g) and CH4
emission in terms of g/kg DM intake were reduced (P <

Table 1. Effect of various concentrations of garlic oil (GAR) on dry matter digestion (DDM), volatile fatty
acid concentration, acetate:propionate ratio (A:P) and CH4 production in batch cultures fed a 50:50 wheat
straw:concentrate diet.
Parameter

Control

DDM (mg)
141.00 ±0.58
Acetate (mM/100 mL)
8.31 ± 0.12
Propionate (mM/100 mL) 0.98 ± 0.02
Butyrate (mM/100 mL)
0.24 ± 0.02
A:P
8.44 ± 0.21
CH4 (mL/g DM)
30.25 ± 1.01

GAR (mg/L of rumen liquor)
150
300
450
114.33 ± 1.86
124.33 ± 2.60
121.67 ± 2.03
1.35 ± 0.01
0.86 ± 0.02
0.70 ± 0.10
0.76 ± 0.08
0.69 ± 0.02
0.49 ± 0.05
0.10 ± 0.01
0.05 ± 0.00
0.07 ± 0.00
1.81 ± 0.17
1.25 ± 0.06
1.40 ± 0.13
0.10 ± 0.04
0.01 ± 0.00
0.01 ± 0.00

CD, critical difference (P < 0.05).
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5.58
0.71
0.13
0.04
1.15
1.48
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0.05) by 70% by GAR (Table 2). These results confirm
those of other studies in which various garlic products
have been shown to decrease CH4 production (Busquet
et al., 2005; Hart et al., 2006).
Table 2. Effect of garlic oil on CH4 production in
lactating Murrah buffaloes.

Body weight
(kg)
DMI
(kg/d)
CH4
(g/kg DMI)
CH4
(g/kg DDM)

Treatment
Control
Garlic oil
528.3

CD

524.7

10.98 ± 0.49 11.90 ± 0.62

N.S.

40.70 ± 2.91 10.83 ± 0.81

7.36

54.03 ± 3.75 14.23 ± 0.90

8.95

CD, critical difference (P < 0.05); DMI, dry matter
intake; DDM, dry matter digested.

Busquet M, Calsamiglia S, Ferret A, Carro MD,
Kamel C (2005) Effect of garlic oil and four of
its compounds on rumen microbial fermentation.
Journal of Dairy Science 88, 4393–4404.
Goering HK, Van Soest PJ (1970) Forage Fiber Analysis
(apparatus, reagents, procedures, and some
applications). Agricultural Handbook 379. United
States Department of Agriculture, Washington,
DC.
Hart KJ, Girdwood SE, Taylor S, Yanez-Ruiz DR,
Newbold CJ (2006) Effect of allicin on fermentation
and microbial populations in the rumen simulating
fermentor Rusitec. Reproduction Nutrition
Development 46 (Suppl. 1), S97.
Menke KH, Steingass H (1988) Estimation of the
energetic feed value obtained by chemical analysis
and in vitro gas production using rumen fluid.
Animal Research Development 28: 7–55.
Menke KH, Raab L, Salewski A, Steingass H, Fritz D,
Schneider W (1979) The estimation of digestibility
and metabolizable energy content of ruminant
feedstuffs from gas production when incubated
with rumen liquor in vitro, Journal of Agricultural
Science (Cambridge) 92, 217–222.
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Increasing demand for animal protein sources and the
high cost of imported fishmeal have prompted evaluation
of new and unutilized abattoir by-products as dietary
protein sources (Abubakar and Mohammed, 1992).
Rumen epithelium scraping meal (RESM) is obtained
from the fore stomachs of slaughtered ruminants. It has
been utilized as a ruminant feed ingredient (Bawala et
al., 2003; Isah and Babayemi, 2010) but its utilization
by pigs, poultry and rabbits has not been reported.
This study was carried out to evaluate the nutritive
potential of RESM as an alternative animal protein
concentrate for non-ruminant diets and to ascertain the
effect of processing on its nutrient quality and microbial
population.
Oven-dried RESM had higher dry matter, ether
extract and crude protein content than sun-dried RESM,
but had a lower soluble carbohydrate and gross energy
content (Table 1). Processing of RESM improved its
dry matter content but reduced its carbohydrate content.
RESM has a low lysine content (Table 2). RESM, if
adequately fortified with plant proteins rich in lysine,
such as full-fat soya or soyabean cake, could replace
fishmeal in broiler diets. Oven and sun drying reduced
the microbial content of RESM by 50% and 40%,
respectively. Clostridium spp. were absent and the
greatest number of microbial colonies were observed
for the parboiled sample (Table 3).

Table 1. Proximate composition (%) of rumen
epithelium scraping meal.
Fresh
Dry matter
Crude protein
Ether extract
Ash
Crude fibre
Nitrogen free extract
Gross energy (MJ/kg)

34.74
29.25
3.37
5.45
1.72
59.83
7.32

Sun
dried
89.52
53.00
5.08
15.98
2.33
13.13
17.11

Oven
dried
90.02
64.03
7.45
12.34
1.72
13.05
16.28

Table 2. Amino acid composition of rumen epithelium
scraping meal (g/kg).
Amino acid
Essential amino acids
Lysine
Methionine
Threonine
Tryptophan
Isoleucine
Leucine
Valine
Arginine
Phenylalanine
Histidine
Non-essential amino acids
Alanine
Aspartic
Glutamine
Tyrosine
Cystine
Glycine
Serine
Proline

8.70 ± 0.02
13.60± 0.01
284.70 ± 0.04
30.30 ± 0.02
43.80 ± 0.02
78.90 ± 0.03
238.10 ± 0.04
16.70 ± 0.03
255.30 ± 0.01
243.40 ± 0.01
5.20 ± 0.02
75.40 ± 0.01
105.20 ± 0.02
255.10
35.00
70.80
32.80
5.80

Table 3. Effects of sun drying and oven drying on the microbial load of rumen epithelial scraping meal (colonyforming units ×107 per gram).
Red
Red
% Red
Oven dried
% Red
agar
agar
NAa
3.63
1.89
1.74
47.93
1.20
2.44
67.00
NAan
2.43
0.87
1.56
64.20
0.66
1.77
73.00
BAa
2.37
0.84
0.66
58.00
0.39
0.75
66.00
BAan
1.14
0.48
0.66
58.00
0.39
0.75
66.00
MCa
1.26
0.63
0.63
50.00
0.45
0.81
64.00
SSa
0.45
0.24
0.21
46.70
0.15
0.30
67.00
PDa
1.89
1.38
0.51
27.00
0.93
0.96
51.00
Clostridium
NAa = nutrient agar aerobic, NAan = nutrient agar anaerobic, BAa = blood agar aerobic, BAan = blood agar
anaerobic, MCa = McKon key coliform agar, SSa = salmonella shigella agar, PDa = potato dextrose agar (yeast
and moulds).
Agar

Par boiled

Sun dried
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The environmental impact of low feed conversion
ratios in poultry
A.J. Cowieson1 and P.H. Selle
Poultry Research Foundation, University of Sydney, Camden, NSW 2570, Australia;
1
aaron.cowieson@sydney.edu.au

Summary

Modern-day broilers are capable of converting
dietary feed ingredients into chicken-meat at ratios
approaching 2:1 and constitute a more ecologically
sustainable protein source for human consumption than
alternative sources. Similarly, as discussed, chickenmeat production emits less CO2-equivalent greenhouse
gases than most alternative animal protein industries.
Clearly further improvements in feed conversion ratios
of broiler chickens are highly desirable from both
environmental and economical standpoints. These
desirable effects are mediated via both direct and indirect
mechanisms. Direct mechanisms include reduced faecal
N and P losses with obvious beneficial effects on local
environments. Indirect benefits include alleviation of
pressure on agricultural land, commodity supply and
a reduced need for water. The implications of these
concepts are discussed herein as well as a selection of
strategies by which FCR may be controlled.

Introduction

“Professor Ross Garnaut pointed out an interesting
inverse relationship this week. Over the past three
years the science of global warming has become more
clear and more alarming, but in the same period, fewer
Australians believed it was true.” These two sentences
were written by Lenore Taylor in the Sydney Morning
Herald of March 12 2011. Clearly, the debate about
“global warming” or “climate change” has become
both emotive and highly politicised. Nevertheless, it is
irrefutable that meat-producing industries have tangible
impacts on the environment, including greenhouse
gas emissions, all of which would be attenuated by
improvements in feed conversion ratio (FCR). That
the production of poultry products has a relatively low
environmental footprint is of relevance and will be
discussed herein.

Background

In 2007, the Food and Agriculture Organisation (FAO)
estimated that world poultry meat production was 86.2
million tonnes and according to the Australian Bureau
of Agricultural and Resource Economics (ABARE,
Recent Advances in Animal Nutrition – Australia 18 (2011)

2008), Australian poultry meat production was 845,000
tonnes. Thus, Australian poultry meat production
represents about 1% of global poultry meat production.
Despite our small share of the global output, per capita
consumption of chicken is high in Australia (40 kg per
capita per year) and chicken has overtaken beef as the
meat of preference. To meet consumer demand, about
520 million chickens are processed yearly. At an average
carcass weight of 1.75 kg, this corresponds to 910,000
tonnes of chicken meat or, assuming a 72 % yield, 1.2
million tonnes live weight. Assuming an overall FCR
of 1.8, this equates to an annual feed requirement of
2.3 million tonnes for broiler chickens alone, excluding
broiler breeders. This in turn translates to 1.3 million
tonnes of cereal grain (mainly wheat and sorghum) and
0.5 million tonnes of soybean meal, which is imported
from Brazil and Argentina. At a cost of $415 per tonne
for a broiler diet, the cost of feed for the local broiler
industry is $944 million, which represents up to 70%
of the total cost of production. Hence, quite apart
from ecological considerations, a 5% improvement
in FCR represents a financial saving of $47 million
to the Australian industry, a saving that would be a
hundred-fold greater if applied to global poultry meat
production.

Greenhouse gases

According to a 2006 FAO report, meat production is
responsible for 14–22% of the 36 billion tonnes of CO2equivalent greenhouse gases produced globally each year
(Fiala, 2009). It is predicted that global consumption of
poultry meat will increase between 2000 and 2030 at
an average annual rate of 2.51%, compared with 1.85%
for pork and 0.92% for beef (Fiala, 2008). These trends
would ameliorate greenhouse gas emissions from meat
production because the production of 1 kg of poultry
meat generates 1.1 kg of CO2 equivalents as opposed
to 3.8 kg of CO2 equivalents for pork and 14.8 kg of
CO2 equivalents for beef (Fiala, 2008). If Australians
consumed only poultry meat, and no beef or pork,
then the output of CO2 equivalents as a result of meat
production would decrease by 84% and total greenhouse
gas emissions for Australia would be reduced by 15%.
Thus, although largely based on price, the increasing
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preference of Australian consumers for chicken over
beef is, albeit unwittingly, generating a decline in
greenhouse gas emissions. However, although the
poultry industry has an advantage in a relatively low
‘footprint’ from a greenhouse gas point of view, the use
of such information to gain an advantage over other
animal protein industries is ill advised. In the opinion
of the authors, solidarity rather than competition is
required in the various animal protein sectors, i.e.,
chicken, lamb, beef, pork and fish. Ultimately, marketing
of animal protein to the public based on sustainability
metrics is likely to result in a reduction in the size of the
global animal industry, a loss of jobs in rural areas and a
stronger emphasis on vegetarian and vegan options.

by Havenstein et al. (2003), the growth performance
of broiler chickens has been enhanced over the past 50
years, mainly because of genetic selection. However, it
appear that more emphasis was placed on weight gain
than on efficiency of feed conversion during this period
(Table 1).

Phosphorus

2001 strain; 2001 diet
21 days
42 days
56 days
1957 strain; 1957 diet
21 days
42 days
56 days

Although the environmental impact of greenhouse
gases has received considerable scrutiny, it is not
possible to over-emphasise the ecological significance
of phosphorus (P). P is a critical nutrient in respect
of a myriad of biochemical processes and skeletal
integrity in food-producing animals and in consumers
of animal products. Crucially, analogous to the state
of oil and petroleum reserves, global reserves of rock
phosphate are not renewable. The world is now faced
with a P crisis driven by declining global reserves of
rock phosphate (Abelson, 1999). Indeed, it has been
predicted that P production will peak prior to 2040 and
that commercially viable rock phosphate deposits will
be depleted in less than 100 years (Cordell et al., 2009).
Furthermore, new sources of phosphate are increasingly
of poor or variable quality and may be contaminated
with trace minerals such as magnesium.
Australian broiler diets contain 17,000 tonnes of P
from a range of feedstuffs. If half of this amount were
derived from dicalcium phosphate (DCP), at a P content
of 180 g/kg, 47,000 tonnes of DCP would be required.
While the finite reserves of rock phosphate are being
depleted, the P that is included in poultry diets is poorly
utilised. Moreover, non-retained P that is lost in effluent
from pig and poultry production units contributes to
the eutrophication of freshwater reserves, which is
an environmental concern (Daniel et al., 1998). The
majority of P in feed ingredients of plant origin is phytatebound and is only partially available to monogastrics,
largely because of calcium (Ca) levels in diets and the
insolubility of Ca–phytate complexes formed de novo
in the gut (Wise, 1983). However, phytate-P can be
liberated by phytate-degrading enzymes to enhance P
digestibility, and phytase enzymes are now commonly
included in poultry diets (Selle and Ravindran, 2007).
In the landmark study of Simons et al. (1990), an
Aspergillus niger-derived phytase reduced P excretion
in broiler chickens by up to 47%, which attenuates P
pollution of the environment by the poultry industry.

Selection for feed efficiency

Zhang and Aggrey (2003) reviewed the genetic variation
in feed efficiency of broiler chickens. As demonstrated

Table 1. Comparative growth performance of Ross
308 male broilers (2001 strain) and Athens-Canadian
Randombred Control male broilers (1957 strain)
offered chronologically appropriate diets (Havenstein
et al., 2003).
Body weight
(g/bird)

Feed
conversion
ratio

791
2903
4402

1.31
1.58
1.94

184
591
921

1.72
2.28
2.37

At 42 days of age, 2001 broilers offered contemporary
diets had a body weight of 2903 g compared with 591
g for their 1957 counterparts, a five-fold difference in
growth rate. In contrast, the improvement in 42-day
FCR was a relatively modest 30.7% (2.28 vs 1.58 for
1957 vs 2001 broilers, respectively). However, it may
be deduced from this study that at a body weight of
2.0 kg, the 2001 birds would have a feed efficiency of
1.48 in comparison to 3.89 for their 1957 counterparts
(Figure 1). Thus, on the basis of weight-corrected FCR,
the improvement in feed efficiency is 62.0% and the
average annual improvement is 0.98%. It is noteworthy
that a 2 kg broiler with an FCR of 1.48 would be
converting 2.11 kg of feed into 1 kg of chicken meat in
2001. Presently, it is likely that a proportion of broiler
chickens that are processed at 35 days of age convert
less than 2 kg of feed into 1 kg of chicken meat, which
is far superior to the FCR for pork and beef.
A further 62% improvement in feed efficiency from
an FCR of 1.48 would result in a ratio of less than 1:1;
clearly, the scope for further improvement of FCR is
diminishing. Nevertheless, as discussed by Hargreave
(2008), it is anticipated that the feed efficiency of broiler
chickens will continue to improve, largely in response
to genetic selection. To this end, Aggrey et al. (2010)
investigated genetic characteristics underlying the
parameters that determine feed conversion efficiency
in broiler chickens. In an earlier study, Aggrey et al.
(2008) compared broilers selected for good or poor
feed efficiency. From 35–42 days post-hatch, the ‘poor
converters’ had an FCR of 2.56, whereas the ‘good
converters’ had an FCR of 1.73, a 32.4% advantage
in feed efficiency. It is evident from Table 2 that the
retention and digestibility of energy and P were
statistically identical in the two groups of broilers,
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Figure 1. Relationships between body weight and feed conversion ratio in 2001 strain Ross 308 male broilers (Figure
1A) and 1957 strain Athens-Canadian Randombred Control male broilers (Figure 1B) offered chronologically
appropriate diets (Havenstein et al., 2003).

Table 2. Comparison of broilers selected for poor or good feed conversion efficiency (adapted from Aggrey et al.,
2008)
Item
35–42 day growth performance
Body weight gain (g)
Feed intake (g)
FCR (g/g)
Nutrient retention
Dietary energy (MJ/g/week)
Protein (g/week)
Calcium (g/week)
Phosphorus (g/week)
Total tract digestibility
Dietary energy
Protein
Calcium
Phosphorus

‘Poor
converters’

‘Good
converters’

Difference
(%)

Significance
(P)

354
895
2.56

549
945
1.73

55.1
5.6
32.4

< 0.001
0.057
< 0.001

12.72
81.7
2.86
3.28

13.40
128.4
3.86
3.46

5.3
57.2
35.0
5.5

0.105
< 0.001
< 0.001
0.311

0.817
0.570
0.332
0.468

0.812
0.656
0.426
0.466

–0.6
15.1
28.3
–0.4

0.404
< 0.001
< 0.001
0.932

whereas the retention and digestibility of protein and Ca
were superior in the ‘good converters’. Thus, the data of
Aggrey et al. (2008) indicate that digestion of protein
and absorption of amino acids are limiting factors in
the ‘poor converters’, which is not the case for starch
digestion and glucose absorption. Similarly, there is an
association between more efficient feed conversion and
enhanced digestibility and retention of Ca, which does
not apply to P.

Calcium (or limestone) – a possible
‘anti-FCR factor’

The association between Ca and enhanced feed
conversion is of interest. Ca concentrations in the
lumen of the gastrointestinal tract were lower in the
‘good converters’ in the Aggrey et al. (2008) study. It
is tempting to speculate that the additional Ca in the
gut of ‘poor converters’ may have contributed to their
inferior feed efficiency and protein digestibility. In

general, most dietary Ca is present as limestone, which
has an extremely high acid binding capacity and tends
to increase the pH of digesta (Shafey et al., 1991).
High Ca concentrations in the gut may increase
the extent of de novo ternary protein–phytate complex
formation in the small intestine, in which protein and
phytate are linked by Ca2+, which serves as a cationic
bridge between the two moieties. Presumably, the
quantity of protein that can be bound by Ca2+ and
phytate in ternary complexes is dependent on the
molecular weights of proteins and polypeptides in the
small intestine. Montagne et al. (2003) determined the
molecular weights of proteins along the small intestine
of pre-ruminant calves. In diets containing soy protein
concentrates or isolates, nearly 60% of protein in ileal
digesta had a molecular weight in excess of 20,000
Daltons. Consequently, it appears that protein binding
as ternary protein–phytate complexes in the small
intestine may be sufficient to disrupt protein digestion
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and amino acid absorption.
Perhaps of greater importance is the ability of Ca to
interact directly with protein, including soy protein (the
coagulation of soy protein by Ca is an integral step in
the preparation of tofu). Kroll (1984) reported that Ca2+
has the capacity to bind soy protein via the side-chain
carboxyl groups of aspartic acid and glutamic acid
and via the imidazole group of histidine. Interactions
between Ca2+ and the 11S fraction of soy protein have
been investigated (Sakakibara and Noguchi, 1977). Ca
has the capacity to coagulate soy protein (Torikata et
al., 1987) and reduce soy protein solubility (Gifford
and Clydesdale, 1990). More recently, CanabadyRochelle et al. (2009) investigated Ca interactions
with soy protein using isothermal titration calorimetry,
in which Ca-induced soy protein aggregation may
be irreversible, depending on the pH. In addition, Ca
may react with fatty acids to form Ca-soaps in the gut
lumen, which may limit the utilisation of energy from
lipids, particularly saturated fatty acids (Leeson, 1993).
Finally, Ca also affects the phytate/phytase axis in that
Ca–phytate complex formation renders the substrate
less susceptible to enzyme degradation by phytases
(Selle et al., 2009).

Feed form and processing

The transition from mash to steam-pelleted broiler diets
has enhanced feed efficiency. As reviewed by Jensen
(2000), broilers across five studies that were offered
pelleted diets converted feed 3.63% more efficiently
than their counterparts that were fed mash diets (1.86
vs 1.93, respectively). However, on a weight correctedFCR basis, the improvement was 7.92% (1.86 vs 2.02,
respectively). Much of this advantage can be attributed
to less overall wastage of feed in pelleted form coupled
with the fact that pelleted feed facilitates prehension.
Jensen et al. (1962) found that under a 12-hour lighting
protocol, 21 to 28-day-old broilers offered mash diets
spent 14.3% of the time eating 38 g of feed during a 12hour day. Broilers offered pelleted diets consumed 37 g
of feed, but in 4.7% of the time, simply because pellets
are “easier-to-eat” than mash or because prehension is
facilitated.
However, as championed by Cumming (1994),
an emerging strategy is to offer broilers whole grain
in addition to a pelleted concentrate. The provision
of whole grain has economic advantages from a feedmill production standpoint and is thought to enhance
gut integrity. Whole grain feeding stimulates gizzard
development and function and increases gizzard weight.
Several studies have assessed the effect of whole grain
feeding on feed efficiency in broilers and a total of 17
studies were indentified in which the median response
was an improvement of 2.93% in FCR. However, in 13
ex 17 studies, positive improvements in FCR ranging
from 0.13% to 12.50% were recorded. For example,
Wu et al. (2003) found that 20% whole wheat improved
weight gain by 2.1% (818 vs 801 g/bird) and feed
efficiency by 5.6% (1.496 vs 1.590) in broilers up to 21

days of age. In addition, Plavnik et al. (2006) recorded
improvements of 3.9% in weight gain (2525 vs 2431 g/
bird) and 5.8% in feed efficiency (1.815 vs 1.927) in
broilers from 6–46 days post-hatch using 25% whole
grain. More recently, Svihus et al. (2010) compared
15% whole wheat and a proprietary diet with a ration
in which 15% ground wheat was incorporated into
cold pellets with the proprietary diet in broilers from
16 to 25 days. The whole wheat regime improved
feed efficiency by 12.5% (1.563 versus 1.786) in this
comparison in association with reduced feed intakes.
Consequently, there are tangible indications that whole
grain feeding and improved gizzard function enhances
feed efficiency.
The separate provision of part of the dietary grain
component as whole grain and the feeding of a ‘twoway’ diet (whole grain plus the balance of the diet in
pelleted form) is a practice that has been adopted by the
majority of broiler integrators in Australia. However,
the Poultry Research Foundation is investigating the
feasibility of a ‘three-way’ diet in which calcium (Ca),
as shell-grit limestone, is a third component in addition
to whole grain and the pelleted concentrate. Depending
on feeding patterns, the separate provision of Ca may
permit broilers to consume the balance of their diet
with relatively low Ca concentrations in the gut, which
may improve feed efficiency, while maintaining a selfregulated Ca intake that is adequate to ensure skeletal
integrity. This project is in its infancy but preliminary
results are encouraging.

Dietary manipulation
efficiency

for

feed

The addition of in-feed antibiotics (IFAs) to broiler
diets usually generates improvements in feed efficiency.
For example, an Australian study (Pensack et al., 1982)
found that 10 mg/kg of avoparcin, a glycopeptide
antibiotic, improved feed efficiency by 11.4% (2.71
vs 2.40) in 63-day-old broilers. However, more
conservative improvements in feed efficiency (2.7–
4.1%) were recorded in 28 American and European
studies. Lewis and O’Beirne (1994) compared the gross
energy required to manufacture avoparcin with the
saving in gross energy that accrues from its inclusion
in diets for food-producing animals and argued that the
use of avoparcin was ‘very beneficial’ in the context of
energy conservation. Interestingly, avoparcin was more
advantageous in this respect when included in broiler
chicken diets than when included in diets for pigs or
cattle. Nevertheless, the use of avoparcin as an IFA
has been discontinued in several countries, including
Australia, because it is a vancomycin analogue. The
incidence of vancomycin-resistant enterococci (VRE)
among chicken farms in Taiwan was monitored
between 2000, when avoparcin was banned, and 2003.
Lauderdale et al. (2007) reported that the incidence of
VRE declined from 25% (15/60 farms) in 2000 to 8.8%
(7/80 farms) in 2003 because of the discontinuation. The
use of IFAs was banned in Europe in 2006; consequently,
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although IFAs have the potential to improve FCR, it is
increasingly unlikely that chicken-meat producers will
be able to take advantage of them.
The timetable for the impending demise of IFA is
unpredictable; nevertheless, it has triggered a frenetic
quest for alternative feed additives to enhance feed
efficiency. However, the efficacy of the majority
of alternatives evaluated is questionable. Organic
acids are widely used in weaner pigs, perhaps more
because of their acidifying effect than because of their
antimicrobial activity. Potassium diformate, which
dissociates into formic acid and potassium formate
in the gut, was evaluated in Australian weaner pigs.
It improved feed efficiency by 7.6% (1.33 vs 1.44)
and weight gain by 23.7% (266 vs 215 g/day) at an
inclusion rate of 18 g/kg (Selle et al., 2003). However,
the outcomes of addition of potassium diformate to
poultry diets as a growth promotant (Selle et al., 2004)
or as a treatment for broilers challenged with necrotic
enteritis (Mikkelsen et al., 2009) were inconsistent.
Organic acids, like IFAs, possess antimicrobial activity
and it is claimed that ‘favourable manipulation of the
gut microflora’ is an important mode of their action.
Although this premise has met with acceptance, its
validity is open to challenge.
Feed enzymes are not usually considered
replacements or alternatives to IFAs, probably because
they do not directly influence the gut microflora.
Nevertheless, both phytate-degrading enzymes (Selle
and Ravindran, 2007) and non-starch polysaccharide
(NSP)-degrading enzymes in diets based on ‘viscous
grains’ (Choct, 2006) have the capacity to enhance
feed efficiency in broilers. However, in Australia, the
inclusion of phytate-degrading enzymes in wheatand sorghum-based broiler diets and NSP-degrading
enzymes in wheat-based diets is now a routine practice.
The possibility remains that advances in enzyme
technology and the practical application of feed enzymes
will permit further improvements in feed efficiency.
Ca and phytate interact in the gut to form Ca–phytate
mineral complexes and phytate may have the capacity
to bind one-third of dietary Ca (Selle et al., 2009). Thus,
dietary inclusion of phytase will effectively liberate Ca
by preventing the formation of these complexes. It is
likely that the Ca equivalence of phytase is presently
underestimated, perhaps more so at high inclusion
rates. Lower Ca levels in phytase supplemented-diets,
accompanied by appropriate reductions in P level, may
enhance feed efficiency responses to phytase.
Formulation of poultry diets to meet nutrient
requirements is a key objective of good nutritional
practice. However, until recently, many poultry diets
were formulated on a total amino acid basis rather than
on a digestible amino acid basis. Formulation of poultry
diets on a digestible amino acid basis is unequivocally
advantageous, as it improves both FCR and the
environmental impact. One of the major advantages of
formulation on a digestible amino acid basis, especially
when used in conjunction with synthetic amino acids

(lysine, methionine and threonine), is that it facilitates
a reduction in dietary crude protein concentration. This
reduction improves feed efficiency, as the amount of
surplus amino acids that the bird must deconjugate
and excrete is reduced. Similar benefits exist for phase
feeding, a strategy that aims to meet changes in nutrient
requirements as the bird ages.
An approach that has been adopted to some extent
in pigs as a means of improving feed efficiency is the
formulation of diets on the basis of net energy (NE)
rather than digestible energy. A comparison of NE
versus metabolisable energy for formulating broiler
diets is a core objective of the current Australian Poultry
Cooperative Research Centre.

Ion Balance and Hofmeister Effects

The lyotropic or “Hofmeister” series is a biochemical
grouping of anions and cations based on their ability
to precipitate protein (Collins and Washabaugh, 1985).
These ion-specific effects are thought to be associated
with changes in the thermodynamics of the water matrix
where the strongly hydrated anions and weakly hydrated
cations act as ‘stabilizing agents’ (kosmotropes) and the
weakly hydrated anions and strongly hydrated cations
act as ‘destabilizing agents’ (chaotropes). Media that
contains high concentrations of kosmotropic anions and
cations results in increased protein precipitation due to
a reduction in ‘free’ water concentrations and vice versa
for the chaotropic ions. These effects are complex and
involve interactions with pH and temperature, and the
hydrophobicity or polarity of the interacting surface
(Zhang and Cremer, 2010). The mechanisms behind
these effects are not clear and the reason for this
obscurity is the complex ion-specific interactions that
occur i.e. difficulty in separating opposing forces of the
chaotropic and kosmotropic anions and cations and also
sensitivity in methodology to explore the effects on water
structure (Evans and Niedz, 2008). However, data does
exist that suggests ions influence hydrogen bonding in
water, altering ‘bulk’ water structure. In this context
ions which exhibit weaker interaction with water than is
the case for water to water, are known as chaotropic and
those that exhibit stronger interactions with water than
does water to itself are known as kosmotropic (Collins
and Washabaugh, 1985). Hofmeister effects are well
represented in the scientific literature and have been
explored in various disciplines including soil chemistry,
protein chemistry, water and solute chemistry (Evans
and Niedz, 2008) and even lyotropic effects in insect
physiology. However, to the authors knowledge there
have been no reports on the effects of ‘ion-soups’, from
a lyotropic perspective, on nutritional biochemistry and
in particular, mineral and amino acid digestibility and
the effect on FCR.
Avian diets are an ‘ion soup’ containing variable
concentrations of carbonates, sulphates, nitrogenous
compounds as well as various salts such as NaCl,
NaHCO3 and metal ions such as K, Mg, Fe, Zn, Cu, Mn,
Ca and Sr and non-metal ions such as P, S, Cl, Se and N.
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CO32– > SO42– > HPO42– > OH– > F– > HCOO– > CH3COO– > Cl– > Br– > NO3– > I– > SCN– > ClO4–
Figure 2 Representation of Hofmeister anions with increasing chaotropic potency from left to right (adapted from
Leontidis, 2002; Zhang and Cremer, 2006).
Cs+ > Rb+ > NH4+ > K+ > Na+ > Li+ > Mg+ > Sr2+ > Ca2+
Figure 3 Representation of Hofmeister cations with increasing chaotropic potency from left to right (adapted from
Hess and van der Vegt, 2009)
Many of these ions directly influence enzyme function
and protein solubility. Specific effects depend on
protein concentration and type, pH and water potential.
According to the Hofmeister series, ions are ordered by
their ability to increase protein solubility (“salting in”
or chaotropic), with increasing chaotropic potency on
the extreme right (see Figures 2 and 3).
Chloride is regarded as being the pivot point
between kosmotropic (“salting out”) anions on the left
and the chaotropes on the right. The relative ranking
of anions in this series is dictated by four variables:
charge, size, hydration strength and polarizability (the
latter is not independent of size). Kosmotropic ions tend
to be small and to have low polarizability and electric
fields at short distances and lose their hydrating water
reluctantly (Leontidis, 2002). Chaotropic ions tend
to be large and have weak electric fields and a loose
hydration shell, which they part with easily. Hence,
the size, charge and hydration strength of ions dictates
whether they are chaotropic (increase protein solubility)
or kosmotropic (reduce protein solubility). Kosmotropic
ions compete for water aggressively, dehydrating the
surface of competing moieties, especially if they are
already inherently hydrophobic, whereas chaotropic
ions lose their hydrating water easily and contribute to
the persistence of solubility at the interface.
The relevance of such ion-specific effects to avian
nutrition and their contribution to variance in FCR is
not clear and is the focus of research in our laboratory.
However, it is theoretically possible to modify
digestibility, especially that of hydrophobic proteins
such as kafirin in sorghum through modification of
the Hofmeister ‘pull’ by altering the ion balance in
the diet to favour the chaotropes. In this regard, it is
noteworthey that phytate, which has six esterified
phosphate moieties, is an ‘uber-kosmotrope’. Ions of
importance in this context include Na, Cl, K, Ca, P and
also phosphates, sulphates and phytate.

Conclusions

Irrespective of the methods by which it is accomplished,
improved feed efficiency of broilers will reduce the
environmental impact of chicken-meat production
and increase the economic viability of the industry.
Consequently, both ecological and financial factors are
driving the quest for enhanced feed efficiency and this is
superimposed on the fact that the environmental impact
of chicken-meat production is inherently less than some
alternative meat production systems.
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Abstract

Methane (CH4) is the single most important greenhouse
gas emitted by cattle during the production of meat
and milk and constitutes the major part of the carbon
footprint (CFP) of those products. When CFPs of
ruminant products such as beef and milk are compared
to CFPs of products from monogastric animals, that
ruminants can utilize non-human edible feed to produce
human-edible food is often ignored. Reduction of
enteric CH4 per unit ruminant product can be achieved
indirectly by increasing animal productivity and directly
by dietary strategies that lower enteric CH4 production.
Environmental and economic sustainability are most
likely achieved by increasing animal productivity.
Feeding more grain to boost animal productivity is
undesirable from a sustainability point of view as it
would lower the efficiency of conversion of non-human
edible sources of feed into food. Dietary strategies that
directly lower enteric CH4 production are all based on
manipulating the production and utilization of hydrogen
in the rumen. Results of experiments investigating these
dietary strategies have given a wide range of sometimes
conflicting results, which may slow down adoption of
these strategies. Contrary to expectation, none of these
strategies have so far resulted in improved animal
performance and therefore they lead to increased cost
of production. Dietary strategies aimed at improving
the environmental sustainability will only be adopted
if they are legislated into use or offer financial or social
benefits to farmers and other stakeholders in the feedto-food production chain. This review has been written
from the perspective of a global feed company.

Introduction

Recent publications (Steinfeld et al., 2006; Smith et al.,
2007) and Al Gore’s film ‘An inconvenient truth’ that
was released in 2006 have created awareness among the
general public that greenhouse gases (GHGs) such as
carbon dioxide, methane (CH4) and nitrous oxide cause
global warming and climate change. Global estimates
of the contribution of livestock agriculture to GHG
emissions vary between 9% and 18% of anthropogenic
emissions, depending on whether only direct emissions
are accounted for or whether emissions associated with
factors such as land use change, the production of feeds
and the transport of products are also included in the
calculation (Steinfeld et al., 2006; Smith et al., 2007).
Livestock-related GHG predominantly derives from
Recent Advances in Animal Nutrition – Australia 18 (2011)

ruminants, which emit CH4 from the rumen, and CH4
and nitrous oxide from manure (Smith et al., 2007).
It is becoming increasingly common to express
the environmental impacts of the production of human
food commodities as carbon footprints (CFPs). These
CFPs take into account all GHGs that are produced
during the life cycle of a product. CFPs are expressed as
CO2-equivalents (CO2-eq.), where the global warming
potential of each gas is expressed relative to that of
carbon dioxide, CH4 having a value of 25 and N2O a
value of 298 (Forster et al., 2007).
When ruminant products are compared with other
food commodities, their CFP is relatively high (Williams
et al., 2007). Because of the nature of their diet and
digestive system, ruminants produce hydrogen and CH4
during the fermentative digestion of their feed. CH4
constitutes a loss of energy equivalent to 2–12% of gross
energy ingested (Johnson and Johnson, 1995). Reducing
enteric CH4 production as a means of improving feed
conversion efficiency has been a goal of nutritionists
for decades (Blaxter and Czerkawski; 1966, Moe and
Tyrrell, 1979). In addition to its energetic inefficiency,
CH4 is also a strong GHG and strategies to reduce CH4
emissions from ruminants are, therefore, receiving
renewed interest from the scientific community (Martin
et al., 2010). CH4 production by ruminants is one of
the key factors responsible for the relatively high CFP
of ruminant animal products. Many governments have
put in place agreements to reduce their national GHG
emissions and a lack of contribution from the ruminant
sector may result in the implementation of legislative
measures to reduce emissions from dairy, beef and
sheep farms.
Reduction of enteric CH4 and therefore of CFP per
unit ruminant product can be achieved indirectly by
increasing animal productivity and directly by the use
of dietary strategies that lower enteric CH4 production.
Dietary ingredients and feed additives that reduce
enteric CH4 emissions reduce the absolute amounts
of GHG that are produced by the animal, provided
that the dietary strategy does not result in increases
in GHG production elsewhere in the production chain
(Hindrichsen et al., 2006). Many dietary strategies to
reduce emissions of enteric CH4 have been proposed
(see reviews by Boadi et al., 2004; Iqbal et al., 2008;
McAllister and Newbold, 2008; Martin et al., 2010).
This review assesses the feasibility of indirect
and direct enteric CH4 reduction strategies from the
perspective of a global feed company and aims to link
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environmental sustainability with economic and, where
relevant, social sustainability. Social sustainability
encompasses aspects such as labour rights, health,
safety and ethics.

Life cycle analyses and
sustainability

Increases in animal productivity are usually obtained
by changing from forage to high grain diets. Account
should be taken of a possible pollution shift from CH4
to nitrous oxide and carbon dioxide, as the production
of grain may require more fertilisers and pesticides
than forage. A good overall perspective may be
obtained using the much broader life cycle analysis
(LCA) method, which reveals the combined effects
of different GHGs expressed in CO2-eq. emitted over
the life cycle of a product such as a kg of milk or a
kg of bovine meat. Interpretation of current LCA data
for livestock products is hindered by the lack of a
standard LCA methodology and results rarely include
the environmental consequences of competition for
land between humans and animals or the consequences
of land use change (de Vries and de Boer, 2010). Most
LCA studies show monogastrics to be more efficient
than ruminants in terms of feed conversion efficiency
(FCE) and CFP (Williams et al., 2007). However, this
does not take into account that ruminants can convert
non-human edible feed into human-edible food.
When this is considered, opposite results with higher
efficiencies for ruminants than for monogastric animals
are obtained (Gill et al., 2010).
These authors showed that calculating the efficiency
of protein production on the basis of human-edible
protein produced per unit of human-edible protein
consumed gave efficiencies for ruminants well in excess
of 100% (Table 1). Calculated in this way, roughagebased systems, as exemplified by South Korea where
a high proportion of forages and by-products are used,
result in more efficient conversion of feed into food
than grain-based systems, as exemplified by the USA.
Calculations made on the basis of human-edible food
production do justice to the unique ability of ruminants
to convert sources of feed that are not edible for humans
into highly nutritious dairy foods and meat.
That ruminants can convert feeds that are not
edible for humans into human-edible food is often not
considered, and therefore it follows that the CFP of

ruminant animal products should be viewed in a holistic
manner. It should also be considered that CFP is part of
the larger scenario of environmental sustainability, which
includes, besides CFP, acidification, eutrophication,
toxicity, mineral extraction, nature occupation, water
depletion, water quality, non-renewable energy use and
biodiversity (Weidema et al., 2008). In the broadest
sense, sustainability means “meeting the needs of the
present without compromising the ability of future
generations to meet their needs” (Brundtland, 1987).
Environmental sustainability is part of the interrelated
sustainability trinity of planet, people and profit. It
is unlikely that environmental sustainability will
materialize without social sustainability and economic
sustainability.

Effect of enhanced productivity on
methane per unit animal product

Measures to increase animal productivity have mainly
been applied to increase the economic sustainability
of the farm business. Enhanced productivity is also
associated with significant reductions in CH4 production
and CFP per kg milk (Capper et al., 2009) and per kg
beef (Capper, 2010a,b). Capper et al. (2009) compared
the environmental impact of US dairy production in
2007 (9,193 kg milk per cow) with historic production
practices in 1944 (2,074 kg milk per cow) and calculated
that there was a reduction per kg milk of 57% in CH4
production and 63% in CFP over that period. The CFP
per cow in 2007 was more than double that in 1944,
but the fourfold increase in milk yield over this period
resulted in a large decrease in CFP per unit of milk.
Burney et al. (2010) examined scenarios for 2005
and 1961 and concluded that the emission impacts of
agricultural intensification are preferable to those of
a system in which croplands are expanded to meet
global demand for feed and food. This is because
the environmental costs of expansion of agricultural
land are much larger than the environmental costs
of intensification. Expansion of agricultural land is
environmentally very expensive, particularly when
deforestation is involved, as this results in great losses
of carbon. Modelling shows that the amount of GHG per
kg beef produced in the EU would increase by a factor
of 3.1–3.9 if land use change and land opportunity costs
are taken into account (Nguyen et al., 2010). This factor
is high because EU beef production uses vast quantities

Table 1. Efficiency of conversion of feed protein into protein in animal products for different species (from Gill
et al., 2010).
USA
South Korea
Total1
Human-edible2
Total
Human-edible
Milk
0.21
2.08
0.19
14.30
Beef
0.08
1.19
0.06
6.57
Pork
0.19
0.29
0.16
0.51
Poultry meat
0.31
0.62
0.34
1.04
1
kg of protein in animal product per kg of protein in animal feed
2
kg of human-edible protein in animal product per kg of human-edible protein in animal feed
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of soybean products and the pulse of GHG emissions
after deforestation for soybean cultivation is currently
depreciated over a relatively short period of 20 years
(IPCC, 2003).
Nguyen et al. (2010) demonstrated that CFP and
the quantity of CH4 produced per kg carcass weight are
lowered if male offspring of dairy cows are slaughtered
at a younger age (Table 2). The table shows that beef
production from dairy bull calves is environmentally
more advantageous than specialized beef production
systems in which the beef originates from a suckler beef
cow and its offspring. That is because for dairy cows,
most of the GHG emissions of the dam are allocated to
the milk, whereas in the specialized systems involving
beef breeds, they are allocated to the meat from the
offspring.
In the past 50 years, dairy cows have consistently
constituted 16–19% of total cattle numbers in the world
(FAOSTAT, 1961 through 2009). It follows that the
majority of cattle are beef cattle and, to a lesser extent,
dairy herd replacements. When aiming at lowering the
CFP of the cattle industry it is, therefore, essential to
pay considerable attention to beef animals and dairy
replacement stock. Improving animal productivity is
an effective strategy for lowering CFP and enteric CH4
per unit beef and per unit live weight gain. Using IPCC
2006 Tier 2 guidelines (Dong et al., 2006), we calculated
the effect of reducing the age at slaughter of a beef
animal on its CH4 emissions (Table 3). A faster growing
animal reaches target slaughter weight at a younger
age and total lifetime CH4 emissions are reduced. Due
to dilution of CH4 emitted at maintenance, CH4 per

kg final weight decreases faster than age at slaughter,
both in absolute and relative terms. Obviously, feed
quality and especially digestibility have to increase to
support enhanced animal performance. A first step in
this direction may involve relatively simple and costefficient inputs such as NPN and a balanced mineral
mix.
In countries such as Brazil, GHG emissions per
kg beef, excluding the effects of land use change, are
at least 30–40% higher than in current European beef
production systems (Cederberg et al., 2009). This can
be explained by high slaughter ages and long calving
intervals, resulting in high life-time CH4 productions
(Cederberg et al., 2009). Moreover, the majority of
beef in Brazil is produced in cow-calf systems and
not as a by-product of milk production. Measures that
would result in enhanced productivity and reduced CH4
emission per kg beef or milk include a younger age
at first calving, shorter calving intervals, minimising
involuntary culling, reduced replacement stock, higher
longevity, improved genetic merit, higher persistency,
use of sexed semen, induced twinning, optimised diet
formulation, ample supply of drinking water, improved
management, adequate shading and cooling, improved
housing and improved animal health and disease
control.
Specifically for dairy cows, mention should be
made of increased milking frequency and shortening or
elimination of the dry period as non-nutritional means
of increasing yield per day of life (Gumen et al., 2005;
Rastani et al., 2005). Recombinant bovine somatotropin
(rbST) has also been shown in modelling studies to

Table 2. Carbon Footprints (CO2 equivalents per kg carcass weight) and enteric methane production (g/kg carcass
weight) of beef produced in different beef production systems in the European Union (adapted from Nguyen et
al., 2010).

Specialized beef system

CO2-equivalents
kg
relative
27.3
100

Dairy bull calves:
Slaughtered at 24 months, 620 kg
Slaughtered at 16 months, 515 kg
Slaughtered at 12 months, 450 kg

19.9
17.9
16.0

Enteric methane production
g
relative
418
100

73
66
59

332
230
168

79
55
40

Table 3. Effect of age at slaughter at 480 kg live weight and concomitant changes in feed digestibility and feed
conversion efficiency (FCE) on enteric methane production.
Slaughter age (years)
Relative slaughter age
Months in feedlot
Live weight gain (g/d)
Estimated FCE (kg gain/kg DM intake)
Feed digestibility (%)
Enteric methane production (% of GE)
Methane production (kg) in lifetime
Methane production (kg/kg body weight)
Relative methane per kg final weight

5
100
247
0.03
55
7.0
337
0.702
100

4
80
309
0.04
60
6.5
224
0.466
66

3
60
412
0.06
65
6.0
145
0.301
43

2
40
3
618
0.11
70
5.5
73
0.152
22
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reduce GHG per unit milk (Capper et al., 2008), but
there are many countries in which use of rbST is not
allowed.

Dietary strategies to directly lower
enteric methane production

A biochemical consequence of rumen fermentation of
fibrous feeds is that large quantities of hydrogen are
produced, which are converted by methanogenic archaea
into CH4. A greater understanding of rumen hydrogen
metabolism may present new opportunities for the
control of rumen methanogenesis (Hegarty and Gerdes,
1999). The management of hydrogen production is the
key principle when developing strategies to control
enteric CH4 emission (Joblin, 1999). Joblin (1999)
distinguished three main avenues that can reduce CH4
production during rumen fermentation. The first is to
reduce hydrogen production without impairing feed
digestion. A second option is to activate alternative
hydrogen sinks, ideally through pathways that produce
beneficial end products for the host animal. A third
avenue involves inhibition of methanogenic archaea.
Because these strategies have been reviewed (Boadi
et al., 2004; Beauchemin et al., 2008; Iqbal et al., 2008;
Martin et al., 2010), the following discussion will focus
on strategies that we have tested in our own experiments
and their relevance to the feed industry.

Reduction of hydrogen production

An obvious way to reduce CH4 emissions is to reduce
the quantity of hydrogen produced during rumen
fermentation. Hydrogen production mainly results
from the production of acetate and butyrate during
rumen fermentation, whereas propionate production is
a net hydrogen sink. As hydrogen is mainly produced
during structural carbohydrate fermentation, one of
the obvious ways to reduce hydrogen production is to
replace structural carbohydrates with non-structural
carbohydrates (concentrates versus roughage) in the
ruminant diet. Feeding maize and other starchy crops
and their silages favours the production of propionate
rather than acetate in the rumen and thus lowers CH4
production (Beauchemin et al., 2008). However, Vellinga
and Hoving (2010) caution that the environmental gains
of replacing grass silage by maize silage are largely
offset by large losses of soil organic carbon and nitrogen
following ploughing of permanent grassland for maize
cultivation. These authors showed in a modelling study
that the carbon payback period is 60 years.
Protozoa are important producers of hydrogen
and defaunation has recently been shown in 21 in vivo
experiments to reduce CH4 production by an average
of 10.5% (Morgavi et al., 2010). Eugene et al. (2004)
showed in a quantitative meta-analysis that defaunation
significantly increased average daily gain and FCE.
These positive effects were especially obvious when
diets were both high in forage and low in nitrogen.
It has also been shown that defaunation may depress
fibre digestion. Thus complete elimination of protozoa,

rather than selective defaunation, is not recommended
as a method for reducing CH4. However, despite interest
in defaunation techniques for over 30 years, it is not
yet a practical proposition. Lack of persistent success
is probably due to the tremendous adaptability of the
rumen ecosystem.

Activate alternative hydrogen pathways

The capture of hydrogen by processes other than
methanogenesis could reduce CH4 emissions and may
yield products beneficial for the animal. Organic acids
have often been proposed as “hydrogen sinks.” For
instance, if fumarate or malate is fed to a ruminant,
it would theoretically be reduced to propionate in the
rumen, consuming hydrogen in the process. However,
when fumarate was fed to cows, it only reduced CH4
production in a few cases (Bayaru et al., 2001; Wallace
et al., 2006), whereas in the majority of cases, no
effect was observed (Beauchemin and McGinn, 2006;
Kolver and Aspin, 2006). Fumarate is a relatively
large molecule (116 g/mole) and uses 1 mole (2 g) of
dihydrogen during its reduction. A practical consequence
of this is that a large amount of fumarate must be fed to
reduce CH4 production. The theoretical maximal CH4
reduction is 3.4 g CH4 per 100 g fumarate. Moreover it
was demonstrated that fumarate is not uniquely reduced
to propionate, but may also be converted into acetate
(Ungerfeld et al., 2007), resulting in the production of
hydrogen rather than its consumption. Besides, fumarate
is expensive and has poor palatability. All these factors
limit the practical use of fumarate.
Lipids rich in unsaturated fatty acids such as linseed
oil act as hydrogen sinks when they are hydrogenated.
However, this process will only result in a small reduction
in CH4 emission. Fats also inhibit CH4 production
through effects on hydrogen production (they are toxic
for protozoa and bacteria) and CH4 production (they are
toxic for archaea). Grainger et al. (2008) demonstrated
that supplementing dairy cows fed a forage and cereal
grain diet with 2.7 kg DM per cow per day of untreated
whole cottonseed (WCS) (high in C18:2) reduced
CH4 emission per kg milk solids (fat plus protein) and
increased profitability. The reduced CH4 emission per
kg milk solids was the result of a lower CH4 emission
per cow and increased milk production. Crompton et al.
(2011) fed 35 g/kg DM of lipid from milled rapeseed
(high in C18:1) to dairy cows and showed a reduction
in CH4 emission per day, per unit DM intake and per
unit milk yield. We tested the effect of 50 g/kg DM
extruded linseed (high in C18:3) on dairy cows, but
did not observe a CH4 reduction (Van Zijderveld et al.,
2009). Our finding is in contrast with those of others
(Martin et al., 2008; Beauchemin et al., 2009; Crompton
et al., 2011), possibly because we used isolipidic diets
and maintained DM intakes between treatment groups
to avoid the confounding effects of differences in ad
libitum feed intake on CH4 production. Most reported
effects of CH4 reduction resulting from the inclusion of
fat in the diet may well be due to lowered voluntary feed
intake caused by impaired rumen fermentation (Martin
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et al., 2008). This is undesirable from an economic
perspective and in terms of maximizing roughage
utilization.
Recently, there has been interest in the use of
nitrate as a hydrogen sink (Leng, 2008). In the rumen,
nitrate is reduced to ammonium, which can be used as
an N source by the rumen microbes. In the reduction
process, 8 moles of hydrogen are used per mole of
nitrate. Nitrate is a small molecule (62 g/mole) and its
theoretical CH4-reducing potential is quite large (25.9
g CH4 per 100 g of nitrate). Nitrate has been proven to
effectively reduce CH4 emissions in sheep (Nolan et al.,
2010; Van Zijderveld et al., 2010b), beef cattle (Hulshof
et al., 2010) and dairy cows (Van Zijderveld et al.,
2010a), although the efficiency of CH4 reduction varied
between experiments. Hulshof et al. (unpublished) fed
graded levels of nitrate to beef cattle and observed that
average daily gain, FCE and dressing percentage were
equal to those obtained using urea.
One aspect of nitrate feeding that is limiting its
application in ruminant nutrition is its potential toxicity.
In the rumen, nitrate is first converted into nitrite, which
is subsequently reduced to ammonium. In unadapted
animals, nitrate reduction occurs at a faster rate than
nitrite reduction, resulting in accumulation of nitrite in
the rumen (Allison and Reddy, 1984). Excess nitrite is
absorbed through the rumen wall into the blood, where
it converts ferrous iron in the haemoglobin molecule
to ferric iron, inhibiting the transport of oxygen to the
tissues (Bruning-Fann and Kaneene, 1993). This limits
the use of nitrate in practice, although a period of gradual
adaptation to dietary nitrate increases ruminal capacity
for reducing nitrite (Allison and Reddy, 1984) such that
adapted animals tolerate higher levels of nitrate in their
diets (Alaboudi and Jones, 1985; Hulshof et al., 2010;
Van Zijderveld et al., 2010b).
One of the main benefits of using alternative
hydrogen pathways to mitigate CH4 production is that
they are not based on an antimicrobial principle. The
chances of the effects disappearing over time are a lot
less likely to occur with alternative hydrogen sinks than
with compounds based on antimicrobial effects.

Inhibition of methanogenic archaea

Numerous in vitro screening studies have identified many
compounds (tannins, fatty acids, essential oils) that are
effective in reducing the number of methanogens and
CH4 production, but few in vivo studies are available
that demonstrate the efficacy of these compounds.
Our group has explored the potential of diallyl
disulfide (DADS), one of the main components of garlic
oil, as an anti-methanogenic feed additive. DADS was
shown in vitro to reduce CH4 production (Busquet et al.,
2005). The mode of action of this product is believed
to be through interference with HMG-CoA reductase,
an enzyme specific to archaea (Gebhardt and Beck,
1996). When different doses (56 or 200 mg/ kg DM)
of DADS were fed to dairy cows, no CH4 reductions
were observed (Van Zijderveld et al., 2011a), but a clear
garlic taint was noticed in the milk at the highest dose.

In another experiment, our group observed a 10%
reduction in CH4 emission with a diet containing 0.4%
lauric acid (C12:0) and 1.2% myristic acid (C14:0) (DM
basis), which have been shown to be archaea inhibitors
(Machmüller, 2006). However, in that trial we also
fed 1.5% linseed oil and 0.7% calcium fumarate (Van
Zijderveld et al., 2011b). Obviously, individual effects
cannot be distinguished when using a combination of
feed additives.
A major limitation of anti-methanogenic feed
additives is that they often do not specifically target
methanogenic archaea, but also suppress Gram-positive
bacteria (Martin et al., 2010). This suppresses overall
fermentation in the rumen and, while CH4 production
is depressed, also reduces nutrient supply to the host
animal.
As rumen microbes may adapt to anti-archaeal
strategies, decreases in CH4 production are often
transient (Iqbal et al., 2008). Moreover, the importance
of methanogenesis as a hydrogen sink in the rumen
should not be overlooked. Eradicating the methanogens
will result in accumulation of hydrogen in the
rumen, inevitably reducing the efficiency of rumen
fermentation.
In the absence of single mitigation technologies
with lasting or large impacts, it may be best to combine
strategies with different modes of action to maximize
the total effect.

Fate of hydrogen is key

It is remarkable that none of the strategies in our studies
that lowered ruminal CH4 production resulted in more
efficient FCE. Ruminant nutritionists have always
postulated that a reduction in enteric CH4 production
will improve FCE (e.g., Blaxter and Czerkawski, 1966;
Martin et al., 2010). More research should be done
on the principles underlying CH4 production and the
conditions under which direct CH4 reduction results in
enhanced productivity, improved FCE or both should
be identified. Useful energy will only be obtained if
metabolic hydrogen is rechanneled to a product that is
energetically useful for the host animal (Czerkawski,
1986).

Economics of mitigating emission
of enteric methane

Of the various strategies that reduce emission of enteric
CH4, only those that are economically attractive will
have a chance of being adopted without legislation.
Therefore, productivity enhancing measures will
most likely be the only measures that will be adopted
voluntarily; often for reasons other than environmental
concerns. Farmers will act differently if a price is
placed on emissions, as may well occur in countries
such as New Zealand that have GHG emissions far
in excess of those agreed to under the terms of the
Kyoto Protocol (Clark et al., 2011). In the event of
compulsory emission reduction, farmers may have the
choice of mitigating at their own farm or offsetting their
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emissions with purchased carbon credits. For the well
established EU-emission trading system (ETS), prices
in 2010 varied between € 13 and € 16 per tonne CO2-eq.
(www.CO2prices.EU). In December 2010, futures for
delivery in 2020 could be purchased for € 22/t CO2eq.
Assuming that a lactating dairy cow produces 400
g CH4 per day, this would be equivalent to 10 kg CO2
per day (1 kg of CH4 = 25 CO2-eq.). If a hypothetical
dietary additive reduces CH4 production by 20%, then
the reduction is 2 kg CO2 per day. If this additive has
no effect on productivity, it has to compete with the
global trade in emission rights. The reduction of 2 kg
CO2 would have a market value of € 0.04 (€ 20/ tonne
CO2). In other words, the CH4-reducing feed additive
should not cost more than € 0.04 per cow per day if
its only effect is a 20% reduction in enteric CH4. This
comparison assumes that bovine CH4 emissions can be
traded, which is currently not the case. It would also
require quantification and verification of CH4 emission
at reasonable cost at farm level. Moreover, practical
difficulties in establishing, administering, verifying and
controlling an ETS for animal agriculture will have to
be overcome. In the absence of an ETS, and with an
ETS but low CO2 prices, there is hardly any incentive
for farmers to invest in CO2 mitigation. Clearly, CH4
reduction would become a lot more attractive if the
reduction in CH4 mitigation were associated with
enhanced animal production.
Processors and retailers selling ruminant products
such as milk and meat are becoming increasingly aware
of the relatively high CFP of these products and they
may promote specific CH4-reducing feed additives
to reduce the CFP of their specific products. This
may increase the value of CH4 reduction because the
reduction then applies to a branded product that may
command a higher margin. Food companies may also
consider GHG reduction as part of their corporate social
responsibility.

Conclusions

The GHG burden of ruminant products is most effectively
reduced indirectly by increasing animal productivity.
Dietary strategies that directly target ruminal CH4
production are still under development and often result
in an increased cost of production. The introduction
into the animal feed market of such strategies will
be hindered if these products do not enhance animal
productivity to compensate for their cost. Moreover,
variability in reported experimental results may affect
commercial interest in such measures. Incentives by
food companies or legislators may alter this situation.
More research is needed on rechannelling metabolic
hydrogen into products that are useful to the host
animal. When comparing CFPs of food commodities,
the ability of ruminants to convert non-human edible
feed into high value food is often ignored.
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Summary

Reactive nitrogen (N) compounds are good for plant
growth but, at least in the short term, are not good
for the environment. It is thought that about 40% of
the current global human population is supported by
food production made possible only by N fertilisers.
At any point in time, about half the N in fertiliser is
retained in the plant and the remainder “escapes” into
the environment. N that is not retained in plant material
persists in soil and water as nitrate (NO3), nitrite (NO2)
and ammonium (NH4+) or may enter the atmosphere
as gaseous ammonium (NH3). Reactive N in soil and
water is subjected to nitrification and denitrification by
soil bacteria, which results in the transfer of N to NO3
in soil and water or the return of N to the atmosphere
as N2 gas or oxides of N (N2O, NOx). Nitrous oxide
(N2O) contributes to the greenhouse effect. It is 200
times more potent than carbon dioxide (CO2) and
because of its half-life of more than 115 years, is
currently accumulating in the atmosphere. N2O and
NOx contribute to stratospheric ozone depletion. In this
context, we consider ways of reducing anthropogenic
reactive N leakage into the environment. In particular,
we discuss the concept of replacing anthropogenic N
with N from animal manure and ways of reducing the
loss of existing reactive N from animal excreta. Finally,
we consider ways of reducing N in excreta derived from
animal production.

Introduction

There are about 200 × 109 million tonnes (mt) of N in
the soil and atmosphere of the earth. The majority of N
is present in rocks and sediment (including soil) (Table
1). Atmospheric NO2 represents a smaller proportion of
Table 1. The distribution of nitrogen on earth.
Mass (mt)
Rocks and sediments (deep, not available) 190 × 109
Atmosphere
3.9 × 109
Ocean
23.3 × 106
Soil
460 × 103
Plants (terrestrial)
14 × 103
Creatures (terrestrial)
0.2 × 103
Atmospheric
N2
3.9 × 109
N2O
1.4 × 103
NOx
0.6
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planetary N, and consists of N2, NH3, N2O and NOx.
Reactive N compounds are essential components of
amino acids, proteins, DNA, RNA, enzymes, coenzymes and co-factors. Without reactive N, life as we
know it would not exist.

An overview of the global nitrogen cycle

Although reactive N compounds constitute only a small
proportion of planetary N, their flux (recycling) through
biological systems is high. Terrestrial ecosystems
(bacteria, plants and creatures) account for much of
the reactive N entry into the planetary cycles. Figure
1 illustrates the high degree of interdependency of the
major planetary nutrient cycles (the carbon [C], N and
phosphorous [P] cycles).
During the past 100 years, man has dramatically
changed the inputs to the global N cycle. We have
increased the rate of entry of new reactive N to the
biosphere from fossil fuels, agriculture and industrial
processes such as the production of plastics and
explosives (Figure 2). The annual production of reactive
N from our activities now exceeds that produced by
natural processes (Galloway et al., 2008). The magnitude
of the anthropogenic change in N cycling is so great
that there is increasing concern about the impact of N
compounds on the soil, ecosystems and climate.
The complex linkages between the C and N cycles
and global temperature (the amount of energy retained
in the atmosphere) have been documented by many
authors (see for example, Figure 3 of Gruber and
Galloway, 2008). Interestingly, not all fluxes between
pools are represented, depending on the purpose of the
authors in presenting the case.
There have been wide-scale changes in global
temperature and atmospheric gas concentrations in
the past. Figure 3 shows that significant changes in
global levels of CO2 and N2O and in temperature
have occurred in the past in the absence of human
causes. For example, ice core analysis indicates that
atmospheric levels of CO2 and N2O have varied over
the past 75,000 years. The earliest records coincide
with a major volcanic eruption at Toba near Sumatra,
Indonesia. This eruption is thought to have initiated
a severe global winter that lasted for 6–10 years and
severely reduced global populations of animals and
humans. Nonetheless, there is substantial evidence that
humans have had a significant impact on the global N
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Figure 1. An overview of the global N cycle showing the interdependency of land, ocean and atmosphere and
some of the linkages of the nitrogen cycle to biological carbon and phosphorous cycles. Major processes involved
with transformations of molecular nitrogen to reactive nitrogen and back are shown. The tight coupling between
nutrient cycles on land and in the ocean is also shown. Blue fluxes denote “natural” processes, orange fluxes denote
anthropogenic changes. Values are mt of N per year (1990). Estimates of flux are subject to considerable error;
many have uncertainties of ± 50%. (Figure reproduced with permission from Gruber and Galloway, 2008).

Figure 2. Global changes in flux through various reactive nitrogen pools over a 100-year period from a) 1890 to b)
1990. Units are mt N per year. Inputs to the “NOy” box from “coal” reflect fossil-fuel combustion. Emissions from
“vegetation” include agricultural and natural soil emissions, including combustion of biofuel, biomass (savannah
and forests) and agricultural waste. Emissions to the “NHx” box from “agriculture” include emissions from
agricultural land and combustion of “vegetation”. NHx emssions from the “cow” and “feedlot” reflect emissions
from animal waste. More details are given in Galloway and Cowling (2002), from which this figure is reproduced
with permission.

179

Figure 3. Relationship between changes in global temperatures and ice cover and indicators of nitrogen and
carbon cycle activity over the past 75,000 years. The source of the data used and implications are described in
Gruber and Galloway (2008), from which this figure is reproduced with permission.
cycle during the past century, and it is likely that this
will change the climate.

The impact of agriculture on global
reactive N

Our ancestors recognized that the application of animal
and human manure to crops enhances their yield. More
recently, the role that N compounds in manure and
legumes played in improving crop yield and pasture
growth became explicit knowledge. The Haber–Bosch
process for converting atmospheric N2 into NH3 was
commercialized in 1915 and enabled mass production
of nitrogenous fertiliser. The “green revolution” of
the 1970s, which has been credited with a substantial
reduction in world hunger, was based on the widespread
use of N fertiliser and improved varieties of rice and
cereals.
The production of N in the form of reactive N
fertilisers is 100 mt per year (Figure 4). The annual
quantity of reactive N produced as N fertiliser is 10–30
times more than that produced by lightning and about
one third of the total amount of N fixed by legumes
and plant symbiotes (Davidson, 2009). N fertilisation
has made a large contribution to the increase in food
production that has occurred during the past 60 years.
Models of fluxes between terrestrial and oceanic
pools of reactive N suggest that the current N cycle is

Figure 4. The relationship between N fixation from
crops and pastures, N in manure, N in fossil fuel and N
generated by the Haber–Bosch process and atmospheric
N2O concentration (Holland et al., 2005).
imbalanced (i.e., more reactive N is produced than is
held in sinks) by an amount equivalent to about 90%
of anthropogenic production (Canfield et al., 2010).
The global input of reactive N currently exceeds the
capacity for N storage in long-term sinks and has
contributed to the current increase in atmospheric N2O
level. The Haber–Bosch process alone has increased
the production of reactive N by 3000 mt since 1920,
of which most is still present as reactive N, although a
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proportion has been converted to N2 by denitrification.
A balance between new N production and storage has
not yet been reached. Since 1920, the storage of N in
domestic animals and humans has increased by 3 mt.
The amount of N stored in crops and grasslands over
the same period is considerable larger than that stored
in animals. The data of Burney et al. (2010) indicate that
C and N storage in food crops has doubled since 1961.
Although most of the N captured in plant-based foods is
turned over (returned to the environment) within 6–12
months, there has been a long-term impact. Over the
same interval (from 1961 to the mid 2005), and despite
a decrease in long-term storage of C and N in trees and
associated soils, at least 50 mt more N was retained in
new plant material in 2005 than in 1961 (assuming that
all plant material contains 1% N and using data from
Burney et al., 2010). About 100 mt more N is currently
retained in plants and animals than when the Haber–
Bosch process was invented, suggesting that 2900 mt of
manufactured reactive N is unaccounted for.
There is also a greater flux of N through the NH3
pool from the soil to the atmosphere and back to the
soil and plant communities today than a century ago
(Figure 2). Quantification of this flux is problematic, but
it has been estimated to be 75 mt of N per year, which
is equivalent to an average rate of NH3-N deposition
of 1.5 kg N/ha over the entire surface of the planet
(Schlesinger and Hartley, 1992) and ranges from 0–25
kg N/ha/year, depending on the location (Eickhout et
al., 2006). Nonetheless, the global reactive N cycle is
not balanced, and the increase in stored N since the
development of the Haber–Bosch process is very much
less than the 3000 mt of new N produced.
The main reason for the increased production
of artificial N fertiliser is to produce more food. The
availability of more food also makes population growth

possible. Not only are there now more people, but we
also desire more animal products in our diet. To sustain
the increased intake of animal protein, a third of all
global grain production is currently fed to livestock
(chickens, pigs, dairy cows and beef cattle) (Bradford,
1999).
If we stopped using artificial N fertilisers, world
food production would fall, possibly to a level that
would support a population of 5 billion humans. The
current world population is just under 7 billion with a
forecast world population of 9 billion humans by 2050.
UNEP and WHRC (2007) claim that the Haber–Bosch
process is the most economical anthropogenic means
of fixing N and is responsible for sustaining nearly
40% of the current world population due to its ability
to increase agricultural yields. Clearly, stopping the use
of N fertilisers is not an option. However, the current
annual production of N as animal manure is more than
sufficient to replace N in fertilisers (Table 2). Although
nutrients from manure are exploited in developing
countries, they are hardly used at all in the “developed”
or “industrialised” world (Eickhout et al., 2006). A
change in crop fertilization from artificial N to manure
N is unlikely to be easy. Previous attempts to use manure
from intensive animal production systems as fertilisers
have required management of nutrient load to prevent
the eutrophication of waterways and the consequent
accumulation of nitrate in drinking water (Jongbloed
and Lenis, 1998).
The data in Table 2 are based on current populations
of man and domestic animals and support observations
made in many different animal species that the
efficiency of retention of ingested N is significantly
less than 100%. On a lifetime performance basis, the
ratio of N retained to N ingested is very low (<2% for
extensively managed beef cattle to 25% for chicken-

Table 2. Global production of “new” reactive N and manure N in 2010. The values for manure production were
derived from approximate global populations of the major domesticated terrestrial animals (including man and his
industrial capacity as a domesticated species1) and their contributions to annual N excretion in 2010. The efficiency
of N retention in animal species was based on annual N retention and estimated N intake.
Species
Humans*
Cattle
Sheep
Goats
Pigs
Haber–Bosch Process
Rhizobial capture of atmospheric
N§ (total)
Grand Total

Global population
(billion)*
6.5
1.3

Annual N excretion
(mt)
280
640

1.1
0.8
2–3
NA
Extremely large
number

60
44
110
100
90

Efficiency of retention of
ingested N (%)+
<0.3%
<2% Beef
~5% Milk
<3%
<3%
~17%

1654

Some may argue that man is not a domesticated species at all. Estimates for man are based on a crude protein
intake of 1.5 g/kg body weight, the midpoint between the minimum crude protein intakes recommended by the
WHO and the minimum intake required for a heavily exercising human (WHO, 2002). §Difficult to partition into
naturally occurring vs introduced legume species. +Efficiency estimates are based on the lifetime of the animal
but overestimate efficiency when growth rate is less than that typical of a Western production system.
1

*
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Figure 5. World populations of terrestrial food animals. Left panel, two-legged creatures (poultry and humans);
right panel, four-legged creatures. From FAO Statistics Division database (FAOSTAT, Agricultural Production,
Live Animals http://faostat.fao.org/site/573/default.aspx#ancor; accessed 19 January 2011).
meat production). The lifetime efficiency of N retention
in humans is by far the lowest (<0.3%, due to a low
specific growth rate, low fecundity and a prolonged
lifespan).
Figure 5 shows changes in populations of animals
(including humans) since 1960, when FAO statistics
first became available. It is difficult to obtain data on
numbers of animals prior to the industrial revolution,
but there is evidence that populations of wild ruminants
and ungulates were displaced by the introduction of
domesticated ruminants into Africa and the Americas
(Kelliher and Clark, 2010). There are now more
domesticated livestock on the planet than at any other
time in history. However, the density of herbivores on
grasslands may not be much greater than in the ancient
past, except where modern production systems using
grain-based diets augment the population. Yet, there
is more grassland today than in the past because of
progressive deforestation over the past 10,000 years.
Thus, although there are significant populations of
domesticated animals today, the animal biomass per
unit of grassland available may not be much higher than
in the past. It is clear that the biomass of humans (and
chickens) is at an historical high and is increasing.
If animal agriculture is to contribute to the reuse
of excreted N as a substitute for Haber–Bosch derived
fertiliser, it will be logistically simpler to do so using

outputs from intensive animal agriculture than using
outputs from extensive livestock production systems.
This is highlighted in Table 3, which shows estimates
of average stocking rates and intensities of N excretion
for typical livestock industries. For comparative
purposes, estimates are included for the intensity of
human excretion in a low-density conurbation (Sydney,
Australia) and a larger, high-density city (Mumbai,
India).
Animal manures are valuable sources of reactive
N and other nutrients. They are also the major sources
of NH3 leakage into the atmosphere through bacterial
action. Up to 42% of the terrestrial appearance of NH3
is due to domestic animals (Schlesinger and Hartley,
1992). Much of the N loss from excreta from intensive
animal production systems (pigs, poultry, dairy cows
and feedlot-finished beef) occurs during storage or
composting. In broiler chicken systems, 8% of feed N is
lost as NH3 (Harper et al., 2010). Assuming that 30% of
feed N is retained in the broiler chicken, 12% of excreta
N are converted to NH3 during the production process.
This does not account for NH3 production during
storage of spent litter or during application of litter to
crops or pastures. In high-intensity ruminant production
systems (cattle feedlots), 50% of feed N is lost as NH3
(Todd et al., 2005), although there is wide variation
between such estimates (Loh et al., 2008). In grazing

Table 3. Average intensity of N excretion of various livestock industries (Australia).
Livestock species / system

Stocking rate
Intensity of N excretion
(head per ha)
(kg N/ha/year)
Beef cattle
>0.2
<10
Beef cattle feedlot
~50
~3000
Sheep
>2
<10
Dairy cattle
~1
~75
Pigs
>1000
>1500
Chickens
>10000
>1200
Humans – urban, low-density*
>20
~100
Humans – urban, high-density+
>220
~1100
*
Sydney is an example of a low-density city; *Mumbai used as an example of a high-density city. Data on the
population densities of Sydney and Mumbai were obtained from Wikipedia (Sydney, http://en.wikipedia.org/wiki/
Sydney; Mumbai, http://en.wikipedia.org/wiki/Mumbai; accessed on 24 May, 2011).
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livestock, N losses in the form of NH3 occur from urine
patches and faecal pats. Whitehead and Bristow (1990)
estimated that 20% of urine N excreted onto grasslands
is lost as NH3. It is to be expected that the extent of
this loss will vary depending on nutrient and moisture
content, soil type and temperature.
The N cycle is “leaky”, i.e., it loses N to the
environment at every stage of the cycle, and the extent
of the loss varies (recycling takes place through bacteria
in the soil, the populations of which are highly labile).
Inherent inefficiencies mean that reuse of existing N
resources is the first step in slowing the rate of increase
of reactive N in the environment. To be effective in
reducing further increases in global N2O and soil and
water NO3 concentrations, reuse of reactive N (recycling)
should substitute for the production of “new” reactive
N (produced by the Haber-Bosch process and by N
fixation by legumes).
Eventually, all anthropogenic N will be retained on
the planet in the form of more N2 gas and more biomass.
It will take centuries, if not millennia, for the N cycle to
stabilize. Some think that when this happens, there will
be a marked increase in soil biota (Canfield et al., 2010),
although their intrinsic high turnover rate acts against
soil biota as a stable form of long-term storage. A more
plausible future will see an increase in atmospheric
N2, more biomass generated from cropping and food
production, and more trees and grasslands as terrestrial
sinks for organic matter, including N. Population
pressure from humans and their domesticated species
will determine the time required for this long-term
solution to prevail. Whatever happens, the planet will
be a different place tomorrow than it is today.

What can be done to reduce the
impact of reactive N compounds on
the environment?

The global population of humans and, to a lesser extent,
domestic animals will continue to grow. Potential shortterm solutions to reducing the use of anthropogenic N
include the following.
1. Reduce the feeding of grain grown using N
fertilisers to livestock. This will reduce competition
between animal protein production and human
edible food resources and foster production from
systems that generate edible animal protein from
foods that cannot be used by humans.
2. Replace Haber–Bosch-derived N with N recycled
from animal manures and N captured by natural
fixation (by rhizobia in legumes).
3. Reduce the use of artificial N fertilisers for
grass production. This is mainly relevant to milk
production, but may also have relevance to some
grass-fed beef and lamb systems.
4. Reduce the N content of animal excreta. However,
if effective recycling procedures are used to reduce
the use of Haber–Bosch-derived N, this may be
counterproductive.

5. Improve the efficiency of reactive N use by food
plants. Less than 50% of fertiliser N applied to
crops is currently retained in crop organic matter.
Methods by which this may be achieved include a)
matching N fertiliser application rates to anticipated
plant growth rates and b) using denitrifying agents
(compounds that kill soil bacteria responsible
for the nitrification/de-nitrification pathways,
although this is not likely to be sustainable if used
extensively).
Smith et al. (2008) estimate that improvement in
agricultural management could reduce N2O emissions
by 9–25%, of which most could be achieved through
better management of N fertilisers and, to a lesser
extent, through the use of animal manures for croplands.
Although these authors recognize that there is scope
for improvement in reducing NH3 and N2O emissions
from livestock manures, they consider that compared to
reductions attributable to improving the efficiency of N
utilization for crop production, the global contribution
from a reduction in N excretion from animal agriculture
is likely to be small.

What can animal scientists do
to reduce N excretion into the
environment?

In the short term, it is unlikely that artificial N
fertiliser will be completely replaced by animal
manure. Therefore, it is important to try to improve
the efficiency of retention of N in food animals and
to reduce N excretion. Depending on the species and
production system, the efficiency of N retention in food
animals ranges from 2.5–30% (Table 2). It is possible to
improve the efficiency of N utilization. Many strategies
that are appropriate to this end were developed and
implemented to reduce the high cost of feed protein
relative to that of feed energy. For non-ruminants, it is
possible to reduce the amount of dietary N, and thus the
N content of excreta by the following means.
1. Providing limiting amino acids separately in the
diet. In practice, this means using lysine, threonine
and other amino acids to balance the amino acid
profile of the diet with that required for tissue
deposition and metabolism. The efficiency of N
retention in monogastric animals is improved by
increasing energy intake and by balancing the
amino acid supply to overcome limiting amino
acids in the diet and to meet desired rates of lean
tissue gain. The principles upon which this strategy
is based were elucidated over 30 years ago (Kim
et al., 1983), and are now well entrenched in best
industry practice.
2. Matching the dietary protein to energy ratio to the
stage of growth. In practice, this involves reducing
the proportion of protein relative to energy as age
increases.
3. Modifying the site of digestion of feedstuffs
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in the intestines by changing the nature of the
carbohydrate component in the diet. This affects
faecal consistency and N loss in pigs and chickens
and microbial protein production in ruminants.
4. Maximising the rate of lean gain at all stages of
development.
It is more difficult to balance amino acid supply
with tissue requirements for ruminants than for
monogastrics, but it is possible to change the relative
proportion of rumen microbial protein production
arriving at the intestines compared with that derived
from feed. Examples of relatively simple measures that
can reduce N excretion per unit gain in ruminants are
as follows.
1. Ensure that growth rate is as high as practical for the
production system used. This is illustrated in Table
4 for weaner cattle grown to marketable weights.
2. Reduce the protein content of the diet to the
minimum consistent with efficient rumen function
and lean growth. Table 5 shows that for feedlot cattle
fed for 180 days and aiming for carcass weights of
350 kg and greater, the efficiency of N retention is
low due to a high proportion of gain as fat and that
an improvement in the efficiency of N retention

and a reduction in cost of gain can be achieved by
reducing the protein content of the feed. Although
the low protein diet was formulated to reduce the
amino acid supply to the small intestine, it was not
possible to reduce the N supply to a level below the
requirements for amino acids for tissue growth and
maintenance in the class of animals used.
Further increases in the efficiency of N retention
are possible through the use of improved genetics
(principally by selection for growth, mature size and
lean gain), hormonal growth promotants of various
types (e.g., growth hormone [GH], β2 adrenergic
agonists) and transgenics (e.g., with GH and insulinlike growth factor-1). Transgenic technologies have
been demonstrated to be feasible, but are not considered
socially acceptable, so will not be considered further.
An example of the effect of porcine growth hormone
(pGH) administration to pigs is shown in Table 6. As
N intake increases, the efficiency of N retention peaks
and then declines and N output per pig increases with
an increase in dietary protein content. pGH improves
the efficiency of N retention from 57% to 64.3% and
extends the improvement in efficiency at all levels of N
intake by 10%. Not surprisingly, N excretion is reduced
by pGH administration.

Table 4. Effect of diet-induced variation in average daily gain (ADG) on N excretion in beef cattle. Values are
modelled estimates of N transactions for a 250 kg beef steer growing to 500 kg. It was assumed that the ingested
feed contains 12% crude protein and that the metabolisable energy density (M/D) varies (11, 9 or 7 MJ ME/kg
DM). Computed using the model of Oltjen et al. (1986).
ADG (kg/d)
1
0.7
0.35

M/D
(MJ ME/kg DM)
11
9
7

N retained (kg)

N ingested (kg)

N excreted (kg)

4
4.2
4.5

36
58.2
112

32
54
108

N excreted
/N retained
7.9
12.9
24.0

Table 5. Examples of the effect of diet composition on the efficiency of N retention in British-breed cattle fed to
finish for the export trade (initial weight 500 kg, final weight, about 700 kg). Diets were formulated to provide
different levels of amino acid available at the intestines relative to energy supply to alter the rate of fat deposition
(Oddy et al., 2001).
M/D (MJ ME/kg DM)
N (percentage of DM)
ADG (kg/d)
Intake (kg/d)
Feed / Gain
N intake
N excretion
Efficiency of N gain

Diet 1
11.7
1.84
1.24
12.39
6.81
228
222
0.028

Diet 2
13.4
1.38
1.47
10.94
6.18
151
144
0.0414

Diet 3
11.9
2.51
1.32
12.88
7.60
324
318
0.018

Diet cost ($/tonne)*
153
159.4
167
Cost of gain ($/kg LWG)
1.59
1.21
1.75
*
Prices for diet ingredients are for the year 2000. The relative differences in cost between the diets are similar to
prevailing (2011) differences. M/D = density of metabolisable energy in the diet, ADG = average daily gain.
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Throughout most of the developed world, milk
production can also be considered an intensive livestock
production system. Selection for increased milk
production, changes in stocking rate and increased use
of concentrates have been used to increase productivity
on a per-head and a per-hectare basis. The impact of
strategies for reducing surplus N in pasture-based
milk production systems was studied by Ryan et al.
(2011) (Table 7). There was little difference between
the systems in the efficiency of N utilization (70% of
N consumed was deposited in excreta). However, there
was a difference in terms of total N flow: the system
that had the fewest replacement stock used the least N
per cow, and consequently had the lowest outflow of
N per cow and per ha (i.e., to the environment). This
suggests that genetic improvement can reduce N efflux
from animal production systems, but the trait upon
which selection pressure is exerted should take account

of whole-of-system effects, not just the potential for
improvement in a single productivity trait.
Kebreab et al. (2001, 2002) modelled and measured
the effect of the ratio of N to energy in dairy cow diets
and concluded that it is possible to reduce urinary N
excretion by reducing dietary N content and increasing
the intake of readily fermentable carbohydrate. They
also demonstrated that milk production is sensitive to
dietary N and provided a framework for optimizing the
balance between milk production and N excretion.
Extensive grazing systems are thought to foster
inefficient use of urinary N excretion and to be difficult
to manage to reduce NH3 and N2O emissions. However,
this may not be the case at all. Recently, Wolf et al.
(2010) studied the impact of grazing on N2O release
from grazed and ungrazed steppe grasslands. Their data
indicated that grazing was associated with a reduction
in N2O release compared with ungrazed grassland. They

Table 6. The effect of porcine growth hormone on N retention in pigs, efficiency of N retention and N output for
diets differing in protein content (calculated from data reported by Campbell et al., 1990).
GH (mg/kg/d)

N intake (g/d)

N retained (g/d)

Efficiency of N retained

N output (g/d)

0
0
0
0
0
0

24.64
33.76
41.92
52.64
59.04
70.4

13.02
19.53
22.06
26.04
26.40
25.13

52.8
57.8
52.6
49.5
44.7
35. 7

11.62
14.23
19.86
26.60
32.64
45.27

0.09
0.09
0.09
0.09
0.09
0.09

24.64
33.76
42.72
51.52
60.64
68.16

12.84
20.07
27.48
30.01
31.28
31.46

52.1
59.4
64.3
58.3
51.6
46.2

11.80
13.69
15.24
21.51
29.36
36.70

Table 7. Effect of dairy production system on whole-of-system N economy. Selected data from Ryan et al. (2011)
were evaluated using a N balance model developed for use with the Moorepark Dairy Systems Model (Shalloo et
al., 2004). The annual N balance per cow took account of replacement heifers.
HP*
HD
NZ
Total N input (fertiliser, concentrate, replacements;
323.2
321.0
298.2
kg/ha)
Cow weight (kg)
525
538
506
Total N intake (pasture, silage, concentrate; kg)
197.5
180.7
169.7
Milk production (kg N/cow)
36.0
36.7
37.0
Calf (kg N )
1.2
1.2
1.2
Cull cow (kg N)
5.1
3.6
2.5
Total N output (kg/cow)
42.2
41.5
39.6
N surplus/cow (kg N)
155.2
139.2
130.0
Efficiency of N use per cow
0.21
0.23
0.23
Total N output (kg N/ha)
102.8
101.3
97.1
N surplus (kg N/ha)
220.4
219.8
222.6
*HP = Holstein–Friesians selected for high milk production, HD = Holstein–Friesians selected for high
durability and stayability in the herd and for production (North American Genetics), NZ = New Zealand
Genetics (selection for performance on grass-based systems and for low replacement rate).
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attributed the difference to a reduction in N2O emission
from grazed grassland because of lower microbial
biomass, inorganic N production and water retention
over winter. They found that short-lived pulses of N2O
during the spring thaw dominate annual N2O emissions.
This is consistent with the relationships between soil
water-holding capacity and temperature described by
Maag and Vinther (1996).

Conclusion

Reducing N excretion by livestock is technically feasible
and may help reduce global N2O and NH3 emissions.
However, by far the largest impact on emissions of N2O
can be made by replacing anthropogenic N derived
using the Haber–Bosch process with animal manurederived N as fertilizer for crop and plant production.
Although this presents a logistic challenge, without
replacing new reactive N, atmospheric N2O levels will
continue to rise, with potential consequences on global
temperature and ozone levels.
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Summary

The profile and quantity of amino acids absorbed by
the ruminant differs from that of the protein consumed
because of extensive degradation and alteration of feed
protein in the rumen. Metabolizable protein, protein
available for absorption as amino acids post-rumen,
is comprised of microbial protein synthesized in the
rumen, dietary rumen undegradable protein and, to
a lesser extent, endogenous protein. The amino acids
supplied in microbial and rumen undegradable protein
must conform to a specific profile to meet the animal’s
requirement, failing which, they will be catabolised
and excreted. Nitrogen efficiency is affected by milk
protein output and nitrogen intake and is indicative
of how well amino acids from microbial and rumen
undegradable protein meet the animal’s requirements.
Maximum milk production and nitrogen efficiency
can be achieved in high-producing dairy cows by
formulating diets to meet, but not exceed, the cow’s
requirement for amino acids. This can be accomplished
by providing the rumen microbes with sufficient protein
and energy for maximum growth and by using rumen
undegradable protein sources that have amino acid
profiles that match the animal’s requirements. With
precision protein nutrition, diets containing lower crude
protein concentrations can be fed while maintaining
high levels of milk production by optimising the amino
acid composition of metabolizable protein.

Introduction

Precision nutrition is a term used to describe the
formulation of diets to reduce nutrient excretion and
feed costs, usually focusing on nitrogen or phosphorous.
Nitrogen efficiency in modern dairy cows fed diets
with crude protein (CP) contents exceeding 18% is
rarely greater than 30%, primarily due to the large
N intake and the small effect of increased N intake
on milk protein secretion. Excess N is excreted via
urine and faeces and poses an environmental concern
if not handled properly. Poor N efficiency is also an
economic concern as protein sources are usually the
most expensive ingredients included in dairy diets.
This report focuses on N utilisation in dairy cattle, the
effect of rumen microbial protein and feed protein on N
use and efficiency and new tools for precision protein
nutrition.
Recent Advances in Animal Nutrition – Australia 18 (2011)

Nitrogen utilisation
Protein metabolism

The digestive process in the ruminant animal involves
two major steps: microbial fermentation in the rumen
and absorption of nutrients by the host animal. Feed
protein may be categorized as rumen degradable or
undegradable (RDP or RUP, respectively; Schwab et
al., 2003). In the rumen, microbes utilize non-protein
N and true protein from RDP to support growth, and
microbial protein (MCP) represents an important
source of protein for the animal (Bach et al., 2005).
Rumen undegradable protein from feed is another
important source of protein for high-producing dairy
cows. Metabolizable protein (MP) is the true protein
that is digested post-rumen and the component amino
acids (AAs) absorbed by the intestine (NRC, 2001).
Rumen synthesized MCP and dietary RUP compose
MP. Following digestion and absorption in the small
intestine, MP provides the animal with AAs to support
maintenance, milk production, growth and pregnancy
(NRC, 2001).

Nitrogen excretion

Nitrogen has been found to be excreted equally in faeces
and urine when animals consume low levels of N (<400
g N/d); however, at greater N intakes (>400 g N/d),
there is an exponential increase in N excreted in urine
(Castillo et al., 2001). Faecal N excretion often remains
the same as N intake and total N excretion increases
(Olmos Colmenero and Broderick, 2006). Excess
ammonia from RDP not utilized by rumen microbes can
be absorbed and converted to urea, which is a soluble
compound that will diffuse into various body fluids,
such as blood, milk and urine (Kauffman and St-Pierre,
2001). Similarly, AAs absorbed in excess of the animal’s
needs are deaminated, and N is converted to urea and
excreted primarily in urine, and in milk to a lesser extent
(Raggio et al., 2004). As N intake increases, urinary N is
the primary route by which total N excretion increases
(Olmos Colmenero and Broderick, 2006). Milk N
secretion can be separated into milk urea N (MUN)
and true protein. Milk urea N is a major end-product
of N metabolism in dairy cows, and a high milk urea
concentration is indicative of inefficient use of dietary
N. Similar to urinary N, MUN output increases with
N intake and is related to diet CP content, specifically
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RDP (Wattiaux and Karg, 2004).

Nitrogen efficiency

Although dairy cows utilize feed protein more
efficiently than other ruminants, they excrete up to
three times more N in manure than milk. Striving for
improved N efficiency while maximizing productivity
is a practical concern faced by dairy producers and
nutritionists. Although public pressure to reduce
the environmental impact of animal agriculture is a
prominent drive behind improving N efficiency, other
practical incentives are reducing feed costs and creating
opportunities for including other nutrients in the diet
that enhance performance.
Nitrogen efficiency is driven by N secreted as true
protein in milk and N intake (milk true protein N yield
per unit N intake). In a study in which diets were used
that ranged in CP content from 13.5% to 19.4% and in
N intake from 483 g/d to 711 g/d, N efficiency ranged
from 25.4% for the diet with the highest CP content to
36.5% for the diet with the lowest CP content (Olmos
Colmenero and Broderick, 2006). Efforts to improve
N efficiency should focus on increasing milk protein
yield or on reducing N intake. Olmos Colmenero and
Broderick (2006) observed that dietary CP content had
a small effect on milk protein yield and a relatively
large effect on N intake. As dietary CP and N intake
do not have large effects on milk protein secretion, it
would be difficult to improve N efficiency by increasing
milk protein secretion. Therefore, N efficiency can be
improved by reducing N intake by feeding diets with
lower CP concentrations.

Animal requirements for amino
acids

Absorbed AAs from rumen synthesized MCP, dietary
RUP and endogenous protein provide the animal with
the essential building blocks for tissue growth and
maintenance as well as for milk production and milk
protein synthesis. The efficiency of utilisation of MP is
determined by how well the essential AA profile matches
the requirements of the animal and by the amount of
essential AAs in MP (NRC, 2001). The AA profile of
tissue and milk protein as well as that of rumen bacteria

and common dairy cattle feedstuffs is shown in Table 1.
Amino acid composition of MCP closely matches the
AA composition of tissue and milk protein, indicating
that MCP is a good source of AAs for the synthesis of
these proteins (Lapierre et al., 2006).
The most limiting AA will determine the extent of
growth and milk production regardless of the supply of
other essential or nonessential AAs. Lysine (Lys) has
been identified most frequently as the first limiting AA
for growth and milk protein production in ruminants
fed corn-based diets, whereas methionine (Met) may be
first limiting in forage- or soy-based diets (NRC, 2001).
While not defining specific requirements for AAs, the
NRC (2001) recommends that Lys and Met comprise
7.2% and 2.4% of MP, respectively, for optimal use
of MP for maintenance and lactation, resulting in a
recommended ratio of 3:1 Lys:Met.

Microbial protein

Rumen synthesized MCP is an important source of AAs
for all ruminants, especially those with high protein
requirements, such as growing and lactating animals
(Bach et al., 2005). Microbial protein may compose
62% to 83% of the flow of AA to the duodenum in highproducing dairy cows (Reynal and Broderick, 2005;
Brito et al., 2007). The amino acid composition of MCP
closely matches the ruminant animal’s requirements for
lactation and growth (Table 1; Clark et al., 1992) and is
highly digestible (80%; NRC, 2001). Two major dietary
components required for MCP synthesis in the rumen
are RDP and fermentable energy.

Rumen available protein

For microbial growth to occur in the rumen, microbes
require N for microbial protein synthesis. Optimal
rumen ammonia concentrations are such that additional
ammonia supplied from RDP degradation does not
result in increased MCP flow, instead resulting in
accumulation of ammonia in the rumen. Satter and
Slyter (1974) suggested a concentration of 5 mg/dL
ammonia as the minimum required to maximize the
efficiency of MCP synthesis in the rumen based on
work with continuous culture fermenters. In contrast,
Reynal and Broderick (2005) observed a linear
increase in MCP synthesis in vivo as rumen ammonia

Table 1. Essential amino acid profiles of body tissue, milk protein, rumen bacteria and common feedstuffs1.
Arg2

His

Ile
Leu
Lys
Met
Phe
Thr
Percentage of total essential amino acids
Lean tissue
16.8
6.3
7.1
17.0
16.3
5.1
8.9
9.9
Milk protein
7.2
5.5
11.4
19.5
16.0
5.5
10.0
8.9
Rumen bacteria3
10.2
4.0
11.5
16.3
15.8
5.2
10.2
11.7
Corn silage
6.2
5.7
10.6
27.2
7.9
4.8
12.1
10.1
Soybean meal
16.2
6.1
10.1
17.2
13.9
3.2
11.6
8.7
Corn
11.5
7.8
8.2
27.9
7.1
5.3
11.5
8.8
1
NRC, 2001. 2Arg = arginine; His = histidine; Ile = isoleucine; Lys = lysine; Met = methionine;
Phe = phenylalanine; Thr = threonine; Trp = tryptophan; Val = valine. 3Clark et al., (1992).

Trp

Val

2.5
3.0
2.7
1.4
2.8
1.8

10.1
13.0
12.5
14.1
10.2
10.0
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concentrations increased up to 12.3 mg/dL when feeding
diets containing RDP concentrations of up to 13.2% of
DM. Similarly, Boucher et al. (2007) observed optimal
MCP synthesis at rumen ammonia concentrations of
11–13 mg/dL, equivalent to a dietary RDP content of
10–10.8% of DM. The differences between these in
vitro and in vivo studies may be due to a more stable
ammonia concentration in the in vitro environment,
which would have enabled optimal MCP synthesis at
lower ammonia levels than observed in vivo. However,
in vivo measurements under practical conditions (e.g.,
twice daily feeding, individual meal consumption)
may be more useful for determining rumen ammonia
concentration requirements for optimal MCP synthesis
in lactating cows.
Microbial growth and fermentation are dependent
on the amount and type of N available in the rumen.
Rumen microbes require a mixture of ammonia, peptides
and AAs, depending on their fermentation substrate.
As dairy cattle are fed a mixed diet containing both
structural and non-structural carbohydrates, a blend of
non-protein N and true protein is required to maximize
MCP synthesis (Brito et al., 2007). Brito et al. (2007)
observed increased MCP synthesis when diets included
soybean meal, cottonseed meal or canola meal as protein
sources, compared with urea alone. Dietary RDP levels
in the study of Reynal and Broderick (2005) were
higher than those in the study of Boucher et al. (2007),
but depression of MCP synthesis at higher RDP levels
was observed in the latter study but not in the former
study. This disparity may have been due to differences
in the RDP sources fed by Reynal and Broderick (2005)
(soybean meal, bypass soybean meal and urea) and
Boucher et al. (2007) (urea). This suggests that feeding
a blend of non-protein N and true protein sources may
enhance the growth of microbes.

from a variety carbohydrates in fibre from forages and
fibrous by-products as well as from sugars and other
hexoses (Nocek and Tamminga, 1991).

Rumen available energy

Nitrogen utilisation in grazing dairy
cattle

Rumen microbes depend on the amount and availability
of energy for protein synthesis. The effect of the rumen
degradability of starch on MCP synthesis varies. Overton
et al. (1995) found that replacing corn with a more
rapidly degradable source of starch (barley) increased
MCP yield. Krause et al. (2002) observed an increase in
MCP synthesis for diets containing high-moisture corn
compared with dry-rolled corn. The amount of starch
in a diet may have a greater effect on MCP synthesis
than its degradability. Oba and Allen (2003) compared
corn with different degradability (high-moisture vs dry
ground) at two levels (31.6% vs 21.2% of DM). Rumen
ammonia concentration was reduced for treatments
containing 31.6% starch but was not affected by corn
degradability. Rumen ammonia levels were only affected
by starch level, indicating that more N was captured
by the rumen microbes as was evident in the observed
increase in MCP yield. These data indicate that the
amount, rather than the degradability, of starch has the
greatest effect on MCP synthesis. Although starch from
grains is an important source of rumen available energy
for dairy cows, rumen microbes can also utilize energy

Rumen undegradable protein

Rumen undegraded protein is a source of AAs for the
animal contingent on digestion in the small intestine.
The goals of feeding RUP are to complement the AA
profile of MCP to maximize N efficiency and to meet
the AA requirements of the animal that cannot be met
by MCP alone (Santos et al., 1998). Responses to RUP
in dairy cows are variable, depending on the source
and amount of RUP in the diet. The flow of RUP to
the small intestine is primarily influenced by diet RUP
content and the extent of N digestion in the rumen.
Addition of feed sources high in RUP, such as corn
gluten meal or treated soybean meal, to diets containing
soybean meal increases the flow of non-ammonia N and
non-ammonia, non-microbial N (a proxy for RUP) to
the duodenum (Santos et al., 1998; Ipharraguerre and
Clark, 2005). Microbial protein flow to the duodenum
is reduced on average by 7% when RUP sources are
fed, partially negating the benefit of the RUP source
to increase the overall supply of MP (Ipharraguerre
and Clark, 2005). However, on average, RUP sources
increased non-ammonia N by 6% and non-ammonia,
non-microbial N by 20%, suggesting that the benefit
of greater non-ammonia, non-microbial N flow elicited
by most RUP sources is greater than the unfavourable
effects on MCP flow (Ipharraguerre and Clark, 2005).
In addition, some RUP sources increase the duodenal
flow of Lys (animal meal) or Met (corn by-products,
fishmeal) enough to compensate for the reduced MCP
flow (Ipharraguerre and Clark, 2005). In practical diet
formulation, RUP sources should not be substituted for
RDP unless RDP is in excess.

Nitrogen utilisation in dairy cows grazing cool-season
pasture requires special consideration. Temperate
pastures are characterized by a high content of soluble
protein (Abdalla et al., 1988) and a relatively low nonfibre carbohydrate content (Muller and Fales, 1998).
High CP intake, rapid and extensive degradation of
CP and low intake of readily available energy causes
extensive rumen proteolysis and pre-duodenal losses
of pasture nitrogen (Beever et al., 1986). Due to this
imbalance between N and energy availability in the
rumen, much of the N in consumed pasture is lost as
urine.
Variations in pasture composition and grazing
activity create fluctuations in rumen ammonia level
throughout the day in grazing cows. Rumen ammonia
fluctuations are due in part to forage selection. When
cows are given access to a new section of pasture, they
tend to preferentially select the leafy parts of the plant,
which are higher in CP content than the stems, resulting
in increased rumen ammonia levels (Barrett et al., 2001).
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When cows graze on the remaining stems, which are
lower in CP content and higher in NDF content, rumen
ammonia levels decrease (Barrett et al., 2001). Another
reason for N status fluctuations is grazing behaviour.
Cows graze episodically throughout the day for about 8
h in total, which is composed of two to three major and
three to four minor bouts of eating (Barrett et al., 2001;
Taweel et al., 2004).
The addition of a fermentable energy source to
the rumen environment will increase the microbial
requirement for N and simulate utilization of ammonia
present in the rumen in excess of microbial requirements
(Van Soest, 1994). The types of carbohydrate used to
supplement grazing cattle are generally highly digestible
and usually starch-based (Khalili and Sairanen, 2000;
Alvarez et al., 2001). However, some research has been
conducted augmenting pasture intake with non-forage
fibre sources (Delahoy et al., 2003; Khalili and Sairanen,
2000) as well as partial mixed diets (Bargo et al., 2002;
Vaughan et al., 2002). Rumen ammonia levels are
typically reduced when grazing cows are supplemented
with an additional energy source, indicating that more
N is captured in microbial protein and less is excreted
in urine (Bargo and Muller, 2005).

Precision protein nutrition

When balancing diets for high-producing dairy cows,
nutritionists have tended to err on the side of caution
and feed high levels of protein to ensure that the cow’s
needs are met. Diets containing more than 18% CP are
commonly fed to dairy cows, yet several studies have
shown no improvement in milk production or protein
secretion when dietary CP exceeds 16.5% (Groff and
Wu, 2005; Olmos Colmenero and Broderick, 2006).
Whereas milk production was not affected as diet CP
increased, N excretion increased and N efficiency
decreased (Olmos Colmenero and Broderick, 2006).
The practice of overfeeding protein was considered
acceptable when milk prices were high and feed protein
prices were low. However, the current milk and grain
markets have created an economic environment that
dictates more judicious use of protein sources.
The concept of precision nutrition is fairly simple:
supply the cow with the nutrients she needs to maximize
production without exceeding her requirements.
This can be accomplished by providing consistent
and sufficient sources of N and energy to the rumen
microbes and by supplying an RUP source with an AA
profile that complements the rumen microbes and meets
the animal’s requirements.

Balancing low crude protein diets

Maintaining maximum milk production is the primary
goal and concern on most US dairy farms, and low
protein diets are perceived to reduce milk production.
However, with precision nutrition, diets can be balanced
to meet the cow’s requirements for AAs without feeding
excess CP, thereby enabling the producer to feed a diet
lower in CP concentration.
Several studies have investigated utilizing rumen-

protected Lys or Met to improve AA supply to the
cow. Wang et al. (2010) improved milk production
by supplementing rumen-protected Lys and Met in
isonitrogenous diets and reduced N concentration in
urine and milk (as urea). These results indicate that
improvement of the AA profile by supplementation of the
most-limiting AAs improved the utilisation of absorbed
AAs, thereby reducing N excretion and improving N
efficiency. Noftsger and St-Pierre (2003) maintained
a high level of milk production (46.4 kg/d) and milk
protein production (1.41 kg/d) while reducing diet CP
from 18.3% to 17% by including a highly digestible RUP
source (blood and feather meal) with rumen-protected
Met. With similar milk protein production and reduced
N intake, feeding a lower CP diet with rumen-protected
Met improved N efficiency from 31.1% to 35.0 %.
Others have found similar results in reducing diet CP by
including rumen-protected Met (Broderick et al., 2009).
Results from these studies demonstrate that lower CP
diets can be achieved by precisely meeting the cow’s
requirements for AAs with an RUP source containing a
high quality AA profile.
Studies on the effects of different MP levels
generally manipulate MP by modifying the
concentration of RUP (Raggio et al., 2004; Rius et al.,
2010). However, focusing on methods to improve MCP
synthesis and increasing the contribution of MCP to MP
may be a more efficient way of improving AA supply to
the cow without feeding excess CP. Recycling of urea
to the gastrointestinal tract may be critical to success
of feeding low CP diets because of the buffering effect
of N recycling on N supply to the rumen microbes
(Reynolds and Kristensen, 2008). In sheep and cattle,
40% to 80% of urea-N synthesized in the liver returns
to the gut, of which 35% to 55% is converted to MCP in
the rumen (Lapierre and Lobley, 2001). The proportion
of N recycled back to the rumen increases as N intake
decreases (Kristensen et al., 2010). To convert N
recycled to the rumen into MCP, the rumen microbes
require energy. Rumen available energy has been shown
to enhance N recycling (Marini et al., 2008). As intake
of N and true protein decrease with reduced CP diets,
MCP composes a greater proportion of MP. Selecting
the proper RDP sources as well as rumen-available
carbohydrates to optimize the capture of recycled N is
critical when balancing low CP diets for dairy cows.

Technological innovations for use
in a precision nutrition program
Providing a consistent source of nitrogen
to the rumen

Urea is a commonly used non-protein N source for
ruminants as it is cost effective and widely available.
However, due to its rapid rate of degradation in the
rumen, much is lost from the rumen as ammonia.
Several technologies have been developed to control
the release of N from urea; one of the most promising
is a lipid-coated urea (Optigen®, Alltech) that has been
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demonstrated to have a N disappearance rate similar to
that of SBM (Figure 1; Garcia-Gonzalez et al., 2007).
Urea has a very rapid rate of degradation (>300% per
hour; NRC, 2001), whereas in situ urea disappearance
from Optigen® resulted in a degradation rate of only
23.8% per hour. Compared with urea, the degradation
of N from Optigen® is much slower and similar to the
degradation rate of soybean meal protein (7.5% to
17.9% per hour; NRC, 2001; Reynal and Broderick,
2003).
The sustained release of N from Optigen® has
also been demonstrated in vivo (Garcia-Gonzalez et
al., 2007). The same amount of N from Optigen® or
urea was pulse-dosed intrarumenally and rumen and
plasma ammonia levels were measured over time.
Rumen ammonia concentrations (Figure 2) peaked at
2 h post-infusion for both Optigen® and urea; however,
the magnitude of the Optigen® peak was almost half
that of urea. Rumen ammonia concentrations in steers
receiving Optigen® also returned to baseline levels 2 h
faster than those receiving urea. Lower rumen ammonia
concentrations with Optigen® resulted in reduced
plasma ammonia levels (Figure 3). Whereas animals
receiving urea showed a peak in plasma ammonia 2 h
after dosing similar to that of rumen ammonia, animals
receiving Optigen® maintained baseline levels of plasma
ammonia throughout the sampling period. These data
indicate that the sustained release of non-protein N
from Optigen® was sufficient to enable microbes to
utilize N as it was released, preventing accumulation of
ammonia in the rumen and thereby minimizing excess
ammonia absorption into the blood. Improved N capture
by the rumen microbes likely resulted in increased MCP
synthesis in vivo, which has also been demonstrated in
vitro using continuous culture fermenters (Harrison et
al., 2007).
Inostroza et al. (2010) conducted a field study on
16 dairy herds to compare an Optigen® diet to a control
diet. In the experiment, 114 g of Optigen® replaced an
equivalent amount of supplemental protein, primarily
from soybean meal, resulting in isonitrogenous and
isoenergetic diets. Optigen® increased milk production
by 0.5 kg compared with the control and there no
differences in levels of milk components. This study
demonstrated that Optigen® can successfully replace
true protein sources such as soybean meal and improve
milk yield in commercial production settings.
In a lactation trial (Varga and Ishler, 2009), heattreated soybean meal was replaced with Optigen® and
corn silage. Dietary CP concentration was one percentage
unit lower in the Optigen® diet than in the control diet
(15.5% vs 16.5%). The reduced dietary CP coupled
with a small decrease in DMI resulted in lower total N
intake. Despite the reduced N intake, milk production
and protein yield were similar, resulting in increased
milk N efficiency for dairy cows consuming Optigen®
compared with the control (30.8% vs 28.8%).

Figure 1. Urea disappearance after in situ incubation of
Optigen® (Garcia-Gonzalez et al., 2007).

Figure 2. Rumen ammonia concentrations observed
over time when supplemental Optigen® or urea was
infused intrarumenally in steers (Garcia-Gonzalez et
al., 2007).

Figure 3. Plasma ammonia concentrations observed
over time when supplemental Optigen® or urea was
infused intrarumenally in steers (Garcia-Gonzalez et
al., 2007).
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Feeding amino acids from microbial
protein

The prime determinant influencing the effectiveness of
an RUP source is the AA composition of the protein.
As discussed above, RUP should supply AAs that
complement and reinforce AAs supplied by MCP. New
technology is available that provides a yeast-derived
protein source (DEMP®; Alltech) which has an AA
profile similar to that of microbial protein and superior
to that of soybean meal (Table 2).
Continuous culture in vitro work has shown that
replacing soybean meal with DEMP® numerically
increased bacterial N outflow by 10%, based on purine
levels (Harrison et al., 2010). Purines are used as
markers for microbial protein from the rumen. Central
assumptions of estimating MCP flow using purines are
that feed purines are degraded in the rumen and purines
present post-rumen are microbial in origin (Chen and
Gomes, 1992). Purines from most feeds are extensively
degraded in the rumen; however, feeds with high levels
of RUP, such as blood meal, contribute a significant
amount of purines post-rumen (Djouvinov et al., 1998).
The purine assay cannot distinguish between purines
from microbes and purines from feed. An increase in
purine outflow as observed with DEMP® may indicate
DEMP® is contributing to the increased purine outflow,
indicating that DEMP® partially escapes rumen
degradation and supplies RUP.
Studies have suggested that replacing a portion of
soybean meal (Sabbia et al., 2011) or a blend of plantbased protein (Gehman et al., 2010) with DEMP®
improves energy-corrected milk by 2 to 2.2 kg/d.
Performance results were likely in response to improved
Table 2. Essential amino acid profile of rumen bacteria
and feedstuffs.
Amino
acid1
Met
Lys
Arg
Thr
Leu
Ile
Val
His
Phe
Trp
Total

DEMP®2

SBM3

MCP4

Percentage crude protein
2.8
1.5
2.6
8.2
6.3
7.9
7.0
7.4
5.1
5.6
4.0
5.8
7.5
7.8
8.1
5.9
4.6
5.7
6.2
4.7
6.2
2.7
2.8
2.0
5.2
5.3
5.1
1.6
1.3
1.4
52.6
45.5
49.9

Arg = arginine; His = histidine; Ile = isoleucine; Lys =
lysine; Met = methionine; Phe = phenylalanine; Thr =
threonine; Trp = tryptophan; Val = valine.
2
Analyzed by Alltech Inc. (Nicholasville, KY).
3
Soybean meal (NRC, 2001).
4
Rumen microbial protein (Clark et al., 1992).
1

AA composition of post-rumen flow as influenced by
DEMP®.

Conclusions

Traditionally, overfeeding protein has been the failsafe way of ensuring that dairy cows are receiving
adequate protein to maximize production. By focusing
on accurately supplying both the rumen microbes and
the cow with the protein, N or AAs to meet their needs,
less protein can be included in the diet. When removing
dietary sources of protein from the diet, we depend more
on the rumen microbes to provide the cow with highquality protein. To ensure maximum MCP synthesis,
the diet should provide consistent sources of N and
energy to supply the microbes with the essential means
for optimum growth and reproduction. The AA profile
of the RUP source included in dairy diets is critical
and should complement the AA profile of MCP. By
precisely focusing protein nutrition primarily towards
the requirements of rumen microbes and secondarily
towards the cow, excess dietary protein concentrations
may be avoided and N efficiency may be maximized
while maintaining high levels of milk production.
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Summary

Nuclear
magnetic
resonance
(NMR)-based
metabonomic studies use multivariate statistical
analyses of NMR spectra from biological samples to
detect metabolic profiles (metabonomes) associated with
diseases, toxins or genetic variations. Osteochondrosis
dissecans (OCD) is a developmental orthopedic disease
that is heritable in Standardbreds, but the metabonome
associated with it has not been identified. To test the
hypothesis that NMR-based metabonomics would
detect differences in the metabonomes of Standardbreds
that did or did not develop OCD lesions, blood samples
were collected from yearling Standardbreds in 2007
(Experiment 1, n = 40) and 2008 (Experiment 2, n = 71).
Metabonomic analyses of serum NMR spectra revealed
distinct separation (R2(Y) = 0.82) of the metabolic
profiles of horses that had OCD (n = 20) vs half or full
siblings that did not develop lesions (Control; n = 20),
with excellent predictability (Q2 = 0.83) in Experiment
1. In Experiment 2, there was strong separation of
horses sampled in August vs September, which obscured
the OCD vs Control comparisons and caused poor
predictability of the models (Q2 < 0.0) despite good
separation in the model (R2(y) = 0.98). In Experiment
3, blood was drawn from 15 nursing foals in May, 2009.
Hock radiographs were taken the following year to
verify the presence or absence of OCD. Metabonomic
analyses of serum NMR spectra from the foals revealed
strong separation and high predictability (R2(Y) = 0.95,
Q2 = 0.90) of the metabonomic model. The metabolites
associated with the clusters were identified by loadings
plots for Experiment 3. It appears that an OCD
metabonome exists but more analyses are necessary
before it can be fully utilized.

Introduction

Metabonomics has been defined as “the quantitative
measurement of the dynamic multi-parametric response
of living systems to pathophysiological stimuli or genetic
modification” (Nicholson et al., 1999). The spectra
of biological fluids and tissues generated by nuclear
magnetic resonance (NMR) spectroscopy reflects
the full range of metabolites present in the sample as
each molecule has a unique nuclear resonance pattern
(Pelczer, 2005). A given substance is represented by one
or more peaks that appear at specific locations along
Recent Advances in Animal Nutrition – Australia 18 (2011)

the chemical shift scale and the peaks’ fine structures
(singlet, doublet, triplet) reflect the unique interactions
of protons in the chemical structure (Nicholson et al.,
1995; Richards and Hollerton, 2011). Multivariate
statistical analysis using principle component analysis
(PCA), partial least squares with discriminant analyses
(PLS-DA) and orthogonal PLS-DA (OPLS-DA) on
the integrals (area under the curve) of the peaks is
used to identify metabolite components which vary
systematically across a sample set in a significant
manner (Pelczer, 2005; Beckonert et al., 2007) and to
provide metabolic profiles (metabonomes) associated
with specific disease states, permitting identification
of diagnostic metabolic markers and providing better
understanding of the underlying disease processes
(Trygg et al., 2007; Fonville et al., 2010). For example,
metabonomic analyses of serum from both humans
(Xang et al., 2009) and horses (Hodavance et al., 2007)
with insulin resistance revealed distinct differences
in their metabonomes compared with individuals
with normal insulin sensitivity. In both species, the
differences were based on alterations not only in
glucose but also choline and a variety of amino acids.
As specific amino acids are known to influence hepatic
gluconeogenesis and glucose metabolism (Krebs et al.,
2003), this information can result in better understanding
of the metabolic pathway defects associated with the
disorders. In combination with genomic and proteomic
information, metabonomic information can also
potentially result in the development of therapeutic
interventions (Xang et al., 2003; Fonville et al., 2010).
Osteochondrosis dissecans (OCD) is a growthrelated defect caused by abnormal calcification of
cartilage matrices at the growth plates that result
in articular cartilage defects (McIlwraith, 2004).
Radiographically apparent lesions appear most
commonly in young, rapidly growing horses between
3 to 12 months of age, although clinical signs of
joint effusion and lameness may not surface until
the animals are put into training (McIlwraith, 2004).
Although defects can be induced by improper nutrition
(Savage et al., 1993a; 1993b) and other environmental
factors (NRC, 2007), it has been well documented
that predisposition to tibiotarsal lesions is heritable in
horses (Hoppe and Phillipson, 1985; Piermattei et al.,
1993; Lykkjen et al, 2011). The incidence of lesions
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in yearling and two year-old Standardbred horses was
documented to be between 10 and 26% in European
Standardbred trotters (Hoppe and Phillipson, 1985;
Grondahl, 1992) and was 43 and 58% in two more
recent studies conducted in Illinois, USA (Kapraun et
al, 2008; Hilliken et al, 2011). A correlation between
abnormal glucose/insulin metabolism and the presence
of lesions has been reported in yearling Standardbreds
(Ralston, 1996). However, the associated metabolic
defects have not been well defined, although altered
gene expression in the chondrocytes of affected cartilage
has been implicated (Mirams et al., 2009). Even
though the cartilage defects can be corrected surgically
(McIlwraith, 2004) and Standardbred earnings as two
and three year olds did not differ significantly between
affected and non-affected controls (Hilliken et al, 2011),
OCD represents a significant economic disadvantage
(Jeffcott, 1996). Surgical correction costs more than
US$2000. Of 92 Standardbred yearlings from a single
farm sold at yearling auctions in 2008 in the United
States, those in which hock OCD lesions had been
surgically corrected (n = 30) sold for $9700 less on
average than similarly bred yearlings that were assumed
to be lesion free (n = 62). Therefore, it would be very
beneficial if horses predisposed to the development of
OCD could be identified before lesions develop so that
dietary interventions could be developed to reduce or
prevent the disease.
It was hypothesized that NMR-based metabonomic
analyses would reveal distinct metabonomes associated
with hock OCD lesions in young Standardbred horses and
that the metabonomes of 2- to 3-month-old Standardbred
foals would be predictive of future development of
lesions. To test these hypotheses, three experiments
were conducted with the following objectives: 1.
determine if yearling Standardbred horses with and
without OCD are metabolically distinct according to
NMR-based metabonomic analyses of serum, 2. verify
that differences observed in the first study are repeatable
and measure plasma glucose and insulin concentrations
associated with the metabonomes of each horse and
3. determine if NMR-based metabonomic analyses of
serum from nursing Standardbred foals are predictive
of the future appearance of OCD hock lesions.

Materials and methods
Animals and sampling

Experiment 1

Twenty matched pairs of Standardbred yearlings
(18–20 months of age) from a Standardbred breeding
farm in Hanover, PA, USA were used. To maintain
confidentiality, each horse was assigned a random
numerical identification number to be used in the
statistical analyses. One member of each pair had
undergone hock OCD surgery 2 to 9 months before the
samples were taken; the other had no clinical evidence
of OCD. Horses with the same sire (nine different sires
were represented) and similarly bred dams were paired.

All had been born on the farm and received the same
basic health care. They had had access to the same
pastures and given free access to alfalfa hay and fed
approximately 2.75 kg of Purina Strategy® feed (Purina
Mills, St. Lois, MO) per head per day since weaning.
They were all group-fed in pastures until transferred
to individual stalls for sale preparation 2 weeks prior
to sampling. At the barn, they were all fed 1.5 to 2 kg
of Strategy® feed and 0 to 0.5 kg of Ultium® feed
(Purina Mills) (depending on body condition) twice
daily and had free access to alfalfa hay, salt and water.
They were exercised for 20 to 30 minutes in the
mornings (08:00–12:00) using an automatic free-stall
horse exerciser. They were fed at 07:30 on the day of
sampling (September 21, 2007). The OCD status of the
control horses was based only on the absence of clinical
signs (swelling in the hock or lameness) and was not
verified radiographically.
After swabbing the injection site with ethyl alcohol,
blood samples were collected by venipuncture into
sodium heparin Vacutainer tubes (Becton Dixon & Co.,
Franklin Lakes, NJ) for the collection of plasma and
into one serum separator Vacutainer tube within a 3
hour period (12:45–14:30). Samples were immediately
placed on ice and transported to the laboratory (a 6 hour
drive), where the serum tubes were centrifuged at room
temperature and the serum was aliquoted (1 mL per
tube) into microcentrifuge tubes and stored at –80 °C
pending NMR analysis.

Experiment 2

Eighty yearling Standardbred horses were used from
the same farm in Hanover, PA, USA and under the
same conditions as Experiment 1. Each horse was
assigned a random numerical identification number to
be used in the statistical analyses. Fifty of the horses
were paired based on sire, dam and incidence of OCD
lesions; half of the horses had undergone surgery to treat
hock OCD lesions 1 to 9 months before the samples
were taken (OCD group) and their matched pairs (the
Control group) had never exhibited clinical signs of
hock OCD. The other horses were chosen because they
were either half or full siblings to the horses used in
Experiment 1. The absence of hock OCD lesions was
verified radiographically in 22 of the Control horses.
Management practices on the farm and at the training
facility were the same as for Experiment 1.
Samples were taken by venipuncture on August
21, 2008 (n = 41) and September 10, 2008 (n = 39).
Although the horses sampled in August were being
prepared for local yearling auctions and the horses
sampled in September were destined for the elite
Harrisburg sale, the management and feeding of both
groups were the same. Alcohol swabs were not used to
clean the injection site, as had been done in Experiment
1. The plasma tubes were centrifuged immediately and
placed on ice. The serum tubes were not processed
until return to the laboratory, i.e., within 6–7 hours of
collection. Multiple aliquots of serum and plasma were
taken from each tube and frozen at –80 °C pending the
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NMR, glucose and insulin analyses.

Experiment 3

Eighteen nursing foals (1 to 3 months of age) from the
same farm as in the previous experiments were brought
into individual box stalls with their dams 3 to 4 hours
before samples were drawn on May 15, 2009. Each horse
was assigned a random numerical identification number
to be used in the statistical analyses. The horses had free
access to alfalfa hay and no attempt was made to control
nursing activity by the foals. The foals were restrained
manually and blood samples drawn by venipuncture
as in Experiment 2. All sample handling was as in
the previous experiments. The presence or absence of
OCD lesions was documented radiographically or by
surgery in 15 of the horses at 12 to 20 months of age.
The remaining three foals were sold before radiographs
could be taken and their data were not included in the
analyses.

NMR analyses

The frozen samples were first kept at –10 °C overnight
and then at room temperature for several hours before
they were transferred to the NMR spectrometer. The
vials were gently inverted several times during the room
temperature incubation to insure homogeneity. The
stability of the samples was not compromised by this
process (data not shown). No buffers or other additives
were added to the samples before analysis. The sample
volume used was 0.5 mL.

NMR data acquisition

NMR experiments were conducted using a Bruker
Avance-II spectrometer (Bruker-Biospin, Billerica,
MA) set at 500 MHz and equipped with an inverse
TCI CryoProbe (Bruker-Biospin, Billerica, MA) at
a controlled temperature of 25 °C. A 1 mm outsidediameter capillary insert was filled with D2O and kept
in place and centred by a Teflon plug in the 5 mm
outside-diameter sample tube to provide the deuterium
lock. The chemical shift of the residual water was used
for calibration at the first approximation. Homogeneity
adjustment (shimming) was done using a pulsed-field
gradient method (TopShim) and the 1H signal of the
sample itself (Weiger et al., 2006). The first spectra
obtained had only the water peaks suppressed using
excitation sculpting (ES) (Hwang et al., 1995). The
second spectra were obtained by applying an added
relaxation filter that used a long 50 ms spin-lock
pulse that suppressed resonances of large molecules
while retaining small molecules based on differential
relaxation properties. This enables augmentation of
sharp peaks from small molecules that are otherwise
obscured (Tang et al., 2004).
The water suppressed, relaxation filtered spectra
were processed using MNova v.6.1.1 software
(Mestrelab Research S.L., Santiago de Compostela,
Spain). The 1H-NMR spectra were referenced to the
alpha-glucose anomeric proton resonance at δ 5.233
ppm. Phasing, baseline corrections and peak alignment
were performed manually by the authors on all the

spectra in MNova. Spectral binning was performed
using a bin size of 0.02 ppm. Metabonomic multivariate
cluster analyses (SIMCA-P+, v.12.0.1, Umetrics, Umeå,
Sweden) were performed on spectra using unsupervised
principle component analysis (PCA), as well as
supervised projection to latent structure discriminant
analysis (PLS-DA) and orthogonal PLS-DA (OPLSDA). Validation was conducted when using supervised
methods to minimize spurious correlations (Trygg et al.,
2007). The residual water peak and contaminant alcohol
peaks, if any, apparently from the use of the alcohol
swabs, were excluded from the statistical analysis
(Fonville et al., 2010). Metabolite NMR peaks were
assigned based on their chemical shifts and multiplicities
using previously published data (Nicholson et al., 1995)
and results of spiking experiments using alanine and
valine to verify congruence with data from other species
(Pelczer and Ralston, unpublished data). Validity of
the models generated by the analyses was evaluated
according to the R2 (goodness of fit, percentage
variation explained by the model) and the Q2 (fraction
of the total variation of the Xs that can be predicted
by the model, predictability), compared with crossvalidation wherein randomly selected data elements are
left out of the model then entered as data to be predicted
and compared to the original R2 and Q2 values of the
original model. This process is iterated until all data
elements are evaluated. The cross-validation R2 and Q2
values should all be lower than the original values in a
valid model (Fonville et al., 2010).

Plasma glucose and insulin analyses

Plasma glucose was measured using a colorimetric assay
(Glucose-SL reagent; Diagnostic Chemicals Limited,
Oxford, CN) at an absorbance of 340 nm. Each sample
was analysed in duplicate, as were the standards. The
concentrations of the glucose standards were 0, 1, 3, 10,
30 and 100 mg glucose per dL.
Plasma samples were analysed for insulin using
Mercordian Insulin ELISA kit 10–1113–10 (American
Laboratory Products Company, Salem, NH). Each
sample was analysed in duplicate according to the
manufacturer’s instructions. The concentrations
included in the insulin standard curve were 0, 1, 3 and
10 µIU insulin per dL. Optical densities were read at
450 nm within 30 minutes of the cessation of incubation.
Mean α and β glucose and insulin concentrations were
compared between horses with OCD and controls using
a two-tailed Student’s t-test. Significance was set at P
< 0.05

Results

The forages and feeds used in the three experiments
were not analysed chemically, but because all horses
were fed the same diets in each experiment, nutrition
was not considered to have contributed significantly to
the observed differences.

Experiment 1

A representative 1H-NMR spectrum of horse serum with
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excitation sculpting (ES) water suppression is shown in
Figure 1 wherein selected peaks are identified based on
comparison with literature data (Nicholson et al., 1995;
Martin et al., 2009). Some components were verified
in horse serum by spiking experiments using valine
and arginine (data not shown). Alcohol (a mixture of
ethanol and methanol) was identified as a contaminant
in the majority of the samples and these peaks were
suppressed in the statistical analyses. This type of
contamination has been observed in other metabonomic
studies (Lykkejen et al., 2010).
Two aliquots from each sample were subjected
to NMR. Data from seven samples were discarded as
outliers because of hemolysis of the original sample.
The PLS-DA scores plot for the data revealed good
class (Control vs OCD) separation and convincing
model validation (Figure 2). With only two components
in the analysis, the R2 was 0.662 and the Q2 was 0.32.
The duplicate aliquots were located close to each other
and there were no significant outliers.
There was even more distinct separation in the
OPLS-DA scores plots of the OCD horses vs the
Controls (Figure 3). The duplicate aliquots clustered
together and there were no significant outliers. With
only one component in the analysis, the R2 was 0.82
and the Q2 was 0.83.

Experiment 2

Due to an error in handling, the samples obtained in
August for glucose analysis were inadvertently lost.
However, the mean blood insulin concentration of horses
sampled in August was 14.0 ± 0.9 µIU/dL for the OCD

group (n = 21) and 13.0 ± 1.2 µIU/dL for the Control
group (n = 20) (P > 0.5). Plasma glucose concentrations
of horses sampled in September were not different
between the OCD group (85.4 ± 2.6 mg/dL, n = 9) and
the Control group (82.4 ± 3.9 mg/dL, n = 30, P > 0.5).
In horses sampled in September, insulin concentrations
did not differ between OCD and control groups (OCD
group: 11.1 ± 0.9 µIU/dL, n = 9; Control group: 17.0 ±
1.6 µIU/dL, n = 30; P > 0.05). Insulin concentrations
did not differ between horses when grouped by date
(August: 13.7 ± 0.7 µIU/dL; September: 15.6 ± 1.4
µIU/dL; P > 0.2).
For the NMR analyses, data from nine horses were
discarded due to sample degradation (hemolysis). A
single aliquot of serum was analysed for each horse.
There was distinct separation with strong
predictability (R2 (Y) = 0.64, Q2 = 0.75) between the
data sets for the August and September samples (Figure
4) which, based on the loadings plots (not shown), was
due primarily to higher sugar peaks and a variety of
lipid peaks in the September samples.
However, no clear separations between the OCD and
Control groups were evident in the complete data set.
Even when the August and September complete spectra
were analysed separately, there was no clear separation
of the OCD and Control metabonomes. However, when
only data from animals with a radiographically verified
OCD status (presence or absence) were analysed
regardless of the month of sampling, using only the
peaks of metabolites that were significant for separation
in Experiment 1, the OPLS-DA separation of the OCD
and Control groups was clear (R2 = 0.98) but had poor

Figure 1. Representative 1H-NMR spectrum of serum with excitation sculpting (ES) water suppression. Selected
assignments are shown. The residual water peak is labelled with *. The character “?” indicates an as yet unidentified
sugar component that contributed (P < 0.05) to the clustering.
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Figure 2. Experiment 1: PLS-DA scores plots of the serum NMR spectra from OCD ( ) yearlings vs Controls
(+). The strong negative slope for the validation plot of percentage variation explained (R2(Y)) and predictability
(Q2) (see inset) of the metabonomic model with a model R2(Y) of 0.66 and a Q2 (cum) = 0.32 indicates a validated
strong model.

Figure 3. Experiment 1: OPLS-DA scores plots of the serum NMR spectra from OCD ( ) yearlings vs Controls
(+). With only one component represented, the model has very good quality (R2(Y) = 0.82 and Q2 = 0.83).
Double arrows highlight selected duplicate aliquots from individual horses, showing the good reproducibility of
the metabonomic model.
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Figure 4. Experiment 2: OPLS-DA scores scatter plot of serum NMR spectra from Standardbred yearlings collected
in August (n = 41, “8”) and September (n = 39, “9”) of 2008 showing separation (R2(Y) = 0.64, Q2 = 0.75). The
validation of the PLS-DA model was also excellent for this metabonomic model (see inset).

predictability (Q2 < 0.0).

Experiment 3

Despite the relatively small number of samples (15 for
which OCD status had been verified radiographically),
separation was highly significant (OPLS-DA; R2(Y) =
0.955, Q2 = 0.90) and well validated when the data for one
individual that had been diagnosed as radiographically

free of OCD lesions was excluded (Figure 5). However,
when that sample was included in the set identified as
a control, the R2(Y) and Q2 were significantly reduced
and the data point appeared in the cluster of the OCD
samples (not shown). When its status was changed to
OCD, the R2(Y) and Q2 were very high (Figure 6). As
the individual in question had been sold by the time
the apparent discrepancy was discovered, it was not

Figure 5. Experiment 3: OPLS-DA scores scatter plot of analysis of serum NMR Spectra from 14 Standardbred
foals (1 to 3 months of age) that were radiographically verified as yearlings as having OCD ( ) vs the Controls(+).
One sample was run in two aliquots and is labelled with a double arrow. With only one component, there was clear
separation (R2(Y) = 0.955) and very high predictability (Q2 = 0.90) of the metabonomic model. The inset shows the
validation for the PLS-DA model for the same set. The scatter for the validation is larger because of the relatively
small dataset.
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Figure 6. Experiment 3: OPLS-DA scores scatter plot of analysis of serum NMR Spectra from 15 Standardbred
foals (1 to 3 months of age) that were radiographically verified as yearlings as having OCD ( ) vs the Controls
(+). Fourteen foals were the same as used in Figure 5. One individual that had been diagnosed radiographically as
free of OCD was included (identified by the single large arrow) as having OCD. When it was included as a Control
in the analysis, the R2 and Q2 were significantly reduced and its data point was clearly in the OCD cluster. When
this horse was identified as having OCD, the metabonomic model had clear separation (R2(Y) = 0.8) and high
predictability (Q2 = 0.6).

Figure 7. Experiment 3: Loadings/coefficient plot for the OPLS-DA model presented in Figure 6. Peaks for
metabolites above the baseline were present in greater amounts in OCD serum than in Control serum (P < 0.05)
whereas peaks below the baseline were more abundant (P < 0.05) in the Controls than in the OCD group.
possible to determine if there had been a misdiagnosis.
The loadings/coefficient plot for Experiment 3
(Figure 7) OPLS-DA revealed that, as in previous
years, concentrations of alpha glucose and other sugars
were lower in the serum of horses with OCD than in
the controls, whereas those of certain unsaturated lipids
and amino acids, creatinine and choline were higher.

Discussion

This series of experiments shows that NMR-based
metabonomic analyses can detect metabolic differences
between groups of animals that do or do not develop
OCD. However, these analyses are sensitive to a many
influences and it is very important that the resultant
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models, especially the highly sensitive supervised
models generated by OPLS-DA, be rigorously
validated and documented for high predictability. For
example, the distinct clustering (R2 = 0.98) of the
radiographically verified OCD vs Control yearlings in
Experiment 2 was offset by the poor predictability (Q2 <
0.0) of the model. In the “forced” OPLS-DA analyses in
which group identifiers are used a priori, there spurious
correlations can arise (Fonville et al., 2010) such that
metabolites that are not truly significant factors in the
disease metabonome are implicated as important in the
statistical model. For example, this was observed when
the loadings plots were compared between Experiments
1 and 3, in that a strong urea peak observed in Experiment
1 loadings did not appear in Experiment 3 (data not
shown). Comparison of the loadings plots across the
data sets may permit identification of metabolites
that are consistently associated with OCD, avoiding
spurious correlations. This is currently underway using
more sophisticated orthogonal signal correction (OSC)
analyses that identify the metabolites most correlated
with the condition of interest across data sets (Trygg et
al., 2007; Fonville et al., 2010). Various manipulations
of the data sets, such as suppression of peaks that
are known contaminants (such as the alcohol peak in
Experiment 1) or known to be non-contributing factors
(such as water) also will enable greater refinement of the
resultant OCD metabonome. More data with accurate
diagnosis and carefully controlled conditions is needed
before a truly predictive metabonomic model can be
validated for use with random samples.
The validated distinct difference between
the August and September groups of yearlings in
Experiment 2 was surprising. There were no significant
differences between these groups in age, management
or sample handling, but the loadings plots revealed
apparent differences in the peaks of certain sugars,
lipids and urea between the two sample times that
may have obscured the previously observed OCD vs
Control metabonomic differences when the data sets
were combined for statistical analysis. The metabolic
origin of the differences between the two sample times
is currently being investigated using chemometric
analyses (Trygg et al., 2007; Fonville et al., 2010).
The analyses used for the three experiments used
relaxation filtered, water suppressed spectra. As plasma
and serum contain large proportions of water and the
peak for water is large, it can overwhelm and obscure the
signals of interest (Hwang et al., 1995; Pelczer, 2005).
If the water peak is not suppressed, the baselines of the
spectra become distorted and can hide peaks produced
from various metabolites. A simple water-suppressed
experiment reflects the unbiased, full molecular content
of the sample in a quantitative manner. The relaxationfiltered version combines water suppression with a
pulse method; this induces controlled loss of signal
intensity based on relaxation, which is differential
and more efficient for detecting the large and slowmoving molecules in the mixture. As a result, the

spectrum highlights the small molecules, whereas large
biopolymers, such as proteins, will be highly suppressed
(Pelczer, 2005). The direct quantitative information is
lost, but variation in relative concentrations is consistent
when the same experimental parameters are used for
successive samples. In subsequent analyses of these
data, we will also investigate the relative importance of
large molecules.

Conclusions

NMR-based metabonomic analysis is a sensitive
method for identifying differences between distinct
groups of individuals. However, the statistical analyses
are influenced by a variety of factors such as sample
collection techniques, and spurious correlations caused
by non-relevant variations need to be identified to
maximize the utility of the resultant models. Young
Standardbred horses that develop hock OCD differ
metabolically from those that do not develop the disease
despite similar management and genetic backgrounds.
These metabolic differences can be detected using NMRbased metabonomic analysis before lesions appear in
nursing foals. However, more analyses are necessary to
determine the OCD metabonome that would be useful
for diagnosis and prevention of the disease.

Acknowledgements

The authors thank Hanover Shoe Farm for the samples
and acknowledge the assistance and invaluable input
from Mr. J. Simpson, Dr. Bridgette Jablonsky, Dr.
Jessica Petersen, Dr. Courtney Pink and Mr. David
Meirs III, and the assistance with laboratory and data
analysis of Dr. Liz O’Byrne, Catherine Shatynski,
Katherine Zeigler, Brian LaBarre, Eldrid Baez, Jash
Bansal and Sarah Cimbol. LP wishes to thank the
American University of Sharjah for supporting her
participation in this research.

References

Beckonert O, Keun HC, Ebbels TMD, Bundy J, Holmes
E, Lindon JC, Nicholson JK (2007) Metabolic
profiling,
metabolomic
and
metabonomic
procedures for NMR spectroscopy of urine, plasma,
serum and tissue extracts. Nature Prot 2(11), 2692–
2703.
Fonville JM, Richards SE, Barton RH, Boulange CL,
Ebbels TM, Nicholson JK, Holmes E, Dumas
M-E (2010) The evolution of partial least squares
models and related chemometric approaches in
metabonomics and metabolic phenotyping. Journal
of Chemometrics 24, 636–649.
Grondahl AM (1992). The incidence of bony fragments
and osteochondrosis in the metacarpo- and
metatarsophalangeal joints of Standardbred trotters,
a radiographic study. Journal of Equine Veterinary
Science 12(2), 81–85.
Hilliken K, Kline KH, Kapraun PR (2011) Relationship
of osteochondrosis in yearling Standardbred horses
to subsequent race earnings and number of starts

205
at two and three years of age. Journal of Equine
Veterinary Science 31 (5-6), 236.
Hoppe F, Philipsson J (1985) A genetic study of
osteochondrosis dissecans in the Swedish horse.
Equine Veterinary Practice. 7, 7-15.
Hodavance MS, Ralston SL, Pelczer I (2007) Beyond
blood sugar: the potential of NMR-based
metabonomics for human diabetes type 2 and
the horse as a possible model. Analytical and
Bioanalytical Chemistry 387(2), 533–537.
Hwang TL, Shaka AJ (1995) Water suppression
that works. Excitation sculpting using arbitrary
waveforms and pulsed field gradients. Journal of
Magnetic Resonance Series A 112, 275–279.
Kapraun PR, Avenatti RC, Kline KH (2008) Influence
of sire and gender on fluoroscopic incidence of
bony lesions in Illinois Standardbred yearlings.
Proceedings of the Australian Equine Science
Society Symposium 2, 38-39.
Krebs M, Brehm A, Krssak M, Anderwald C, Bernroider
E, Nowotny P, Roth E, Chandramouli V, Landau
BR, Waldhausl W, Roden M (2003) Direct and
indirect effects of amino acids on hepatic glucose
metabolism in humans. Diabetologica 46, 917–
925.
Lykkejen S, Dolvik NI, McCue ME, Rendahl AK,
Mickelson JR, Roed KH (2010) Genome wide
association analysis of osteochondrosis of the
tibiotarsal joint in Norwegian Standardbred trotters.
International Foundation for Animal Genetics
41(suppl. 2), 111-120.
Martin F-PJ, Sprenger N, Yap IKS, Wang Y, Bibiloni R,
Rochat F, Rezzi S, Cherbut C, Kochhar S, Lindon
JC, Holmes E, Nicholson JK (2009) Panorganismal
gut microbiome – host metabolic crosstalk. Journal
of Proteome Research 8, 2090–2105.
McIlwraith CW (2004) Developmental orthopedic
disease: problems of limbs in young horses. Journal
of Equine Veterinary Science 24(11), 475–479.
Mirams M, Tatarczuch L, Ahmed YA, Pagel CN,
Jeffcott LB, Davies HM, Mackie EJ (2009) Altered
gene expression in osteochondrosis lesions. Journal
of Orthopaedic Research. 27(4), 452–457.
National Research Council (NRC) (2007) Nutrient
Requirements of Horses, 6th Ed. National Academy
Press, Washington, DC.
Nicholson JK, Foxall PJD, Spraul M, Farrant RD,
Lindon JC (1995) 750 MHz 1H and 1H-l3C NMR
spectroscopy of human blood plasma. Analytical
Chemistry 67, 793–811.
Nicholson JK, Lindon JC, Holmes E (1999)
“Metabonomics”: understanding the metabolic
responses of living systems to pathophysiological
stimuli via multivariate statistical analysis of
biological NMR spectroscopic data. Xenobiota 29,
1181–1189.
Pagan JD, Geor R, Caddel SE, Pryor PB, Hoekstra KE
(2001) The relationship between glycemic response
and the incidence of OCD in Thoroughbred

weanlings: a field study. Proceedings of the
American Association of Equine Practitioners 7,
322–325.
Pelczer I (2005) High-resolution NMR for
metabonomics. Current Opinions in Drug Research
and Development 8(1), 127–133.
Philipsson J, Andreasson E, Sandgren B, Dalin G,
Carlsten J (1993) Osteochondrosis in the tarsocrural
joint and osteochondral fragments in the fetlock
joint of Standardbred trotters. Equine Veterinary
Journal Supplement 16, 38–41.
Pieramati C, Pepe M, Silvestrelli M, Bolla A (2003).
Heritability estimation of osteochondrosis dissecans
in Maremmano horses. Livestock Production
Science 79, 249–255.
Ralston SL (1996) Hyperglycemia/hyperinsulinemia
after feeding a meal of grain to young horses
with osteochondritis dissecans (OCD) lesions.
Pferdeheilkunde 12(3), 320–322.
Richards SA, Hollerton JC (2011) Essential Practical
NMR for Organic Chemistry. Wiley, Inc.,
Chichester, UK.
Savage CJ, McCarthy RN, Jeffcott LB (1993a).
Effects of dietary energy and protein on induction
of dyschondroplasia in foals. Equine Veterinary
Journal Supplement 16, 74–79.
Savage CJ, McCarthy RN, Jeffcott LB (1993b) Effects
of dietary phosphorus and calcium on induction
of dyschondroplasia in foals. Equine Veterinary
Journal Supplement 16, 80–83.
Tang H, Wang Y, Nicholson JK, Lindon JC (2004)
Use of relaxation-edited one-dimensional and
two-dimensional nuclear magnetic resonance
spectroscopy to improve detection of small
metabolites in blood plasma. Analytical
Biochemistry 325, 260–272.
Trygg J, Holmes E, Lundstedt T (2007) Chemometrics
in metabonomics. Journal of Proteome Research
6(2), 469–479.
Weiger M, Speck T, Fey M (2006) Gradient shimming
with spectrum optimization. Journal of Magnetic
Resonance 182, 38–48.
Zhang X, Wang Y, Hao F, Zhou X, Han X, Tang H,
Ji L (2009) Human serum metabonomic analysis
reveals progression axes for glucose intolerance
and insulin resistance statuses. Journal of Proteome
Research 8, 5188–5195.

207

Starch digestion in monogastrics – mechanisms and
opportunities
M.J. Gidley, B.M. Flanagan, K. Sharpe and P.A. Sopade
Queensland Alliance for Agriculture and Food Innovation, Centre for Nutrition and Food Sciences, The University
of Queensland, St Lucia, QLD 4072, Australia; m.gidley@uq.edu.au

Summary

As starch is the main energy source for animals fed
grain-based diets, its rate and extent of digestion affects
the efficiency of feed utilisation, feed intake and rate
of gain. Characterisation by electron microscopy and
solid state 13C NMR spectroscopy of undigested feed
recovered from the ileum of pigs shows that some
milled grain fragments can survive gastric and small
intestinal digestion largely intact. In contrast, feeding
of isolated (uncooked) maize starch granules results
in essentially complete digestion by the mid-point of
the small intestine. For milled grains, particle size is
the dominant determinant of digestion rate in vitro, and
the rate-determining step is proposed to be diffusion of
α-amylase within the cellular structure of the endosperm.
As the rate of granule digestion is much faster than the
rate of enzyme diffusion through grain fragments of
cereals used in animal feeds, starch gelatinisation per
se is not required to increase ileal digestibility, even
though starch gelatinisation is desirable for increasing
α-amylase digestion rate. The beneficial effects of
heat–moisture processing on grain digestibility in vivo
may be due to the opening-up of grain structure, thereby
reducing barriers to enzyme diffusion.

Introduction

Grains form the basis of intensive feeding of
monogastric and ruminant animals, primarily because
grains are energy-dense and contain macronutrients, the
major component of which is starch. In the context of
efficient delivery of energy to the growing organism,
this is analogous to the evolved purpose of seeds, viz., to
provide readily available energy to the growing seedling
prior to the development of sufficient photosynthetic
tissue to provide solar energy to the plant.
There has been intense interest in the digestibility of
starches used for human consumption, which was driven
by concerns about metabolic syndrome, diabetes, obesity
and recommendations to increase fibre consumption.
Concepts such as the glycemic/insulinemic indices
and resistant starch are key components of efforts to
understand the link between diet and health in humans,
and have parallels in the use of grains as feeds for
monogastric animal production. From numerous studies
of starch-based food components in human nutrition, it
is generally accepted that relatively slow digestion of
Recent Advances in Animal Nutrition – Australia 18 (2011)

starch has the benefit of a steady uptake of glucose that
minimises the need for insulin mediation. Additionally,
if digestion is slow enough, passage of a portion of
the starch into the large intestine occurs, resulting in
its fermentation to short-chain fatty acids (primarily
acetate, propionate and butyrate). This reduces energy
availability compared with uptake of energy as glucose
after enzyme digestion of starch in the small intestine
and has health benefits similar to those of dietary fibre,
including an increase in the quantity and quality of
microflora. Carbohydrate fermentation in the porcine
large intestine results in a microflora community that
resists pathogenic infection, depresses harmful protein
fermentation and promotes the immune system (Bauer
et al., 2006; Williams and Gidley, 2007).
An additional potential effect that is worthy
of further study is the so-called ‘ileal brake’ effect
(Maljaars et al., 2008), which is linked to perceived
satiety in humans and hence may influence feed intake
in animals. The ileal brake refers to the inhibition of
gastric emptying and intestinal motility caused by the
sensing of macronutrients in the lower part of the small
intestine. Although originally discovered in the context
of lipid digestion, it is now clear that protein and starch
can also trigger the same effect (Maljaars et al., 2008).
There are four accepted mechanisms (Bird et al.,
2009) for the production of slowly digestible (within
the small intestine) or resistant starch (sufficiently
slowly digested to pass into the large intestine) that
have become known as RS1, 2, 3 and 4 with origins as
described below:
• RS1 is due to intact plant cellular structures
that limit the accessibility of digestive
enzymes to starch,
• RS2 is based on the dense architecture of
certain uncooked starch granules (e.g.,
potato, high-amylose maize), which
results in slow enzymatic digestion,
• RS3 arises from locally dense or crystalline
starch structures that result from polymer
association after cooking (often termed
‘retrogradation’),
• RS4 results from chemical modifications
of extracted starches such that digestive
enzymes are unable to bind to and
hydrolyse polymer chains.
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RS types 1, 2 and 3 are also relevant to the utilisation
of starch as an energy source by production animals.
In order to maximise energy delivery to monogastric
animals, one target for grain-based feeds is to minimise
the amount of starch that remains undigested at the end
of the small intestine (Black, 2008), as less energy is
available to the animal after microbial fermentation
of starch in the large intestine (typically 1.5 – 2.5
kcal/g) compared with (animal) amylase digestion in
the small intestine (ca 4 kcal/g) (Sharma et al., 2008).
Therefore, there has been interest in establishing the
extent of digestible energy remaining at the ileum for
grains differing in source or variety and after various
processing steps. However, there is little detailed
characterisation of the nature of residual undigested
feed at the ileum.
In this report, we describe the microscopic and
spectroscopic characterisation of ileal digesta from
pigs fed grain-based diets, with particular emphasis
on the starch component. This analysis suggests that
residual starch is primarily in the form of (partially
digested) granules present within relatively large grain
particles. We then compare these results with those of
in vitro studies of starch digestibility as a function of
grain particle size and heat/moisture processing, and
the behaviour of starch granules isolated under mild
conditions in vitro and in vivo. For mash diets, it is
concluded that control of the particle size distribution of
milled grains is the most promising method for tailoring
the rate and extent of small intestinal digestion of starch
in monogastric animals such as the pig. However, for
processed diets, processing conditions that disrupt the
cellular and granular structures of starch are desirable
for improved digestibility.

Nature of undigested feed at the
ileum of pigs

To determine the reasons for incomplete starch digestion
at the ileum of pigs, digesta recovered from cannulated
pigs fed cold-pelleted sorghum or barley based diets
were examined. These samples formed part of the

A

Premium Grains for Livestock Program (Black, 2008).
Previous analysis (Sopade et al., 2007) showed that the
starch content of these ileal digesta varied from 4% to
20% and reflected ileal digestible energy variations.
Furthermore, polarised light microscopy showed the
presence of birefringence characteristic of ungelatinised
starch granules at the ileum and, to a much lesser extent,
in the faeces of animals fed diets with high ileal starch
content (Sopade et al., 2007). Examples of scanning
electron micrographs of the surface features of dried
ileal digesta are shown in Figure 1 for sorghum and
barley.
In both cases, starch granules (ca 15 µm diameter)
and protein bodies (1–3 µm diameter) are seen, each
with at least some ‘pinholes’. These pinhole features
are important sites of action of α-amylase on most
cereal starch granules (Planchot et al., 1995; Dhital et
al., 2010) and are due to the presence of microscopic
pores that are produced by an as yet unknown
mechanism during the biosynthesis of cereal starches
with so-called A-type crystallinity (Fannon et al., 2004).
The appearance of pinholes in the smaller protein
bodies (particularly obvious for sorghum – Figure
1A) suggests that a similar ‘inside-out’ mechanism
of digestion (Planchot et al., 1995) occurs for protein
bodies and starch granules during porcine digestion.
Inside-out mechanisms occur where there is a surface
barrier to enzyme action, coupled with a more rapid
digestion of interior components. Micrographs such as
Figure 1A suggest side-by-side digestion of starch and
protein in sorghum, which is not consistent with the
‘encapsulation’ of sorghum starch by protein bodies,
which has frequently been quoted as blocking starch
digestion (see review by Selle et al., 2010). To further
identify the nature of digestion-resistant material at the
porcine ileum, the interior surfaces of particles were
examined by scanning electron microscopy (SEM) after
grinding, with typical results shown in Figure 2.
The interior surfaces of feed particles at the ileum
show all the features of undigested ground grains; starch
granules (ca 15 µm diameter) are the predominant

B

Figure 1. Representative scanning electron micrographs of the surface of digesta particles recovered from the
ileum of pigs fed (A) sorghum- and (B) barley-based diets.
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Figure 2. Representative scanning electron micrographs of the interior of digesta particles recovered from the
ileum of pigs fed (A) sorghum- and (B) barley-based diets.

component and smaller amounts of protein bodies
(1–3 µm) are evident, all encapsulated within plant
cell walls (this is particularly evident at the bottom
of Figure 2A). The images in Figures 1 and 2 suggest
that digestion of cereal grain particles occurs from the
outside in, implying that enzyme diffusion may be
the rate-determining event for both starch and protein
digestion.
The molecular nature of undigested material at the
ileum was further probed using solid state 13C NMR
spectroscopy. This method (Gidley, 1992) allows both
compositional and conformational information to
be obtained from solid samples in a non-destructive
fashion. Example spectra for whole dried ileal digesta
from individual pigs fed specific grains are shown in
Figure 3. The spectra are dominated by intensity in the
60–110 ppm range characteristic of carbohydrates. For
comparison, the spectrum of purified cellulose is also
shown in Figure 3. Weak intensity in the ranges 170–
180 and 10–40 ppm is due to carbonyl groups (e.g., as
found in peptide bonds) and aliphatic carbons (e.g., as

found in many amino acid side chains), and is almost
certainly due to proteins. The spectra are qualitatively
similar to the spectra of the corresponding feeds (data
not shown), which is consistent with the expectation
that residual undigested feed is the main component of
the content of the ileum.
In contrast, spectra of faecal samples from the
same pigs (Figure 4) have a higher relative amount
of signals characteristic of proteins and lipids (10–40,
120–130, 170–180 ppm) than of carbohydrates (60–110
ppm) compared with ileal digesta. This is consistent
with the expectation that a significant fraction of ileal
carbohydrate is fermented and the products (shortchain fatty acids) are absorbed, whereas dietary protein
and lipid are retained to a significant extent in the
colon, where they are converted into microbial protein
and lipid, respectively. In the absence of carbohydrate
fermentation, extensive protein fermentation occurs,
resulting in the production of ammonia and other
putrefactive compounds that are toxic for animals and
humans.

3717-604
3750-2745
3751-2758
7710-624
7711-1243

200

150

100

50

0

chemical shift (ppm)

Figure 3. Solid state 13C NMR spectra of ileal samples
from pigs fed each of 3 barley (37 codes) and 2 sorghum
(77 codes), compared with the spectrum for pure
cellulose (intense signals at ca 105, 75 and 65 ppm).

Figure 4. Solid state 13C NMR spectra of faecal samples
from pigs fed each of 3 barley (37 codes) and 2 sorghum
(77 codes). Samples were from the same animals as the
ileal samples used in Figure 3.
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Further analysis of NMR spectra for ileal digesta is
possible, as different carbohydrates have characteristic
signals that can be used to subtract the contribution of
that component from the total spectrum. In particular,
cellulose has a signal at ca 88 ppm, where no other
common carbohydrate has a signal. Figure 5 shows
how the cellulose component within ileal digesta can
be identified (Figure 5A) and how the non-cellulose
spectrum can be unmasked by subtracting the spectrum
of cellulose using intensity (vertical axis) at 88 ppm
(horizontal axis) as a definition of the relative amount
of cellulose present. The residual spectrum has many
of the characteristics of a starch spectrum (Tan et al.,
2007).
On the over-simplified assumption that all
carbohydrate in ileal digesta is either starch or cellulose
(additional components may include substituted
xylans and other non-cellulosic cell wall polymers),
the intensities of the cellulose and ‘starch’ sub-spectra
can be used to quantify the relative amounts of the two
components in ileal digesta. Results are shown in Table
1 compared with the same analysis conducted on the
starting feed. As expected, apparent starch contents
are typically decreased more than cellulose contents
due to active small intestinal digestion. For the two
feeds that had the highest starch contents according to
chemical analysis (Sopade et al., 2007), it was possible
to estimate the relative percentage of ordered (double
helical and single helical) to non-ordered (‘amorphous’)
starch using the method described by Tan et al. (2007).
The results suggested a lower level of order for ileal
starch compared with the starting feed for both feeds
(Table 1), i.e., digestive processes caused a reduction in
starch ‘crystallinity’. However, this analysis is pushing
the limits of the technique, as it is based on a detailed
peak fitting procedure (Tan et al., 2007) applied to a
sub-spectrum obtained from a complex raw material
and assumes the presence of only starch and cellulose.

Table 1. Calculated starch and cellulose ratios and
starch percentage order from 13C NMR spectra of
ileal samples from individual pigs fed sorghum (77
codes) and barley (37 codes) based diets. Numbers in
parentheses are the analyses for the feeds used
Ileal
sample

Starch
(%)

Cellulose
(%)

3717–604
3751–2758
7711–1243
3750–2745
7710–624

35 (73)
73 (92)
90 (91)
65 (87)
53 (90)

65 (27)
27 (8)
10 (9)
35 (13)
47 (10)

Starch
(percentage
order)
n.d. (44)
16 (56)
25 (45)
n.d. (54)
n.d. (49)

Nevertheless, this investigation has shown that detailed
compositional and conformational information can
be obtained non-destructively and directly from ileal
digesta and is likely to find use in future investigations
on the nature of residual digesta from either cannulation
or post-mortem samples.
In summary, microscopy analysis of ileal digesta
has shown that relatively large particles are present that
contain apparently undigested starch and protein in their
interiors, and NMR analysis has shown the presence
of starch and protein alongside cellulose. For the feed
processing used here (hammer milling followed by cold
pellet processing), at least the RS1 (cellular structures)
and RS2 (resistant granules) mechanisms may be
operating, and the RS3 mechanism (retrogradation)
cannot be ruled out as, at least for high-amylose starches,
recrystallisation can occur during in vitro digestion
(Lopez-Rubio et al., 2008). The next section deals with
the possibility that each of these mechanisms is relevant
in vivo, at least in the context of pig nutrition.

Figure 5. A: ileal digesta 13C NMR spectrum compared with spectrum of pure microfibrillar cellulose with
intensities matched at 88 ppm – a chemical shift unique to cellulose. B: Difference spectrum after subtracting
features due to cellulose (Fig 5A).
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Particle size effects on milled grain
digestion (‘RS1’)

Two approaches have been taken to evaluate the effect
of milled grain particle size on in vitro amylase digestion
rate. In one approach, the effect of average sorghum
grain particle size on amylase digestion kinetics was
characterised (Mahasukhonthachat et al., 2010a). Firstorder rate coefficients were shown to vary with the
inverse square of the average particle size. In other words,
for particles with three times the diameter, the enzyme
digestion rate is nine times slower. This could be due to
a surface barrier mechanism (as the surface area scales
with the square of the particle size), but micrographs such
as Figure 1 provide no evidence for an effective surface
barrier. The more likely explanation is that enzyme
diffusion within grain particles is rate-determining, as
diffusion occurs by a random-walk mechanism that
scales with the square root of distance. The fact that
Michaelis–Menten kinetics fail to adequately model
the digestion time course (Mahasukhonthachat et al.,
2010a) whereas first-order kinetics do fit the data, is
evidence for a heterogeneous reaction mechanism in
which enzyme-substrate (amylase/starch) interaction is
rate-determining. By changing the grinding conditions
and examining the digestion rate on the whole feed, the
composition of feeds studied is kept constant. However,
as there is no fractionation, the contributions of specific
particle sizes within the distribution of sizes present
cannot be determined.
In a complementary approach, hammer-milled
sorghum and barley were size-fractionated by sieving
and the kinetics of amylase digestion were characterised
for each separated size fraction. As described in the
previous paragraph, the digestion data were fitted by
first-order kinetics and the rate coefficients were shown
to scale with the inverse square of particle size (AlRabadi et al., 2009). Due to the relatively narrow particle
size range of each fraction, the relationship between
rate coefficients and particle size could be converted
into an effective diffusion coefficient using Fick’s
law. This suggested that the diffusion of α-amylase is
approximately nine and 13 times slower in water than
that of milled barley and sorghum, respectively (AlRabadi et al., 2009). This single measure is sufficient
to capture the difference in digestibility as a function of
particle size, and also quantifies the effect of the more
densely packed sorghum endosperm structure (Selle
et al., 2010) compared with barley. The advantage of
the fractionated particle method is that quantitative
relationships between rate and diffusion coefficients
can be determined, but the disadvantage is the potential
for additional effects due to compositional variation
between different size fractions.

Granule architecture effects on
starch digestion (‘RS2’)

In addition to grain architecture, it is possible that the
nature of uncooked starch granules could affect the rate of

α-amylase digestion. It was reported that most uncooked
cereal starches have a slow digesting property (Zhang
et al., 2006) based on an in vitro classification, with the
expectation that digestion takes place throughout the
small intestine. However, it is known (Bird et al., 2009)
that most cereal starch granules produce very low levels
of resistant starch as measured by the presence of starch
in ileostomy effluent bags. Ileostomists have had their
colon disconnected with the addition of a drain to a
collection bag at the end of the small intestine. It might
be expected that similar results would be found for pigs
based on the approximate similarities in small intestinal
function (although fermentation is more prevalent in
the porcine small intestine) and dimensions compared
with humans (Miller and Ullrey, 1987). In line with
this expectation, a recent report (Hasjim et al., 2010)
showed that granular maize starch included in pig feed
is essentially completely digested by the mid-point of
the small intestine with undetectable amounts in the last
metre of the small intestine (i.e., at the ileum).
Two types of digestion behaviour have been
characterised for ungelatinised starch granules based
on their botanical origin (Bird et al., 2009; Dhital et
al., 2010). For most cereal starches (‘normal’ and waxy
types), the presence of granule pores and channels
provides an entry point for α-amylase (Figure 1) and
subsequent efficient digestion. In contrast, granules
from sources such as potato or high-amylose cereals
do not appear to possess pores and channels and are
therefore digested primarily by a surface erosion
mechanism (Planchot et al., 1995; Dhital et al., 2010).
This results in substantially slower digestion in vitro
and is the proposed mechanism for the high resistant
starch contents found both in vitro and in vivo (Bird et
al., 2009).
Size fractionation of granules by sedimentation
has been used to define the effect of granule size on
enzyme digestion (Dhital et al., 2010). This showed
first-order digestion kinetics that once again scaled with
the inverse square of particle size for both maize starch
(relatively fast digestion) and potato starch (relatively
slow digestion). As there was no barrier to the approach
of amylase to starch in the aqueous suspension used, the
inverse square relationship was interpreted as reflecting
surface area dependence. Assuming that the effective
surface area for digestion of potato starch corresponds
to the observed surface, the effective surface area for
digestion of maize starch is predicted to correspond to
a diameter of ca 0.4 µm compared with the observed
diameter of 15–20 µm. This quantifies the importance
of granule pores and channels in providing a greater
effective surface area for digestion of maize and, by
extension, other common cereal starches. The relatively
rapid digestion of cereal starch in the intact granule form
provides a rationale for the effective use of mash feeds
for pigs, provided the particle size is small enough.
Comparison of rate coefficients for α-amylase
digestion of granular maize or potato starch (Dhital et
al., 2010) with those of milled barley or sorghum grains
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(Al-Rabadi et al., 2009) shows that potato starch granules
have digestion kinetics (digestion rate coefficient of ca 6
× 10–3 h–1 ) similar to those of 1.5–2 mm grain particles
(digestion rate coefficients for 1.0–1.7 mm sorghum of
ca 7 × 10–3 h–1 and for 1.7–2.8 mm barley of ca 4 ×
10–3 h–1). This provides a quantitative explanation for
the effectiveness of RS1-type (milled grain) and RS2type (e.g., potato starch granules) mechanisms for
delaying starch digestion both in vitro and in vivo. In
the context of ensuring small intestinal digestion of
starch in animal feeds, this analysis provides a means
to define quantitatively the expected effect of different
starch/grain types on digestion rate and hence digestion
location.

Retrogradation effects on starch
digestion (‘RS3’)

As illustrated for uncooked potato starch granules, if
starch polymers are arranged in an appropriate form,
they can resist digestion even if there is a large surface
contact area for enzyme attack. Although originally
thought to be due to crystallisation, recent work has
shown (Zhang et al., 2006) that the crystalline and noncrystalline components in starch granules are digested
side-by-side. It therefore seems unlikely that it is
crystallinity alone that is responsible for slow digestion
in granules. Crystallisation is probably only one route
to achieving a dense packing of starch chains that limits
the rate of digestion by α-amylase, even though every
backbone linkage in starch is a potential substrate.
Similarly, it is now becoming apparent that (re)
crystallisation is just one example of a mechanism
for slowing α-amylase digestion of cooked and stored
(‘retrograded’) starch (Bird et al., 2009), and that dense
packing of non-crystalline starch polymers may also
be an effective mechanism for slowing digestion. For
example, Htoon et al. (2009) showed that (in vitro)
enzyme-resistant starch contents across a range of
processed high-amylose maize starches showed no
correlation with the extent of crystallinity. Further work
is required to better define the nature of non-crystalline
starch that results in slow enzyme digestion, although
it seems clear that high amylose content is one route
to achieving this (Bird et al., 2009). Non-crystalline
dense packing of starch chains can also be achieved by
cooling from a ‘molten’ state such as extrusion without
air incorporation. In the context of animal feed, this
is a potential drawback of thermal processing prior to
pelleting; too much thermal energy during processing
may reduce subsequent digestibility.
It has also become clear recently that recrystallisation and other re-organisations of starch
polymers can occur during the digestion process (LopezRubio et al., 2008), viz., polymer rearrangements
occur as a consequence of partial amylase digestion.
Therefore, measurement of structural features prior to
digestion may not necessarily predict enzyme digestion
rates for cooked starches.
In the context of animal feeds, the benefits

of heat/moisture processing of milled grains for
enhancing starch digestion is often assumed to be due
to gelatinisation of granules, resulting in an enhanced
digestion rate. For example, Mahasukhonthachat
et al. (2010b) showed that twin-screw extrusion of
milled sorghum grains caused extensive gelatinisation
and resulted in an approximately tenfold increase in
digestion rate in vitro. However, this does not prove that
the observed increase in digestion rate is directly due to
gelatinisation. Indeed, it could be argued that if milled
grain structures were opened up sufficiently during
processing to expose starch granules to direct enzyme
action without gelatinisation, then digestion should
be complete before the middle of the small intestine,
as found for isolated maize starch granules (Hasjim
et al., 2010). In addition, there are numerous reported
examples (Bird et al., 2009) of heat/moisture processed
starches, particularly at high moisture, that subsequently
develop resistance to digestion through time- or storagedependent effects, collectively termed retrogradation.
Whether heat/moisture processing is beneficial or
otherwise for improving the digestibility of animal
feeds will therefore depend on the balance between the
opening up of cellular and granular structures caused by
heat and moisture, and the subsequent potential for restructuring resulting in densely packed enzyme-resistant
polymer organisation. However, it should be stressed
that low-moisture processing, where mechanical effects
dominate, could enhance the desirable opening of starch
structures and enhance digestibility.

Conclusions

The studies reported and reviewed here have clarified
the origins for incomplete ileal digestibility of starch
in feeds for monogastric animals, particularly pigs. It
is concluded that milled grain particle size distribution
is the dominant mechanism controlling the rate of
digestion of mash-type feeds (i.e., milled grain-based
feeds with limited or no heat/moisture treatment).
Although it is undesirable to mill to very fine particle
sizes due to processing costs and health risks to both
humans and animals, the inverse square dependence of
digestion rate on particle size suggests that avoiding
any large particles (e.g., above 1–1.5 mm) should
minimise the amount of feed that escapes digestion at
the end of the porcine small intestine. In other words,
particle size distribution as well as average particle size
should be taken into account in investigating effects of
feed performance for milled grains. This may not be as
relevant for poultry feeds due to the active grinding of
feed in the gizzard. For heat/moisture processed feeds,
opening up of milled grain structures by mechanical
processing is expected to reduce diffusion barriers and
may be sufficient for enhanced digestibility, even in the
absence of starch gelatinisation. Although the only way
to validate production efficiency benefits is through
animal trials, in vitro studies can provide both insights
into the underlying mechanisms and suggest novel
routes to achieving desirable in vivo outcomes.
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