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PREFACE

The proceedings which comprise this volume are taken from the 28th
Symposium in a series organized by the UK branch of the World’s Poultry
Science Association. The chosen topic attracted a large audience, members of
which came from all continents except South America. This probably
demonstrates the importance that poultry scientists and industries worldwide
attach to avian gut function.

Since the late 1960s, when the Swann Committee in the UK investigated
the use of antibiotics in animal husbandry and veterinary medicine, pressure
on their use as growth promoters has grown. Swann recommended that only
antibiotics which ‘have little or no application as therapeutic agents in man or
animals and will not impair the efficacy of a prescribed therapeutic drug or
drugs through the development of resistant strains of organisms’ should be
used for growth promotion. The UK government accepted these recommenda-
tions and, subsequently, the European Union adopted this principle, although it
had to resist pressure from Sweden for a complete ban on antibiotic growth
promoters.

Political pressure continued and, since the mid-1990s, several antibiotics
have been banned and withdrawn from the market. Concerns have also been
expressed over the use of certain coccidiostats, with the result that some of the
earlier products have now also been withdrawn.

These restrictions have taken place because of concerns over drug
resistance and possible carry-over to consumers of poultry products. However,
little consideration has been given to the consequences of their withdrawal to
poultry health and performance. The worldwide interest in this symposium,
therefore, demonstrates the concern of poultry scientists about these
challenges, but also highlights the dearth of sound scientific knowledge about
avian gut function in healthy birds.

Scientists of international standing were invited to present their views at the
symposium. The starting point was a description of the history of feed
additives. This was followed by a paper describing the likely consequences of
the withdrawal of prescription-free use of antimicrobials, which concluded with
a brief consideration of likely alternatives.

Four papers dealt with the development of the gastrointestinal tract, its
function related to growth, uptake of nutrients and immune development.

This was followed by three papers concerned with gut microbiology, including
the analysis of the microbial ecosystems, a description of the more commonly
encountered microbes and a discussion of mechanisms of pathogen control.

Xiii
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Six papers covered nutritional effects. These included the effect of nutrients,
anti-nutrients, non-nutrients or toxins and microflora on gut health and bird
growth. Unfortunately, due to health reasons, the main author was unable to
complete his review paper so it has not been included in this volume. The effect of
non-starch polysaccharides on gut function were covered, as well as amino acid
and protein supply on nutrition and health. The last three papers in this section
dealt with the role of feed processing on gut function, micronutrient supply and its
effect on immunity and, lastly, the association between nutrition and wet litter.

Three papers dealt with pathology. A description of virally induced
gastrointestinal diseases of chickens and turkeys was followed by a paper
highlighting the intestinal tract as a portal of entry of bacteria. The final paper
in this section described a new approach to the investigation of the
host—parasite relationship in which parasite genetics, DNA fingerprinting and
selection by immunity can be used.

The immunological and pathogen control session contained papers dealing
with feed acidification, competitive exclusion, the influence of vaccines and
campylobacters and their bacteriophage. The author of the paper describing
the influence of some specific vaccines on the intestinal health of broilers was
unable to provide a review chapter for these proceedings. This is an
unfortunate omission, since the use of vaccines is clearly an important practical
approach to the control of gut pathogens. The concluding paper in this session
discussed breeding for disease resistance and the role of gene mapping and
microarray studies.

The concluding session included a description of the legislative role of the EU
in monitoring zoonoses and zoonotic infections, and the final paper brought the
discussions back to the farm level by asking: what does it mean to the farmer?

In addition to the formal presentations, 47 poster abstracts were offered by
scientists working in the field of avian gut function.

[ am indebted to the Organizing Committee for their contributions and
support during the preparation and conduct of the symposium. I hope that
readers of these proceedings will feel that the subject was adequately covered
and brought up to date by the distinguished panel of speakers.

The efficiency with which the Symposium was run was due entirely to the
efforts of Rita and Christine, who worked tirelessly to ensure that the interests of
the sponsors and the needs of speakers and delegates were well catered for. | owe
them my gratitude for making my responsibilities so much easier to handle.

Organizing Committee

G.C. Perry (Chairman), J.A. Parsons (Secretary), K.J. McCracken (ex-officio,
Treasurer), T. Acamovic, A. Ball, P Barrow, E Davison, P Hocking (ex-officio,
President, WPSA UK Branch), T. Humphrey, G. Mead, M. Mitchell and G. Rosen.

Administrative secretaries

Rita Hinton and Christine Rowlings.
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CHAPTER 1

History and current use of feed additives
in the European Union: legislative and
practical aspects

R.A.H.M. ten Doeschate* and H. Raine
ABNA Ltd., Peterborough, UK; *e-mail: rtendoeschate @ abagri.com

ABSTRACT

Whilst the term feed additives encompasses a variety of products, this chapter
will concentrate on product groups such as antibiotic growth promoters,
coccidiostats and enzymes. These products have been, and are, subject to
scrutiny and licensing at European Union (EU) and national level.

The history of antibiotic growth promoters serves as a case study for the
development of a product group, ensuing legislation, pressure group activity
and the subsequent demise of the product group.

EU legislation has evolved over the years from a situation of limited
scope and relatively relaxed rules to the current system where the scope is
being extended to more products and with stricter rules. The current EU
regulation (1831/2003) is based on the precautionary principle related to
human health, animal health and the environment. At present there are signs
that legislation has tightened to such a level that certain products are not
available on the EU market, maybe as a result of high costs or delays, due to
the registration process. A balance needs to be found between effective
legislation regulating the safe use of additives and allowing new product and
concept development.

From a practical nutritionist's point of view the whole area is very
complicated, with several products on the market, and it is unclear whether
they are additives in the legal sense or not, but there is a responsibility on the
nutritionist to ensure compliance with the law. With antibiotic growth promoters
disappearing, several ‘replacement’ products need to be evaluated, which is
another big challenge for nutritionists.

© CAB International 2006. Avian Gut Function in Health and Disease (ed. G.C. Perry) 3
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INTRODUCTION

Feed additives encompass a variety of products. According to the currently
applicable legislation (EC 1831/2003, Art. 2 (2a)), ‘feed additives’ means
substances, microorganisms or preparations — other than feed materials and
premixtures — which are intentionally added to feed or water to perform, in
particular, one or more of the functions mentioned in Article 5 (3). Article 5 (3)
can be summarized as follows: a feed additive should favourably affect one of
the following:

® characteristics of feed or animal products;

® colour of ornamental fish or birds;

® the environment;

® animal production, performance or welfare through positive effects at gut
level,

or satisfy the nutritional needs of animals or have a coccidiostatic or histo-
monostatic effect.

This, potentially, gives a huge range of possible additives but, for the scope
of this chapter only product groups will be covered such as antibiotic growth
promoters, coccidiostats and enzymes. The reason for this is that these products
have been, and are, subject to a fair degree of scrutiny and approval/
authorization at EU and national level.

This chapter is intended to give an overview of the history of both feed
additives and applicable EU legislation, which will inevitably be incomplete but
will hopefully serve to give an understanding of the subject. Further, it will show
how current use of additives is impacted by legislation, and how this and
commercial practice interact.

HISTORY

For antibiotic growth promoters the story began in the 1940s, with a 1946 (Moore
et al.) and/or a 1949 (Stokestad et al.) paper being widely cited as the first scientific
paper(s) to note a growth-promoting effect of feeding antibiotics. The interest in
antibiotics actually stemmed from a quest to find substitutes for the animal protein
growth factor. Vitamin B,, was partly identified as a factor promoting growth in the
absence of animal protein, but it was found that either antibiotics or antibiotic
growth medium improved growth over and above the animal protein effect.

Subsequently, antibiotics quickly found a place in poultry nutrition, which
can be illustrated by the following quote from Heuser (1955):

One of the most spectacular recent developments in nutrition science is the
discovery that antibiotics have growth-stimulating properties when fed to chickens,
turkeys and swine. Few nutritional discoveries have been so quickly and universally
applied to feeding practice.

The nutritional community at that time was easily convinced of the benefits,
and subsequently the principle has been used for as long as it was allowed.
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Initially, several antibiotics were used for growth-promoting purposes but,
by the late 1960s, the Swann Committee investigated their use in the light of
the potential for the development of antibiotic resistance in bacteria. They
concluded that: ‘The administration of antibiotics to farm livestock, particularly
at sub-therapeutic levels, poses certain hazards to human and animal health.’
In particular, it had led to resistance in enteric bacteria of animal origin. This
resistance was transmissible to other bacteria (it had been the discovery that
this might be so, following an epidemic of resistant Salmonella typhimurium in
1963-1965, which prompted the UK government minister to appoint the
Swann Committee). It had also been shown that enteric bacteria were
transferable from animals to man (House of Lords, 1998). The Swann Committee
recommended that only antibiotics which ‘have litle or no application as
therapeutic agents in man or animals and will not impair the efficacy of a
prescribed therapeutic drug or drugs through the development of resistant strains
of organisms’ (Swann, 1969 as quoted by the House of Lords, 1998) should be
usable for growth promotion. Their report named the following antibiotics, which
were then in use for growth promotion, as unsuitable for such use:
chlortetracycline, oxytetracycline, penicillin, tylosin (a macrolide related to
erythromycin) and the sulphonamides. The UK Government largely accepted
these recommendations (House of Lords, 1998).

Over the following years pressure on the use of antibiotics as growth
promoters has increased steadily. Sweden was the first country in Europe to
completely ban the use of antibiotic growth promoters in 1985. This ban was
actually requested by the organization of Swedish farmers, and was
subsequently enforced by the Swedish Government. When Sweden joined the
EU it was granted a derogation allowing the ban to continue in Sweden whilst
other EU countries continued the use of antibiotic growth promoters (SOU,
1997). Sweden lobbied for an EU-wide ban, and during the late 1990s in
Europe the political pressure was at such a level that since 1996 several
antibiotics have disappeared completely.

Table 1.1 shows the full list of active ingredients banned or taken off the
market, with their year of disappearance. Avoparcin is the only one of these
that has disappeared globally. Whilst all other products have been banned in
the EU, they can still be used in other parts of the world.

Before the loss of four products in 1999, it was common practice in some
companies to switch between different ingredients on a regular basis, say every
6-9 months. It was commonly thought that this helped maintain the efficacy of
the various antibiotic growth promoters. However, after 1999, when only two
active ingredients remained, there was no real opportunity to do this and as a
result most companies tended to use the same product all the time.

As a result of the public pressure on the use of antibiotic growth promoters
in 1999, one UK integrator decided to satisfy the perceived demand for poultry
produced without an antibiotic growth promoter, and stopped their use. Other
producers quickly followed and at present chickens destined for the retail
channel are fed on Non-growth Promoter (NGP) feed. The only chickens still fed
antibiotic growth promoters in the UK are those destined for the not insignificant
remaining part of the broiler industry that supplies birds to non-retail markets.
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Table 1.1. Antibiotic growth promoters for use in poultry
feeds withdrawn from the EU market since 1996.

Active ingredient Year of withdrawal
Avoparcin 1996
Spiramycin 1999
Tylosin 1999
Virginiamycin 1999
Zinc bacitracin 1999
Avilamycin 2006
Flavomycin 2006

For coccidiostats, the story started later than that for antibiotic growth
promoters but on the other hand the story has not finished yet. In the 1950s
the sulpha-drugs started to be used to control coccidiosis as a disease, but
development really started with the chemical coccidiostats in the 1960s. The
availability of coccidiostats is generally considered to be one of the main factors
that allowed the development of the intensive poultry industry. Ionophore
coccidiostats became available in the 1970s, after which a typical programme
in the UK was to use a chemical anticoccidiostat (ACS) in the starter feeds,
followed by an ionophore later on.

Pure chemical products had a habit of breaking down, i.e. resistance to them
developed and caused significant problems. Ionophores and chemical/ionophore
mixtures seemed to enable more stable production levels, yet coccidiosis remains
ever present and any lapse in hygiene or management may result in mini-
outbreaks. As a consequence of the development of resistance to the pure
chemical products, some of these are no longer on the market whereas others,
whilst available, are used very sporadically and then only in a tactical manner.
Some products have been banned from use in Europe on other than strictly
technical grounds. Nicarbazin as a pure product, for example, had its licence
withdrawn as a result of an incomplete renewal dossier, whereas some of the
generic versions of other active ingredients have been caught in the brand-specific
approvals process and are subsequently no longer available to the industry.

Table 1.2 shows some of the products that have disappeared recently
(since 2002).

The reduction of available products and the high costs involved in
maintaining registration no doubt mean that the cost to the industry of
coccidiosis control is higher than it could have been. In particular, the loss of
generic versions of active ingredients means that the price paid may increase
due to lack of competition.

Currently the use of coccidiostats is controlled under the EU additive
legislation, which allows feed suppliers to decide which products to use and
when. There is a proposal to change this situation in that the control of product
choice would move from nutritionists to veterinarians in 2012. Given that this
transfer of control means that individual farms may have individual coccidiostat
programmes, feed manufacturers are worried about this proposal as it could
lead to huge inefficiencies and additional costs.
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Table 1.2. Coccidiostats that have disappeared from the
market since 2002.

Active ingredient Brand name
Amprolium Amprol
Amprolium/ethopabate Amprol Plus
Clopidol Coyden
Clopidol/methylbenzoquate Lerbek
Nicarbazin Various
Salinomycin Generic versions
Monensin Generic versions

Product cycles

The history of products described earlier illustrates a common cycle of
development. The cycle starts with the scientific discovery, for example, that a
low level of antibiotic improves growth. To enable the marketing of this idea,
one would expect to pass legislative hurdles, but if the idea is novel the
legislator may not have thought of it and, as such, there would be no hurdles to
clear initially. The product would then be marketed and, if successful, would be
accepted on the market. As the market is using a new product or concept, the
regulatory framework catches up and controls the products via an authorization
system, resulting in an increase in legislative hurdles.

During use of a product either real problems turn up or pressure groups
campaign against products based on perceived problems, resulting in ever-
increasing legislative hurdles. Eventually these may/will become so difficult to
overcome that the product is either banned outright or the company decides not
to defend the dossier, resulting in the withdrawal of that product from the market.
One by one, products thus disappear until finally the whole product group will
have gone. A new group of products then appears on the market to fill the now
vacant niche or solve the problem, which starts the whole cycle again.

Currently, everything evolves faster and there is a belief that these product
cycles are also speeding up. As an example, one could compare the cycles of
antibiotic growth promoters (with bacitracin as an example) with those of non-
starch polysaccharide (NSP) enzymes, as shown in Table 1.3.

Based on this, it could be predicted that some of the products we now
consider to be normal may, in the not too distant future, be no longer available,
unless action is taken to defend them. Of course this is only a hypothesis, but
nevertheless it is an interesting one to consider.

History of legislation

Not only is the history of products or product groups of interest but the history of
legislation is also of interest, especially if one looks at the shift in its emphasis. At
the EU level, Directive 70/524 was really the first one that tried to regulate the
use of feed additives across the EU Member States. The aim was expressed thus:



E

R.A.H.M. ten Doeschate and H. Raine |

Table 1.3. Product cycles of Bacitracin and NSP enzymes.

Bacitracin NSP enzymes
Scientific development 1950s 1980s
Initial legislative hurdles None None
Market product 1958 1980s
Acceptance in market 1960s 1990s
Increase in legislative hurdles 1990s Late 1990s
EU ban 1998 1831/2003: some products for

some species

Whereas the provisions laid down by law, regulation or administrative action
concerning additives in feedingstuffs, insofar as they exist, differ as regards their
basic principles; whereas it follows that they directly affect the establishment and
functioning of the common market and should therefore be harmonized.

However:

Whereas because of special situations of certain Member States, and in particular
because of their different systems of animal feeding, it is necessary in certain cases to
allow derogations and Member States should also retain the power to suspend the
use of certain additives or to lower the maximum levels if animal or human health is
endangered; whereas Member States should not, however, be able to have recourse
to that power in order to hinder the free movement of the various products.

This in effect meant that even though the directive was intended to lead to
consistent legislation across the EU, it did not achieve this. As seen earlier, the
fact that the Scandinavian countries banned anti-growth promoters ahead of
the rest of Europe resulted in a campaign to get these products banned in the
whole of the EU.

According to Directive 70/524, authorization for an additive shall only be
given if it is efficacious and does not adversely affect human or animal health
or the environment, nor harm the consumer by impairing the characteristics of
animal products (CONSLEG, 2003). So, both efficacy and protection are
mentioned, but protection was based more on known negatives rather than on
the precautionary principle seen now in Regulation 1831/2003.

Directive 70/524 appears complicated, with many annexes and different
authorization periods for different products.

The industry worked with the Directive and the country-specific
implementation of the Directive into law as well as possible. Regulation
1831/2003 states, however:

Experience with the application of Council Directive 70/524/EES of 23 November
1970 concerning additives in feedingstuffs has shown that it is necessary to review
all the rules on additives in order to take into account the need to ensure a greater
degree of protection of animal and human health and of the environment. It is also
necessary to take into account the fact that technological progress and scientific
developments have made available new types of additives, such as those used on
silage or in water.

(OJ L 268, 2003)
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Regulation 1831/2003 thus sets out to do this, with a change of emphasis
towards the protection of human health, animal health and the environment,
based on the precautionary principle.

The replacement of Directive 70/524 with regulation 1831/2003 has had a
number of consequences, one of which is that as it is a Regulation it applies
directly in each Member State, and there should thus be less opportunity for
country-specific rules and derogations. This should make life easier for an
additive supplier once the product is approved but may create difficulties for a
supplier with a product that may be considered not to be an additive in one
country but could be considered an illegal additive in another.

Regulation 1831/2003 was published on 18 October 2003 and applied
from 18 October 2004. There was a transitional period during which any
additive previously authorized under Directive 70/524 and already on the
market needed to be notified for evaluation to prevent its removal from the
market. This period was 1 year and started from the date the Regulation came
into force, which was 20 days after the publication in the Official Journal of the
European Union, i.e. 7 November.

Any additive that has missed this deadline has to be considered as a new
application and cannot thus be marketed until the application process has been
completed successfully. Any additives that did meet the deadline and were
authorized under 70/524 now require a full application to be submitted as well,
either 1 year before expiration of the time-limited authorization based on
70/524 or, in the case of old, permanently approved additives, within 7 years
of the entry into force of Regulation 1831/2003. All additives authorized under
regulation 1831/2003 will be given time-limited authorizations to allow
technological progress and scientific developments to be taken into account in
the review of the product authorizations.

CURRENT LEGISLATIVE PRINCIPLES

The basic principle of Regulation 1831/2003 is that only those additives
approved may be placed on the market. Approval is based on the presence of
positive effects within one of the categories of additives and the absence of
negative effects on human health, animal health and welfare, environment and
users’ and consumers’ interests.

Positive effects need to be proved in appropriate trial work showing
statistically significant benefits. Absence of negative effects is, of course, almost
impossible to prove, but toxicity studies and residue studies need to be part of
the application. For the evaluation of the data one needs to remember that it is
clearly stated that action by the Community relating to human health, animal
health and the environment should be based on the precautionary principle
and, as such, an additive will not receive the benefit of the doubt.

The categories of additives identified in 1831/2003 are:

1. Technological additives: any substance added to feed for a technological
purpose.
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2. Sensory additives: any substance, the addition of which improves or
changes the organoleptic properties of the feed, or the visual characteristics of
the food derived from animals.

3. Nutritional additives (such as amino acids).

4. Zootechnical additives: any additive used to affect favourably the
performance of animals in good health or used to affect favourably the
environment.

5. Coccidiostats and histomonostats.

Within these categories there is then a subdivision into functional groups,
and the applicant has to suggest into which category and functional group an
additive should be classified. This classification is important, as some of the
other rules depend on which category the additive is in. For example, post-
marketing monitoring is required for additives in categories 3, 4 and 5, and for
those falling under the Genetically Modified Organisms (GMO) regulations, but
not for additives in categories 1 and 2 (OJ L268, 2003).

Given all this, and the presence of all sorts of products on the market
which look like additives but are not (yet) authorized under regulation
1831/2003, one could ask the question: when is an additive not an additive?

Some ‘additives’ are classified as feed materials, and as long as no additive
claims are made they can be used as feed materials. Merely making a
performance claim does not turn a feed material into an additive but it does
increase the risk that an ingredient may be considered an additive by an
authority. However, some of the products being marketed as replacement
products for antibiotic growth promoters (identified as ‘magic potions’ by some
people in the industry) appear more like additives than feed materials, yet are
not authorized as such.

Also, some additives might be promoted for a use other than the one for
which they are authorized, e.g. when zootechnical claims are made for a
technological additive. It is not necessarily so that such a claim should mean it
should be authorized as a zootechnical additive, but some authorities may say
so. If one were to make any medicinal claims however, then a new set of rules
would apply, and one would probably prefer to avoid the medicinal additives.

Currently this is a ‘grey’ area, and it will be necessary to find out how the
legislators and enforcement agencies will deal with the issue in the future.

PUTTING LEGISLATION INTO PRACTICE

Understanding the principles of the current regulations is, of course, necessary
and useful, but it is also important to apply the legislation correctly. A nutritionist
in the compound feed business has many things to consider in evaluating any of
the available additives. The first question to ask is whether the product is legal
for the purpose under consideration. This is not as easy as it should be, as
suppliers are not always totally sure themselves. Secondly, one needs to consider
whether the product would be allowed to be used under Health and Safety
rules, the interpretation of which is company specific. Some of the additives
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which would be legal to use from the point of view of Regulation 1831/2003
have given some concern with respect to Health and Safety and thus could
either not be used or would need feedmill modifications to allow use.

After answering these questions, the nutritionist then needs to make the
commercial decisions about whether to use a particular product. The first
questions in this respect would be: does the product work under the particular
conditions in which it will be used, and are any interactions with other diet
components likely? If a product works it is necessary to consider whether it is
the best possible choice and whether its use would be cost-effective.

Most nutritionists faced with these questions would prefer to conduct their
own comparative studies. To evaluate products to replace antibiotic growth
promoters, some companies tend to run pen trials comparing a range of products
with both a positive and a negative control. As the removal of antibiotic growth
promoters has taken place, our company has conducted several trials of this type
and it is interesting to note that in nearly all of them the positive control (with
antibiotic growth promoter) outperformed the negative control. These studies
were run in a pen trial facility, but to replicate a commercial environment the
birds were started on a mixture of new shavings and some used litter from a
previous crop. The trials are statistically evaluated and if products show a positive
response and all the other questions can be answered positively, then
consideration is given to the use of those products in the field.

Complications of legislation in practice

With the demise of antibiotic growth promoters there is, naturally, huge interest
in products that could potentially fill the now vacant niche in the market.
However, some of these ‘magic potion’ products look like they may be in the
‘grey’ area mentioned earlier, where it is not clear whether their use is legal.
One could consider that some of the feed materials, technological products or
sensory additives actually would require authorization as zootechnical
additives. If not, then maybe some of the claims made are difficult to justify and
it might leave a nutritionist exposed if he or she decided to use the products
with the aim of improving zootechnical performance.

Another issue to consider is that the EU regulations are quite demanding and
involved, both in terms of the cost of getting a product authorized and in the
duration of the authorization process. As a result, international additive suppliers
may either ignore the EU altogether or, alternatively, a novel product may not
become available in the EU for quite some time after it has been launched in
other markets. This would result in a lower level of competitiveness of animal
production in the EU, which is a bad outcome if one is trying to do business
within the EU, but a good outcome if one is trying to compete with the EU.

Based on the (perceived) lack of a level playing field for animal production
between the EU and elsewhere, producers often request that if they cannot use
antibiotic growth promoters then imported poultry should also not have been
fed antibiotic growth promoters. Whereas that makes sense in terms of trade, it
does not make sense if one considers the original reasoning behind the ban of
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AGPs. The hypothesis on which the ban is based is that the use of AGPs could
induce the development of antibiotic-resistant pathogenic microbes. If this
hypothesis is correct, then AGPs should be globally banned. It does not matter
where in the world AGPs are used if, as a consequence, resistant pathogens
occur. Obviously, contaminated poultry meat could be a major vector in the
transfer of resistant pathogens, but it is not the only possible route.

If the EU thesis is that there is a real danger from the use of AGPs, then the
EU should have no physical contact whatsoever with countries that are still
using them, as there is a risk that resistant pathogens could enter the EU. As
this is clearly impossible, there are only two logical conclusions: (i) if the use of
AGPs poses a threat to human and animal health and the environment, their
use should stop across the globe; or (ii) if there is no threat from their use
producers in the EU are simply being forced down a route that leads to their
becoming less competitive.

CONCLUSIONS

The use of additives and the legislation associated with them has evolved over
the years and, no doubt, will continue to evolve in the future. Regulation
1831/2003 is still relatively new and, as a result, it is not always clear how to
interpret the rules, but the future will show how the interaction of authority and
industry will work out. The legislation needs to regulate the use of additives in
such a way that safety is ensured, whilst still allowing development of new
products and concepts. Practical nutritionists have to make decisions on the
use of additives and need to understand and work with legislation.
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CHAPTER 2
Poultry nutrition without pronutrient
antibiotics

G.D. Rosen
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ABSTRACT

Ongoing bans around the world on the veterinary prescription-free use of
antimicrobials in poultry production evoke several questions. What are the
results of a ban? Are there effective replacements? Which are the candidates?
How is efficacy best assessed? What are the specific effects of chronological,
diet ingredient content, environmental, genetic, geographical, managemental
and nutrient content independent variables? Are admixtures useful?

Current nomenclature in feed additives can be off-putting and non-
transparent for consumers. The scientific use of terms such as additives, non-
nutrients, probiotics and prebiotics as descriptors is inapt. Better terminology
includes pronutrients, microbials and saccharides. The routine use of duplex
generic descriptors is recommended, jointly specifying function and nature of a
product with or without any relevant brand name.

The net result of a ban for a producer is reduced productivity and profit. As
yet there are no proven, fully effective replacement products amongst the
plethora of diverse candidates on offer, as well as nutrients per se. Large
variations in nutritional responses pose major problems, evidenced by
coefficients of variation of feed intake, liveweight gain, egg production, feed
conversion and mortality effects, respectively, of 203-1604, 101-240,
141-301, 109-261 and 304-1783%.

Cogent efficacy assessments relate to the setting and the meeting of
standards for efficient replacement. Comprehensive holo-analytical mathematical
models can be elaborated to provide predictive algebraic equations and software
— based on all available negatively controlled published test data — for quantifying
feed intake, liveweight, egg production, feed conversion, mortality and
economically dependent variable responses with confidence limits in terms of all
available independent variables. Basic terms studied are: (i) level of control
performance; (ii) duration; (iii) dosage; (iv) test year; and (v) country. Some of
the other independent variables required to relate research conditions to praxis
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include: (i) sex; (ii) housing; (iii) feed processing; (iv) disease; (v) part-purified
diet; (vi) mode of action/metabolic test; (vii) individual product brands; and (viii)
several dietary ingredient and nutrient contents.

Currently, exogenous enzymes appear to be leading contenders, with
saccharides and microbials in pursuit. The potentials of nutrients, acids and
botanicals in poultry nutrition are topics for future holo-analyses.

INTRODUCTION

Advancing worldwide progressive withdrawals of the use of pronutrient
antibiotics in poultry feeds pose a challenge to food animal producers and their
associated supply industries of how best to compensate for consequent loss of
productivity (Rosen, 2006). Several questions arise, with most immediate
urgency in the European Union, which will have finalized its progressive bans
on the use of veterinary prescription-free feed antibiotics with effect from
1 January 2006. This poses the following questions:

® What are the results of a ban?

Are there effective replacements?

Which are the candidates?

How is efficacy assessed?

What are the specific effects of genetic, managemental, chronological,
geographical and dietary variables?

Are admixtures useful?

There is already widespread concern that the net result of a ban for
producers will be reduced productivity and/or profitability, comporting a
strong likelihood of consumer price inflation. As yet there is little or no
agreement on whether or not any fully-effective replacement products are
available amongst the plethora of diverse candidates on offer. This stems in
part from inadequate research as yet in this field and also from problems
posed by the manifest substantial variations in nutritional responses to feed
antibiotics. The latter have coefficients of variation in their respective effects
on feed intake, liveweight gain, egg production, feed conversion and mortality
of 203-1604, 101-240, 140-301, 109-261 and 304-1783% (Rosen, 2005,
unpublished results).

In essence, we are faced by the need firstly to set standards whereby the
efficiency of replacements can be assessed and, thereafter, with the task of how
best to meet such standards, in part at least at the outset and wholly as soon as
possible thereafter.!

NOMENCLATURE

Substandard, ill-chosen and inaccurate nomenclature has long been an
undesirable feature in this field. The very term additive has litle or no

1 Symbols used in the text and tables are defined in the Appendix.
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consumer appeal in the sense that it may be vaguely accurate but it carries
auras of minority, subsidiarity, afterthought and optional extra (Rosen, 1996).
Garland (1995) considered that the term ‘additive’ had unhealthy connotations
for current products from the poultry industry. The well-known use of additives
in locomotive fuels also precipitates an unhealthy consumer reaction about
their use in both foods and feeds. Such a descriptor of invaluable feed
components is ill-conceived, non-transparent and relatively non-descriptive.

As yet there is no legal definition of a feed additive in the USA. However,
its definition in the European Union is somewhat abstruse and over-
complicated:

® ‘feed additives’ refers to substances, microorganisms or preparations —
other than feed material and premixtures — which are intentionally added
to feed or water in order to perform, in particular, one or more of the
functions mentioned in Article 5 (3);

® ‘feed materials’ refers to various products of vegetable or animal origin — in
their natural state, fresh or preserved, and to products derived from the
industrial processing thereof and to organic or inorganic substances,
whether or not containing additives, which are intended for use in oral
animal feeding either directly as such or, after processing, in the
preparation of compound feedingstuffs or as carriers of premixtures;

® ‘premixtures’ refers to mixtures of feed additives or mixtures of one or
more feed additives with feed materials or water used as carriers, not
intended for direct feeding to animals.

Article 5(3) states that:
The feed additive shall:

® favourably affect the characteristics of feed;

® favourably affect the characteristics of animal products;

® favourably affect the characteristics of the colour of ornamental fish and
birds;

® satisfy the nutritional needs of animals;

® favourably affect the environmental consequences of animal production;

® favourably affect animal production, performance or welfare, particularly
by affecting the gastrointestinal flora or digestibility of feedingstuffs; or

® have a coccidiostatic or histomonostatic effect.

In stark contrast, the European Commission in 2002 rejected, without
explanation, adoption of the following proposed simplified definition that: ‘A
feed additive is a product to be placed on the market for use in animal
nutrition, excluding feed materials, feedingstuffs, premixtures, processing aids
and veterinary medicinal products.’

Whilst we are stuck legislatively in Europe with ‘feed additive’, in nutrition
science it is more meaningful and precise to term these valuable dietary
components ‘pronutrients’. A pronutrient is simply defined as a substance
which improves the value of nutrients (Rosen, 1997). In a random test with
100 consumers worldwide, none of whom had ever heard the term
pronutrient, 86% responded more or less with ‘something good for nutrition’
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when asked what they thought a pronutrient might be. Pronutrient is a logical
semantic counterpart to the traditional, widely accepted and equally
meaningful term ‘antinutrient’, as follows:

+

T

Better performance

|
PRONUTRIENT

|
NUTRIENT MIX

|
ANTINUTRIENT
|

Worse performance

\J

Three other malapropisms in this field are non-nutrient feed additives,
probiotics and prebiotics. The descriptor ‘non-nutrient’ used by the US National
Research Council may be apposite as to nature, but it is incorrect and
misleading as to nutritive value.

The term ‘probiotic’ was originally and correctly introduced by Winter
(1955) in his studies on the significance for therapy and diet of antibiotic
substances from flowering plants (with special reference to nasturtiums, cress
and horseradish). He correctly averred that: ‘We can possibly therefore call
these substances, due to their local function, probiotics; they influence life
without having the character of vitamins: they are antibiotic against pathogenic
microbes and they are therefore probiotic for the infected organism.” In this
way Winter also corrected the unfortunate anomaly introduced in 1941 by
Waksman (1954), when he referred to actinomycin and other life-saving drugs
as antibiotics, true though this appellation may be in microbiology. In fact, it
was a marine geographer (Maury, 1869) who first correctly used the term
antibiotic with reference to his inclination to an ‘antibiotic hypothesis’,
concerning his disbelief in the presence or possibility of life existing in the
earth’s as-yet-unexplored deep ocean beds.

Ten years later the word probiotic was used by Lilley and Stillwell (1965)
for a stimulatory protozoal growth factor produced by another protozoan.
Parker (1974) used the term probiotic to describe ‘organisms which contribute
to the intestinal balance’, thereby covering up the identity of a microbial agent.
The use of the term probiotic was continued when Fuller (1989) defined it as ‘a
live microbial feed supplement which beneficially affects the host animal by
improving its intestinal balance’. Neither the FDA nor the European
Commission have concurred in the use of this flexible and loose terminology.
The FDA (together with AAFCO) specifies (direct-fed) microbials. The EU
Commission specifies microorganisms. One may conclude therefore that any
pronutrient which improves animal health and/or performance could be
dubbed as probiotic.

A ‘prebiotic’ is correctly defined, with a historical and traditional usage in
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chemistry, as a substance believed to have been involved in the origin of life,
i.e. before life. Gibson and Roberfroid (1995) used this descriptor, defining it as
a ‘nondigestible food ingredient that beneficially affects the host by selectively
stimulating the growth and/or activity of one or a limited number of bacteria in
the colon and thus improves host health’. Such substances are, however,
synthesized by living organisms. They act on live microorganisms that inhabit
live host animals. In this context they might more appropriately and correctly
have been termed as postbiotic. In nutrition such substances should be
described as nutrient sources for gut microbiota, intestinal immuno-modulators,
pathogen binders, etc., according to their modes of action.

The routine use of duplex descriptors in nutrition would be more
transparent, jointly defining both nature and function as, for example, in
pronutrient xylanase, diformate, oregano, B. cereus, etc.; prophylactic narasin,
L. salivarius, B. acidilactici, etc.; therapeutic penicillin, tylosin phosphate,
lincomycin hydrochloride, etc.; and pro-environmental phytase, protease, etc.
Whenever relevant in this field, individual brand names should be used with
their duplex descriptor.

HOLO-ANALYSIS IN ANIMAL NUTRITION

The setting of standards for the efficient replacement of antibiotics in poultry
nutrition can best be achieved by the use in praxis of holo-analytical empirical
antibiotic models, which quantify their nutritional responses for individual
circumstances of use (Rosen, 2004a). The meeting of such standards is then
effected by the deployment of analogous models for proposed replacements,
such as acids, botanicals (including essential oils), enzymes, microbials,
saccharides, etc. These pronutrient types with their various modes of action
have a common function sparing the limiting nutrient in a diet. There is a need
to also include nutrients per se as potential antibiotic replacements in our
research and development programmes.

In praxis, holo-analytical models are utilized in software designed to
determine the specific nutritive and economic values in each and every
situation. For some pronutrients, it may be necessary to provide software
targeted on statistically significant subgroups. For example, regarding copper in
pigs — models derived from 628 publications (1928-1995) using 789 start-to-
finish tests on 32,000 pigs (Rosen and Roberts, 1996) — separate models were
used for six subclasses within and outside North America, for weaners,
slaughter pigs to target weight and slaughter pigs to target date, as exemplified
in Table 2.1.

The nutritional responses with confidence limits are used to assess the
equivalence or significance of any difference between a pair of candidates.
Different dosages can also be assessed in order to optimize net profit for any
user’s situation.

A holo-analysis integrates all available test results in a multiple regression
empirical model, quantifying a dependent variable nutritional response in
terms of all available genetic, chronological, environmental, geographical,
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Table 2.1. Input—output software for practical application of holo-analytical models for
slaughter pigs to target liveweight outside North America.

Output effects, standard
errors, confidence limits

Required input values (95%) and economics
Copper (mg/kg feed) 200 LWGeff (g) FCReff
Feeding system (enter 1 if ad 0
lib or 0 other)
Control daily liveweight gain 0.75 Estimates 0.0147 0.0010
(kg)
Control feed conversion ratio 2.8 Percentage of control 1.96 0.04
Initial liveweight (kg) 25 Standard error 0.0052 0.0166
Final liveweight (kg) 100 Confidence limits 0.0104 0.0328
Terminal rate of gain (kg/day) 1.0
Control feed cost (MU?#/kg) 0.16 Economics
Liveweight value (MU/kg) 0.96 Net profit due to copper (MU/pig), 0.28
Cost of copper (MU/g) 0.0028 Return on investment ratio, 2.4
Other costs (MU/pig/day) 0.2

@ Monetary unit (£ in this example).

managemental, dietary ingredient and nutrient content independent variables.
The basic structure and scope of holo-analysis is summarized in Table 2.2.

Key points are: (i) elimination of repeats due to multiple publication of a
test; (ii) use of start-to-finish effects; (iii) exclusion of outlier (3 X SD) test
results; (iv) elaboration of separate models for statistically significantly different
subclasses; and (v) economic integration of partial nutritional effects of all
available feed intake, liveweight gain, feed conversion, mortality, carcass and
depollution responses.

Table 2.2. Structure and scope of holo-analysis.

—_

Collection of all available, published, negatively controlled, feeding test reports

Abstraction and computer filing of numeric and descriptive variables

3. Elimination of repeats and errors; collection from authors and/or calculation of missing
values

4. Multiple regression analysis, relating start-to-finish dependent variable nutritional effects
to all available significant independent variables and important interactions

5. Determination of best-fit model for the effect, having maximum correlation coefficient
square, minimum standard deviation and statistically significant partial regression
coefficients?

6. Exclusion of outliers and computation of confidence limits

Elaboration of models for significantly different subclasses

8. Integration of partial nutritional responses (feed, gain, conversion, mortality, carcass,

depollution) as an economic effect

@ Draper and Smith (1981).

N

N
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Table 2.3 contains a guideline to the number of tests used in the
progression of holo-analysis (Rosen, 2004b).

Exploratory and preliminary models based on 20-100 tests could be
invaluable in guiding the course of future research and development. Working
models normally require 100-300 tests. Successive increments of 30-60 tests
thereafter are used to update models. Expansion beyond 300 tests normally
has only marginal effects on partial regression coefficients.

Model structures

The basic nature and structure of holo-analytical models is illustrated for
present purposes with a large test resource of the five most utilized antibiotics in
broiler feeds (Table 2.4). The four models for ‘Bromycin’ shown in Table 2.5
incorporate key variables, level of control performance, duration, year of test,
logarithmic dosage, anticoccidial feed and disease. This set of models accounts
only for 5-69% of the variations in the four nutritional responses.

Partial regression coefficients for valid models must have logical algebraic
signs. In Table 2.5 the control performance terms are all negative showing, as
would be expected, that the magnitude of response at a given dosage is reduced
with superior negative control performances. Within the dosage range 0-100 ppm
in this data set, the control performance and dosage partial regression coefficients
are critical for optimal posology. As expected, gain, conversion and mortality
effects are greater in the presence of diagnosed or endemic disease.

Table 2.3. Numbers of negatively controlled tests used in holo-analysis.

Number of tests Applications

3 EU efficacy minimum for first registration

10-20 Guide to the use of an average dosage for an average response
20-50 Exploratory models

50-100 Preliminary models

100-300 Working models

>300 Updated models

Table 2.4. ‘Bromycin’ resource for broiler feed pronutrient

antibiotics.
Number of tests

Antibiotic FDleff/LGWeff/FCReff MORTeff
All 1709 708
Bacitracin MD 194 82
Bacitracin Zn 640 346
Chlortetracycline 299 88
Oxytetracycline 247 76

Virginiamycin 329 116
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Table 2.5. ‘Bromycin’ holo-analytical models.

FDleff
R2 0.052
sb 126

LWGeff
R20.171
sD 47.4

FCReff
R20.287
sb 0.100

MORTeff
R? 0.685
sD 3.12

=-79.5-0.0380 FDIC +298DUR  +1.02 EXD
—-24.3COC

=-724-0.0114LWGC +1.02DUR +0.871 EXD + 19.5 log(ABP+1)

-16.8 COC +76.1 VET
=0.301 - 0.161 FCRC + 0.00306 DUR —0.00159 EXD — 0.0286 log(ABP+1)
-0.116 VET
=-1.13-0.647 MORTC + 0.0363 DUR + 1.081 log(ABP+1)
-2.12 VET

A large variety of other independent variables must, however, be
investigated for the elaboration of comprehensive working models for use in
praxis. Many of these are listed in Table 2.6.

Inclusion of all available significant variables raises R? and sb reduces in
working models. Normally, chronological and geographical variables disappear
with the inclusion of additional significant variables such as those in Table 2.6
or, alternatively, they regress to minor contributors to response variations.
Examples of two working models are detailed in Table 2.7 for phytase in
broilers.

These larger models account for 64 and 72%, respectively, of the variation
in feed intake and liveweight gain responses. Further model development,
however, beyond 75% is largely restricted by the unavailability in published
reports of key variables such as temperature, altitude and/or the absence of key
dietary factors. Nevertheless, models such as those in Table 2.7 are already
useful in the appraisal of effective antibiotic replacements.

Table 2.6. Independent variables used in holo-analytical nutritional models.

control performance feed process maize® gross energy®
duration antibiotic sorghum net energy®
year of test anticoccidial wheat crude protein
dose antihistomonial barley crude fat
initial age metabolic test oats crude fibre
not day-old diet marker rye calcium

sex part-purified diet animal fat phosphorus
phased dose disease challenge vegetable oil lysine

factor 2 dose? supplier test animal protein methionine
selected weight birds institute test vegetable protein  methionine + cystine
housing country wheat offal threonine
stocking density brand rice bran tryptophan

a Second antibiotic/enzyme/acid/microbial/other pronutrient/nutrient.
b As dietary concentrations (columns 3 and 4).
¢ Digestible or metabolizable energy are alternatives.
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Table 2.7. Phytase broiler holo-analytical feed intake and liveweight gain models.

FDleff = 232 — 0.136FDIC + 20.0 DUR + 226 log(PHY+1) — 514 log(P+1) — 78.9 CAG + 93.0 NDO

R%0.641 se56.0 0.014 1.83 46.3 54.2 13.2 18.2
sp62.1 p0.000 0.000 0.000 0.000 0.000 0.000 0.000
+65.2 COC + 7.02 Ca — 150 NAT — 222 NOV - 207 FIN - 0.573 MZP + 71.0 AOF
se 12.0 2.38 14.5 237 213 0.018 19.9
p  0.000 0.004 0.000 0.000 0.000  0.002 0.000

+12.1 ROP - 14.7 PFP - 9.13 AFP - 1.66 VOP
SE  0.264 0.311 0.269 0.352
p  0.000 0.000  0.000 0.001
LWGeff = 118 - 0.231 LWGC + 16.4 DUR + 168 log(PHY+1) — 339 log(P+1) — 49.6 CAG + 54.2 NDO

R20.717 sE33.3 0.017 1.08 26.0 29.0 7.67 8.85
sp35.4 p0.000 0.000 0.000 0.002 0.000 0.000 0.000
+48.1 COC - 86.3 NAT — 142 NOV - 122 FIN - 0.716 MZP — 0.662 SOP — 1.97 BAP
SE  6.72 7.71 13.1 125  0.012 0.021 0.055
p  0.000 0.000 0.006 0.000 0.000 0.000 0.000

+ 105 AOF + 5.58 ROP - 7.41 PFP
se  13.0 0.156 0.174
p 0.000 0.000 0.000

Model applications

Holo-analytical models can be used to compare classes of pronutrients (e.g.
antibiotics versus enzymes) and also specific generic or branded individual
products (e.g. zinc bacitracin versus phytase as generics or Albac zinc bacitracin

versus Natuphos phytase as brands).

The mean characteristics of the class resources in Table 2.8 manifest
striking differences between the conditions used in their test programmes
during the course of research and development, e.g. mean enzyme test
duration is 17 days less than antibiotic using 59 versus 39% caged birds, with
only 15 versus 40% anticoccidial in 31 versus 17% mash feeds. Models for
these two classes have been used to compare gain and conversion responses in
praxis conditions at a current broiler performance level (Rosen, 2001). At
respective mean dosages of 18 ppm and 7.5 units/g feed there is no significant
difference in antibiotic and enzyme responses. The enzyme model also predicts
that the mean one-point difference in feed conversion effect could be
eliminated by the use of a higher enzyme dosage of 9.2 u/g feed, i.e. +1.7 u/g.

In Table 2.9, zinc bacitracin and phytase are compared for equal
investment and for equal feed conversion improvement. At equal investment
zinc bacitracin (80 ppm) is five conversion points better than phytase, which is
ineffective at 500 units/kg feed, a dosage commonly deployed for depollution
and phosphorus economy. These models also show that a 3.2-point conversion
improvement by 42 ppm zinc bacitracin would require a 20-fold higher phytase

dosage (10,000 u/kg feed).



Table 2.8. Pronutrient class comparison of antibiotics and exogenous enzymes in broilers.

DUR

n LWGC (g) LWGeff(g) FCRC FCReff MORTC MORTeff (days) CAG MAL COC MAS

Antibiotics 1709/708 1235 38.0 2274  —0.0650 4.32 ~0.41 477 039 030 040 0.17
Enzymes 1869/365 1133 57.0 1.946 -0.100  6.83 -1.80 305 059 051 015 0.31

For 42-day-old, as-hatched on the floor, pellet feeds, with anticoccidial LWGC 2326 g; FCRC 1.777
LWGeff (g) FCReff

Antibiotics (17.9 ppm) 33.7 -0.041
Enzymes (7.5 u/g) 33.8 —-0.030

2t |
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Table 2.9. Iso-input cost and iso-feed conversion effect broiler comparisons of zinc bacitracin
and first-generation phytases.

Pronutrient Dosage Basis LWGeff (g)2 FCReffa

Zinc bacitracin (1165 tests) 80 ppm iso-cost 59 —0.054
42 ppm iso-FCReff 47 —-0.032

Phytase (296 tests) 500 u/kg iso-cost -1 +0.001
10,000 u/kg iso-FCReff 159 —0.032

a For as-hatched 56-day-old broilers of LWGC 3266 g and FCRC 2.079.

PRONUTRIENT ADMIXTURES

As yet this is virtually uncharted territory, though there appears to be a keen
and growing interest in the potential for admixtures. This is an area in which
the terminology is also confused and often incorrect, particularly for ‘additive’
and ‘synergistic’. Admixture terminology is precisely defined in Table 2.10.

Comprehensive tests of admixtures are keenly awaited and much needed.
As background, a design of pronutrient admixture tests to guide admixture
strategies is summarized in Table 2.11.

Table 2.10. Admixture terminology.

Product A= +2
Product B = +3

A+B
Sub-additive = +4
Additive =+5
Synergistic =+6
Valueless =+2or +3

Antagonistic = +1

Table 2.11. Design of pronutrient admixture tests.

Feed concentration Investment cost

Treatment (Ppm) (MU?)

(i) Basal feed 0 0
Pronutrient A a 4
Pronutrient B b 8
A+B a+b 12

(i) Pronutrient A 3a 12
Pronutrient B 1.5b 12

(ii)A+B 0.33a + 0.33b 4
A+B 0.67a + 0.67b 8

a Money units.
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Table 2.11 encompasses the following: (i) basal 2 X 2 factorial tests; (ii) iso-
mixture cost tests for higher single dosages; and (iii) iso-mixture costs for each
factorial component.

Concerning pronutrient admixtures the literature contains several examples
of diverse interactions in broiler nutrition. In the total number of 2 X 2 factorial
tests (17) on phytases and xylanases reported up to 2004, mainly (15) for
wheat-based diets, interactions ranged from antagonistic to synergistic, related,
at least in part, to the presence or absence of substantial declared or undeclared
enzyme side activities in phytase and xylanase products (Rosen, 2004c).

DISCUSSION AND CONCLUSION

The task of setting standards for the efficient replacement of pronutrient
antimicrobials in poultry nutrition is greatly facilitated by the availability in the
literature of thousands of negatively-controlled test results, which provide large
data resources for the elaboration of holo-analytical models (Rosen, 1995). The
setting of specific standards using such models for the assessment of efficacy in
each and every individual circumstance of use is well advanced in the case of
enzymes.

Preliminary models are also available for a pronutrient saccharide product
(Rosen, 2005). The studies to date have indicated the likelihood that enzymes
represent the current best antibiotic replacement prospect. In the use of
enzymes, however, care is needed in distinguishing between nutritional and
depollution responses and their economic implications.

A simple Seven Question Test has been devised as a starting point in the
appraisal of the efficacy and modelling status of the many hundreds of candidates
on offer as antibiotic replacements. [llustrative answers are given in Table 2.12.

The answers shown to Questions 1-3 counsel a cautious approach to
Product X with its need to expand its data base as soon as possible. In such
cases where own tests are preferred the best policy is to investigate Product X at

Table 2.12. Seven Question Test for pronutrient antimicrobial replacement candidates
(illustrative answer).

Question Reply
1. How many properly controlled feeding tests do you have on the
efficacy of Product X? 20
2. How many of these have no negative controls? 2
3. Can you supply a bibliography for questions 1 and 2? yes
4. How many times out of ten does Product X improve liveweight gain
and feed conversion? 7/10
5. What are the coefficients of variation in the gain and conversion
responses? 100—-200%
6. What dosage of Product X will maximize return on my investment? X ppm because...

7. Can you supply me with a model to predict responses to Product X
under my specific conditions? yes
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the average dosage used in tests to date with half and double doses, at least in
a dose-response trial. The answers to Questions 4-6 are very satisfactory,
particularly if supporting data justify the dosage advocated in reply to Question
6. A positive answer to Question 7 with provision of software to utilize the
model for Product X is optimal.

The next priorities in modelling programmes are for the modelling of organic
acids used individually or in admixtures, followed by microbials and botanicals.
The role of nutrients as antibiotic replacements also needs to be defined.
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APPENDIX. SYMBOLS, VARIABLES AND UNITS

Symbol Variable (unit) Symbol Variable (unit)

ABP antibiotic (ppm) MORTC  control mortality (%)
AFP animal fat (%) MORTeff  effect on MORTC (%)
AOF added oil/fat (0 or 1) MU money unit

BAP barley (%) MzZP maize (%)

Ca calcium (g/kg) n number of tests

CAG cage housing (0 or 1) NAT Natuphos (0 or 1)
COoC anticoccidial feed (0 or 1) NDO not day-old (0 or 1)
cv coefficient of variation (%) NOV Novo phytase (0 or 1)
DUR test duration (days) p probability

EXD test year — 1900 P phosphorus (g/kg)
FCRC control feed conversion ratio  PFP poultry fat (%)
FCReff effect on FCRC PHY phytase (u/g feed)
FDIC control feed intake? R? multiple correlation coefficient square
FDleff effect on FDIC? ROP rape oil (%)

FIN Finase (0 or 1) SD standard deviation
log log,, SE standard error

LWGC control liveweight gain® SOP sorghum (%)

LWGeff effect on LWGC? u units

MAL male (0 or 1) VET presence of disease (0 or 1)
MAS mash feed (0 or 1) VOP vegetable oil (%)

MD methylene disalicylate Zn zinc

a broiler and turkey (g), pig (kg/day).
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ABSTRACT

To accommodate the rapid transition to external nutrient sources, the chicken
small intestine goes through morphological, cellular and molecular changes
towards the end of incubation. The weight of the intestine, as a proportion of
embryonic weight, increases from approximately 1% at 17 days of incubation
(17E) to 3.5% at hatch. At this time, the embryonic small intestinal villi are
divided into two main developmental stages, which differ in both length and
shape. Mucin-producing cells can be observed from 17E and at that time
contain only acidic mucin. The activity and RNA expression of brush-border
enzymes, which digest disaccharides and small peptides, and of major
transporters (sodium—glucose transporter and ATPase) which are found at 15E,
begin to increase at 19E (2 days prior to hatch), and increase further on the
day of hatch. Although the digestive capacity begins to develop a few days
before hatch, most of the development occurs post-hatch when the neonatal
chick begins consuming feed. During the post-hatch period, the weight of the
small intestine increases at a faster rate than body mass. Rapid enterocyte
proliferation and differentiation occur. In addition the intestinal crypts, which
begin to form at hatch, are clearly defined several days post-hatch, increasing
in both cell number and size. Goblet cells produce acidic and neutral mucins in
similar proportions. Studies have shown that feeding immediately post-hatch or
even pre-hatch accelerates the functional development of the small intestine,
while delayed access to external feed arrests the development of the small
intestine’s mucosal layer and changes mucin dynamics.

© CAB International 2006. Avian Gut Function in Health and Disease (ed. G.C. Perry) 29
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INTRODUCTION

The investigation of intestinal cell dynamics is crucial to understanding both
digestive physiology and the efficiency of animal production. The epithelial
layer of the intestine, the site of nutrient digestion and absorption, is composed
of a continuously renewable population of cells in which stem cells, located in
the crypt region, give rise to enterocyte and goblet cells. These cells migrate up
the villi where they exhibit changes in functional characteristics.

The developing intestine undergoes morphogenesis and cyto-
differentiation. Enzymes, transporters and glycosidation patterns change
dramatically during the transition from embryo to independent chick,
accompanying the crucial transition that occurs in the nutrient source of the
hatchling. The yolk sac consists primarily of lipids and proteins, while the
external feed consists of carbohydrates, lipids and proteins. This major change
demands suitable redeployment of the cellular mechanisms that catalyse the
digestion or hydrolysis and absorption of food components.

As the chicks make the metabolic and physiological transition from egg
nutrition (i.e. the yolk) to exogenous feed, the yolk lipids — such as oleic acid -
are quickly absorbed (this occurs close to hatch), whereas dietary
carbohydrates and amino acids are not well utilized because of limitations in
digestive and absorptive capacity. Therefore, the digestive system plays a major
role in determining the development potential of the hatchling. Nutrient
digestion, absorption, assimilation and incorporation into developing and
growing tissues, including skeletal muscle, depend directly on the functional
capabilities of the intestinal epithelial layer.

To achieve optimal muscle growth rates — and ultimately muscle and meat
vields in poultry — it is essential to maximize enterocyte development, function
and performance. Early functions of the gastrointestinal tract (GIT) are vital for
the chicken’s growth performance. Hence, it is crucial to achieve optimal
intestinal development and functional capacity. This chapter examines the
morphological and functional development of the small intestine in chickens.

GROSS AND STRUCTURAL ASPECTS OF THE DEVELOPING SMALL INTESTINE

As incubation progresses, the body weight of the embryo increases, as does the
weight of the small intestine. However, small intestinal weight increases at a
much greater rate than does body weight, the latter showing only a small
increase close to hatch. The enhanced growth rate of the small intestine can
clearly be seen by calculating the weight of the intestine as a percentage of
embryo weight. During the last 3 days of incubation this increases from
approximately 1 on day 17 of embryonic age (17E) to 3.5 at hatch.

The morphology of the small intestine also changes rapidly. Histology
indicates that the intestine — including the external muscular layers and the villi
— are growing rapidly. Villi at 15E are rudimentary; however, at 17E, villi at
different stages of development are observed.
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(b)

Fig. 3.1. Representative light microscopy (X 200) of intestinal villi from the jejunum of the
broiler embryo at 17 days (17E) of incubation (a) and at 20 days (20E) of incubation (b).
Sections show the pear-shaped and rocket-shaped villi. Villi in different stages of develop-
ment can be observed. Staining was with haematoxylin-eosin. Bar = 10 um.

Two main developmental stages can be seen, differing in length and shape:
the larger villi are often pear-shaped and the smaller ones (approximately 65%
of the size of the large ones) are narrower, with a rocket-like shape. Adjacent to
each larger villus there appears to be one smaller one. A similar pattern was
observed at 18E and 19E, with villi at both developmental stages growing,
mainly in length, while maintaining similar shapes and distribution ratios. At
19E there was some ‘budding’ at the base of existing villi. These buds
developed considerably and, by 20E, an additional ‘wave’ of small villi was
found, comprising some 30% of the total.

At this embryonic stage, one day before hatch, the earlier waves of villi
continue to grow and the third series of developing villi are approximately 65%
of the size of the next largest ones. Villus growth rate between 19E and 20E
was 30-40%; between 20E and day of hatch, however, growth was twofold for
villi from all three developmental stages (Uni et al., 2003b).

Further rapid changes are observed post-hatch, with significant
morphological development of the small intestine occurring immediately after
hatch. The intestines of hatchlings increase in weight more rapidly than does
body mass. Growth rate of the intestines relative to body weight was greatest at
5-7 days of age in chicks (Uni, 1999). A two- to fourfold increase in intestinal
length was observed up to 12 days of age, while the weight of the three
intestinal segments (duodenum, jejunum and ileum) increased seven- to
tenfold.

Villi increase in size and number, giving them a greater absorptive surface
per unit of intestine. This rapid morphological development immediately after
hatch involves differing rates of increase in villus volume in the duodenum,
jejunum and ileum. Although duodenal villus growth is almost complete by day
7, jejunum and ileum development continues beyond 14 days of age (Uni et
al., 1995, 1999).
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Enterocyte density ranges from 200,000-280,000 cells/cm? in all three
segments of the small intestine and changes little with age. Nevertheless, an
increase in the total number of enterocytes per villus is observed with age,
resulting from the dramatic increase in villus length (Uni et al., 1998a).

Crypt formation and enterocyte proliferation and migration in the developing
small intestine

A continuous renewal process occurs in the intestinal mucosa as proliferating
cells in the mucosal crypts differentiate, predominantly to enterocytes, which
migrate up the villus and are sloughed into the lumen from the villus tip. During
this migration process, the enterocytes acquire differentiated functions in terms
of digestion, absorption and mucin secretion (Traber et al., 1991, 1992; Ferraris
et al., 1992).

The site of enterocyte proliferation and the rate of their migration vary
among vertebrates. In most mammals, proliferation is restricted to the crypts at
the base of the villi, and their progeny migrate up the villus where they
specialize and lose their capacity to divide (Cheng and Leblond, 1974a,b).
However, in lower vertebrates such as amphibians (McAvoy et al., 1975;
McAvoy and Dixon, 1978a,b) and turtles (Wurth and Musacchia, 1964), the
proliferating zones lie in troughs between mucosal folds and not in clearly
defined zones of proliferation as in the higher orders of vertebrates.

In most mammals, the small intestinal crypts develop in the prenatal period
from the flat intervillus epithelium (Marshall and Dixon, 1978; Quaroni,
1985a). DNA synthesis and cell proliferation are common over the entire length
of the villus until birth, after which proliferation becomes restricted to the crypt
area (Quaroni, 1985a, b).

In poultry, at hatch, all small intestinal enterocytes are proliferating; with
time, the proportion of proliferating cells decreases rapidly, reaching
approximately 50% in the crypt 2-3 days post-hatch. Interestingly, by day 10
post-hatch, proliferating enterocytes are not restricted to the crypt region but
also exist along the villi. Their proportion along the villi decreases quickly in the
first days post-hatch and then more slowly, reaching approximately 10% (Uni
et al., 1998b). Lack of access to feed increases the proportion of proliferating
enterocytes, both in the crypt and along the villus (Geyra et al., 2001a, b).

In hatching birds, a single crypt is observed per villus with a relatively small
number of cells per crypt. During the initial days post-hatch, crypt numbers
increase by branching and, at the same time, a process of hyperplasia occurs in
the crypt region. After 4-5 days, the rate of growth declines and by the end of
the second week post-hatch, three to four crypts are observed per villus.

Enterocyte migration from crypt to villus tip takes approximately 72 h in 4-
day-old chicks and 96 h in older birds (Uni et al., 1998b; Geyra et al., 2001b).
At hatch, small intestinal enterocytes are round and non-polar; from 24-48 h
post-hatch, these cells increase rapidly in length and develop pronounced
polarity and a defined brush border.
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Fig. 3.2. Light microscope section of jejunal sections at hatching (a); round and non-polar
enterocytes can be observed. At day 7 post-hatch (b) enterocytes are polar. Bar = 10 um.

Thus, the small intestine of a newly hatched chick is immature and
undergoes dramatic changes during the first few days post-hatch. This is
demonstrated by the immaturity of the crypts and the absence of a defined
zone of enterocyte proliferation. During the initial 4-5 days post-hatch, the
crypt—villus axis is established with a distinct area of proliferation and constant
enterocyte migration. The extensive changes in the morphological development
of the small intestine close to and immediately post-hatch include the
differentiation of enterocytes and the definition of crypts, as well as a many-fold
enlargement of the intestine’s absorptive surface.

DEVELOPMENT OF DIGESTIVE AND ABSORPTIVE FUNCTIONS OF THE
INTESTINAL MUCOSA

In addition to luminal digestion of feed-derived macromolecules, the final
stages of digestion are carried out by membrane-anchored enzymes at the
brush-border region of the enterocyte cells. These include sucrase-isomaltase
(SI), peptidases and phosphatases (Semenza, 1986).
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Chickens have a considerable capacity to hydrolyse disaccharides via the
brush-border enzyme Sl immediately post-hatch and even pre-hatch (Uni,
1999; Uni et al., 2003b). SI expression increases rapidly just before hatch and
continues to increase post-hatch (Sklan et al., 2003). The pre-hatch expression
is intriguing because intestinal enterocytes have not yet been exposed to
carbohydrates. This was explained by the homeobox gene CDX which is
involved in inducing SI expression in mammals (Ferraris, 2001) and in chickens
(Sklan et al., 2003).

The major transporter for glucose is the sodium-glucose transporter
(SGLT-1), which is expressed during the prenatal period. Expression of SGLT-1
increases 2 days pre-hatch and continues to increase post-hatch (Sklan et al.,
2003; Uni et al., 2003b).

Another enzyme which plays a major role in protein digestion, via the
hydrolysis of peptides, is the brush-border enzyme aminopeptidase. This
enzyme is expressed at a relatively high constant level (compared to the SGLT
and SI genes) from 15E until hatch (Uni et al., 2003b).

For absorption to occur, sodium is required in the lumen and, once
absorbed, must be removed from enterocytes to maintain ionic equilibrium.
Sodium transport occurs via the enterocyte’s basolateral Na*/K*-ATPase. The
expression of this enzyme is detected 2 days prior to hatching (Uni et al., 2003b).

An examination of the activities of the jejunal brush-border membrane
enzymes maltase, aminopeptidase, SGLT-1 and ATPase during the last period
of embryonic development revealed low activity of both maltase and
aminopeptidase at 15E and 17E. Activities of all the enzymes and transporters
examined began to increase at 19E and further increased on the day of hatch.

The relative mRNA expressions of the different enzymes and transporters
were correlated, as were their activities (r = 0.75-0.96); however, expression
was not correlated with the enzymatic activities.

In general, at 19E, the mRNA levels of the apical and basolateral digestive
enzymes and nutrient transporters have significantly increased relative to their
levels at 15E and 17E. This elevation in gene expression is followed by an
increase in the biochemical activities of the enterocyte enzymes and
transporters on the day of hatch.

The intestinal mucosal layer appears to change rapidly during the late pre-
hatch period, and the late-term embryonic intestine seems to have the capacity
to digest and absorb disaccharides and short peptides 2 days prior to hatch.
These major changes in the expression and localization of the functional brush-
border proteins prepare the framework for ingestion of carbohydrate- and
protein-rich exogenous feed post-hatch.

Calculation of the total mucosal enzyme activity on a regional basis yields
activity curves for disaccharides, gamma glutamyl transferase and alkaline
phosphatase that increase curvilinearly with age. Regional activity of mucosal
enzymes is related to the digestive capacity in the three different regions of the
intestine: the jejunum has the highest regional capacity to digest disaccharides,
the duodenum has the lowest capacity and the ileum is intermediate (Uni et al.,
1998a). From the end of the first week post-hatch, mucosal enzyme activity per
mass of intestine is closely correlated to the number of enterocytes per villus,
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suggesting that the amount of enzyme activity expressed per enterocyte does
not change greatly with age.

Development and function of mucous-secreting goblet cells

The epithelium of the GIT is covered by a mucous layer that acts as a medium
for protection, lubrication and transport between the luminal contents and the
epithelial cells. The mucous layer is composed predominantly of mucin
glycoproteins produced by mucous-secreting goblet cells. Other components of
the mucous layer are water, various serum and cellular macromolecules,
electrolytes, microorganisms and sloughed cells.

Mucin-type glycoprotein is believed to be capable of aggregating several
bacterial species and preventing the attachment of pathogenic bacteria by
modulating their adherence to the intestinal epithelium. The mucous layer is a
component of the innate host response which is regulated in response to
inflammation and infection. A number of protective mucous layer-associated
proteins are either co-secreted with mucins or interact with mucous
environments to perform their protective action (Allen and Kent, 1968; Allen,
1981, 1989; Allen et al., 1993).

Mucin production for maintenance of the mucous layer is the responsibility
of the goblet cells. The goblet cells arise by mitosis from pluripotential stem cells
at the base of the crypt or from poorly differentiated cells in the lower crypt
region — referred to as oligomucous cells.

Mucins are categorized into three distinct families: gel-forming, soluble and
membrane-bound. Secreted gel-forming mucins are characterized by their large
size, viscoelastic behaviour and high content of carbohydrates. Secretory gel-
forming mucin genes have a large central region made up of multiple tandem
repeats which vary in length and sequence, but all have been found to contain
threonine and/or serine residues. The amino- and carboxy-terminal regions (D-
domains) are very lightly glycosylated, have a high cysteine content and are
important to the mucin multimerization process. Mucin glycoproteins exhibit a
high level of heterogeneity resulting from the diversity in length, composition,
branching and degree of sulphation and acetylation of the oligosaccharide
chains attached to the peptide backbone.

Mucins are classified into neutral and acidic subtypes, and are also
distinguished by sulphated or non-sulphated groups. Expression of different
mucins, defined by differences in either their protein backbones or their
glycosylation patterns, has been shown to vary both between and within
tissues, and during intestinal ontogenesis. Mucin molecules are assembled and
stored in large, membrane-bound granules before secretion from the goblet
cells. Secretory mucins are secreted from the apical surface of the goblet cells
by either baseline secretion or compound exocytosis. Degradation of the
mucous layer is part of the balance between synthesis secretion and breakdown
of the mucous layer (Forstner, 1978; Forstner and Forstner, 1985, 1994;
Forstner et al., 1995).

An investigation of the ontogenesis and development of mucin-producing
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cells in the chicken small intestine (Uni et al., 2003a) showed that mucin-
producing cells can be detected from 17E, containing only acidic mucin. After
hatch and until day 7 post-hatch, the small intestine contains similar
proportions of goblet cells producing acidic and neutral mucins. An increasing
gradient of goblet cell density was observed along the duodenal-ileal axis.

Thus, the development of small intestinal mucous-secreting cells in chicks
occurs in the late embryonic and immediate post-hatch period.

An analysis of the expression of the chicken intestinal mucin gene
(Smirnov et al., 2004) revealed a sustained increase in mucin mRNA
expression from 17E to day 3 post-hatch, at which point expression stabilized.

This increase in mucin mRNA levels parallels the increase in the number of
goblet cells occurring from the late incubation stage through the first week post-
hatch. Western-blot analysis showed the lowest amount of mucin glycoprotein
to be in the duodenum, and an increase in content distally along the small
intestine.

Once mucin is synthesized in the goblet cells and secreted to the intestinal
surface, it forms a layer which undergoes continuous degradation and renewal.
In 3-week-old chickens, the adhering mucous is of similar thickness throughout
all segments of the mature small intestine.

Studies in chickens and turkeys have confirmed that feeding conditions,
dietary composition and microbial flora influence the different parameters of
mucin dynamics in the avian small intestine (Smirnov et al., 2004, 2005).
However, the role of mucin in absorption and protection against pathogens,
and the age at which the mucin layer acts as a functional barrier, are not yet
fully understood.

EARLY FEEDING AND GUT DEVELOPMENT

At hatch, the immature small intestine is physiologically active and primed for
the activities of food assimilation (Uni et al., 2003a). Delayed access to feed
after hatch creates an abnormal physiological situation and leads to the
negative consequences of a lack of enteral nutrition. Nutrient supply
immediately after hatch is a critical factor for small intestinal development in
chicks. The common practice in which feed is first made available to chicks
more than 48 h post-hatch may depress subsequent development (Nunez et al.,
1996; Noy et al., 2001).

Feeding immediately post-hatch led to an acceleration in intestinal
morphological development, whereas late access to external feed resulted in
delayed development of the small intestine’s mucosal layer (Uni et al., 1998a;
Geyra et al., 2001a; Uni and Ferket, 2003). Furthermore, birds denied access
to first feed for 24 to 48 h exhibited decreased villus length (Yamauchi et al.,
1996), decreased crypt size and fewer crypts per villi, as well as decreased
enterocytic migration rate (Geyra et al., 2001b). This finding was accompanied
by a decrease in the number of enterocytes and an increase in the density of
goblet cells producing acid and neutral mucins in the jejunal and ileal villi at the
end of the fasting period (Uni et al., 2003a).
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Fig. 3.3. Representative light micrographs of jejunum stained with Alcian blue (a, b) or
periodic acid-Schiff (c, d). Goblet cells producing only acid mucin can be observed at 18 days
(18E) of incubation (a, c). On the day of hatch (b, d) goblet cells producing both acidic and
neutral mucin are observed. Crypts are not yet developed and goblet cells are distributed all
along the villi. (Magnification X 200; bar = 50 um at both stages).

Furthermore, the size of the cross-sectional area of an individual goblet cell
in the small intestinal segments was significantly greater in fasting chicks than in
controls (Uni et al., 2003a). This accumulation of mucin in the goblet cells
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Fig. 3.5. Mucin gene expression in the chicken small intestine. Amplification of chicken
intestinal mucin mRNA and 18 S RNA. Changes with age in mucin mRNA expression were
measured by semi-quantitative RT-PCR and expressed relative to the expression of 18 S
rRNA. Values are means * sem, n = 5. Means without a common letter are significantly
different (p < 0.05).

might be due to its increased synthesis and/or decreased secretion. Mucin
biosynthesis changes with fasting-associated alterations in the migration rate of
epithelial cells from the proliferating crypt zones (Shea-Donohue et al., 1985)
and with perturbations in the differentiation rates of precursor cells into mature
goblet cells (De Ritis et al., 1975; Wattel et al., 1979; Shub et al., 1983).

Since the mucous layer has both protective and transport functions, time of
access to feed in the first hours post-hatch is important to the normal
development of the mucous cover in the chicken small intestine. Thus, since
early access to feed is critical to intestinal development, nutrient supply to the
intestine by early feeding (at the hatchery, in the delivery boxes or to the
embryo before hatch by in ovo feeding methods) (Uni and Ferket, 2003) is
expected to enhance development of the small intestine.

Tako et al. (2004, 2005) demonstrated that administration of exogenous
nutrients and minerals into the amnion enhances intestinal development by
increasing villus size and by generating early activation of the enterocyte brush-
border membrane.

The intra-amniotic ~administration of carbohydrates, B-hydroxy-
B-methylbutyrate (HMB), Na*Cl- ions and zinc-methionine led to elevated
mRNA levels of the genes encoding nutrient enzymes and transporters,
followed by their increased biochemical activities in the embryo. Research
performed with early-feeding methods indicates that the small intestines of in
ovo-fed hatchlings are at a functional stage of development equivalent to that
of conventionally fed 2-day-old chicks.
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SUMMARY

All aspects of the early development of the small intestine have important
influences on later growth and development of the whole bird. The effects of
early feeding and the immediate environment of the chick upon the initiation
and development of GIT morphology, digestive and absorptive function and
immunological and bioprotective barrier activities must all be considered in
relation to husbandry and nutritional regimes and in the context of optimization
of commercial production strategies and methods.
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ABSTRACT

The mucosal epithelium of the small intestine constitutes a highly dynamic
interface with the external environment through the delivery, digestive processing
and absorption of nutrients. The intestinal mucosa is capable of rapid and
extensive morphological and functional adaptation in response to evolutionary
changes, genetic selection, altered dietary composition or food availability and
pathological processes. The function of the intestine and adaptations therein may
be studied at the molecular, cellular, organic or whole animal level, employing a
variety of in vitro and in vivo techniques. This review addresses the mechanisms
mediating adaptations in mucosal structure and function in chickens in response to
selection for production traits and in the face of thermal stress and of changes in
dietary sodium intake. The data presented draw upon the outputs of studies using
membrane vesicles, isolated enterocytes, in vitro sheets and in vivo perfusion
preparations. The findings of the different methodologies and approaches are
compared and contrasted and their contribution to characterization of digestive
and absorptive function in the whole animal is considered. These studies help
elucidate the basic mechanisms involved in nutrient absorption from the small and
large intestine in the fowl and an understanding of the adaptive potential of the
mucosa and the underlying mechanisms may provide the sound scientific basis for
nutritional strategies that exploit the physiological adaptations induced by the
requirement for improved growth rates or efficiency of production under a wide
range of climatic conditions.

INTRODUCTION
The mucosa of the gastrointestinal tract is a functional interface between the

environment and the internal physiological compartments of the organism. As
such, the mucosal and associated cells constitute a dynamic and metabolically
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active barrier possessing selective permeability (Baumgart and Dignass, 2002).
This barrier has multiple functions that involve the digestion, transport and
uptake of specific substances and nutrients and exclusion of microorganisms
and toxins. The processes of translocation (motility or peristalsis), digestion and
absorption occur in a micro-environment modified by the intestinal mucosa
(e.g. secretion) and the ancillary organs (pancreas, liver). The importance of
‘the intestinal barrier’ in understanding gut function and gut health in poultry
has been recently reviewed (Hughes, 2005).

Optimal digestive and absorptive functions are essential for growth,
development and health of the animal. In addition, the intestine must act as a
physical barrier to pathogenic organisms and toxins and play a role in both
innate and acquired immunity. The integration of the digestive, absorptive and
immune function of the gastrointestinal tract and the genetic regulation of these
processes are central to animal production and health.

This chapter focuses upon absorptive function of the small intestine and on
its capacity for adaptive responses in the face of varying demands and
challenges. Areas of interest that have not been addressed herein but which
have been discussed recently elsewhere include the effects of specific
pathologies upon absorptive function, e.g. ‘malabsorption syndrome’ (Rebel et
al., 2006) and the effects of antibiotics and growth promoters on intestinal
structure and function (Miles et al., 2006).

Whilst information relating to fundamental mechanisms of absorption and
adaptation may be drawn from research upon many species, particular
attention is paid to examples in avian species and, where possible, specific
findings in poultry. This is pertinent because of the central role of nutrient
assimilation and processing in the full expression of the genetic potential in
modern, highly selected lines of poultry. Thus optimum production in both
meat birds and egg layers is dependent upon the efficient digestion and
absorption of nutrients and their provision in the required amounts and forms
to the various biochemical pathways underpinning the desirable production
traits. Whilst laying hens have a high requirement for absorption of nutrients
including carbohydrate, protein, lipid and calcium in sustaining high levels of
egg production, the demands of very rapid growth rate in meat-type birds
present unique challenges for the development and function of the intestinal
absorptive epithelium.

Artificial genetic selection has proved extremely successful in the
improvement of growth rate and food conversion efficiency in the commercial
broiler chicken. Many of the physiological mechanisms mediating these
responses and their consequences have yet to be fully characterized (Scanes,
1987; Siegel and Dunnington, 1987). It is clear, however, that in order to
support the increased growth rate of the ‘demand organs’ such as muscle,
bone, fat, skin and feathers, appropriate adaptations must occur in the ‘supply
organs’ including the intestine, liver, cardiovascular and respiratory systems
(Lilja, 1983; Lilja et al., 1985; McNabb et al., 1989).

It has been postulated that failure of the supply systems to meet the
demands of a disproportionately large growth rate may underlie many of the
current pathologies and welfare problems encountered in commercial broiler
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production (Savory, 1995). It has also been suggested that the apparent
increased susceptibility to ‘stress’ of the modern broiler fowl may also be
attributable to the exploitation of the genetic potential for growth in these birds
in the absence of compensatory development of the corresponding
homeostatic and regulatory mechanisms (Teeter, 1994).

The mucosal epithelium of the small intestine constitutes a highly dynamic
interface with the external environment through the delivery, processing and
absorption of nutrients. The intestinal mucosa is capable of rapid and extensive
morphological and functional adaptation in response to evolutionary, genetic
and ontogenetic development demands (Ferraris, 2001), as well as to
environmental and nutritional challenges (Julian, 2005).

In the domestic fowl, intensive artificial genetic selection has resulted in
commercial meat breeds (broiler chickens) whose growth rates and food
conversion efficiencies greatly exceed those of their genetic predecessors
(Griffin and Goddard, 1994). Central to the balance of physiological supply
and demand in the rapidly growing broiler chicken is the availability and
uptake of essential nutrients. There is evidence that genetic selection for growth
rate has resulted in both anatomical and physiological adaptations in the small
intestine of the broiler which are consistent with improved efficiency of
digestion and absorption of dietary substrates under normal production
conditions (Mitchell and Smith, 1990, 1991; Smith et al., 1990).

As it has been proposed, however, that the capacity for the intestine to
absorb and assimilate nutrients may pose a proximal constraint upon the rate
of growth in precocial species — including the domestic fowl (Obst and
Diamond, 1992) - it is essential that feeding regimes and dietary composition
are optimized to take full advantage of the available absorptive mechanisms.
Changes in dietary formulation may be necessary if nutrient requirements, for
optimum performance, are modified in the face of environmental stressors but,
in turn, may be further influenced by any concomitant adaptive response in
intestinal function.

It may be proposed that the increased growth of ‘demand’ tissues such as
skeletal muscle should be accompanied by appropriate adaptations in structure
and function of ‘support tissues’ such as the gastrointestinal tract (Rance et al.,
2002). Indeed, previous studies have demonstrated such adaptations in the
small intestine of the highly selected broiler chicken in terms of crypt cell
dynamics and enterocyte migration rates (Smith et al., 1990). Such birds,
however, appear to have a small intestinal mucosal compartment (relatively
smaller, compared to body size, than that in genetically unselected lines
(Mitchell and Smith, 1991)), and it is proposed that functional adaptations in
terms of nutrient absorption at the enterocyte level have supported the
increased demands of elevated growth rate (Mitchell and Smith, 1990). It is
now considered that nutrient absorption and adaptations therein may represent
the rate-limiting step in further genetic improvements in broiler chicken growth
rates (Croom et al., 1998, 1999).
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ADAPTATIONS IN INTESTINAL ABSORPTIVE FUNCTION

Adaptive regulation of nutrient (glucose and amino acid) transportation in the
vertebrate intestine has been reviewed in the past (Karasov and Diamond,
1983, 1987; Jenkins and Thomson, 1994; Ferraris and Diamond, 1997). It is
proposed that many mechanisms have been involved in adaptation, including
mucosal mass, specific transport systems and the sodium gradient, and the
signals for adaptive responses included the effects of dietary solutes, starvation,
hyperphagia, dietary bulk, diabetes, intestinal position, intestinal resection,
hibernation, lactation and ageing, and also differences between species.

Major conclusions (e.g. Karasov and Diamond, 1983) were that increased
metabolic requirements should be met by increased absorption involving
increased mucosal mass, whereas nutritionally essential and non-essential
solutes used as caloric sources should, respectively, repress and induce their
own transport. A later review addressed the nature of the mechanisms of
adaptation in intestinal sugar transport (Ferraris and Diamond, 1997).

Non-specific adaptations are described that lead to parallel changes in
transport of different nutrients involving alterations in mucosal surface area and
the ratio of absorbing to non-absorbing cells. Specific adaptations, for single
substrates, considered include changes in transporter site densities and affinity
constants. The effects upon sugar transport of changes in diet, energy budgets and
environmental salinity, as well as intestinal resection, starvation, age and stress, are
discussed. This work also emphasizes the importance of different routes of
substrate uptake, including the transporter-mediated pathway and uptake by the
non-specific paracellular route. Clearly many, but not all, of the physiological
conditions and challenges described above are pertinent to avians and specifically
to poultry, and where information is available these have been addressed.

Evolutionary adaptation

The function of the intestinal epithelial cells or enterocytes may change or
adapt in response to a wide number of demands or challenges. These include
the following: (i) evolutionary forces; (ii) genetic selection (natural or artificial);
(iii) responses to altered physiological status; (iv) environmental challenges or
constraints upon nutrient availability; (v) dietary composition; (vi) exposure to
anti-nutrients or toxins; (vii) disease states; and (viii) external human factors
such as surgical interventions.

The most essential and basic nutrients whose absorptive processes are
most likely to exhibit adaptive regulation are sugars and amino acids (Karasov
and Hume, 1997) and, in particular, the transport of hexose sugars has
received a great deal of attention as glucose absorption is a fundamental major
pathway in the intestines of all species. Glucose absorption is the most studied
topic in this field and many major insights into the understanding of transport
mechanisms have evolved from these studies (Reuss, 2000). Glucose transport
mechanisms represent the key model for understanding nutrient absorption
systems. Adaptations in this process have been studied widely (Karasov, 1988).
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The specific nutrient requirements of the different classes and species of
vertebrates have resulted in the development of matched digestive and
absorptive functions. Higher vertebrates may be divided into two groups: those
which eat diets with a high proportion of carbohydrates (herbivores and
omnivores) and those that eat relatively carbohydrate-free diets (carnivores).
Vertebrates differ dramatically in the amounts of food they eat daily, and daily
metabolic rates and food requirements of endotherms (e.g. mammals and
birds) are generally of an order of magnitude higher than those of ectothermic
fish, amphibians and reptiles (Karasov, 1988).

Thus the uptake of glucose and amino acids in the small intestine of
mammals and birds is around 13-fold greater than in reptiles and fish. This is
achieved by changes in intestinal morphology and functional capacity of the
absorptive mechanisms (Karasov, 1987, 1988). Differences in morphological
features such as villus size and microvillus length have been demonstrated
between mammals and reptiles and correlated with turnover numbers for
glucose transporter sites and transporter density, representing a major
contribution to regional and species differences in glucose uptake (Ferraris et
al., 1989). The intestinal absorptive epithelium exhibits an unusual feature
related to this evolutionary development of physiological function (Diamond
and Hammond, 1992).

Generally, natural selection eliminates unutilized capacities because of their
costs. In the case of intestinal absorptive capacity this often exceeds natural
nutrient loads by an order of two- to threefold. This apparent uneconomic
imbalance may well underpin the adaptive capacity of the small intestine and
thus acts as a buffer against changing demand, availability and requirement.
Such spare capacities may play a very important role in the responses of
animals to their changing environments and physiological status (Karasov and
McWilliams, 2005). It may be argued that in the development of flight, birds
may have required a highly efficient gut to maximize absorption for the
minimum organ weight (Karasov, 1987, 1988). In the selection of modern
poultry for high production efficiency these evolutionary processes may have
been exploited to optimize digestive absorptive efficiency (Mitchell and Smith,
1990, 1991).

Whilst the mechanisms of carbohydrate and amino acid absorption are
fundamentally similar in mammals and avians and have been well
characterized (Miller et al., 1973; Boorman, 1976; Levin, 1976, 1984; Lerner,
1984; Austic, 1985; Vinardell, 1992), adaptive responses in avian absorption
have received relatively little attention (Levin and Mitchell, 1982). It may be
safely assumed, however, that many adaptations exhibited by mammals will
also be observed in birds. In the domestic fowl the capacity to absorb nutrients
depends mainly on the mucosal surface area of the small and large intestine, as
well as on the functional properties of the specific nutrient transporters present
in the brush border and the basolateral membranes.

There are specific transport systems for the major dietary hexoses. Glucose
is absorbed across the apical sodium-dependent SGLT-1 system, expressed
along the small and large intestine (Ferrer et al., 1994; Garriga et al., 1999b;
Barfull et al., 2002); fructose is taken up by the apical-facilitated GLUT5-type
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system (Garriga et al., 2004) and both sugars are transported to the interstitial
compartment through the basolateral GLUT2 transporter (Garriga et al., 1997,
2000). Detailed studies, however, of the responses by these systems during
adaptations in poultry intestinal function are in their infancy.

Ontogenetic adaptation

The efficient development of the small intestine, its structure and digestive and
absorptive functions immediately prior to and around birth or hatch and during
the early stages of growth is vital to the further development of the organism. In
the case of commercial poultry it is recognized that early intestinal function is
related to later full expression of growth potential and other production traits.
This topic has been reviewed by Sklan (2001) and is described elsewhere in
this volume (Uni, Chapter 3, this volume).

Ontogenetic development of absorptive function has been examined in
turkeys (Sklan and Noy, 2003; Applegate et al., 2005) and in ducks (King et al.,
2000; Watkins et al., 2004). It is concluded that absorptive capacity increases in
proportion to growth rate and body weight in order to sustain these functions,
but that absorption rate (depending upon the parameter upon which this is
calculated) may decrease after the first day or few days following hatch. In the
chicken, monosaccharide absorption measured in vivo and expressed per unit
body weight decreases with age (Gonzalez et al., 1996). Sodium-dependent
glucose uptake of brush border membrane vesicles prepared from jejunal tissue
of the chicken is greatest during the first week post-hatch and then declines, as
does the density of the SGLT-1 brush border membrane glucose transporter
(Vasquez et al., 1997; Barfull et al., 2002).

Interestingly, similar developmental changes have been observed in the red
jungle fowl, a wild genetic precursor of the domesticated chicken, which
exhibited a decreased specific absorption of glucose with age post-hatch but an
increased absorptive capacity primarily related to body weight, which was
mainly attributed to a corresponding increase in gut mass and the size of the
absorptive compartment (Jackson and Diamond, 1995).

Of particular interest to commercial broiler production is the fact that the
digestive/absorptive mechanisms of the chick may be stimulated towards more
rapid maturation by early feeding (see Uni, Chapter 3, this volume). Delayed
access to feed and water can impede development of the absorptive functions
of turkey poults (Corless and Sell, 1999), whereas early provision of substrates
promotes development of absorptive function (Noy and Pinchasov, 1993;
Sklan, 2001). Early food deprivation, which is common in commercial practice,
reduces crypt depth, crypt cell proliferation, crypts per villus, villus height and
crypt cell migration rates in comparison to fed chicks, and clearly would
therefore depress subsequent development and absorptive function (Geyra et
al., 2001).

The important transporter systems are present in the pre-hatch embryo.
Expression of the mRNA for SGLT-1 can be demonstrated from days 15 or 17
of incubation and the activity of the transporter and other brush border
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membrane enzymes has been shown to increase at day 19 (Sklan et al., 2003;
Uni et al., 2003).

It is possible that manipulation of the transporter expression and function
in ovo may facilitate increased absorptive activity from hatch in rapidly growing
birds, thus improving nutrient assimilation and early growth and efficiency. In
general it may be concluded that the elevated requirements for nutrient
absorption required in the rapidly growing broiler chicken are met by an
elevated specific transporter activity (which declines marginally with age),
coupled with a major increase in the size of the transport compartment in terms
of active mature enterocytes and total absorptive surface area.

Fasting and food restriction

Fasting, restricted feeding and re-alimentation possibly represent the most
studied stimuli for intestinal adaptation. These treatments have been employed
to elucidate the mechanisms involved in whole gut and mucosal adaptations in
many species (Ferraris and Carey, 2000). Early studies demonstrated that
fasting may increase absorption per unit of active mucosa or gut weight,
although total absorption by the animal might be reduced (Levin, 1974). In
mammals it is postulated that apparently increased glucose absorption during
fasting might represent an adaptation supporting cerebral function in the face
of inanition, but the associated more generalized reductions in glucose
utilization (Das et al., 2001). Caloric restriction also stimulates sugar absorption
in a manner similar to that of short-term fasting (Casirola et al., 1996).

Most recent studies have developed an integrated model of the
mechanisms mediating the cellular adaptations occurring during fasting and re-
feeding (Habold et al., 2005). These studies have examined the effects of these
treatments upon gene and protein abundance and cellular localization of
glucose transporters (SGLT-1, GLUT-2, GLUT-5) as well as those of key
gluconeogenic enzymes in enterocytes from rats. It was concluded that
increased expression of the SGLI-1 during fasting may allow efficient
absorption of glucose from low concentrations as soon as food became
available. Reductions in basolateral GLUT-2 abundance may be compensated
for by transfer of glucose to the blood through membrane trafficking, involving
enhanced glucose-6-phosphatase activity. Fasting-induced increased passive
permeability of the mucosa also increases the potential for glucose uptake via
the paracellular route. Finally, re-feeding triggered synthesis of GLUT-2 and
GLUT-5 and apical (brush border) recruitment of GLUT-2 in order to facilitate
greater glucose absorption as the substrate became available.

Responses in hexose absorption in the domestic fowl during fasting have
also been studied in detail (Levin and Mitchell, 1976, 1979a, b, 1980, 1982).
These studies used transport kinetic analysis of in vivo absorption data
corrected for the presence of an unstirred layer of water and reported increased
transport function at the cellular level, as indicated by increased maximum
transport capacities (V or J and/or increased transporter affinity or

)
max max
reduced K s. These studies did not quantify the transporter numbers or
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measure the expression of the associated genes but it may be proposed that
similar effects to those observed in mammals may responsible for the
adaptations in transport.

More recent studies indicate that the morphological changes in the intestine
and mucosa in response to fasting for 1, 2 or 3 days are similar to those
observed in mammals in terms of villus height, surface cell area and mitotic
numbers (Yamamauchi and Tarachai, 2000). In vivo studies have confirmed
the increase in duodenal absorption of glucose in acutely or intermittently
starved chicks (Rayo et al., 1992). Indeed, these procedures were able to
demonstrate the effect of age in young birds, which is generally the reduction in
uptake rates (vide infra). Gal-Garber et al. (2000) described a lower transport
affinity but higher transporter activity (SGLT-1) in brush border membrane
vesicles from food-deprived chicks compared to that in fed controls. Increased
expression of transporter mRNA was thought to reflect up-regulation by low
substrate concentrations. These findings are consistent with the corresponding
knowledge in mammalian systems.

Most recently, Maneewan and Yamauchi (2005) have described the
restoration of histological appearance of villi and apparent absorptive function
by the re-feeding of single nutrients (protein, fat or carbohydrate) in previously
fasted chickens compared to birds receiving ‘formula diets’. It was concluded
that a balanced or complete formulation was required to restore all aspects of
structure and function to the absorptive compartment.

Dietary composition

The concept of dietary modulation of absorptive function has been explored
extensively in mammalian systems and a number of hypotheses relating to the
underlying mechanisms have been proposed (Karasov, 1992; Ferraris, 2001).
In wild birds seasonal changes in diet result in adaptive responses in the
absorption rates of individual substrates (Afik et al., 1997). The effects of
different protein/carbohydrate dietary compositions upon intestinal function
have been described in wild and domestic turkeys and the findings suggest that
the commercially produced strains are able to regulate the digestive and
absorptive functions of protein in response to altered composition (McCann et
al., 2000; Foye and Black, 2003).

The effects of dietary fibre have also been demonstrated in domestic fowl.
The absorption of both hexose and pentose sugars has been shown to respond
to the inclusion of grass to increase the fibre content of standard diets, and
differential responses were observed in different regions of the intestine (Savory
and Mitchell, 1991; Savory, 1992). In turkey poults early feeding of high
dietary carbohydrate up-regulates the glucose transport system in the small
intestine and stimulates mucosal carbohydrate digestion enzyme activity, e.g.
maltase (Suvarna et al., 2005). This, of course, is an important finding in
relation to the design of dietary formulations for early feeding and enhanced
maturation of the digestive/absorptive systems. Glucose absorption in the fowl
is also known to respond to altered dietary sodium (Barfull et al., 2002;
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Gal-Garber et al.,, 2003) and the mechanisms mediating these adaptive
responses have been studied in some detail, as described below.

Adaptations to dietary sodium intake

In chickens, glucose is absorbed in the small intestine as well as in some regions
of the large intestine. Indeed, the proximal caecum (Ferrer et al., 1994) and the
rectum or colon (Amat et al., 1996) can also take up sugars against a
concentration gradient. Although the total sugar uptake capacity of the distal
regions is low, due to its relatively small surface compared to that of the small
intestine, it role is not negligible as it may account for up to 5% of total
intestinal absorption capacity.

The uptake of sugars by distal regions may serve two functions: (i) to
absorb hexose not absorbed in the small intestine or present in the contents
emptied by the caecum; and (ii) to reabsorb glucose excreted in the urine and
appearing the rectum and caecum by retro-peristalsis from the coprodeum. In
the chicken intestinal distal regions, glucose is transported by an SGLI-1
isoform that is very similar (if not identical) to the protein present in the small
intestine (Garriga et al., 1999b). SGLI-1 is located in the apical or brush border
membrane, and transports glucose and galactose along with Na* from the
lumen to the cytosol.

Sugar absorption is a very well-regulated process in most vertebrates. In
mammals, SGLT-1 responds to changes in luminal glucose concentration, it
follows a circadian rhythm and can adapt to several physiological and
pathological conditions (Ferraris, 2001). However, in some wild birds, dietary
carbohydrate does not affect its uptake and this has been attributed to the high
predominance of the passive paracellular absorption compared to mediated
uptake in these species (Chediak et al., 2001).

Ferraris (2001) suggested that SGLT-1 can be regulated by luminal Na™*, as
dietary Na* can affect the expression of SGLI-1. However, the current results
strongly indicate that these effects are mediated by the renin-angiotensin—
aldosterone (RAA) system, rather than by direct effects of Na™ at the sugar
absorption site. It is interesting to point out that a low-Na* diet reduces the
amount of SGLI-1 in the apical membrane of the proximal caecum and
rectum, as well as of the the distal ileum. This is therefore an effect that is
restricted to distal regions of the chicken intestine, while the absorptive function
in the duodenum and jejunum is unaltered. This means that the basic needs of
glucose are still fulfilled, even in strictly long-term low-Na™ conditions.

The role of the RAA system in the regulation of glucose transport capacity
of the chicken intestinal distal regions is well established (see Fig. 4.1).

First, there is a close correlation between Na™ intake, plasma aldosterone
concentration and SGLT-1 expression (Garriga et al., 2000); and, secondly, the
low-Na*t effects can be mimicked by the administration of subcutaneous
aldosterone to chickens fed a high-Na™* diet (Garriga et al., 2001). Although an
aldosterone-mediated mechanism can apparently explain all or most of the
effects of low-Na™ dietary intake on glucose uptake, other hormones may be
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Fig. 4.1. Effects of low- and high-sodium diets on plasma renin and angiotensin concentra-
tions and relative uptakes of hexoses by the SGLT-1 brush border and GLUT-2 basolateral
membrane system. HS, high sodium intake; LS, low sodium intake; Cpt, Captopril,
angiotensin-converting enzyme inhibitor; Spi, Spironolactone, mineralcorticoid receptor
inhibitor; Aldo, aldosterone administered subcutaneously by osmotic mini-pump; SGLT-1,
apical glucose transporter; GLUT-2, basolateral glucose transporter; D-Glc, D-glucose;
aGlc1Me, glucose analogue, specific for SGLT-1; V maximal transport capacity; J,
jejunum; |, ileum; R, rectum (Garriga et al., 2001).

max’

involved (De la Horra et al., 2001). The response affects both apical and
basolateral glucose transporters of distal intestine, the effect being more
dramatic in the rectum that in the distal ileum (Garriga et al., 1999a) and, once
established, it is reversed within 4 h after resalination (Garriga et al., 2000),
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suggesting that regulation involves the control of vesicle trafficking to the
plasma membrane of mature enterocytes.

Further studies demonstrated that the reduction in the number of Na®-
dependent D-glucose co-transporters by aldosterone does not affect the
amount of SGLT-1 mRNA, supporting the view that the effects of dietary Na™*
on intestinal hexose transport involve post-transcriptional regulation of SGLT-1
(Barfull et al., 2002).

The reduction of SGLT-1 expression is paralleled by up-regulation of the
Na*t, H* exchanger and the amiloride-sensitive Na* channel in the distal
intestine (Donowitz et al., 1998; Laverty et al., 2006). This indicates that the
adaptive mechanisms in response to low-Na' intakes give priority to the
homeostasis of Na*, probably because the variable plasma Na concentration
occupies a relevant position in homeostatic hierarchy ranking. Suppression of
Nat-glucose uptake at the distal intestine suggests that this mechanism is not
efficient enough to fulfil the supply of Na* during low-Na™* intakes and that
other systems with higher capacity to scavenge luminal Na* are required.

Heat stress

It is well established that chronic heat stress reduces growth rate and the feed
conversion efficiency in broiler chickens (Geraert et al., 1996a; Temim et al.,
2000). Whilst these effects are in part attributable to the hyperthermia-induced
decrease in food intake, growth depression may also be mediated directly by
the associated metabolic and endocrine responses (Geraert et al., 1996b; Lin et
al., 2004), as indicated by paired feeding studies. Broiler chickens are more
susceptible to heat stress than are slower growing domestic fowl, and both their
adaptive and pathological responses to extended thermal challenge involve
multiple organs and systems (Altan et al., 2003). It is therefore possible that
both inanition and changes in metabolic and endocrine status will induce
adaptive responses in intestinal absorptive function.

The ability of the vertebrate intestine to adapt during altered nutrient
availability and thermal challenges is well recognized (Karasov and Diamond,
1983; Diamond and Karasov, 1987; Mitchell and Carlisle, 1992; Levin, 1994),
and characterization of the mechanisms mediating the responses in the
absorption of individual nutrients during exposure to specific stressors will
underpin the design of appropriate nutritional strategies.

Adaptations in absorption of substrates from the small intestine in response
to chronic heat stress have received detailed examination. One series of studies
has characterized the effects of elevated environmental temperatures upon in
vivo absorption of a hexose sugar and an amino acid in vivo, which was
followed by elucidation of the cellular mechanisms using isolated enterocyte
preparations and, finally, the full characterization of the alterations in
transporter functions employing preparations of membrane vesicles. These
studies are described in detail below.

In chickens, elevated environmental temperature reduces food intake but
apparently increases the capacity of the intestinal epithelium to take up sugars.
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Thus moderate chronic heat stress may induce an increased potential for
hexose and amino acid absorption per unit of tissue mass (e.g. dry weight) in
the small intestine of the broiler chicken, and this response may be mediated by
changes in both active uptake of substrate by the enterocytes and an elevated
passive transfer through the absorptive epithelium (Mitchell and Carlisle, 1992).

This apparently enhanced absorption capacity was confirmed in in vitro
studies where isolated enterocytes from chronically heat-adapted birds showed
a 50% increase in galactose accumulation ratio when compared to cells from
control chickens (Mitchell et al., 1995). However, the precise mechanisms of
this adaptation and the contributions of reduced food intake associated with
heat stress and hyperthermia per se were not clear. It was suggested that the
enhanced uptake of galactose and methionine observed during heat stress
reflected an adaptation to optimize nutrient absorption in reponse to reduced
luminal nutrition and decreases in the size of the absorptive compartment.

Further mechanistic studies elucidated the systems mediating the altered
hexose absorption and established whether the effects were attributable to
lower food intake or to heat stress per se (Garriga et al., 2006). Glucose
transport Kkinetics were examined in preparations of apical and basolateral
membranes of the jejunum of broiler chickens maintained in climatic chambers
for 2 weeks. Morphological analysis of the intestinal tissue was also undertaken.
Experimental groups were: (i) control ad libitum group (CAL), fed ad libitum
and in thermoneutral conditions (20°C, 50% RH); (ii) heat stress ad libitum
group (HSAL), kept in a heated environment (30°C, 70% RH); and (iii) control
pair-fed group (CPF), maintained in thermoneutral conditions and fed the
same amount of food as consumed by the HSAL group.

This approach facilitated discrimination between adaptive responses
induced by decreased food intakes and those caused by heat stress or
hyperthermia. CPF and HSAL groups showed reduced body weight gain; only
HSAL birds exhibited marked hyperthermia. Morphometric studies showed
that the fresh weight and length of the jejunum were reduced in the HSAL
group and that this effect is independent of food restriction. Distal jejunum
showed shorter villi in CPF and HSAL groups while microvilli in both groups
were significantly longer than in CAL birds. The kinetics of hexose absorption
measured in membrane vesicles are presented in Fig. 4.2.

It is clear that whilst no major differences between the CAL and CPF
groups exist, there are substantial changes in the absorptive process in the
HSAL group. The kinetic constants for these transport processes and the
abundance of the SGLT-1 (measured as phloridzin binding) and GLUT-2
(measured as cytochlasin-B binding) in the brush border and basolateral
membranes, respectively, are shown in Table 4.1.

The activity and expression of apical SGLT-1 were increased by about 50% in
HSAL chickens, without any effects in the CPF group. No changes in basolateral
GLUT-2 were induced by heat stress or food restriction. During prolonged
exposure to elevated thermal loads the chicken jejunum increased its apical
microvillous surface to compensate for the reduction in villous size due to food
restriction. The increased apical hexose transport capacity is entirely dependent on
adaptations of SGLT-1 expression to heat stress and not on reduced food intake.
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Fig. 4.2. Kinetics of aGlc1Me uptake by BBMV of jejunum. Total aGlc1Me influx (pmol/mg
prot-s) was determined in vesicles from CAL (@), CPF (0J) and HSAL (A) chickens. Values are
the means + sem of five separate experiments. Total influx can be broken down into a non-
saturable linear component and a saturable component. The saturable components of control
groups CAL and CPF are grouped thus (= =—=—=—"=), which is different to that of the HSAL
group (=—-—"-—"- ). The non-saturable components of all groups are grouped thus (--------
). The calculated kinetic constants are shown in Table 4.1.

This series of studies are the first to fully characterize the mechanisms of
hexose absorption in birds and adaptations in the process at the in vivo level,
in cells using in vitro preparations and then finally at the membrane level using
vesicles. The work has demonstrated that the mechanisms underlying the
apparent increase in substrate uptake in perfused intestine from heat-stressed
chickens may be explained, at least in part, by an increase in transport at the
brush border membrane through the SGLI-1 system caused by heat stress and
not by the associated reduced food intake. The gene regulation and endocrine
processes mediating the adaptations are now under investigation.

Luminal nutrient concentrations

Whilst the major focus of studies upon adaptations in nutrient transport has
involved characterization of uptake of individual substrates using experimental
preparations, few of these have considered the actual concentrations of these
substrates in the intestinal lumen in vivo. The intestinal epithelium acts as the
interface between the ingesta, the intercellular fluids and the circulation.
Absorption of individual nutrients is mediated by a number of systems
(Alpers, 1987; Hopfer, 1987). These include both active transporter-mediated
and passive mediated and non-mediated components (Pappenheimer, 1990;
Buddington, 1992; Stevens, 1992; Sadowski and Medding, 1993; Karasov and
Cork, 1994). Experimental determinations of nutrient transport or transfer rates
and capacities are based upon exposure of intestinal tissue, cells or membrane
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Table 4.1. Kinetic parameters of: (i) «Glc1Me uptake in BBMV (brush border membrane
vesicles) and specific phlorizin binding; and (ii) D-Glc uptake in BLMV (basolateral membrane
vesicles) and specific cytochalasin B binding. Values are the means + sem of five separate
experiments. No differences were found between experimental groups (Garriga et al., 2006).

CAL CPF HSAL

BBMV

V ax (Pmol aGlc1Me/mg prot-s) 392 £12 402 + 67 604 + 57*
K., (mM) 2.4 +0.1 22+0.3 24+0.2
K, (nL/mg prot-s) 8.8+0.8 8.8+1.1 82+17
Bg ppy (PmMol/mg prot) 153 +5.0 143 + 3.0 238 +7.0"
BLMV

V,ax (Pmol D-Glc/mg prot-s) 1210 £ 76 1125 + 101 1177 £ 84
K., (mM) 116+1.2 11.7+0.5 12.0+£2.0
K, (nL/mg protcs) 20.0+1.8 21.3+1.0 189+1.3
B, oyto B (pmol/mg prot) 40.4 +0.8 421 £1.7 39.7+1.3

CAL, control ad libitum group; CPF, control pair-fed group; HSAL, heat stress ad libitum group.

preparations either in vivo or in vitro to a given range of substrate
concentrations in the perfusates or incubation media.

The basis for the selection of these concentrations is often unspecified and
they are frequently matched to the characteristics of the transport component
to be studied. Whilst this approach provides a sound mechanistic
understanding of the individual transport systems and adaptations therein to
physiological state, environmental challenge and altered dietary composition, it
is difficult to relate the findings to absorption in the whole animal during
normal feeding. Indeed, it has been proposed that ‘uncertainty about luminal
concentration makes it difficult to calculate the relative contributions of
mediated versus non-mediated transport from measures made in vivo or in
vitro’ (Karasov and Cork, 1994).

A first step towards achieving a more integrated model of whole animal
absorption is to measure the composition of the luminal fluid in the small
intestine. This fluid not only contains the bulk phase concentrations of the
nutrients to which the digestive/absorptive surface is exposed, but represents a
major determinant of the micro-environment in which digestion and absorption
take place. More specifically, the luminal fluid determines the ionic, pH and
osmolarity micro-environment of the unstirred layer at the brush border
membrane of active enterocytes.

Surprisingly few attempts have been made to measure comprehensively
the luminal concentrations of substrates and electrolytes in the luminal bulk
phase, and those studies which do exist report either limited data or conflicting
results, the latter being partly attributable to the different species studied and
to different locations of measurement within the small intestine (Cole, 1961;
Nasset, 1964; Steiner and Gray, 1969; Nixon and Mawer, 1970; Mongin,
1976; Murakami et al., 1977; Ferraris et al., 1990; Savory and Mitchell, 1991;
Karasov and Cork, 1994; Barfull et al., 2002). Specific questions may
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therefore be posed with regard to luminal substrates and intestinal function in
a range of species — including the domestic fowl, which has been the subject
of numerous mechanistic studies relating to intestinal substrate absorption and
adaptation (e.g. Mitchell and Levin, 1981; Levin et al., 1983; Mitchell and
Smith, 1990; Mitchell and Carlisle, 1992; Mitchell and Hunter, 1996; Hunter
et al., 2000).

Thus, it may be asked: ‘what substrate and electrolyte concentrations are
available to the absorptive compartment throughout the small intestine and do
these conditions change with dietary composition, food intake, environment
and physiological status?’ Intestinal luminal fluid contains the bulk phase
concentrations of the nutrients to which the digestive/absorptive surface is
exposed and represents a major determinant of the micro-environment in
which digestion and absorption take place.

A recent study (Mitchell et al., 2006) has determined the concentrations of
glucose, methionine, sodium and potassium concentrations and the pH and
osmolality of luminal fluid from different regions of the small intestine of broiler
chickens. Comparisons of these parameters were made in birds maintained in
thermoneutral conditions and groups exposed to chronic heat stress; this latter
condition is reported to alter absorption of nutrients as well as food intake and
growth (Mitchell and Carlisle, 1992; Mitchell et al., 1999). It was demonstrated
that luminal glucose and methionine concentrations exhibited a proximal—-distal
gradient (Table 4.1) and that for most of the small intestine these
concentrations were considerably higher than the concentrations associated
with the kinetic characteristics of the known transport systems.

This suggests that passive paracellular absorption must play a significant
part in nutrient uptake under normal conditions of food intake and even during
reduced intake such as in periods of heat stress. It also supports the hypothesis
that adaptations in absorptive mechanisms may be mediated by changes in
both the active transporter-dependent component and the passive paracellular
route. Luminal fluid also contains less sodium and more potassium than
plasma and interstitial fluid and has a higher osmolarity (Table 4.2).

Luminal fluid also exhibits a proximal-distal pH gradient, increasing from
around 6.4 in the upper small intestine to almost 8.0 in the distal ileum. Heat
stress reduced the proximal-distal gradient for luminal glucose and reduced
absolute concentrations, possibly as a result of reduced food intake. Methionine
concentrations were also decreased, whilst luminal sodium increased. Luminal
osmolarity also increased during heat stress.

It is clear that the composition of the luminal fluid presented to the
absorptive compartment or mucosa in control and heat-stressed birds differs
substantially and this must influence interpretation of the measurements of
substrate absorption in the context of whole-animal nutrient uptake under
different environmental conditions. All these features described above will
affect the absorptive process for specific nutrients and must be taken into
account in the design of experimental techniques for the characterization of
the absorptive process and adaptations therein. Also, these considerations
must be included in the interpretation of current and previously published
findings.
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Table 4.2. Luminal concentrations of glucose, methionine, sodium, potassium and super-
natant pH and osmolarity in the duodenum, jejunum and ileum of control (C, thermoneutral,
20°C) and heat-stressed (HS, 30°C) broiler chickens (values are presented as the mean +
one seM, n = 12) (Mitchell et al., 2006).

Temperature regime Duodenum Jejunum lleum

Glucose C 68.1 +6.4 58.9 +4.0 76+1.6

(mmol/) HS 56.1 +6.8 444 + 3.3 12424

Methionine C 11.0+£3.5 6.8+1.9 3.0+1.6

(mmol/) HS 1.9+£1.2 1.3+£0.5 1.3+£0.3

Sodium Cc 67.3+5.0 68.5+4.0 83.5+6.5

(mmol/) HS 118.4+2.8 832x7.6 71.3+4.0

Potassium C 19.8 +1.3 13.3+1.0 26.8+24

(mmol/) HS 122+ 0.5 145+1.4 37.1+3.0
pH C 6.4 +0.06 6.6 +0.16 7.7 +0.09
HS 6.6 £ 0.06 6.8 +0.16 8.2+0.26

Osmolarity C 389 +£16.7 430+7.8 342 +4.9
(mOsm/l) HS 463 +6.9 452 +22.2 413 +13.6

It was concluded that the luminal fluid of the small intestine of the domestic
fowl may be described as a hyperosmolar, low-sodium, high-potassium solution
of non-physiological pH. The associated concentrations of major nutrients vary
significantly with anatomical location and may differ substantially from those
assumed from known characteristics of transport systems or used in many
experimental protocols. It is apparent that the composition of luminal fluid in the
small intestine has important implications for the design of physiologically
meaningful nutrient absorption studies and their interpretation in relation to
absorptive mechanisms, capacities and adaptations.

SUMMARY

The small intestine — and in particular the digestive/absorptive compartment or
epithelial mucosa - is capable of extensive adaptation in the face of a number
of nutritional and environmental challenges. The responses in digestive and
absorptive function are often accompanied by alterations in mucosal
morphology, villus and microvillus surface area and structure and changes in
crypt cell dynamics, migration and maturation. The adaptations usually favour
more efficient absorption of nutrients in the face of the imposed stress or
challenge and the intestine appears to regulate a reserve capacity in absorptive
function to optimize nutrient uptake and assimilation both during and following
any dietary, nutritional or environmental stress.

The control or regulation of these processes is important in the context of
poultry production, as optimization of nutrient digestion and absorption
underpins efficient growth and development and the more complete expression
of genetic potential. Understanding of the mechanisms mediating adaptive
responses in absorptive function and how they relate to bird growth and
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development may facilitate the design of more effective nutritional strategies
and formulations for use in commercial chicken production, particularly in
conditions where environmental stressors may otherwise compromise efficient
production.
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ABSTRACT

In birds, transport processes in the lower intestine mediate absorption of ions,
water and a variety of organic substrates, including significant amounts of
glucose, amino acids derived from protein associated with urate spheres, and
short-chain fatty acids derived from fermentation processes. These transport
pathways contribute to both osmoregulation and energy homeostasis. Although
birds lack a urinary bladder, evidence has shown that ureteral urine, entering the
distal lower intestine, is forced into the colon, caecae and even distal portions of
the small intestine. Further, substrates also enter the lower intestine from the
small intestine. Thus, the lower intestine serves as an ‘integrating segment’ for
mixing and modification of both urinary and intestinal inputs. Of particular
interest is that much of the transport activity of the lower intestine is regulated by
the hormone aldosterone, which in turn varies inversely with dietary salt
content. Numerous studies have shown that following acclimation to low-salt
diets, sodium-linked organic substrate co-transporters are largely suppressed,
while electrogenic sodium channels (ENaCs) are induced. These changes can be
manipulated, at least in part, by resalination of low-salt hens, or by aldosterone
administration to high-salt-acclimated birds. In the coprodeum, the changes in
transport are paralleled by extensive remodelling of the mucosal surface, with
low-salt acclimation increasing cell numbers, microvillus density and length and
the proportion of ‘mitochondrial-rich’ (MR) cells. The latter may be the sites of
proton secretion in the lower intestine. A cAMP-activated chloride secretion
pathway is also present in both colon and coprodeum, and may be mediated by
a CFTR-like CI- channel. There are still a number of unresolved issues, including
whether other hormones contribute to the regulation of transport activity.
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INTRODUCTION

The lower intestine of the domestic fowl includes the cloaca (proctodeum,
urodeum and coprodeum), the colon and the paired caeca. The colon,
coprodeum and caeca are known to be highly active, transporting epithelia that
contribute to both energy homeostasis and osmoregulation. Birds lack a
urinary bladder and ureteral urine enters the cloaca, where it is moved by
retroperistaltic muscle contractions into the more proximal regions of the colon
and caeca where it mixes with chyme entering from the small intestine.

It is well established that the lower intestine controls mixing, retrograde
peristalsis and transport activities in order to regulate the conservation of
nutrient substrates, ions and water. The retrograde movement of urine
anteriorly (Skadhauge, 1968; Goldstein and Braun, 1986), for example, has
been shown to be influenced by dietary nitrogen levels (Waldenstedt and
Bjornjag, 1995), and urine osmolarity and hydration state modulate colonic
retroperistaltic muscle contractions (Brummermann and Braun, 1995). Thus,
colon and caeca are the final regulators of nutrient uptake and post-renal
adjustments to water and electrolyte excretion.

Microbial fermentation, particularly in the caeca, produces large amounts
of volatile fatty acids (Annison et al., 1968; Titus and Ahearn, 1992), and
degradation of urinary uric acid spheres results in the production of peptides
and amino acids, derived from protein associated with these spheres (Boykin
and Braun, 1996; Casotti and Braun, 2004). Transport of hexoses, peptides,
amino acids and volatile fatty acids — as well as of ions and water by these
tissues — has been established and demonstrates the marked transport capacity
of the lower intestine (see Thomas, 1982; Skadhauge, 1993; Laverty and
Skadhauge, 1999). Furthermore, the production of ammonia from urate
degradation may provide a mechanism for nitrogen recycling via microbial
incorporation into amino acids and subsequent epithelial absorption of these
amino acids (Karasawa, 1999).

This chapter will focus on the morphology and transport processes found
in the lower intestine, with an emphasis on dietary and hormonal regulation of
these systems.

MORPHOLOGY AND TRANSPORT PROCESSES IN THE LOWER INTESTINE

The basic morphology of the transporting segments of the lower intestine
consists of a mucosal surface amplified by either villi, as in the colon and basis
caecum (closest to the ileocaecal junction) (Dantzer, 1989; Clauss et al., 1991;
Laverty et al., 2001), or by flatter mucosal folds or rugae, as in the coprodeum
and corpus caecum (Clauss et al., 1988; Dantzer, 1989; Elbrgnd et al., 1991,
1998; Mayhew et al., 1992) (see Fig. 5.1). Crypts are found in all three
structures. The innermost layer is a simple columnar epithelium, which in both
colon and caeca has an extensively developed microvillus brush border. The
coprodeum has relatively sparse and short microvilli on normal or high-salt
diets, but undergoes a marked development during acclimation to low-salt
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diets, including increases in microvillus density and height (see below). The
lamina epithelialis is composed of three major cell types that have been well
described in the colon and coprodeum, but less so in the caecum (see Figs
52a,b).

The major transporting cell has been designated the ‘absorptive epithelial
cell’ (AEC). In addition there are goblet cells and mitochondria-rich (MR) cells,
which have been particularly well described in the coprodeum (Elbrgnd et al.,
1998, 1999, 2004). The MR cells — sometimes in the past referred to as ‘brush
cells’ and perhaps identical to ‘chloride cells’ (in reference to their reaction with
AgNO,, Clauss et al., 1988) — have been the subject of recent investigation
(Elbrgnd et al., 2004). In the coprodeum these cells are localized to the upper

Fig. 5.1. Scanning electron micrographs (SEMs) of hen lower intestine showing how different
regions amplify the absorptive mucosal surface area. The upper left panel (a) presents the
coprodeum with foldings and openings to crypts in between. The lower left panel (b) is from
the colon and illustrates a mucosa with densely packed and leaf-shaped villi with crypt
openings in between. The right-hand panels (c and d) present, respectively, high and low
magnification views of the basis caeciin which densely packed villi and crypts are seen
(similar to those of the colon). Figures 5.1¢ and 5.1d were kindly provided by Dr V. Dantzer,
The Royal Veterinary and Agricultural University, Frederiksberg, Denmark.
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Fig. 5.2. Light micrograph (LM) of epon-embedded, toluidine blue-stained tissue from the
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hen coprodeum. The three major epithelial cell types: absorptive intestinal epithelial cells
(AEC), goblet cells (GC) and mitochondria-rich cells (MR) are present in the epithelium on
the mucosal folds (a). Figure 5.2b is a transmission electron micrograph of colonic epithelium
which, with respect to the cell types, is similar to that of the coprodeum. To increase the
cellular surface area the cells are amplified apically with microvilli. The figure also illustrates
more clearly the ultrastructural differences between the three cell types, such as: (i) electron
density of the cytoplasm and nucleus; (ii) number of mitochondria; (iii) length and packing
density of microvilli; and (iv) cytoplasmic granules.

lateral margins of mucosal folds, and express both carbonic anhydrase (CA)
and the epithelial isoform of the sodium hydrogen exchanger, NHE-2,
suggesting a possible role in proton secretion. Both colon and coprodeum have
an acidic microclimate on the mucosal surface, presumably arising from proton
secretion and unstirred layer effects (Holtug et al., 1992; Laverty et al., 1994).
Thus, MR cells may be important in proton secretion by these epithelia, which
in turn may provide a mechanism for absorption of volatile fatty acids (Holtug,
1989).

There have been numerous studies on the transport properties of the hen
lower intestine, both in vivo and in vitro. The epithelia of these segments
display a high capacity for NaCl absorption and solute-linked water absorption
against osmotic gradients (Bindslev and Skadhauge, 1971a, b; Choshniak et
al., 1977, Lind et al., 1980 a, b; Arnason and Skadhauge, 1991). In addition,
there is secretion of both H* and K* ions (Skadhauge and Thomas, 1979; Lind
et al., 1980a; Rice and Skadhauge, 1982a; Grubb and Bentley, 1990; Laverty
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et al., 1994) and a cAMP-stimulated chloride secretion pathway (Clauss et al.,
1988; Arnason and Skadhauge, 1991; Arnason, 1997).

In general, these properties are not unlike those of the mammalian colon.
However, unlike the mammalian colon, the hen colon also expresses Na™-
linked co-transporters for hexoses and amino acids, transport characteristics
more akin to those of the small intestine (Lind et al., 1980a, b; Clauss et al.,
1984, Arnason and Skadhauge, 1991). Phloridzin-sensitive hexose transport
has also been demonstrated in isolated cells from the proximal caecum (Ferrer
et al., 1986). However, another study found that, while both glucose and
acetate stimulated transport metabolically, there did not appear to be a hexose-
stimulated co-transporter in the caecal bulb (Grubb, 1991).

Most of the studies of hen lower intestinal transport have focused on the
regulation of transport activity by dietary salt and aldosterone. Numerous
studies have documented the need to optimize dietary Na* and CI- intake
levels in fowl, as these affect growth rates, bone development and excreta
moisture content, among other variables (Smith et al., 2000; Murakami et al.,
2001). Additionally, there has been some work related to the effects of water
deprivation and osmoregulatory hormones, such as arginine vasotocin (AVT)
and prolactin. These areas will be the subject of the following sections. What
has become very clear from both morphological and physiological studies is
that the transporting segments of the lower intestine represent a high-capacity
system for both nutrient and electrolyte absorption as well as water
conservation.

Effects of dietary salt and aldosterone on the structure and function of the
lower intestine

The most widely studied aspect of lower intestinal function is the striking
change in transport activity that accompanies acclimation of hens to varying
levels of dietary salt. Much of this work has been done in vitro, using the Ussing
chamber and voltage clamping to measure currents associated with net ion
flux. Under voltage clamp conditions, these short circuit currents (Ig.) are
nearly equal to active net Na®™ absorption, as shown by isotopic flux
measurements (Choshniak et al., 1977; Lind et al., 1980a, b).

When hens are maintained on high-salt (HS) or medium-salt diets
(including commercial feeds), Na* transport and I in the coprodeum are close
to zero, with a high epithelial resistance. However, when acclimated to low-salt
(LS) diets (< 1 mmol Na*/kg BW/d intake), this tissue markedly increases Na*
transport, with net fluxes and Iy values as high as 14 nEg/cm#/h (380 pA/cm?)
(Choshniak et al., 1977; Clauss et al., 1988; Arnason and Skadhauge, 1991).
Nearly all of this current can be inhibited by the diuretic amiloride, indicating
that the net Nat transport conforms to a model of electrogenic entry of Na* at
the apical membrane via amiloride-sensitive sodium channels (ENaCs) and
active basolateral extrusion via Nat/K* ATPase pumps. This change in transport
alone represents one of the largest ranges in transport capacity for any tissue,
and is clearly an adaptation for maximal salt conservation.
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In the colon, the changes that accompany dietary salt acclimation are more
complex. Again, with LS acclimation, transport and Iy are characterized by
electrogenic, ENaC-mediated sodium absorption. However, on HS, ENaC
channel activity, as measured by amiloride-sensitive Iy, almost completely
disappears. Sodium transport continues in this tissue, but apical Na* entry now
occurs through a variety of Na*-linked substrate co-transporters. These include
Na*-hexose co-transport (Lind et al., 1980 a, b; Arnason and Skadhauge,
1991; Clauss et al., 1991), attributed to: (i) sodium glucose luminal transporter
(SGLT) family symporter (Bindslev et al., 1997; Laverty et al., 2001); (ii) Na*
amino acid co-transport (Lind et al., 1980 a, b; Arnason and Skadhauge,
1991); and (iii) Na*/H* exchange, mediated primarily by a sodium hydrogen
exchanger-2 (NHE-2) isoform (Donowitz et al., 1998; De la Horra et al., 2001).
Thus, under HS conditions, maximal Na*t transport requires the presence of
hexoses and amino acids to stimulate these transporters.

This transition in colonic transport pattern has been confirmed by uptake
studies with isolated brush border membrane vesicles (BBMV). Looking at rates
of Na* gradient-dependent glucose uptake, Garriga and co-workers (1999a)
have shown markedly reduced V _. values for glucose uptake in BBMV
prepared from LS-acclimated hens (see Mitchell and Moret6, Chapter 4, this
volume). It is considered that this co-transporter pattern seen with HS
acclimation not only helps to conserve nutrient substrates derived from both
urinary and intestinal inputs, but also functions in water conservation.

Indeed, there is recent evidence that Na*-linked symporters, such as SGLT,
can drive large fluxes of water (Loo et al., 2002), and a number of in vivo
perfusion studies have shown that the hen lower intestine and that of other
species can generate solute-linked water absorption sufficient to offset imposed
osmotic pressure gradients (lumen > blood) of almost 200 mOsm/kg (Bindslev
and Skadhauge, 1971b; Skadhauge and Thomas, 1979; Rice and Skadhauge,
1982a; Goldstein and Braun, 1986; Goldstein et al., 1986). Thus, one function
of HS colonic co-transporter activity may be to compensate for osmotic water
fluxes into the hyperosmotic lumen. We therefore propose that both colon and
coprodeum of the hen can regulate transport activities to either optimize salt
conservation or to minimize osmotic water loss.

There have been some in vivo and in vitro studies of caecal transport. The
main segment (caecal bulb, or corpus caeci) also displays high rates of mainly
amiloride-sensitive sodium absorption (Rice and Skadhauge, 1982b; Thomas
and Skadhauge, 1989a, b; Grubb, 1991; Grubb and Bentley, 1992). In vivo
perfusion studies show that this transport is accompanied by high rates of
solute-linked water transport which, taken together with the retrograde flow of
urine into the caecal lumen, indicates that the caeca may be major contributors
to overall water balance (Rice and Skadhauge, 1982b; Thomas and
Skadhauge, 1989a, b). lon and water fluxes were shown to be enhanced by
inclusion of glucose or acetate in the perfusate (Rice and Skadhauge, 1982b),
but this effect is probably metabolic rather than co-transporter mediated
(Grubb, 1991).

Both LS acclimation and aldosterone (ALDO) treatment enhanced net
sodium transport (Thomas and Skadhauge, 1989a, b; Grubb and Bentley,
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1992), as did dehydration (Rice and Skadhauge, 1982b; Thomas and
Skadhauge, 1989b). As mentioned above, phloridzin-sensitive glucose uptake,
presumably reflecting co-transporter activity, has been demonstrated in isolated
cells from the proximal caecum (basis caeci), the region closest to the ileocaecal
junction, while other regions apparently lose this transport capacity during the
first 2 weeks of age (Ferrer et al., 1986).

It is interesting to look in more detail at the dietary salt levels at which the
LS to HS transitions in the colon and coprodeum take place. Figure 5.3
summarizes data, derived from logistical regression analysis, of hexose and
amino acid-stimulated I, amiloride-sensitive I, and circulating ALDO levels,
for colons of hens chronically acclimated to one of six different salt intake levels
(Arnason and Skadhauge, 1991). As stated earlier, with increasing dietary salt
hexose and amino acid-stimulated Iy increase whereas amiloride-sensitive Ig-
and ALDO levels decline but, interestingly, all the major changes take place
over a relatively small range of Na* intake, between 1 and 10 mmol Na*/kg
BW/d. Plasma ALDO levels show a particularly steep decline, with a half
maximal intake level of 0.9 mmol Nat/kg BW/d and a detection threshold at
about 2 mmol Na*/kg BW/day.

In contrast, the half maximal dietary levels for the transport activities of
ENaCs and co-transporters lie between 3.8 and 5.9 mmol Na*/kg BW/day.
Thus, while there is a strong correlation between plasma ALDO levels and
transport pattern at the extremes of dietary intake (very low and very high), this
relation breaks down somewhat at intermediate levels. While it has generally
been assumed that ALDO accounts for most or all of the changes induced by
dietary salt manipulation, these studies raise the possibility that other hormones
at factors may also be involved (see below).

When hens are initially placed on LS diets, it takes 5-10 days for full
expression of the chronic, steady-state LS transport pattern (complete amiloride
sensitivity) (Thomas and Skadhauge, 1982; Skadhauge, 1983). The response is
faster in the colon than in the coprodeum (Fig. 5.4). There seem to be two or
more distinct phases to the long-term acclimation. In the first few days there is
presumably a recruitment or activation of ENaC channels, as well as
suppression of co-transporter activity in the colon, as plasma ALDO levels rise.

As noted earlier (Fig. 5.3), the highest levels of plasma ALDO require very
low levels of salt intake, but this probably takes a period of days to develop, as
whole animal electrolyte balances shift. This early phase may involve a
mechanism for relatively rapid genomic responses, as recently described for
other aldosterone-sensitive tissues such as the intercalated cells of the renal distal
tubule. Briefly, elevated ALDO has been shown to transcriptionally activate
serum and glucocorticoid-activated kinase (SGK), which then phosphorylates
and inactivates the ubiquitin ligase Nedd4-2 (Bhargava et al., 2004; McCormick
et al., 2005). Nedd4—2 normally targets membrane ENaC units for proteolytic
destruction. Thus, by inhibiting this ubiquitination system, ALDO indirectly
increases surface expression of ENaCs. No experiments have yet been
performed to investigate this signalling pathway in hen lower intestine.

Over a longer time course in the coprodeum, there is additionally a major
remodelling of the mucosal surface. This includes a near doubling of total cell
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Fig. 5.3. Logistic regression curves showing changes in plasma aldosterone and in short-
circuit current (lg.) responses to administration of amiloride, hexose (galactose) or amino
acids (leucine + lysine), as a function of the log of steady-state dietary salt (Na*) intake (data
from Arnason and Skadhauge, 1991). Hens were acclimated to one of six different diets
resulting in Na* intake that ranged from 0.2 to 24.7 mmol/kg BW/day. Data shown are for
colonic tissues; there is no hexose- or amino acid-stimulated current in the coprodeum. Note
that most of the changes take place within the short range of 1-10 mmol/kg BW/day of dietary
Na* intake, emphasized by the shaded area. Cross-hatches indicate the dietary Na* intake
levels at which each parameter is half maximal. Delta Ig; amiloride (AMI) and delta |5, amino
acids (AA) had identical half-maximal values of 3.8 mmol/kg BW/day. For delta Iy, galactose
(GAL) the half-maximal value was at 5.9 and for plasma aldosterone (ALDO) it was at

0.9 mmol/kg BW/day.

number and increases in microvillus length and density (Fig. 5-5a) (Elbrgnd et
al., 1991, 1998; Mayhew et al., 1992). Together, these changes more than
double the total apical surface area in the fully LS-acclimated coprodeum, thus
providing for increased transport capacity. There does not appear to be any
such tissue remodelling in the colon (unpublished observations). Measurements
of cell turnover rate in the coprodeum, using bromodeoxyuridine labelling,
showed that 14-16 d were required for newly labelled cells to move from the
crypts to the tops of the mucosal folds (Elbrgnd et al., 1998). This low turnover
rate supports the idea of a slower component to the LS acclimation, as
compared to the colon.

LS acclimation also caused an increase in the relative proportion of MR
cells in the coprodeum, from about 2-5% of total cell number in HS hens to as
high as 26% in LS hens (Elbrgnd et al., 1999). This may correlate with an
increased H* ion secretion rate in LS versus HS coprodeum (Laverty et al.,
1994).
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(a) and acute resalination (b) in the hen colon and coprodeum. Note different abscissa scales
(days versus hours) for the two panels. HS, high-salt diet. Ordinate axis scales are the same
for both panels. Numbers in boxes refer to the estimated half-times for depletion and resali-
nation for the two tissues. Resalination half-times are the same for both colon and
coprodeum. The zero value (a) and chronic HS value (b) are derived from fully acclimated HS
hens. Means + sem. Data are derived and replotted from Thomas and Skadhauge, 1982 and
from Skadhauge, 1983.

When LS-acclimated hens are acutely resalinated, the transport patterns in
both colon and coprodeum revert back to those seen with HS over a much
shorter period of 24-72 h (Fig. 5.4), corresponding to a rapid reduction in
plasma ALDO (Thomas and Skadhauge, 1982; Clauss et al., 1988, 1991;
Elbrgnd et al., 1998). There is a slower decrease in both microvillus length and
density in the coprodeum, as seen in Fig. 5-5b (Elbrgnd et al., 1998), but no
apparent changes in the colon (Laverty et al., 2001).

If aldosterone is administered to HS hens by injection (three doses/day),
ENaC activity in the colon (amiloride-sensitive Ig) rises to high levels, similar
to those of LS, after only 24 h, although amino acid-stimulated Iy is not
suppressed at this time (Thomas et al., 1980; Clauss et al., 1991). However, the
24-h response in the coprodeum represents only a small fraction of the LS
activity and even 6 d of ALDO treatment induced only 40% of the chronic LS
amiloride-sensitive I~ (Thomas et al., 1980; Clauss et al., 1988; Elbrgnd et al.,
1998). During this period of stimulation, new microvilli appear and increases in
both mean microvillus height and MR cell proporition are observed (Elbrgnd et
al., 1998). These results again point to tissue remodelling in the coprodeum as
a major part of the acclimation to low dietary salt.

On the other hand, if ALDO is administered to LS hens in combination
with acute resalination, the hormone is able to maintain LS transport patterns
in both colon and coprodeum during a period when resalination would
otherwise cause transport to revert to the HS patterns. In one study a 24-h
ALDO regimen — given at different times after the beginning of resalination —
showed a gradual reduction in the ability of the coprodeum to sustain the high
rates of amiloride-sensitive g, with almost complete insensitivity to ALDO by
5 days post-resalination (Clauss et al., 1984). The same protocol, however,
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Fig. 5.5. Scanning electron-micrographs (SEMs) of the epithelial surface of hen coprodeum
with insets of transmission electron-micrographs (TEMs) from birds on, respectively, a low-
salt (LS, a) and a high-salt (HS, b) diet. Figure 5.5a presents the three major cell types and
their localization. The cell surfaces are amplified with long and well-developed microvilli
(inset), and the mitochondria-rich cells (MR) are the longest and most densely packed when
compared to the absorptive intestinal epithelial cells (AEC). In Fig. 5.5b the epithelial cells
have only a few and very short microvilli. The number of MR cells is very limited and only
AEC and goblet cells (GC) are presented in the figures.

resulted in full maintenance of colonic amiloride sensitivity for 5 days (Clauss et
al., 1984). If ALDO treatment is started at the same time as resalination and
continued over a period of days, the high amiloride-sensitive I and low co-
transporter activity levels are maintained for up to 7 days (Arnason, 1997;
Laverty et al., 2001).

The data from these various studies indicate that high levels of ALDO
alone can both induce ENaC channel activity and suppress co-transporter
activity. On the other hand, it is not known whether other hormones contribute
to the induction of co-transporters when ALDO levels drop. Thus, the
regression data in Fig. 5.3 show that co-transporter activity is only half maximal
at steady-state dietary salt levels that result in undetectable ALDO
concentrations (Arnason and Skadhauge, 1991). Similarly, Fig. 5.3 also shows
that the half maximal dietary level for amiloride-sensitive Iy is close to the
detection threshold for ALDO and considerably higher than its half maximal
level. Thus, there may be either changes in the ALDO sensitivity of tissues or
other factors that interact with ALDO at medium salt intakes.

The BBMV methods mentioned earlier have confirmed and supported the
major role of ALDO in suppressing co-transporter activity. Thus, LS diets and
ALDO administration result in low V__ values for sodium gradient-driven
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glucose uptake, whereas resalination of LS hens increases V. (Garriga et al.,
1999a, 2000, 2001; Barfull et al., 2002). Even more convincing was the
finding that both captopril — a blocker of angiotensin converting enzyme — and
spironolactone — a blocker of mineralocorticoid receptors — prevented the
reduction in V__ seen with LS acclimation (Garriga et al., 2001). These data
support a role for the renin-angiotensin—aldosterone axis in control of colonic
co-transporter activity.

Several studies have also looked at co-transporter suppression at the
protein expression level. These studies have focused on a colonic isoform of
SGLIT, which appears to be different from the hen small intestinal transporter,
based on antibody specificity (Donowitz et al., 1998; Garriga et al., 1999b). In
both whole cell extracts (Bindslev et al., 1997) and BBMV preparations (Barfull
et al., 2002) Western blotting results show a decrease in colonic SGLT protein
expression with LS acclimation. At the same time, Northern blotting failed to
detect any changes in SGLT mRNA between LS and HS, suggesting post-
transcriptional regulation (Barfull et al., 2002). We have further shown that
SGLT protein expression can be maintained at the suppressed LS level with
ALDO administered along with resalination, while resalination with vehicle
induces the activity and expression of the co-transporter (Laverty et al., 2001).

Interestingly, while glucose-stimulated I~ was significantly elevated after
only 1 day of resalination (above both LS controls and 1 day ALDO plus
resalination), the SGLT protein expression did not increase until after 7 days of
HS. This suggests either the presence of a pool of available SGLT that can be
shuttled to the plasma membrane, or control of the transport activity of
membrane-expressed proteins during acute changes in salt intake.

Recent studies have begun to look at a possible role for the actin
cytoskeleton in controlling ENaC activity in the hen lower intestine. In other
systems, studies have provided evidence for multiple functions of actin in
ENaC regulation. In renal epithelial cells, for example, submembranous actin-
binding proteins such as fodrin and ankyrin bind to the alpha subunit of ENaC
channels and stabilize them within the apical membrane domain, thus
maintaining cell polarity (Smith et al., 1991; Rotin et al., 1994).

Aside from this structural role, studies in the A6 kidney cell line (Cantiello
et al., 1991) and in artificial membranes (Berdiev et al., 1996) have shown that
short actin filaments increase ENaC activity, possibly mediated by actin-binding
proteins. Furthermore, protein kinase A (PKA) was shown to stimulate ENaC
activity by phosphorylating actin and thereby inhibiting elongation of actin
filaments. The stimulatory effects of arginine vasopressin may also be mediated
by PKA effects on actin (Prat et al., 1993a, b).

Finally, actin also plays a role in the aldosterone-dependent trafficking of
ENaC-containing membrane vesicles to and from the apical membrane (Verrey
et al., 1995; Rehn et al., 1998). Preliminary studies in the hen lower intestine
have compared Na* transport and plasma ALDO with the amount and
distribution of globular (G) actin monomers and filamentous actin, under
different dietary conditions. These findings provide support for both structural
and regulatory roles of actin in ENaC-mediated Na* transport in these tissues
(VS. Elbrgnd, personal observations).
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Transport of other electrolytes

In vivo perfusion studies of the hen lower intestine revealed a net secretory flux
for Kt ions and absorptive fluxes of NH,* and PO,2~ (Skadhauge and
Thomas, 1979; Rice and Skadhauge, 1982a). Of these, phosphate flux was
considered to be passive, while those for ammonium and potassium ions
appeared to be coupled to Na* ion fluxes (Skadhauge and Thomas, 1979).
There have been additional in vitro studies of K* secretion; under voltage
clamp conditions, net secretion is consistently demonstrated, indicating an
active transport pathway for this ion, although accounting for only 5-10% of
total ion current (Lind et al., 1980a; Grubb and Bentley, 1990; Munck and
Munck, 1990). Net secretion was higher in colons from HS- than LS-acclimated
hens (Lind et al., 1980a; Munck and Munck, 1990) and could be enhanced by
manipulations that increased Na™ absorptive flux, probably due to increased
activity of the Na*/K* ATPase (Munck and Munck, 1990).

Under open-circuit conditions and in the presence of physiologically high
mucosal concentrations of K* (50 mM), net secretion was abolished, although
both unidirectional fluxes remained high (Grubb and Bentley, 1990). This
study also demonstrated a significant enhancement of K* unidirectional
absorptive flux in colons from hens acclimated to a low K* dietary intake,
which effectively abolished net secretion (voltage clamp conditions). Thus, the
colon appears to have a highly regulated and adaptive transport pathway for
K*. The components of K* transport in the hen colon have not been well
studied, although one report demonstrated the presence of an ouabain-
sensitive K*-activated ATPase on apical membranes of both colon and caecum
(Calonge et al., 1997). This activity was sodium independent. In the
mammalian colon a H*/K*-ATPase activity is thought to drive proton secretion,
but inhibitors of this enzyme failed to block activity of the hen colonic K*-
ATPase activity.

As noted earlier, proton secretion is also seen in the hen lower intestine
(Lind et al., 1980a; Laverty et al., 1994). This activity may be a function, at
least in part, of the carbonic anhydrase-positive MR cells (Elbrgnd et al., 2004)
and may play a role in the absorption of volatile fatty acids (Holtug et al.,
1992). HS acclimation completely eliminated H* secretion in the coprodeum,
but increased secretion rates in colonic tissues (Laverty et al., 1994). The
colonic H* secretion was insensitive to both Na™ ion replacement and ouabain.
This study and others (Holtug et al.,, 1992) also demonstrated an acidic
microclimate, a near-surface extracellular pH lower than that of the bulk phase,
in both colon and coprodeum. This microclimate probably develops in
association with an unstirred mucous layer on the mucosal surface, and may
help to neutralize the charge on volatile fatty acids, thus making them
membrane permeant.

A well-documented transport activity of the hen lower intestine is that of
chloride secretion. In some cases a small flux into the lumen is seen under
basal conditions (Lind et al., 1980a), but this secretory transport can be
markedly stimulated by agents that raise intracellular cAMP. Thus theophylline,
a phosphodiesterase inhibitor, has been extensively used to activate this
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transport pathway (Clauss et al., 1988, 1991; Arnason and Skadhauge, 1991;
Arnason, 1997). Chloride secretion in the coprodeum is consistently increased
with LS acclimation, whereas responses to LS acclimation in the colon have
been mixed. The electrogenic CI- secretion pathway appears to be similar to
that of the mammalian intestine, and may drive net water flow into the lumen
under stimulated conditions. In this regard, the Cl- secretion pathway is
probably relevant in the pathogenesis of secretory diarrhoea in the fowl.

Besides theophylline, Cl- secretion can be activated by the adenylate
cyclase agonist forskolin (unpublished observations) and by vasoactive
intestinal peptide (VIP. Munck et al., 1984) and serotonin (Hansen and
Bindslev, 1989). These latter responses imply physiological regulation. It has
also been demonstrated that the avian intestine, including the colon, expresses
receptors for guanylin-like endogenous compounds (Krause et al., 1995). These
compounds are known to activate Cl- secretion via cyclic GMP activation
(Forte, 2004). To our knowledge, however, there have not been any functional
studies of these compounds in the hen lower intestine.

Secretion of chloride in the hen lower intestine is sensitive to basolateral
bumetanide, a diuretic that inhibits Na™-2CI--K* symport (Clauss et al., 1988,
1991). Thus, as in the mammalian intestine, this probably represents the major
uptake step for net Cl- secretion. Apical exit in the mammalian colon is thought
to be mediated by cAMP/PKA-activated cystic fibrosis transmembrane regulator
(CFTR) chloride channels (Greger, 2000), although other chloride
conductances may also play a role. In isolated cells from the hen colon one
study (Fischer et al., 1991) identified, by patch clamp methods, two chloride
channel types, both of which were blocked by NPPB, a commonly used but
non-specific blocker of CFTR channels (Schultz et al., 1999). It would be of
interest to determine whether CFTR-like activity accounts for the cAMP-
activated CI- secretion in the hen lower intestine.

Effects of other hormones

The logistical regression analysis of Fig. 5.3, and other findings, indirectly
implicate other hormones in the regulation of hen lower intestinal transport.
The most likely candidates are corticosterone, prolactin and arginine vasotocin
(AVT). Non-stressed plasma corticosterone, like aldosterone, decreages with
increasing dietary salt, although only at the highest levels of intake (Arnason
and Skadhauge, 1991). It is also elevated with water deprivation (Arnason et
al., 1986). Prolactin and AVT are also elevated by water deprivation (Arnason
et al., 1986), and are significantly increased at the highest levels of dietary salt
intake (Arnason and Skadhauge, 1991). The changes in plasma hormone
levels with dietary salt intake take place at levels well above those at which the
major changes in transport take place, thus calling into question their role in
the control of these transport systems. Nevertheless, several studies provide
some evidence for effects on lower intestinal transport under certain conditions.

Both corticosterone and the synthetic analogue dexamethasone enhanced
amiloride-sensitive I in the colon when administered by injection as little as
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4-5 h prior to tissue removal (Grubb and Bentley, 1989). With regard to
prolactin, although this hormone is generally regarded as a vertebrate
osmoregulatory hormone (Loretz and Bern, 1982), there have been very few
studies of its effects in birds. The increases in plasma levels with dehydration
and HS acclimation (Amason et al., 1986; Arnason and Skadhauge, 1991)
suggest that this hormone might function both in the minimization of water
excretion and in increased Na* excretion.

On the other hand, prolactin was shown to inhibit water absorption in the
rat colon (Krishnamra et al., 2001), thus making any interpretation more
complicated. In hens, one study found decreased Na™ and water absorption by
everted jejunal and colonic sacs after 7 days of prolactin injections (Morley et
al., 1981). Prolactin infusions were also shown to increase renal excretion of
Na* and CI" in feral chickens (Roberts, 1998). Thus, these studies support the
hypothesis of prolactin decreasing Na* transport under HS conditions, perhaps
by decreasing ENaC activity. However, the inhibitory effect on water
absorption does not fit well with elevated prolactin levels associated with water
deprivation.

There is more information regarding the possible role of AVT in lower
intestinal transport. Most of this comes from a series of studies on colonic
BBMV preparations from hens acclimated to different conditions. Looking at
two transport systems, the SGLT glucose transporter and the NHE-2 sodium
hydrogen exchanger, these studies confirmed the reduction in Na* gradient-
driven glucose transport activity (decreased V__ for glucose uptake; see also
Garriga et al., 1999a) and also found increased NHE-2 activity with LS
acclimation (Donowitz et al., 1998; De la Horra et al., 2001). When hens were
water deprived for 4 days, BBMV glucose transport and NHE-2 activity were
both significantly increased in the colon, as well as in both ileum and jejunum
(De la Horra et al., 1998). Under these conditions both AVT and ALDO are
elevated above baseline (Arnason et al., 1986).

When tissues were removed and pre-incubated directly with hormones for
3 h prior to BBMV preparation, AVT exposure resulted in increased BBMV
glucose uptake in the colon, ileum and jejunum (De la Horra et al., 2001). Pre-
incubation with ALDO, on the other hand, had no effect on glucose uptake,
although it did increase colonic NHE-2 activity. The authors suggest, based on
these findings, that colonic SGLT transport activity is primarily regulated by
AVT rather than by aldosterone.

However, there are several factors that should also be considered in this
interpretation. First, direct exposure of lower intestinal tissues to aldosterone, in
vitro, has previously been shown to be without effect — even for up to 8 h — on
amiloride-sensitive I~ (Elbrgnd and Skadhauge, 1992). Secondly, while
elevated aldosterone in water-deprived hens was associated with increased —
rather than decreased — SGLT activity (De la Horra et al., 1998) , the actual
level of plasma ALDO under these conditions was not nearly as high as that
seen with LS acclimation (Amason et al., 1986; Arnason and Skadhauge,
1991).

Moreover, this interpretation does not explain the suppression of SGLT
activity under LS acclimation. On the other hand, these are interesting studies,
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because they might suggest that water deprivation — with increases in both AVT
and ALDO - ultimately activates SGLT co-transporter activity and, as
mentioned earlier, associated solute-linked water absorption. In this case,
elevated AVT would override the suppressive effects of modest increases in
ALDO and provide a physiologically appropriate response to aid in water
conservation. The possible opposing effects of ALDO and AVT on glucose (and
possibly other) co-transporter activity needs to be confirmed.

SUMMARY

The lower intestine of the domestic fowl has been the subject of extensive
investigation for several decades. These studies have provided a wealth of
information about the transport properties and morphology of these tissues
(coprodeum, colon and caeca). It is now clear that the epithelia of these tissues
maintain a diverse array of substrate transporters that contribute to both
osmotic and nutritional homeostasis. The lower intestine is positioned in such a
way as to allow for final recovery and adjustment to both urine and chyme.
Moreover, retroperistaltic contractions force these materials into the highly
developed caeca, where both fermentative breakdown and further absorption
of nutrients, ions and water can take place.

Particularly intriguing are the changes in transport capacity and patterns
that are associated with variations in the dietary Na* intake. Thus, on low-salt
diets, the lower intestine provides a high-capacity transport system for salt
conservation. On the other hand, with high salt intake levels, and possibly in
response to water deprivation, the colon and coprodeum transport systems
switch to a pattern that seems adapted to minimizing osmotic water loss into
the intestinal lumen. In this regard, the hen lower intestine has also become a
valuable model for the study of actions of aldosterone, particularly the
suppression of co-transporter (e.g. SGLT) activity and the extensive tissue
remodelling seen in the coprodeum with LS diets.

Ongoing studies are continuing to look at these aspects, as well as at the
contributions of other hormones in transport regulation, the characteristics of
chloride secretion by these tissues and the role of the actin cytoskeleton in
regulating sodium channel activity. These tissues may also provide novel
systems to study the signal transduction mechanisms and cellular responses of
aldosterone and other hormones.
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ABSTRACT

The gut is a highly specialized site for absorption of nutrients but also
represents an important barrier between the external and internal
environments. It is the site of replication and/or portal of entry for several
important pathogens and requires an array of different immune effector cells
that are organized in specialized tissues such as the bursa of Fabricius, caecal
tonsils, Meckel’s diverticulum and Peyers’ patches, or more broadly distributed
in the gut epithelium or the sub-epithelial lamina propria.

Both the innate and adaptive immune effector mechanisms play important
roles in protection from gut pathogens.

The period after hatching is especially crucial for the development of the
gut immune system. With the onset of food intake and microbial colonization
the immune system must differentiate between innocuous food components
and potentially harmful pathogens. At this stage the immune system is
immature and the chick must rely on innate effector mechanisms and maternal
antibodies, mainly IgY transmitted from the hen via the yolk. This makes the
chick especially vulnerable to a number of pathogens, until the adaptive
immune system has developed sufficiently to produce effective immune
responses. Development of the adaptive immune system depends on the
arrival and replication of specialized leukocytes at key locations in the gut,
especially the B and T lymphocytes.

Investigations on the influence of age at primary infection with Salmonella
enterica have shown that clearance from the gut is associated with the ability to
produce strong adaptive immune responses. Salmonella persists in the gut
beyond 8-9 weeks of age, irrespective of the age at first exposure, indicating
the importance of a fully mature gut immune system to control infection.
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INTRODUCTION

The gut, being a specialized organ concerned with digestion, requires a large
mucosal surface that allows intimate contact for the absorption of nutrient
molecules. This is achieved through millions of villi lined with columnar
epithelial cells which undergo continual renewal and are produced from stem
cells lining the crypts. The gut is a crucial barrier between the internal milieu
and the external environment. In addition, it provides a residence and site for
the replication of many commensal organisms, some of which break down
cellulose and uric acid in the caecum and make important contributions to the
digestive process. The gut is also an established site of infection for viruses,
bacteria and parasites. Although some pathogens remain within the gut lumen
others, such as Salmonella and Eimeria, invade the lining to gain access to
internal tissues where their replication can cause disease. To protect the host
against disease it is essential that defence mechanisms be employed along the
mucosal surfaces. These defences include physical, chemical and cellular
barriers to pathogen entry, as well as a highly specialized gut immune system.
The gut-associated lymphoid tissue (GALT) comprises lymphoid cells residing
in the epithelial lining and distributed in the underlying lamina propria, as well
as specialized lymphoid structures located at strategic sites along the gut.

Gut immune responses include both chemical and cellular responses that
are either non-specific or broadly specific and, lacking memory, are referred to
as innate responses. In addition the adaptive immune system which is
mediated by both B and T lymphocytes has both specificity and memory and
makes important contributions to pathogen control through its populations of
specialized inducer, effector and immuno-regulatory cells. The gut B and T cells
share much in common with counterparts in the systemic immune system, but
also have some very distinct differences.

An important component of the immune system is a capacity for different
cell populations to interact, which is achieved by co-stimulatory molecules
(direct cell to cell contact) and by the release of soluble mediators such as
cytokines. A broad range of cell types can produce different cytokines and
these are involved in recruiting cells to infected sites and in inducing cell
proliferation, activation and suppression (for a review of avian cytokines see
Kaiser et al., 2005).

The GALT is a key immunological system estimated to have more
lymphocytes than any of the other lymphoid tissues (Kasahara et al., 1993b).
Like the spleen, the GALT provides a major system involved in the
development of immune responses (Bar-Shira and Friedman, 2005). The gut
immune system, in contrast to the other luminal immune systems such as those
protecting the respiratory and reproductive tracts, must be capable of
differentiating between two types of foreign materials. Harmless nutrient
molecules in the gut need to be tolerated, whereas antigens derived from
pathogens must evoke appropriate protective immune responses.

A fine balance between tolerance and response is essential for gut health
and to provide optimal conditions for the absorption of nutrients, and also to
act as an efficient barrier to the entry of pathogens. Moreover, normal gut
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structure is very sensitive to perturbation and the level of a local immune
response can often result in gross pathology. Classical signs of an ongoing
immune response in the gut include: villus atrophy and hyperplasia of
enterocytes in the crypts.

ORGANIZATION OF THE AVIAN GUT IMMUNE SYSTEM

Lymphocyte populations in the epithelial lining, and also in the lamina propria,
are markedly affected by age, genotype, pathogen status and diet. However, in
the mature healthy chicken, the epithelial cells lining the apical regions of the
villi are heavily interspersed with lymphocytes (intra-epithelial lymphocytes,
IEL; see Fig. 6.1).

This IEL population principally comprises the following: (i) natural killer
(NK) cells (Gobel et al., 2001); and (ii) yd-T cells and of-T cells, the latter
principally CD8* with a minor population of CD4" cells (Lillehoj et al., 2004).
More than 50% of the TCR-positive IEL population have been found to express
CD8aa homodimers, rather than the «aff heterodimer observed elsewhere
(Imhof et al., 2000) and, in addition, small numbers of B cells (Vervelde and
Jeurissen, 1993) and heterophils (Bar-Shira and Friedman, 2005) have been
identified. The cell populations distributed in the gut will be discussed in greater
detail later in this review.

Lymphocytes are also distributed throughout the lamina propria underlying
the epithelial lining. Although NK, B and T lymphocytes are present, the
composition of this population is considerably different from the IEL
population. In terms of lymphocyte numbers, B and T cells predominate
(~90%), with the remainder comprising the NK cell phenotype. In contrast to
the IEL population, the T cell population of the lamina propria contains only a
small proportion of y3-T cells (~ 10%), with the much larger «p-T cell
population dominated by CD4* T cells and only a minor population of CD8*
cells.

Chickens lack highly structured lymph nodes such as those found in
mammals, but have a number of distinct lymphoid aggregates that line the
length of the gut. In their simplest form these consist of: (i) a specialized
lymphoepithelium containing M cells which are phagocytic; and (ii) sample
antigens from the gut lumen which transport these cells to underlying
macrophages and dendritic cells (Burns and Maxwell, 1986; Gallego et al.,
1995; Jeurissen et al., 1999). In close proximity to these cells, and with varying
degrees of organization, are follicles rich in B and T lymphocytes, usually
undergoing cell division.

The chicken foregut is considered to have relatively little organized
lymphoid tissue compared with the hindgut (Befus et al., 1980), although
oesophageal tonsils have been described, located at the junction of the
oesophagus and the proventriculus (Olah et al., 2003). Up to 8 tonsillar units
have been described; each consisting of a crypt lined with lymphoepithelium
and surrounded by dense lymphoid tissue organized into B- and T-cell
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regions. Organized lymphoid tissue is also located throughout the entire
lamina propria of the proventriculus above the glandular units (Jeurissen
et al., 1994).

A specialized lymphoid structure, Meckel’s diverticulum, develops at the
junction of the duodenum and jejunum in the young chick (Olah and Glick,
1984). The importance of this lymphoid aggregate is not fully understood but,
since it is formed from the lining of the vitelline duct, in the newly hatched
chick it may help prevent pathogens gaining entry to or from the yolk sac whilst
it is being re-adsorbed in the abdomen. Several lymphoid structures with the
characteristics of mammalian Peyer’s patches (PP) can be found scattered
throughout the intestine (Befus et al., 1980).

Although not evident at hatching, chicken PP become visible to the naked
eye by the second week (Befus et al., 1980) and can increase in number to
about five by 16 weeks of age. The PP anterior to the ileocaecal junction is the
most obvious and this becomes especially prominent after infection. Caecal
tonsils (CT) at the mouth of each of the caeca are prominent, and the most
well-studied structures of the GALT; however, numerous lymphoid follicles are
present throughout the caecal wall, especially towards the apical region of the
caecum (del Cacho, et al. 1993; Kitagawa et al., 1996, 1998).

The colon is generally lacking in lymphoid follicles but a few solitary ones
have been observed in the proctodeal and urodeal regions of the cloaca (Befus
et al., 1980), and they are particularly abundant around the bursal duct
(Friedman et al., 2003).

The bursa of Fabricius, a lymphoepithelial outgrowth from the
proctodeum, is one of the primary lymphoid organs of birds where B
lymphocyte development occurs during the late embryonic stage and in the
young chick. The role of the bursa as a primary lymphoid organ essential for
the development of B cells is discussed in a later section. However, it has been
suggested that the bursa could have a role as a secondary lymphoid organ
(Friedman et al., 2003).

There is good evidence that antigens from the gut are transported from the
cloacal region up the bursal duct and into the bursal lumen (Schaffner et al.,
1974; Sorvari et al., 1975). These antigens cross the lining of the bursal follicles
through specialized phagocytic epithelial cells (similar to M cells) and then enter
the bursal medulla, where they are taken up by resident macrophages — and
probably by dendritic cells.

The process of retrograde peristalsis, usually considered as a means of
increasing water conservation from kidney secretions entering the cloaca, could
also be the means by which bursal follicles sample hindgut bacteria (Friedman
et al., 2003). It has been reported that the introduction of antigens into the
bursa results in increased B-cell responses in the peripheral tissues after
subsequent systemic challenge (Ekino et al., 1979), but these introduced
antigens can only induce B-cell priming and do not appear to induce antibody
responses directly (Ratcliffe et al., 1996).

Bramburger and Friedman (see Abstracts, this volume) have suggested that
the bursa functions as a secondary lymphoid tissue as it has the capacity to
express immunoglobulin (Ig) transporter genes and actively to secrete
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antibodies. Whilst antibody production by follicles within, or in the vicinity of,
the bursa could be valuable in the young chick it is not clear that this function is
maintained in older birds after the bursa has regressed.

IMMUNE EFFECTOR CELLS
Innate immune cell populations

Macrophages

In avian species, as in mammals, the principal roles of macrophages are in
phagocytosis and in antigen presentation. These cells express a number of
pattern recognition molecules on their surface in order to detect invading
pathogens, including mannose receptors and scavenger receptors.

They also express a range of Toll-like receptors (TLR) that recognize a
variety of compounds derived from bacteria, fungi, viruses and parasites.
Expression in the chicken of TLR1/6/10, TLR 2 (type 2), TLR4, TLR5 and
TLR7 have been demonstrated (Dil and Qureshi, 2002; Igbal et al., 2005a, b;
Philbin et al., 2005). Macrophages also express Fc receptors that bind
antibody and complement receptors that bind opsonized pathogens (reviewed
in Qureshi et al., 2000). Activated macrophages increase in size, produce a
variety of cytokines and up-regulate phagocytic and cytotoxic activity
(Qureshi, 2003).

NK cells

The function and characterization of mammalian NK cells is relatively well
defined by comparison with avian equivalents. These cells are large and
lymphoid, with prominent intracellular granules containing perforin and
granzymes, but do not express the T cell receptor (TCR) or B cell receptor
(BCR). In mammals NK cells can recognize infecting pathogens coated with
antibody via Fc receptors that bind IgG, and IgGs, thus allowing antibody-
dependent cell cytotoxicity to take place.

Recognition of carbohydrate molecules on the surface of infected cells by
C-type lectins also enables NK cells to recognize and Kill intracellular
pathogens. Additionally, these cells recognize the levels of MHC Class I
molecules on the surface of cells and prevent the killing of healthy self cells
expressing normal levels of MHC Class [ molecules (Janeway et al., 1999).
Although NK cell biology is still not fully understood, the properties of NK cells
have led some to suggest that they provide a first line of defence and are
particularly important in responses to viruses and tumours.

In the chicken early studies were limited to assaying NK cell-like activity
(Sharma and Okazaki, 1981; Chai and Lillehoj, 1988; Lillehoj and Chai,
1988). More recently, NK cell populations have been characterized in the
chicken on the basis of the classic NK cell phenotype; these cells were CD8*
but lacked specific markers for the T- or B-cell lineage (Gobel et al., 2001).
Within the spleen and peripheral blood the proportions of these cells are very
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low (< 1%), but the proportion present in the IEL poplulation is much greater
(~30%).

Heterophils

These are the most abundant polymorphonuclear leukocytes in the chicken
and play an important role in the phagocytosis and destruction of invading
pathogens. Chicken heterophils lack myeloperoxidase and do not produce
oxygen radicals; their killing mechanisms mainly rely on the production of
defensins (Brune et al., 1972; Penniall and Spitznagel, 1975; Evans et al.,
1994). Heterophils are associated with inflammation and are recruited early
after infection; for example, large numbers of heterophils infiltrate the lamina
propria following Salmonella infections (Henderson et al., 1999; Van
Immerseel et al., 2002).

Chicken heterophils express a range of pattern recognition molecules similar
to those expressed by macrophages, including Fc and complement receptors.
Heterophils express a range of TLR molecules including: TLR1/6/10, both forms
of TLR2, TLR3, TLR4, TLR5 and TLR7 (Igbal et al., 2005a; Kogut et al., 2005).
Moreover, heterophils have the capacity to degranulate and to produce a range
of pro-inflammatory cytokines in response to specific TLR agonists.

Paneth cells

These are specialized epithelial cells located in the crypts of the small intestine
and have been described in detail in mammals (reviewed by Ganz, 2000).
Paneth cells are rich in secretory granules that contain lysozyme, secretory
phospholipase A, and a- and B-defensins, which all have anti-microbial activity
in vitro against bacteria (Selsted et al., 1984), fungi (Selsted et al., 1985; Lehrer
et al., 1988) and some enveloped viruses (Lehrer et al., 1985; Daher et al.,
1986). It is considered that these cells help maintain the gastrointestinal barrier
in the crypt lumen (Ayabe et al., 2000) and contribute to the host’s defence
against pathogenic microorganisms.

Paneth cells have not yet been described and may be scarce in birds
(Bezuidenhout and Van Aswegen, 1990). B-defensins have been identified in
the chicken (Zhao et al., 2001; Higgs et al., 2005) but have been associated
with heterophils and macrophages (Evans et al., 1994; Zhao et al., 2001;
Sugiarto and Yu, 2004), leading some to speculate that these cells could have
an important antimicrobial role in the avian gut.

Adaptive immunity

T cells

As in mammals, chicken T cells are classified on the basis of their T-cell
receptors either as TCRaB* (ap-T cells) or TCRy3™ (y8-T cells). Chickens have
only two families of TCRap* cells expressing either V1 (recognized by the
monoclonal antibody TCR2) - referred to as the TCRaB1l subfamily - and
those expressing VB2 (recognized by the monoclonal antibody TCR3) -
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referred to as the TCRa2 subfamily. The tissue distributions of TCR2* and
TCR3* cells differ. Within the IEL population very few TCR3* cells are present
in the intestine and TCR2™" cells are relatively abundant in the intestinal lamina
propria (in contrast, both populations are abundant in the spleen).

In a series of elegant experiments Chen et al. (1989) and Cihak et al.
(1991) investigated functional differences between TCR2* and TCR3* cells.
Injection of anti-TCR2 monoclonal antibody into the embryo followed by post-
hatch thymectomy resulted in depletion of TCR2*t cells and elevated
proportions of TCR3* T cells. The resulting chickens responded normally to a
range of different antigens (both T cell-dependent and -independent) and had
normal levels of circulating IgG and IgM, but were severely compromised in
their capacity to produce IgA.

In the chicken, y3-T cells are present in higher proportions in the peripheral
blood and spleen than in mice and humans (Cooper et al., 1991). In the
thymus and peripheral blood the majority of y3-T cells express neither the CD8
nor the CD4 marker on their cell surface, whereas those in the gut are
predominantly CD8* (Sanchez-Garcia and McCormack, 1996). Whilst the
biological functions of y3-T cells are still unclear, in vitro studies have
demonstrated that they are capable of cytotoxicity (Chen et al., 1994) and may
also have immunoregulatory functions (Quere et al., 1990). Chicken y3-T cells
respond poorly to stimulation by either mitogens or to TCR crosslinking
(Sowder et al., 1988; Cooper et al., 1991); however, the addition of a-T cells
to cultures restored the capacity of y3-T cells to proliferate in vitro (Arstila et al.,
1993).

Kasahara et al. (1993a) demonstrated that these v8-T cells require
exogenous sources of the cytokine interleukin (IL)-2, to potentiate stimulation
by mitogen or TCR cross-linking. Studies using mice have also demonstrated
that y3-T cells are involved in the regulation of aB-T cells. When antibodies
were used to modulate v3-T cells in vivo, both an increase in IL-2 production
by CD4+ T cells and increased cytotoxicity by CD8* T cells were observed
(Kaufmann et al., 1993), although this has not yet been tested in the chicken.

B cells

The chicken provided the first evidence for the differentiation of lymphocyte
populations into those derived from the bursa of Fabricius (B cells) and those
derived from the thymus (T cells) (Glick et al., 1956; Cooper et al., 1965). The
major function of B cells is the production of antibodies. Classically, activation
of B cells is dependent on the specific antigen and to assistance from CD4+ T
cells (T cell help).

T cell-dependent antigens bind to surface antibody on the B cell, are
internalized, processed and then re-expressed as peptides in association with
MHC Class Il molecules before recognition by helper T cells; these helper cells
then deliver activating signals to the B cell via cytokines and co-stimulatory
molecules. Activation of B cells can occur independently of T cell help, usually
by highly repetitive antigenic structures that cross-link many BCRs (Toivanen et
al., 1972; Toivanen and Toivanen, 1973; Dil and Qureshi, 2002).
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Once activated, B cells differentiate to form plasma cells that produce and
secrete antibodies into the local environment. Repeated exposure to an antigen
results in class switching from IgM to IgG and IgA (see below). It has been
suggested that peripheral B cells are pre-programmed for switching to a
particular class before they leave the bursa (Kincade and Cooper, 1973; Ivanyi,

1975).

Antibodies

Only three classes of chicken antibodies have been described and
characterized: (i) IgM; (ii) IgY (the avian homologue of mammalian IgG); and

(iii) IgA. IgM is the first antibody produced in response to primary challenge
and is expressed on the surface of all B cells prior to class switching. The
structure and properties of chicken IgM are very similar to those of mammalian
IgM (reviewed in Higgins, 1975). IgM is present in the serum predominantly in
either pentameric (Leslie and Clem, 1969) or tetrameric configurations;
however, a small amount can also be present as a monomer (Lebacg-
Verheyden et al., 1974; Higgins, 1976). The role of IgM in immune responses
in the gut is limited; it is present in bile and intestinal washes only in very small
quantities (Leslie et al., 1971; Bienenstock et al., 1973b).

IgY is the predominant antibody active against systemic infection, and it
also plays a major role as the vehicle of maternal immunity, passing to the
chick via the yolk sac (Van Meter et al., 1969).

The predominant secretory antibody in the chicken, as in mammals, is IgA
(Leslie et al., 1971). It is present at high concentrations in intestinal fluids and
bile at 3.5-12 mg/ml, compared with IgM at < 100wg/ml (Lebacq-Verheyden
et al., 1972; Bienenstock et al., 1973b; Mockett, 1986). In avian serum IgA is
predominantly present as a monomer, whereas in secretions it is polymeric
(Bienenstock et al., 1973b). The majority of antibody-forming plasma cells in
the intestine produce IgA, which is transported across the gut epithelium and
into the gut lumen by a process similar to that described in mammals (Peppard
et al., 1986). Polymeric IgA binds to epithelial cells or hepatocytes using the
secretory component (SC); it is then internalized and transported across the
cells and into the lumen (Bienenstock et al., 1973a; Parry and Porter, 1978;
Rose et al., 1981; Peppard et al., 1986).

DEVELOPMENT OF THE GUT IMMUNE SYSTEM

After hatching, considerable changes take place in the structure and
organization of the GALT. During the first 5 days epithelial cells in the crypts
and villi are rapidly proliferating; however, after this stage, proliferation is
limited to defined proliferative zones in the crypts (Uni et al., 2000). Epithelial
cells themselves also undergo rapid change: from round, non-polar enterocytes
to elongated cells with typical enterocyte morphology by 24 h post-hatch
(Geyra et al., 2001).

Staining for proliferating cell nuclear antigen (PCNA) has revealed that
most enterocytes in the crypts and villi are proliferating at hatch, but that only
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those enterocytes in the crypts are still proliferating by 3 days post-hatch
(Geyra et al., 2001).

Development of goblet cells in the chicken in the immediate post-hatch
period has been studied by Uni et al. (2003); these are apparent in the
intestinal epithelium as early as 3 days before hatching. Goblet cells present
before hatching stained mainly for acidic mucins, but after hatching there was
an increase in neutral mucins. Chicks whose feed was withheld for 48 h had
higher levels of intracellular mucin, which could be due to either impaired
mucin secretion or to enhanced mucin production (Uni et al., 2003).

Change in the structure of the intestinal epithelium could have profound
implications for the ability of the newly hatched chick to resist enteric infection:
low mucous production, enterocyte immaturity and a general lack of villus and
crypt development reduces the physical barriers within the intestine for
preventing invasion of enteric pathogens.

Pre-/post-hatch population of the gut with immune cells

Increases in the numbers and diversity of different cell types in the intestinal
epithelium and lamina propria and development of the specialized lymphoid
tissues such as the PP and CT (Befus et al., 1980; Vervelde and Jeurissen,
1993; Gomez Del Moral et al.,, 1998) are a consequence of the export of
thymic T cells and bursal B cells.

Dunon et al. (1997) monitored T cell export from the thymus and
proposed that the process occurred in a series of three waves, each wave
beginning with the export of TCR1™ cells, followed 2-3 days later by the export
of TCR2* and TCR3™ cells. Thus TCR1* cells are exported to the periphery at
15-17 E, around the time of hatching and at 6-8 days post-hatch. TCR2* and
TCR3* cells migrate to the periphery at 18-20 E, at 2-4 days post-hatch and at
9-11 days. Studies tracking bursal cells using 3H-thymidine demonstrated that
B cells begin to be exported from the bursa around day 18 of embryonic
development (Linna et al., 1969; Hemmingsson and Linna, 1972).

At hatching, histological studies have indicated that the intestinal tract is
very low in lymphoid cell content (Bar-Shira and Friedman, 2005). In the
epithelium the number of lymphocytes increased with age as cells were
exported from the thymus, with peak numbers present by approximately 8
weeks post-hatch (Vervelde and Jeurissen, 1993).

In recent studies by Bar-Shira et al. (2003), measurements of the
expression of specific mRNA produced by different cell subsets was used to
monitor age-related changes in lymphocyte populations in different parts of
the gut. These workers observed a large increase in CD3* cells at 4 days post-
hatch in all parts of the gut. The number of B cells also increased significantly,
initially in the small intestine (4 days post-hatch) and then in the large intestine
and caecal tonsils (6 days post-hatch). However, at hatching, the level of B
cell-specific mRNA expression was greater in the CT than any of the other
parts of the gut. These authors suggested that GALT lymphocytes are
functionally immature at hatching and measurements of mRNA for cytokines,
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such as IL-2 and interferon-y (IFN- «), indicated that functional maturation of
both B and T cells was biphasic, with the first stage occurring during the first
week after hatching and the second stage during the second week (Bar-Shira
et al., 2003).

During the first 4 weeks post-hatch there are also important changes in the
proportions of different lymphocyte subsets within the different gut
compartments. For example, there is a shift from TCR2* to TCR1* cells in the
intestinal epithelium, and also an increase in the percentage of IEL expressing
CD8. In the lamina propria there are increases in the percentage of
lymphocytes expressing TCR2 (Lillehoj and Chung, 1992). The lamina propria
of 1-day-old chicks is poorly developed, containing little stroma (capillaries,
lacteals, reticular and muscle fibres) and few lymphocytes (Yason et al., 1987).
By 17 days post-hatch the lamina propria has changed significantly, with
increases in stromal tissue, lymphocytes, mononuclear cells and eosinophils.

Cells of the innate immune system develop earlier than T and B cells, with
large numbers of heterophils and monocytes being present in the blood at
hatching (Burton and Harrison, 1969; Wells et al., 1998). During the first 2
weeks post-hatch there are further increases in polymorphonuclear cells in all
parts of the intestine (Bar-Shira and Friedman, 2005).

DEVELOPMENT OF IMMUNE RESPONSES TO MODEL ANTIGENS
Systemic responses

There have been few reports in the literature of changes in immune responses
to model antigens. Mast and Goddeeris (1999) reported changes in antibody
responses following in ovo (E16 or E18) or subcutaneous immunizations (1-, 7-
or 12-day-old chicks) of bovine serum albumin (BSA) administered with an
adjuvant. Antigen-specific IgM and IgY were produced only in those chicks
immunized at 12 days, peaking at 7 and 10 days post-immunization for IgM
and IgY, respectively.

The chickens immunized at 7 and 10 days were capable of an anamnestic
response after a second immunization; however, those immunized at 1 day old
were not. These data suggest that young chicks (< 1 week old) are not capable
of mounting an effective antibody response to antigen.

Responses to oral antigens

In a similar series of experiments, Bar-Shira et al. (2003) investigated the
capacity of gut antigens to evoke antibody responses in differently aged birds.
When chickens were immunized orally with BSA, or cloacally with
haemocyanin, only those aged 8 days or older at the time of immunization
were capable of mounting specific antibody responses. Other studies by Klipper
et al. (2001, 2004) demonstrated that oral antigens induced tolerance in chicks
less than 3 days of age.
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Whilst this appears to be a good mechanism for preventing inappropriate
immune responses to food antigens later in life, it could also risk the
development of tolerance to antigens derived from pathogens. However, such
chickens become capable of developing immune responses to these enteric
pathogens as their GALT develops.

Klipper et al. (2004) hypothesized that the presence of maternal antibodies
at hatching may help prevent tolerance against antigens derived from
pathogens. They suggested that maternal antibodies block interactions between
the immune cells involved in generating tolerance and pathogen-derived
antigens. The progeny of hens immunized with BSA were compared with those
from non-immunized hens and their capacity to produce BSA-specific
antibodies measured after oral immunisation at days 1-6 post-hatch and an
oral booster at 2 weeks of age.

Chicks exhibiting high levels of maternal anti-BSA antibodies produced
high levels of their own anti-BSA antibodies after this booster immunization. In
comparison, oral immunization at 1-6 days induced tolerance in the progeny
of non-immunized hens. Due to the paucity of information on oral tolerance in
the chicken, this phenomenon is still poorly understood and would benefit from
further investigation.

DEVELOPMENT OF RESPONSES TO PATHOGENS

Importance of maternal antibodies for preventing infection

The young chick is usually endowed with high levels of maternal antibodies,
mainly IgY derived from the yolk (see earlier). These antibodies have a
transient, but essential, role in protecting chicks from pathogens such as:
Eimeria, Cryptosporidium, Salmonella enterica and Campylobacter (Rose,
1972; Smith et al., 1994; Hassan and Curtiss, 1996; Hornok et al., 1998;
Sahin et al., 2003).

In challenge experiments, the progeny of immunized — or infected -
hens were compared with the progeny of control hens. This represents a
somewhat contrived system, for levels of specific maternal antibodies against
the infecting pathogen were elevated due to the recently acquired infection/
immunization (Wallach et al., 1995), but it demonstrates the capacity of
maternal antibodies to confer protection to the progeny. The transitory nature
of maternal protection has been demonstrated with E. maxima, where
significant protection occurred only in chicks from the eggs laid between 17
and 30 days post-infection (Rose, 1972).

Development of protection against infection with age

Studies into the development of the immune response — and subsequent
protection against enteric pathogens — with age have not been undertaken in
many experimental systems.
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Chickens infected with the broad host strains of Salmonella enterica (such
as Typhimurium and Enteritidis) show marked age-related differences in their
disease biology. Those infected soon after hatch (< 3 days) develop a severe
systemic disease that results in high mortality, whilst those infected when older
develop very few clinical symptoms, with infection predominantly limited to the
intestine (Barrow et al., 1988; Gast and Beard, 1989). The differences in
infection biology at these two stages may simply be due to more Salmonella
crossing the gut epithelium and gaining access to systemic sites, as a
consequence of the immaturity of the gut structure (Uni et al., 2000; Geyra et
al., 2001). Studies in our laboratory have examined more subtle differences in
the capacity of chicks infected at 1, 3 and 6 weeks to clear an oral S.
Typhimurium infection (Beal et al., 2004).

Regardless of age at infection, none of the chicks exhibited clinical signs of
disease and all cleared the infection at a similar age (approximately 9-11
weeks). The chicks infected at 1 week old also had reduced antigen specific
antibody and T cell proliferation compared with those infected at 3 and 6
weeks. Furthermore, chickens infected at 1 week of age were less protected
against re-challenge than those initially infected at 3 and 6 weeks.

These results have important implications to the producers of broiler
chickens. First, at whatever age chicks become infected they are still likely to
remain infected at the age of slaughter (6-8 weeks). Secondly, vaccination is
unlikely to be successful in protecting these chicks from infection, as protective
immune responses to enteric Salmonella infection do not appear to develop
until chickens reach 9-11 weeks of age.

Interestingly, the infection biology of the intestinal parasite E. tenella does
not appear to alter with age (Lillehoj, 1988). Regardless of the age at infection
(1, 7, 14 and 21 days of age), all chickens produced similar numbers of
oocysts; unfortunately, immune responses were not measured in this study.
Clearly, age-related effects on immunity are dependent on both the nature of
the invading pathogen and the mechanisms employed by the host.

The age of infection has a major impact on the capacity of chickens to
respond to enteric viruses, such as reoviruses which infect predominantly via
the faecal/oral route. Studies carried out recently by Mukiibi-Muka and Jones
(1999) demonstrated an increased resistance of chickens to reovirus infection
with increasing age, and an associated increase in their capacity to produce
virus specific antibodies. Chicks infected on the day of hatch were incapable of
producing significant virus specific IgA, whilst those infected at 3 weeks
exhibited a significant increase in intestinal IgA.

Implications for vaccination

In recent years there has been pressure from many quarters to reduce, or even
to eliminate, the use of antibiotics and other drug-based feed additives in
poultry diets. As a consequence the poultry industry has placed increasing
reliance on vaccination as protection against pathogens. The gut immune
system is poorly developed in the neonate; this has important implications for
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developing vaccine strategies against enteric pathogens. A better understanding
of the development of gut immune responses in the neonate is a prerequisite
for the development of new vaccination strategies against enteric pathogens.
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CHAPTER 7
Molecular approaches to the analysis of
gastrointestinal microbial ecosystems
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Microbial Ecology Group, Gut Health Division, Rowett Research Institute,
Aberdeen, UK; *e-mail: h.flint@rowett.ac.uk

ABSTRACT

Molecular analyses of ribosomal sequence diversity in mammalian and avian
gut ecosystems reveal that a high proportion of gut bacteria do not correspond
to known, cultured species. Many of the dominant microbial colonizers of the
large intestine and rumen, of which the majority are related to the Bacteroides
or Firmicutes groups, are highly sensitive to oxygen or are fastidious in their
growth requirements. A wide range of ‘culture-independent’ approaches is now
available for tracking the microbial composition of gut samples, ranging from
specific probes to profiling techniques that exploit ribosomal sequence
information. It remains crucially important, however, to be able to relate
particular phylogenetic groups to their roles in the gut, and to their impact
upon the host. This can be achieved through the isolation of abundant, but
previously little-studied, groups of gut microbes, through molecular analysis of
shifts in microbial communities in vivo and in vitro and, in some cases, through
the targeting of functionally significant genes. Examples of these approaches, as
applied to the breakdown of dietary carbohydrates, the metabolism of short-
chain fatty acids (SCFAs) and the spread of antibiotic resistance genes, will be
used to illustrate their potential for advancing understanding of complex gut
ecosystems.

INTRODUCTION

The microorganisms that colonize the gut of mammals and birds have a major
influence on the nutrition and health status of their hosts. Some species,
notably many pathogens, have the ability to survive in the external
environment and in alternative host species. For this reason, and because the
microbial ecosystems represented by different host species share many
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common features, it is important to consider gut microbial ecology as a
discipline that crosses host—species boundaries, including comparison of the
mammalian and avian gut.

In both types of host, the large intestine and caecum develop a dense,
predominantly anaerobic, microbial community, while the small intestine
supports a less dense community that is dominated by lactic acid bacteria. The
roles of these communities in supplying energy and nutrients to the host, in
harbouring or resisting colonization by pathogens and in the development of
the host’s immune system continue to be major topics for research.

Molecular approaches offer new prospects for answering some of the most
basic questions in gut microbial ecology. These cover the following: (i) the true
extent of microbial diversity, including detection of uncultivated organisms; (ii)
the influence of diet and inter-host variation upon species composition of the
microbiota; (iii) the sequence of early colonization; and (iv) the existence of
specialized communities within particular micro-niches and in different regions
of the gut.

INFORMATION FROM 16S RRNA SEQUENCES

Ribosomes are universally present in living cellular organisms, and the genes
that encode ribosomal rRNA molecules have provided a vast amount of
valuable information on microbial phylogeny, diversity and evolution (Woese,
1987). The small subunit rRNA molecule (16S in bacteria), in particular, has
proved valuable, as it has been possible to identify regions that are highly
conserved in sequence, e.g. identical in all bacteria, as well as regions that
vary in sequence between different phylogenetic groups (Weisburg et al.,
1991).

PCR amplification, using primers that target conserved regions from DNA
that is extracted from a gut or faecal sample, yields products that should
comprise all the 16S rRNA coding sequences present in the extracted DNA.
Simple library construction, followed by sequencing of the PCR products, has
been widely used to analyse the complexity of the bacterial and, in some cases,
also archaean and eukaryotic, microbial colonizers of the gut in mammals,
birds and insects.

Diversity in gut microbial communities

A number of clone library analyses of 165 TRNA gene sequence diversity are
available for human faeces and large intestine (Wilson and Blitchington,
1996; Suau et al., 1999; Hayashi et al., 2002; Hold et al., 2002; Eckburg et
al., 2005). There is general agreement that around 75% of the eubacterial
sequences detected do not correspond to known cultured organisms and
represent species that are yet to be described (cut-offs used vary from
97-99% for the degree of sequence identity corresponding to a known
species).
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In all cases, the dominant groups found are: (i) the CFB (Cytophaga,
Flavobacterium, Bacteroides) group of Gram-negative bacteria; (ii) the
Clostridium cluster XIVa group of Gram-positive bacteria; and (iii) the
Clostridium cluster IV group of Gram-positive bacteria. Interestingly, the same
three groups are also found to be predominant in the rumen of cattle (Whitford
et al., 1998; Tajima et al., 1999), in the large intestines of pigs (Pryde et al.,
1999; Leser et al., 2002) and in horses (Daly et al., 2001).

In the case of pigs, Streptococcus/Lactobacillus are also numerically
dominant. Several studies have used 16S clone libraries to investigate the
distribution of microorganisms in different regions of the gastrointestiinal tract
(GIT) (e.g. Wang et al., 2004). These have confirmed earlier information from
cultural studies, indicating a major shift between the stomach, small intestine
and large intestine in monogastric mammals and man, with the more dense
and complex anaerobically dominated communities occurring in the large
intestine.

Studies in poultry (Apajalahti et al., 2001; Gong et al., 2002; Zhu et al.,
2002; Lu et al.,, 2003) have detected a high proportion of sequences
corresponding to Clostridium-related anaerobes (Firmicutes) in the caecum.
In particular, relatives of the CI. leptum (cluster IV) and CI. coccoides (cluster
XIVa) groups were found, as in the mammalian large intestine (Table 7.1)
and rumen. Zhu et al. (2002) also reported a high frequency of the
Clostridium cluster IX (Sporomusa) group and of Gram-negative, enteric,
coliform bacteria. The Sporomusa group, which includes major propionate
producers, has also been detected in the pig and human intestine (Pryde et
al.,, 1999; Walker et al.,, 2005). None of these studies reported high
proportions of CFB (Bacteroides) or Bifidobacterium in the chicken gut,
although these groups were detected in previous cultural studies. A clear
difference was reported between the small intestine — which is dominated by
relatives of Lactobacillus, Streptococcus and Enterococcus (up to 80%) — and

Table 7.1. Estimates of the eubacterial composition of gut microbial communities based on
sequencing of 16S rRNA clone libraries.

Chicken Human Pig

Caecum Colon Stool Intestine

(Percentage sequences or OTUs recovered)

Clostridium cluster XIVa (CI. coccoides 272 46 44¢ 254
group)

Clostridium cluster IV (Cl. leptum group) 20 15 20 19

Other Gram-positives 25 5 2 33

CFB (Bacteroides) 2 26 31 11

Other (inc. proteobacteria) 21 7 3 8

a Zhu et al. (2002).
b Hold et al. (2002).
¢ Suau et al. (1999).
d Leser et al. (2002).
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the caecum, in agreement with earlier cultural studies (Barnes 1972;
Salanitro et al., 1974).

It should be stressed that 16S clone library analyses are by no means free
from potential biases and pitfalls. Large numbers of PCR cycles can lead to
over-representation of certain groups, making it desirable to keep the cycle
number low (Wilson and Blitchington, 1996). The method used for nucleic acid
extraction is also important in equalizing release of DNA from different groups
of microbes, and in minimizing degradation. Certain widely used ‘universal’
primer combinations may fail to amplify some eubacterial groups. In particular,
bifidobacteria (which are high G+C content, Gram-positive bacteria) amplify
poorly with certain ‘universal’ primer pairs, accounting for their apparent
absence from many clone libraries. Extensive discussions of 16S methodologies
are available elsewhere (von Wintzingerode et al., 1997; Zoetendal et al., 2004)
and their relative merits are summarized in Table 7.2.

Exploiting ribosomal gene sequences: specific probes and primers

The ribosomal database now includes more than 100,000 16S sequences
(Zoetendal et al., 2004; Ribosomal Database Project II at http://rdp.cme.msu.

Table 7.2. 16S rRNA-based approaches for studying diversity in microbial communities.

Sample
Identification capacity —Quantification ~ Sensitivity Comment
Sequence analysis of PCR  species/ limited good?d low? costly, laborious
amplicons strain
Oligonucleotide probing
Quantitative hybridization | targeted high good low laborious
FISH (quantitative) groups limited good low® in
Arrays high semi-quant. low development
Specific PCR amplification
Competitive PCR targeted limited good high little used
Real-time PCR } groups limited good high costly
Profiling approaches
DGGE, TGGE limitedd good poor low/high®  rapid,
T-RFLP limited good poor low/high  comparative
SSCP limited good poor low/high
Localization studies
FISH targeted limited qualitative moderate® direct
groups visualization

2 Subject to possible biases in DNA extraction, PCR amplification.

b Limited by numbers of clones that can be sequenced.

¢ FISH methods detect single cells, but microscopic methods limited by number of fields that
can be searched; sensitivity can be improved, e.g. by FACS sorting.

d Amplification of targeted group; definitive identification of bands within that group requires
cloning and sequencing.

¢ Depending on specificity of the primer combinations used.
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edu/index.jsp), and variable regions are widely used to design oligonucleotide
probes that specifically recognize particular phylogenetic groups. Probes can be
labelled radioactively or with fluorescent tags. Binding of radio-labelled probes
to extracted ribosomal RNA has been used extensively to quantify the
abundance of particular groups in gut samples (Stahl et al., 1988).

An increasingly attractive option, however, is hybridization of fluorescent
probes to whole cells (FISH) (Langendijk et al., 1995; Franks et al., 1998),
accompanied by automated microscopic counting or recovery and
enumeration by fluorescence-activated cell sorting (FACS) (Amann et al., 1990;
Zwirglmaier 2005).

FISH-based approaches have the advantage of providing information on
morphology and localization, but enumeration is essentially limited to cells in
the liquid phase and to relatively abundant groups (> 0.1% of total cells).
Nevertheless, panels of FISH probes that cover the major microbial groups can
provide valuable information on individual variation and on shifts occurring
within the gut microbial community (e.g. Franks et al., 1998; Duncan et al.,
2003; Walker et al., 2005).

A logical extension of the use of probes is to construct array-based
detection using a wide range of specific oligonucleotides. Although technically
challenging, this may provide at least semi-quantitative descriptions of
microbial communities (Small et al., 2001; Wilson et al., 2002). A high-
throughput checkerboard DNA-DNA hybridization approach based on total
genomic DNA has also been reported for microbial community analysis
(Socransky et al., 2004).

As an alternative approach, specific primer pairs can be used in
conjunction with real-time PCR to quantify specific microbial groupings (Tajima
et al., 2001). This provides greater sensitivity of detection. As with probing
approaches, great care must be taken to validate specificity of detection under
the conditions used. The DNA extraction method used for real-time-based
approaches is also a crucial factor in obtaining reliable data.

Rapid profiling approaches

Rapid profiling techniques in microbial ecology have been developed to study
species diversity and bacterial community dynamics where other methods, such
as cloning, are unsuitable due to their time-consuming and costly nature. A
wide range of methods has been explored for ‘fingerprinting’ microbial
communities based on chemical, e.g. lipid, analysis, but nucleic acid-based
methods that combine PCR amplification of ribosomal sequences with a
sequence-sensitive separation technique are now dominant.

In denaturing gradient gel electrophoresis (DGGE) (Fig. 7.1) or variants
that employ temperature gradients (TGGE), one of the primers used for
amplification carries a GC-rich ‘clamp’ to prevent complete denaturation of the
amplified, double-stranded DNA (Muyzer and Smalla, 1998; Zoeteandal et al.,
1998). Amplicons disassociate in accordance with their sequence-dependent
melting properties, decreasing their electrophoretic mobility through an
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Fig. 7.1. DGGE analysis of bacteria attached to starch particles (S) or present in the liquid medium (L) of an anaerobic fermentor inoculated
with a human faecal sample. Samples were analysed at different times after inoculation (4—6 h), as indicated. Consistent differences in
banding pattern are evident between the attached and non-attached communities (E.C. Leitch, unpublished results).
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acrylamide gel containing a linearly increasing chemical (usually urea or
formamide) or thermal denaturant.

Although, in theory, a single base change can be detected, in practice,
amplicons produced from gut communities using universal eubacterial primers
yield highly complex patterns, which make it difficult to identify all bands
present, even when they are recovered for sequencing (Kocherginskaya et al.,
2001). Primers targeted at narrower groups provide patterns that are more
easily interpreted (e.g. Knarreborg et al., 2002).

DGGE-based amplification from DNA broadly reflects genomic diversity
(although the rRNA gene copy number can vary widely between bacteria:
Coenye and Vandamme, 2003). It is also possible to amplify extracted
ribosomal RNA, however, and comparison with the DNA-based DGGE profile
gives some indication of the physiological state of bacteria in situ, since
bacterial rRNA/DNA content is known to be related to growth rate (Zoetendal
et al., 1998).

An alternative profiling approach is to cleave PCR-amplified 16S
sequences with particular restriction enzymes, and perform size separation of
cleavage products by capillary electrophoresis. In the T-RFLP method, one
primer is end-labelled either radioactively or, more usually, fluorescently (Wood
et al., 1998; Nagashima et al., 2003; Wang et al., 2004) and only the terminal
fragment is detected. In principle, the sizes of cleavage products for any given
bacterium are predictable from the sequence database, and the abundance of
different fragments can be quantified using an automated DNA sequencer. A
further approach is provided by single-strand, conformational polymorphism
(SSCP), which is based on variations in the migration of single-stranded DNA
due to secondary structure.

Variability in the intergenic regions within ribosomal operons has also been
used for microbial community analysis (e.g. Larue et al., 2005).

RELATING STRUCTURE TO FUNCTION

The rationale behind many fingerprinting studies is that the observed responses
of individual phylotypes, e.g. as defined by DGGE bands, to diet or growth
stage will help to define their function, and this can be followed by sequence-
based identification. Likewise, FISH probes can provide information on
localization and morphology of organisms ahead of their identification and
isolation. Other approaches are available, however, that address the issue of
functionality more directly.

Stable isotope probing

Certain substrates are utilized only by specialized microorganisms within a
complex community. If these substrates can be labelled isotopically in the intact
system, and the label becomes incorporated into microbial DNA, it is possible
to recover this DNA by density gradient ultra-centrifigation. Subsequent
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amplification and sequencing of 16S rRNA sequences can then reveal those
species that had incorporated the labelled substrate (Radajewski et al., 2000).
This technique, and variations of it — e.g. using RNA - is referred to
collectively as stable isotope probing (SIP). While, in principle, providing a
powerful means of relating sequence to function, the rapid dissemination of
label from many substrates, e.g. due to metabolic cross-feeding, may
complicate analysis in situations as complex as those found in the gut.

Targeting of functionally relevant genes

Molecular studies have also targeted microbial genes that are of key interest in
relation to disease and host nutrition, e.g. those encoding toxins, antibiotic
resistance and adhesion factors. Generic PCR primers and probes can be
designed in some cases where sequence conservation is high. Examples
include antibiotic resistance genes (Aminov et al., 2001; Lu et al., 2002) and
amplification of the APS reductase gene to track sulphate-reducing bacteria
(Deplancke et al., 2000).

In general, however, the degree of sequence divergence between
functionally similar genes from different bacteria precludes the design of truly
generic, gene-specific oligonucleotides.

Metagenomics

The ability to prepare gene libraries from mixed microbial communities, rather
than from cultured organisms, means that genes can be studied from hitherto
uncultured microorganisms, either by selecting inserts that encode functions of
interest or by random sequencing. Thus, the approach can identify novel genes
and provide information on members of the gut community that may be
under-represented or absent in culture collections (Steele and Streit, 2005).

If metagenome libraries are constructed so as to maximize insert sizes,
using BAC vectors, this increases the chance of recovering whole operons and
of identifying the origin of the insert from the presence of a 16S rRNA gene.
Smaller insert libraries are, however, technically easier to construct. The
possibility that vast sequencing projects can lead to resolution of whole
chromosomes is suggested by recent work (Tyson et al., 2004) but, for gut
communities, the extent of the diversity would make this an enormous task.

Cultivation

In many environments, e.g. soils, oceans, a high proportion (> 99%) of
microbes are thought to be very slow growing and these are seldom, if ever,
recovered in culture. This is not the case in the gut, where a certain minimum
growth rate is a likely prerequisite for survival. In practice, careful anaerobic
procedures appear capable of revealing most of the gut bacterial diversity,
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but work of this type usually pre-dated the introduction of 16S rRNA
methodologies.

Thus, it seems likely that the majority of gut bacteria in humans and farm
animals have been cultured at some time or other, e.g. Barnes (1972) and
Finegold et al. (1983), but many cultures have been lost and, unfortunately,
cannot be related to the wealth of ribosomal sequence data that is now
emerging.

The value of cultured isolates in providing functional information is
obvious, and these still offer the best opportunities for exploiting the progress in
molecular methodologies. It is possible for isolated organisms to be subjected to
genetic analysis, e.g. through gene knockouts or transposon mutagenesis, thus
allowing genes to be related to their functions (Handfield and Levesque, 1999).
Gene transfer methodologies still require development for most gut anaerobes,
but some progress is being made (Accetto et al., 2005).

SOME APPLICATIONS OF MOLECULAR MICROBIAL ECOLOGY

Regulation of SCFA metabolism in the human colon

Anaerobic fermentation of diet- and host-derived substrates provides most of
the energy for microbial growth and metabolism in the large intestine of
mammals and birds. The products of microbial fermentation influence the host
in many different ways, acting as energy sources, regulators of gene expression
and cell differentiation, inhibitors of pathogens or, in some cases, as toxins and
pro-carcinogens.

In the human large intestine, there has been much interest in the proposed
role of butyrate, one of the three main SCFA products of microbial fermentation,
in maintaining gut health and in preventing colitis and colorectal cancer
(McIntyre et al., 1993; Mortensen and Clausen, 1996). The microorganisms
responsible for many of the key metabolic transformations, including butyrate
formation (Pryde et al., 2002), have, however, remained little understood until
recently. In fact, butyrate-producing bacteria were found to be readily isolated,
although most are strictly anaerobic and their 16S rRNA sequences reveal that
the majority are Firmicutes, related to Eubacterium rectale/Roseburia spp. or to
Faecalibacterium prausnitzii (Barcenilla et al., 2000; Duncan et al., 2002a).
Related butyrate-producing bacteria are reported to form a significant fraction of
the microbiota of the chicken caecum (Gong et al., 2002).

In view of their phylogenetic diversity, the possibility was considered of
basing the enumeration of butyrate-producing bacteria on genes involved in
butyrate synthesis. Degenerate primers were designed that recognize butyrate
kinase/phosphotransbutyrylase genes from a wide range of Clostridium-related
anaerobes. Butyrate kinase sequences, however, proved to be undetectable in
34 out of 38 human colonic butyrate producers, correlating with a lack of
butyrate kinase activity (Louis et al., 2004).

It appears that the alternative CoA transferase enzyme (Diez-Gonzalez et
al., 1999; Duncan et al., 2002b) provides the major route for butyrate synthesis
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in the human colon (Louis et al., 2004). The physiological significance of this
finding is not yet established, but may be connected to the high acetate
concentrations found in the colonic environment. The genes for the central
pathway of butyrate synthesis, although present in butyrate-producing strains,
have proved less amenable as targets for the design of consensus primers.

Specific 16S rRNA-based FISH probes have now been designed for the
two most dominant groups of butyrate producers, enabling their enumeration
in faecal or colonic samples (Suau et al., 2001; Hold et al., 2003; Walker et al.,
2005). Meanwhile, additional probes are available for other phylogenetic
groups that correspond to particular metabolic outputs (Harmsen et al., 2002;
Loy et al., 2003). Thus the CFB- (Bacteroides) and Selenomonas-related
groups should account for most of the major producers of propionate, while
Bifidobacterium and Lactobacillus probes account for many lactic acid-
producing bacteria.

A panel of FISH probes was used to investigate the influence of pH upon
in vitro fermentor communities established from human faecal inocula and
supplied with a mixture of polysaccharide substrates (Walker et al., 2005)
Fig. 7.2. A pH value of 6.5 was shown to select strongly for the CFB group
(Bac 303), while pH 5.5 favoured butyrate-producing bacteria (RTec, FpTan).
As a result, butyrate concentrations were some fourfold higher at pH 5.5
compared with those at 6.5, while propionate and acetate concentrations rose
at pH 6.5. Since fermentable dietary carbohydrates that escape digestion in the
small intestine tend to reduce the pH of the proximal colon, they may be
expected to boost butyrate formation.

Such a butyrogenic effect has been widely reported, for example, for
resistant starches (Topping and Clifton, 2001; Pryde et al., 2002). The
correlation that is evident from Fig. 7.2 between system SCFA outputs and key
functional groups of bacteria targeted by FISH probes goes some way towards
establishing ecological roles for several of the major phylogenetic groups of
human gut bacteria.

The ability to target and accurately enumerate significant, functionally
defined groups with probes or PCR primers provides an important approach
that has also been applied, for example, to quercitin-degrading bacteria from
the human colon (Simmering et al., 2002) and to lactic acid bacteria.

Defining the bacteria that colonize insoluble substrates in the gut

Much of the dietary carbohydrate that survives digestion in the small intestine is
insoluble, in the form of plant cell wall fragments. Such substrate particles,
along with host-produced mucous and mucosal surfaces, provide potential sites
for the development of specialized microbial biofilms, although these will
necessarily be limited by rapid gut transit and cell turnover. It seems likely that
the microbiota within these biofilms include the key primary metabolizers of the
underlying substrate.

Molecular methodologies allow the identification of such biofilm-associated
populations. Using a combination of PCR (cloning and DGGE) and non-PCR
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Fig. 7.2. pH-dependent changes in short-chain fatty acid concentration (a) and bacterial
numbers detected by FISH probes (see text) (b) in an anaerobic fermentor system inoculated
with human faecal bacteria. Data are from Walker et al. (2005). Separate experiments are
shown for two faecal communities (d1, d2) in which pH was shifted from 5.5 to 6.5. Samples
are for time points taken after extensive periods (around 150 h) of equilibration of the com-
munity at each pH value.
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(FISH)-based technologies, Leitch et al. (2004) found preliminary evidence to
suggest that, under conditions found in the human gut, a specialized biofilm
community can form on insoluble substrates (Fig. 7.1). Furthermore, biofilm
composition is greatly influenced by the nature of the substrate. Similarly, the
substrate-associated bacterial fractions in the ovine rumen differ between sheep
fed a diet of grass or starch, as determined by cloning and DGGE (Larue et al.,
2005).

Tracking and detecting new classes of antibiotic resistance genes in gut
bacteria

The increase in microbial resistance to clinically important antibiotics and the
presumed impact that veterinary or agricultural use of antibiotics has on the
spread of resistance genes is of widespread concern. Past research has focused
largely on pathogenic microorganisms, but it is clear that non-pathogenic gut
microbes are equally exposed to antibiotic selection and represent potential
reservoirs of antibiotic resistance genes.

Indeed, new resistance genes have been identified in commensal gut
microbes, including tet(W) (Barbosa et al., 1999), which has proved subsequently
to be among the most abundant of all resistance genes, and is also present in
pathogens such as Arcanobacterium pyogenes (Billington et al., 2002).

Taking advantage of the generally high degree of sequence conservation
found within classes of resistance genes, the distribution of known resistance
gene sequences in environmental samples can be tracked by PCR approaches
(Aminov et al., 2001; Lu et al., 2002; Villedieu et al., 2003) or by macro-array-
based methods that use a range of gene-targeted probes (Patterson et al.,
2004) (Fig. 7.3). These studies have shown that the distribution of bacterial
resistance genes between gut samples from different hosts is more similar than
between oral and gut samples from the same host species.

It remains possible that many types of resistance gene are still unknown,
and it has become apparent recently that selective pressure from antibiotics
drives the formation of mosaic resistance genes that arise by homologous
recombination between existing types of resistance genes (Stanton et al., 2005).
This has to be taken into account when interpreting data obtained from
targeted probes and primers. An important approach to searching for these and
other novel genes is to screen metagenome libraries, selecting for inserts that
confer resistance to a given antibiotic.

CONCLUSIONS

Molecular techniques have revolutionized the study of microbial ecology in
recent years by revealing previously suspected, but often undescribed,
microbial diversity, while also providing powerful culture-independent methods
for studying the composition of microbial communities. These approaches are
proving informative when applied to avian gut communities. To be of practical
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Fig. 7.3. Macro-array detection of antibiotic resistance genes in a human faecal sample. The
macro-array was spotted (in quadruplicate) with amplified DNA sequences that recognized
23 different classes of tetracycline resistance genes and ten different classes of erythromycin
resistance genes, and hybridized against DNA extracted from a faecal sample, labelled

with 32P. 16S rRNA sequences were spotted on to the four corners as controls (Patterson

et al.,, 2004).

value, however, molecular descriptions of the microbial community must be
related to function. Techniques such as stable isotope probing and
metagenomics offer new avenues, but research on isolated gut microorganisms
and their interactions continues to be of key importance.
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Microbes of the chicken gastrointestinal
tract
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ABSTRACT

The gastrointestinal tract of an adult chicken is inhabited by up to 1013
bacteria. This microbiota has a wide metabolic potential and it affects both the
nutrition and health of the host. The microbial populations in the chicken gut
grow rapidly, the density plateauing within 3—4 days of hatching. The structural
evolution, however, is likely to continue for the entire life of a broiler chicken.

The effect of microbes on the commercial aspects of a poultry enterprise is
apparent to the farmer only in extreme cases. Known pathogens, such as
Clostridium perfringens and Escherichia coli, may reduce bird growth and
liveability and human pathogens, such as Salmonella enterica, may lead to
carcass condemnation and reduced income. Most of the time, however, the
effect of bacteria is less obvious to the grower, and one or many of the
unidentified bacterial species present may cause non-specific enteritis.

The composition of the intestinal bacterial community has been studied by
many researchers. The methods used here varied markedly and, therefore, it is
often impossible to know whether the varying observations are due to
geography, feeding regimen, bird management or to the methods used for
microflora analysis. The microbial community of the caecum is far more diverse
and less well characterized than that of the crop and small intestine. The
abundance of bacteria is significantly affected by feed composition and
ingredients. We have numerous means of modulating the microflora and these
can be applied as soon as knowledge from well-designed studies unveils the
correct bacterial targets.

INTRODUCTION

The gastrointestinal tract (GIT) of warm-blooded animals, whose diet contains
complex carbohydrates, is densely populated by bacteria. The exact density
and composition of the microflora is markedly affected by the bacterial
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composition of the inoculum received at birth or hatch, the structure of the
host’s intestinal epithelium and the diet. Gastrointestinal microflora
differentially affect the nutrition and health of different animal species. In
ruminants, the resident microflora are essential in converting the diet into the
form available for the animal, whereas for the monogastric animals the
nutrients in the diet are already in the form available for the host without
microfloral involvement.

However, microbes in the GIT of monogastric animals also greatly affect
performance of the host animal. Bacteria compete with the host for dietary
compounds but, on the other hand, produce metabolites that provide energy
for the host. The relative intensity of such bacterial activities determines the
overall effect of bacteria on the feed conversion efficiency. The effect of
microflora on energy balance is difficult to quantify and, therefore, it is one of
the hidden factors that can explain occasional unexpected growth performance.
Bacteria affecting the health of animals are more obvious since they cause
mortality or clear growth suppression. There are few bacterial diseases in
broiler chickens where the causative agents are indisputably known but there
are many syndromes in which the aetiology and causative agents remain to be
identified. Examples of names used for such syndromes are dysbacteriosis,
unspecific enteritis and wet litter problems.

The above-mentioned effects of bacteria on animal production have
significant economic consequences; impaired feed conversion efficiency,
reduced liveability, growth suppression and the presence of foodborne
pathogens all cause financial losses for the animal producer. These are the
major reasons for the recent increased interest in understanding the
development of microbial community in the GIT, its composition, the role of
different bacterial species and possibilities for manipulation of the composition
through dietary modulation. During the last 10 years tools available for
microfloral analysis have developed and these have opened new avenues for
this field of research.

Particularly important developments have opened up possibilities for
determining the overall abundance of bacteria and also for tracking the types of
bacteria that cannot be cultured under laboratory conditions. The research
done with such tools has revealed the presence of an earlier undiscovered
bacterial world which first created confusion and the feeling of ignorance but,
after the first reaction, has led to research projects aimed at understanding the
role of the entire bacterial community on the health and performance of
production animals. This chapter provides an introduction to the incoming
novel data and points out specific data items that have been widely
misunderstood by the general audience.

GROWTH OF GUT MICROBES

Newborn wild birds become exposed to bacteria from the very moment of
hatching. Their GIT receives the first inoculum of bacteria from the surface of
the eggshells which is heavily populated by bacteria from the intestine of the
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mother bird and the natural environment. In a modern hatchery, however,
eggshells and the hatching rooms are kept as bacteria-free as possible. This is
likely to affect the development of the microflora, immune system and the
intestinal physiology of the broiler chickens.

If the birds are not intentionally inoculated with, e.g. competitive exclusion
cultures at hatch, the first inoculum received by the newly hatched chicks may
be random and, perhaps, represent species foreign to the GIT of the chickens.
The effect of the first inoculum may last over the entire life of a broiler chicken
by directing the development of the immune system (immunological tolerance)
and the normal intestinal microflora.

Bacteria first entering the GIT of chickens have been found to grow very
rapidly. The initially sterile habitats of the illeum and caecum were inhabited by
108 and 1019 bacteria per gram of digesta, respectively, in 1 day (Apajalahti et
al., 2004). The maximum bacterial density was found to be reached in less
than 1 week; by that time the ileum had >10° and the caecum >101!
bacteria/g of digesta (Apajalahti et al., 2004). The shared data are from the
study that used a culture independent method, flow cytometry, for bacterial
enumeration to ensure that unculturable bacteria were also included
(Apajalahti et al., 2002).

If we assumed that 100 bacteria initially inoculated the caecum, and the
growth proceeded unlimited with no acceleration or retardation phase, the
doubling time of 40 min would lead to a density of 10!° bacteria/g in 18 h.
Correspondingly, with 80 min doubling time it would take 36 h to reach the
same bacterial density (Fig. 8.1). In reality, exponential growth is soon followed
by a retardation phase caused by nutrient depletion and accumulation of
inhibitory metabolites. The rapid initial growth detected in the GIT of chicks is
possible only if the growth medium is highly rich in nutrients. In newly hatched
chicks the most likely initial source of growth substrate for bacteria is the
residue of yolk sack contents.

Once the maximum bacterial density has been reached the subsequent
growth of bacteria in the GIT occurs in synchrony with the digesta passage rate,
keeping the bacterial density in each part of the GIT constant. Accordingly, the
turnover time of digesta in an intestinal compartment would be equal to the
bacterial doubling time in the same part of the digestive tract. Since digesta
passage rate in the small intestine is higher than in the caecum or cloacae, the
bacteria inhabiting the small intestine have to be able to grow faster than those
residing in the lower GIT to resist washout. It is worth noting that bacteria
capable of adhering to intestinal linings can resist washout even when their
growth rate is lower than the rate of digesta passage.

Taking into account that small intestinal digesta are very rich in nutrients it
is striking how efficiently birds can keep bacterial numbers low in this critical
part of the digestive tract. Chickens have several mechanisms that restrict
bacterial growth in the proximal GIT, including the following: (i) chemical
inhibition (e.g. acids and bile); (ii) highly competitive rates of nutrient
absorption (large absorptive surface and active transport); (iii) high passage
rates of digesta (washout of slowly growing bacteria); (iv) continuous sloughing
of the epithelial cells and mucous (washout of adhered bacteria); and (v) the
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Fig 8.1. Theoretical bacterial densities reached at various doubling times. The grey lines
show the time it takes for bacteria to exceed the density of 10'/g of digesta assuming
unlimited bacterial growth at indicated doubling times and an initial inoculum of 100 bacteria.
The black line is a realistic bacterial growth curve which is in line with the bacterial densities
measured in the caecum of broiler chickens (Apajalahti et al., 2004).

immunological defence mechanisms (IgA and cell mediated). Failure to prevent
bacterial growth in the proximal small intestine would, no doubt, lead to rapid
starvation of the host.

16S RIBOSOMAL RNA-BASED BACTERIAL SURVEYS

Even in the richest culture media only a minority of bacteria can be captured
and grown as pure cultures. As different bacteria may require different,
mutually exclusive growth conditions it is hardly possible to find conditions that
are suitable for all bacteria. Therefore, culture-based studies tend significantly to
underestimate bacterial numbers and diversity in complex bacterial habitats.
Furthermore, growth requirements for many bacteria remain unknown and
such bacteria cannot be isolated under any known culture conditions.

Today, several culture independent methods are available for exploring
total microbial communities. However, few of the DNA-based methods are
totally independent of prior knowledge of the microbial community. Per cent
guanine + cytosine (%G+C) profiling of the microbial community DNA is such
a method, but it only pictures the total community and bacterial genera without
revealing the identity of individual microbial species (Apajalahti et al., 1998,
2001).
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In order to acquire more detailed information on the composition of the
microbial community, methods based on polymerase chain reaction (PCR) are
frequently used alone and in combination with %G+C profiling (Apajalahti et
al., 2002; Holben et al., 2002, 2004). The major principle of PCR is to have
two DNA oligomers called primers, which are complementary to the DNA
sequence of the target DNA and, therefore, selectively bind to the specific DNA.
With matching primers present, an enzyme called DNA polymerase amplifies
the piece of DNA between the two primers so many times that its concentration
reaches a detectable level. As PCR reaction is dependent on the binding of the
primers, their precise base sequence largely determines the results obtained.

PCR reaction is a crucial element when studying the composition of
microbial communities by a method called 16S ribosomal RNA (16S rRNA)
sequencing. In this method the exact nucleotide sequence of the PCR products
amplified from the 16S rRNA gene is determined. At least one copy of 16S
rRNA gene is present in the chromosome of all prokaryotic organisms and its
nucleotide sequence has, therefore, been chosen as the basis for modern
microbial taxonomy. The identity and phylogenetic position of a microbe is
determined by its 16S rRNA sequence and the relationship to other microbial
16S rRNA sequences.

The first step in the 16S rRNA sequencing-based survey is the
amplification of a variable region from the 16S rRNA genes of all bacteria
present. This is achieved by using primers targeted at non-variable (conserved)
regions of the gene. It would be ideal for the 16S rRNA-based surveys if
identical or highly conserved primer sequences were present in all bacteria
(universal primers), whereas the DNA sequence surrounded by the primers
would be highly variable. If this was the case and there was no bias in
amplification, the relative abundance of the 16S rRNA genes originating from
different bacteria would be exactly the same before and after the PCR reaction.
However, even though there are published lists of universal primers, no single
primer pair truly captures all microbes, but inevitably leads to a bias of varying
degree. It is worth noting that no PCR-based method locates all bacteria in an
undefined bacterial community.

Table 8.1 shows the bacterial coverage of primer pairs that have been used
in 16S rRNA-based microbial community surveys in broiler chickens. We
compared each primer sequence to a public 16S rRNA sequence database,
Ribosomal Database Project (RDP II; Cole et al., 2005). First, the percentage of
RDP-II 16S sequences with 100% similarity to primers (no mismatches) was
recorded, and then the proportion of sequences with one mismatch.

The rationale behind the approach was that PCR with primers carrying one
mismatch were still likely to produce an amplification product but less efficiently
than with primers identical to the target DNA. For the primer pair 8F/1492R, the
coverage with no mismatches was 64% for the forward primer 8F and 84% for
the reverse primer 1492R. Assuming that the more universal primer, 1492R,
captured all the microbes that were captured by the less universal forward
primer 8F the coverage would be the 64%, as shown in Table 8.1. Based on the
analysis presented in Table 8.1, the primer pair that achieved the highest
coverage, and hence likely to lead to the smallest bias, would be 518F/928R.
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Table 8.1. Coverage of primer pairs used in 16S rRNA sequencing of chicken gut microbes.

Maximum coverage (%)

Primer pairs No mismatches allowed ~ One mismatch allowed References

518F/928R 74 94 Apajalahti and Kettunen, 2006
518F/928R 74 94 Holben et al., 2004

8F/926R 39 83 Lu et al., 2003

8F/1494R 62 89 Lu et al., 2003

8F/1522R 44 69 Lu et al., 2003

8F/1492R 64 91 Zhu et al., 2002

63F/1387R 13 30 Zhu et al., 2002

@ Coverage percentages for primer pairs are based on the assumption that the primer with the higher

coverage

would also cover all the sequences captured by the lower coverage primer. Thus, the percent-

ages are referred to as maximum possible coverage for a given primer pair.

Table 8.2a shows the results of two 16S-based microbial community
surveys of the chicken ileum. Although one of the surveys was carried out in
USA and the other one in Finland, the proportions of the microbial clusters are
surprisingly similar. Based on these studies, the genus Lactobacillus clearly
dominates ileal microbial community of the chicken (Lu et al., 2003; Apajalahti
and Kettunen, 2006). The presence of clostridial cluster XIVa in the ileum may
reflect the presence of a caecal microbial community resulting from reverse
peristalsis (Table 8.2a).

Table 8.2b shows the results of four studies that investigated the composition
of the microbial community in the caecum of chickens. Geographically the
research covered Georgia and Delaware in the USA, Finland in Northern Europe
and a global area comprising 500 chickens from Australia, the UK, Finland,
France and the USA (Zhu et al., 2002; Lu et al., 2003; Holben et al., 2004;
Apajalahti and Kettunen, 2006).

The results of the study carried out in Delaware differ significantly from
those of the other studies, apparently due to low 16S sequence coverage of the
primers 63F/1387R which were used in the relevant part of the study (Tables
8.1 and 8.2b). With these primers 89% of bacteria in the caecum appeared to
belong to clostridial cluster IX, the abundance of which was negligible in the
studies using primers with a better coverage (Table 8.2b).

Therefore, it seems likely that the results are strongly biased due to the odd
primer selection (Zhu et al., 2002). The surveys also referred to other
introduced methodological approaches and primers. However, in the Delaware
survey only the random cloning part of the study was included since it was the
only one that could be considered quantitative and, therefore, comparable to
other studies. The other three surveys’ findings are in line with each other,
indicating that the majority of the caecal microbes belonged to clostridial
clusters IV and XIVa, and to the genera Bacteroides, Lactobacillus and
Bifidobacterium.

Significant abundance of Bifidobacterium was found in only one of the
studies. This can partly be explained by the fact that none of the primer pairs
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Table 8.2. Relative abundance of bacterial groups found in the ileum
(a) and caecum (b) of broiler chickens in surveys based on 16S rRNA
sequencing.?
(a) Geographical location of study
'Finland  2Georgia, USA
Number of birds included 20 5
Proportion of bacterial groups (%)
Lactobacillus 80 86
Clostridial cluster XIVa 10 6
Bacteroides <5 <5
Enterococcus <5 <5
Escherichia <5 <5
Streptococcus <5 <5
Others <5 <5
(b) Geographical location of study
'Finland  3Global 2Georgia, USA “Delaware, USA
Number of birds included 20 500 5 1
Proportion of bacterial groups (%)
Clostridial cluster XIVa 42 42 45 3
Clostridial cluster IV <3 13 35 5
Clostridial cluster IX <3 <3 <3 89
Bacteroides 29 9 5 <3
Lactobacillus 12 11 <3 <3
Bifidobacterium <3 8 <3 <3
Eubacterium desmolans <3 <3 9 <3
Escherichia <3 <3 <3 <3
Others 13 14 5 <3

a The source of data is indicated by superscripts: 'Apajalahti and Kettunen, 2006; 2Lu et al.,
2003; 2Holben et al., 2004; “Zhu et al., 2002.

used in the three studies had a 100% match to the 16S sequences of
bifidobacteria. The 16S rRNA gene of bifidobacteria shows a low degree of
similarity to the genes of the other microbes and, therefore, it is hardly possible
to find primers with wide general coverage among all bacteria that would also
efficiently capture bifidobacteria. Consequently, the proportion of
bifidobacteria is likely to be underestimated in all of the microbial surveys.

The forward primer 8F used in the Georgia study shows so much
dissimilarity to bifidobacteria that it is not surprising that bifidobacteria
remained undetected in that study. The primers 518F and 928R used in the
global and Finnish studies show only one mismatch to bifidobacteria and
should thus also capture representatives of this genus, though with reduced
efficiency. In the global study, bifidobacteria comprised 8% of the caecal
microbial community, whereas in the Finnish study that used identical primers
the abundance of bifidobacteria remained below detection limit.

Samples from these two studies have also been analysed by %G+C
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profiling to capture the overall diversity of caecal bacterial communities. Results
of this analysis, shown in Fig. 8.2, indicate that in the caecum of the chickens
from Finland there were no microbes in the high %G+C area where
bifidobacteria should show up. In contrast, the %G+ C profile representing the
average caecal community of the 500 birds included in the global study
revealed significant abundance of bacteria in the high %G+C range consistent
with the %G+C of the bifidobacteria (~ 65%G+C).

Hence, it appears that there was a true difference in the levels of
bifidobacteria in the global and Finnish studies. While the level of bifidobacteria
was truly low in the Finnish study, the actual levels of bifidobacteria in the US
studies remain unknown.

Finnish study
20 30 40 50 60 70 80
% G+C content of chromosomal DNA
Global study

- N

20 30 40 50 60 70 80

% G+C content of chromosomal DNA

Fig. 8.2. Per cent guanine + cytosine profiles of the caecal microbial communities in the
chickens included in two 16S rRNA sequencing-based surveys. The profiles presented are
related to the microbial analysis presented in Table 8.2b for the Finnish and global studies.
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MISINTERPRETATIONS IN BACTERIAL NOMENCLATURE

In the early days of microbiology, bacteria were classified according to their
morphology, e.g. cocci (spheres) and bacilli (rods). Later on, rod-shaped
bacteria were divided into those carrying endospores and those that did not.
Aerobic rods with endospores formed the genus Bacillus, whereas the genus
containing their anaerobic counterparts was named Clostridium. Later,
chemical structure and physiological characteristics were taken into account
and bacterial nomenclature advanced; bacterial species were divided into
several phyla, classes, orders, families and genera.

The genus Clostridium is well known to people in the poultry industry,
mainly because of one pathogenic species, Cl. perfringens. Unfortunately this
species has affected the reputation of the entire bacterial class Clostridia, which
is the most abundant bacterial class in the intestine of both broiler chickens and
other homeothermic animals (Fig. 8.3). It is worth noting that the genus
Clostridium is only one out of 15 genera in the family Clostridiaceae, which is
only one of eight families in the order Clostridiales which, again, is only one of
three orders in the class Clostridia (Cole et al., 2005). Furthermore, CI.
perfringens is only distantly related to the majority of the more than 100
species of the genus Clostridium.

Recently, studies on evolutionary relationships of bacteria by 16S rRNA
sequencing have led to a new nomenclature that rearranges the grouping of
bacteria within the order Clostridiales. This classification is by no means in line
with the classification presented in Fig. 8.3, but divides the bacteria in the order
Clostridiales into clusters based on evolutionary relatedness (Collins et al.,
1994). Cl. perfringens and many other pathogenic clostridia belong to
clostridial cluster I, whereas the bulk of bacteria in the chicken (and human)
GIT belong to clostridial cluster XIVa (Table 8.2). Many bacterial species
belonging to clostridial cluster XIVa have positive traits such as production of
butyric acid, which promotes the health of the intestinal epithelium. It is
obvious that a change in the mindset of laymen and preciseness in the
statements of professionals is needed when dealing with the presence and role
of clostridia in the gastrointestinal tract.

The use of the 16S rRNA sequencing approach for bacterial surveys has
revealed the entire diversity of bacterial communities in the GIT of animals.
One outcome has been the discovery of many bacterial genera and species that
have never been isolated or known to exist before. This is most likely due to
the fact that there are no methods of growing them under laboratory
conditions. Since new bacterial taxa can be described only when their
representatives have been isolated and their physiological characteristics
determined in the laboratory, the unculturable bacteria discovered in 16S rRNA
surveys can only be called phylotypes or operational taxonomic units (OTUs),
as defined by their 16S rRNA sequence and evolutionary relationships to
known bacterial species.

In our own discovery work we have found about 2000 different 16S
sequences in chickens. These form, altogether, 140 genus-level (S, < 95%)
clusters (Cole et al., 2005). The role of phylotypes in the health and
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domain: Bacteria

phylum: Firmicutes
class: Clostridia
order: Thermoanaerobacteriales
order: Haloanaerobiales

- order: Clostridiales

family: Lachnospiraceae

family: Peptostreptococcaceae

family: Eubacteriaceae

family: Peptococcaceae

family: Heliobacteriaceae

family: Acidaminococcaceae

family: Syntrophomonadaceae

family: Clostridiaceae
genus: Acetivibrio
genus: Acidaminobacter
genus: Alkaliphilus
genus: Anaerobacter
genus: Caloramator
genus: Caloranaerobacter
genus: Caminicella
genus: Dorea
genus: Natronincola
genus: Sarcina
genus: Sporobacter
genus: Tepidibacter
genus: Thermobrachium
genus: Tindallia
genus: Clostridium

Clostridial
clusters | to XIX

Fig. 8.3. Family tree showing taxonomic position of the bacterial genus Clostridium within
the class Clostridia. Text in bold highlights taxonomic entities comprising the genus
Clostridium. Based on evolutionary relationships bacteria belonging to the order Clostridiales
have also been divided into clostridial clusters | to XIX. This clustering does not follow the
classification shown by the family tree.

performance of the host can be revealed only through epidemiological studies
and studies transferring suspect microbial communities from one host to
another.

EFFECT OF ANTIMICROBIALS ON GUT MICROFLORA

The routine use of feed antibiotics during recent decades has most probably
gradually shifted the microbial community of the gastrointestinal tract from
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microbes that are sensitive to antibiotics towards those that tolerate antibiotics.
Consequently, the microflora that are currently considered normal actually
represent antibiotic-tolerant microflora. This being the case, most of our
knowledge and experience of poultry management is based on birds with
antibiotic-tolerant GIT microflora.

Furthermore, veterinary science has grown accustomed to recognizing
diseases developing from those microflora that actually represent antibiotic-
tolerant microbes. The ban of routine use of growth-promoting antibiotics has
changed the situation and removed the selection pressure against antibiotic-
sensitive microbes. In the current situation, the selection pressure is solely
based on the efficiency of microbes to grow on feed residues under the
conditions of the GIT. This may lead to the outgrowth and establishment of
unforeseeable microbes from the largely unknown intestinal microbial
community of the animals.

Studies on the effects of antibiotics have traditionally been based on
cultivation of the most commonly recognized pathogens (Butaye et al., 2003).
Cl. perfringens has been shown to be sensitive to a large variety of antibiotics,
while the effects of antibiotics on coliforms, campylobacteria, enterococci and
species of Salmonella have been more variable (Butaye et al., 2003). In fact,
there are few studies that have studied the effects of antibiotics on chicken GI
tract microbes using modern microbial techniques.

Apajalahti and Kettunen (2006) found that monensin decreased the total
number of ileal microbes, resulting in reduction of competition for nutrients.
Hence, the positive effect of monensin on the body weight gain of broiler
chickens may not be solely based on the prevention of coccidiosis, but also on
reduction of overall bacterial growth in the small intestine. However, the
composition of the microflora was unaffected by monensin in both the ileum
and caecum of chickens.

When bacitracin methylene disalicylate and phenoxy methyl penicillin were
tested in combination with monensin, microbial numbers in the small intestine
were further reduced and body weight gain was even higher than with
monensin alone (Apajalahti and Kettunen, 2006). Unlike with monensin alone,
significant changes were also observed in the composition of gut microflora,
including a remarkable decrease in the abundance of lactobacilli and an
increase in E. coli.

Lee (2006) observed similar changes in the numbers of lactobacilli and E.
coli with antibiotics. Lactobacilli appear to react to a variety of antibiotics, as
their abundance was shown to decrease also with sub-therapeutic levels of
avilamycin and salinomycin in a study using both DGGE gel band sequencing
and lactic acid bacteria-specific PCR primers (Knarreborg et al., 2002). In
contrast, lactobacilli were favoured in the upper GIT of chickens when
virginiamycin was added to feed (Van Kessel et al., Abstracts, this volume).
When an antibiotic is included in feed the overall dynamics of gastrointestinal
microbial community change and, depending on the relative tolerance of
different bacterial species to the antibiotic, their relative abundance may
change unexpectedly.
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PRACTICAL IMPLICATIONS OF THE EMERGING INFORMATION

The growth of bacteria in the GIT of chickens can be divided into at least two
distinct colonization phases. First, bacteria entering the untouched environment
of the chick intestine grow exponentially. During the first colonization phase,
bacteria that happened to be present in the hatching environment increase
rapidly, leading to a fully colonized gut in just a few days. The second
maturation phase starts from the fully colonized gut and is characterized by: (i)
a low growth rate equal to that of the digesta passage; and (ii) gradual selection
of bacteria that most efficiently adapt to the prevailing conditions.

Kinetics of natural bacterial growth in the GIT has major implications on
the use of direct-fed microbes (DFM) — also known as probiotics or competitive
exclusion cultures. When given to newly hatched chicks before or at the early
colonization phase, commercial cultures can be applied in numbers exceeding
those of natural colonizers by several orders of magnitude, at acceptable cost.
This is because of the fact that natural bacterial level in the hatcheries is low
and can easily be outnumbered by DFMs. If the initial growth rate of a
commercial culture was equal to that of the endogenous microflora it would
comprise the bulk of the plateaued microbial community present in the ileum
and caecum of birds before the bacterial maturation phase.

If the commercial DFM preparation was given to birds only after the first
colonization phase (days from hatching), the cell count of the commercial
culture provided would inevitably fall several orders of magnitude below that of
the competing endogenous microflora and thus would meet hard competition
for nutrients and the ecological niche during the bacterial maturation phase.
Indeed, a commercially successful DFM culture should be provided to birds at,
or very soon after, hatching and should grow at a rate comparable to or higher
than authentic microflora.

At first sight, the ongoing revolution in basic GIT microbiology may appear to
complicate the application of the most recent knowledge to animal farming, since
new, previously unknown bacterial species are emerging and the classification of
bacteria into good and bad ones may be unclear. Howevery, it is obvious that now
that we are capable of detecting and quantifying all intestinal bacteria instead of
only a small fraction of them, comprehensive understanding is closer than ever.

Surveys carried out so far using the DNA sequencing approach have
shown that bacteria in the gut of healthy chickens may not vary drastically in
different parts of the world. The major bacterial groups in the ileum and
caecum of birds in Finland and the USA appeared to be the same, even though
some differences were observed in the relative abundance of the bacteria.
Perhaps the common breeds of broiler chickens accommodate similar bacterial
flora, but differences in feeding regimens in different countries affect the
proportions of different bacteria.

Additional studies are invaluable in providing information on the effects of
feed composition and environmental conditions on the microfloral
composition. Well-directed bacterial surveys, even in the short term, may reveal
bacterial indicators linked to performance parameters, feed conversion
efficiency and apparent/true metabolizable energy.
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Many new bacterial species will be found in the near future with the
advanced molecular techniques available. It is most unlikely that all the new
species will be neutral or beneficial for the health of the host. In fact, it is
possible that some of the disease syndromes we are witnessing today on broiler
farms are caused by unknown bacterial species that may have benefited from
the removal of growth-promoting antibiotics. Indeed, we are getting used to
microbial problems such as unspecific enteritis, dysbacteriosis and wet litter to
an extent that most of us are not even expecting their aetiology to be unveiled.
It is difficult to fight against undiscovered bacteria the existence of which cannot
be positively proven. If the causative agents of such disorders can be
discovered by these novel tools, regular monitoring of pathogen abundance
would be straightforward and it would be possible to start screening for
products to suppress such harmful organisms.

Relatively few bacterial poultry pathogens are known today. This may be
one of the reasons for the bad reputation of clostridia. CI. perfringens is a true
pathogen when the conditions in the GIT support its toxin production.
However, it is often found in the intestine in relatively high numbers with no
symptoms of necrotic enteritis or growth suppression.

Nearly all bacterial species belonging to the bacterial class Clostridia are
non-pathogenic and even beneficial. Recently, many novel species belonging to
this class have been given fresh genus and species names with no reference to
clostridia. Still, scientifically they are members of the class Clostridia and share
significant 16S rRNA sequence homology. Strangely enough, most of the
pathogenic clostridia belong to the clostridial cluster I, and are only distantly
related to the bulk of clostridia. In general, one should consider the abundance
of clostridia as a positive health indicator and worry only when the abundance
of the cluster I exceeds the detection limit in sequencing surveys.
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ABSTRACT

The environment of the avian enteric system is complex and dynamic. With
many different types of bacteria and up to 1012 viable bacteria/g of digesta,
how does the gut maintain a commensal microflora while protecting itself from
harmful organisms? Mechanisms by which pathogens are thought to be
controlled in the gut include: (i) physiological barriers such as mucin and pH;
(i) competition for enteric attachment sites; (iii) competition with the host and
other microbes for nutrients, such as short-chain fatty acids; (iv) production of
antimicrobial compounds or agents, including bacteriocins and bacteriophage;
and (v) stimulation of the immune system.

The intestinal mucosa functions as a primary host defence against the
constant presence of antigens from food and the wide variety of beneficial and
harmful microorganisms in the gut lumen. There is emerging evidence of a
sophisticated ‘cross-talk’ between the enteric microflora and the host, as well as
similar communication between the microbial inhabitants in the intestinal
lumen. Understanding the interactions between commensal and pathogenic
bacteria and the avian gastrointestinal tract will enhance the discovery of
new ways to exploit the potential benefits of this complex and dynamic
environment.

INTRODUCTION

138

The environment of the avian enteric system is complex and dynamic. With the
likelihood of more than 500 different types of bacteria and the presence of up
to 1012 viable bacteria/g of digesta, how does the gut maintain a commensal
microflora while protecting itself from harmful organisms?
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Mechanisms controlling pathogens in the gut involve: (i) the structure,
physiology and environment of the enteric system; (ii) competition for enteric
attachment sites; (ili) competition with the host and other microbes for
nutrients; (iv) production of antimicrobial compounds or agents such as
bacteriocins and bacteriophage; and (v) stimulation of the immune system.
However, some pathogenic bacteria can adapt to this hostile environment to
colonize and invade the gut mucosa. Because of the dynamic state of the
environment and the complexity of the interactions involved, it has been
difficult to understand how different factors influence the physiology of the gut
and limit pathogenic influence.

Furthermore, the characteristics that determine whether a microbe is a
commensal or a pathogen are unclear; for example, certain strains of
Salmonella can be highly infectious in poultry, whereas others act as
commensals. Campylobacter, another foodborne pathogen, can cause illness in
humans from an infective dose as low as 500 cells, whereas no sign of disease
is observed in poultry colonized with 1019 cfu/g of caecal content. This chapter
will explore the mechanisms that operate in the gut to protect the bird from
pathogenic bacteria and consider briefly how some pathogens have developed
strategies to survive in such a dynamic environment.

GUT MUCOSAL BARRIER
Key physico-chemical properties

The enteric system has evolved in order to balance the digestion of nutrients
with protection of the host from undesirable organisms by both physical and
chemical means. The mucosal layer provides a physical and a physiological
barrier. Epithelial cells have an apical membrane covered by a glycocalyx and
tight junctions between adjacent cells that restrict penetration by pathogens
(Hecht, 1995). Segments of the gastrointestinal tract (GIT) provide an
unfavourable physico-chemical environment for bacterial pathogens.

For example, the pH of the crop, proventriculus and gizzard can be highly
acidic (pH range 2.5-4.8; Denbow, 2000), which is inhibitory to the
colonization of acid-sensitive bacteria like Salmonella. The lower gut is less
acidic and more favourable to many organisms, with the largest populations of
anaerobic bacteria residing in the caeca. Even in these regions, however, lactic
acid-producing bacteria (e.g. Lactobacillus, Bifidobacterium spp.) can reduce
gut pH, thereby inhibiting growth of various pathogens (Rolf, 1991).

The role of mucins in pathogen protection

Gastrointestinal mucin is a component of the luminal barrier and an integral line
of defence against invading pathogens (Moncada et al., 2003). The integrity of
the mucosal layer is critical in host resistance to enteric disease (Mantle and
Allen-Vercoe, 1989). The epithelium of the intestinal tract is covered by a layer
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of mucous that is composed predominantly of mucin glycoproteins, which are
synthesized and secreted by goblet cells, forming a gel that adheres to the
mucosal surface (Forstner et al., 1995). This layer acts as a barrier between the
luminal contents and the absorptive system of the intestine, and protects the
mucosal surface from exogenous or endogenous luminal irritants.

Expression of various mucins, defined by differences in either their protein
backbones or glycosylation patterns, varies both between and within tissues
(Gendler and Spicer, 1995). Mucin genes are regulated at the transcriptional
level by cytokines (IL-4), bacterial metabolic products and growth factors
(TGFa; Temann et al., 1997). Mucin biosynthesis is also influenced by
conditions or agents that affect the differentiation of precursor cells into mature
goblet cells, as well as by those that uncouple the processes of glycosylation
and protein synthesis or which influence protein synthesis generally, such as
fasting or malnutrition (Sharma et al., 1997; Langhout et al., 1999).

Presence of this mucous layer may prevent bacterial translocation, since
pathogens must first pass through the mucous layer in order to adhere to and
invade the epithelial cells. Reducing mucin production in rats by starvation
allowed a rapid translocation of S. typhimurium through the Peyer’s patches
(Sakamoto et al., 2004). The significant atrophy of villi and reduction in
mucous production that were observed provide evidence of the importance of
the mucosal barrier in inhibiting bacterial translocation.

Mucin can also serve as a substrate for fermentation by commensal
bacteria. Gusils et al. (2003) demonstrated that Lactobacillus spp. could adhere
to purified intestinal mucin from chicken and Jonsson et al. (2001) found that
the addition of mucin to the growth medium initiated mucin-binding properties
in several strains of Lactobacillus. Some studies have described mucin as a site
for bacterial adhesion (Vimal et al, 2000), with subsequent competition
between pathogenic and other bacteria (Craven and Williams, 1998; Pascual
et al., 1999).

The native microflora and certain pathogenic bacteria are also involved in
mucin turnover by stimulating mucin gene expression (Dohrman et al., 1998)
and also by producing mucin-degrading enzymes (Deplancke et al., 2002). For
example, the human pathogen Helicobacter pylori uses mucous from the
stomach to protect itself from the acidic environment, attaching to the mucosal
cell surface by producing phospholipases, which dissolve the phospholipid
layer (Bengmark and Jeppsson, 1995). In addition, this organism utilizes
mucin-degrading glyocosidases and glucosulphatases to destroy glycoproteins
in the mucous, leading to inflammation and ulceration (Slomiany et al., 1987).

Bismuth compounds, an effective treatment for H. pylori-induced ulcers in
humans, inhibit bacterial enzymes that H. pylori utilizes to obtain nutrients and
to penetrate the mucosal layer. We have also used these compounds, with
some success, to reduce caecal colonization of broilers with C. jejuni (Farnell et
al., 2006a), suggesting that manipulation of enzymes in the mucosal layer may
be an effective strategy for reducing pathogen colonization of the GIT.

Mucin dynamics can also be altered by dietary supplements. Fernandez et
al. (2000) fed chickens a diet containing xylanase, which reduces C. jejuni
colonization by decreasing the viscosity of caecal mucous, altering gut transit



| Gut pathogen control 141 ]

time and possibly by ‘flushing’ C. jejuni from the GIT. Smirnov et al. (2004)
observed that goblet cell density was greater in the ileum and jejunum and
mucin glycoprotein levels were lower in the duodenum of chicks fed antibiotic
growth promoters. In the same study, use of probiotics increased the goblet cell
cup in the lower intestines of chicks.

In vitro studies utilizing L. plantarum 299v demonstrated the ability of
probiotics to inhibit enteropathogenic organisms by inducing the expression of
intestinal mucin genes (Mack et al., 1999). Thus, mucin plays an important role
in protecting the gut from pathogens.

THE ROLE OF MICROFLORA IN PATHOGENIC PROTECTION

Maturation of the enteric system and the influence of microflora on the
development of pathogen resistance

The indigenous microflora is a key component in protecting the gut from
invasion by pathogens. This is one of the best-known phenomena in relation to
the control of enteric pathogens. The GIT of the newly hatched neonate is sterile
and highly susceptible to pathogen colonization, whereas the mature bird is
much more resistant to colonization (Nurmi and Rantala, 1973; Mead, 1998).

Several studies have shown that a newly hatched chick can be infected
with only a few cells of Salmonella, whereas the older bird has a mature
microflora capable of resisting pathogens (see review by Barrow, 2000). The
protective influence of maternal transfer of enteric microflora is known for
various warm-blooded species, including humans. Unfortunately, in many
poultry operations, transfer of microflora from the hen to her offspring no
longer occurs, because chicks are raised separately from parent flocks.

The concept of accelerating development of the normal enteric microflora,
thereby increasing the resistance of young poultry to infection, was first
described by Nurmi and Rantala (1973). These researchers collected microflora
from the alimentary tract of mature chickens and used it to inoculate newly
hatched chicks, thereby reducing considerably Salmonella colonization. This
strategy has been called ‘competitive exclusion’, ‘the Nurmi effect’ or ‘probiotic
supplementation’ and, subsequently, numerous studies have demonstrated
reductions in Salmonella colonization of poultry using mixed, undefined enteric
cultures (Pivnick and Nurmi, 1982; Mead and Impey, 1986; Bailey, 1987
Stavric and D’Aoust, 1993; Mead, 2000, 2002; Nisbet, 2002).

Several mechanisms have been proposed for the protection provided by
the enteric microflora and therefore by effective competitive exclusion cultures
(Nurmi et al., 1992; Corrier and Nisbet, 1999), including competition for
binding sites, competition for nutrients, production of antibacterial substances
and immuno-stimulation. Native microflora may competitively exclude
pathogenic bacteria by blocking potential adherence sites on gastrointestinal
epithelia, thus increasing resistance to Salmonella. Protection by this
mechanism is thought to be primarily physical, rather than involving any
immediate change in bacterial metabolism, because the effect is so rapid.
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Evidence of competition for unspecified receptors is demonstrated by the
mat of microbial cells and interconnecting fibres of the glycocalyx that form a
physical barrier in the GIT of older birds. This has also been observed in chicks
after the oral administration of microbial preparations (Mead, 2000).

Several investigators have attempted to exploit and improve the
competitive exclusion phenomenon by mimicking properties of efficacious
bacteria, using defined cultures or by measuring beneficial effects within the
GIT. For example, Schoeni and Doyle (1992) isolated caecum-colonizing
bacteria that produced anti-Campylobacter metabolites from C. jejuni-free hens
and demonstrated that these isolates could protect chicks against a subsequent
challenge with C. jejuni. Attempts were made to focus on mechanisms of
Campylobacter colonization in birds, especially the chemo-attraction of
Campylobacter to mucin and the ability of the organism to use mucin as a
growth substrate. Bacteria were isolated that could grow on mucin as a sole
substrate and were presumed to occupy the same niche in the caecum as
Campylobacter.

In other studies, bacterial strains isolated from washed caeca were shown
to possess hydrophobic properties and their use improved the efficacy of
competitive exclusion cultures in chickens (Stavric and D’Aoust, 1993).
Hydrophobicity of the outer bacterial surface has also been implicated in
attachment of the organisms to host tissue (Kiely and Olson, 2000).

A competitive exclusion culture was developed from the microflora
occurring in the same niche as that occupied by Campvlobacter, using
scrapings of intestinal mucosa (Stern, 1994). Koenen et al. (2004b) developed
a method for in vitro selection of lactic acid bacteria with immuno-modulating
properties in chickens.

Together with others, we have developed methods of selecting candidate
microbes on their ability to out-compete foodborne pathogens grown in vitro
(Hargis et al., 2003; Donoghue et al., 2004a, b). We identified 137 isolates
capable of competing successfully in vitro against S. enteritidis, from a pool of
more than 8 million isolates. These cultures have demonstrated prophylactic
and therapeutic activity against Salmonella (Bielke et al., 2003; Tellez et al.,
2005) and, to some extent, Campylobacter (Donoghue et al., 2004b) in
chickens and turkeys.

Competition for nutrients

Competition for essential nutrients between native microflora and pathogenic
microbes may be a limiting factor in colonization of the gut by invading
pathogens (Lan et al., 2005). Iron is an essential nutrient for all living
organisms and the acquisition of iron is an important aspect of bacterial
colonization (Ratledge and Dover, 2000; van Vliet et al, 2002; Ho et al.,
2004). Limited availability of iron delays the growth of bacteria and triggers
their expression of virulence factors (Litwin and Calderwood, 1993). In
contrast, excessive iron uptake leads to iron toxicity and oxidative stress, which
halts bacterial growth (Touati, 2000).
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In host tissues, most of the iron is stored intracellularly, bound by
transferrin in serum or bound at mucosal surfaces by lactoferrin (Woolridge
and Williams, 1993). Therefore, the resulting availability of free iron in the host
is extremely limited. In response to this limited availability of iron, many Gram-
negative bacteria — such as Salmonella — produce small, iron-chelating
molecules called siderophores that have a high affinity for ferric iron (Kingsley
et al., 1995; Neilands, 1995). Although Campuylobacter spp. possess transport
systems for siderophores, these organisms are unable to synthesize iron
chelators (Field et al., 1986). It has been reported, however, that
Campylobacter spp. can acquire iron by using siderophores produced by other
bacteria (Pickett et al., 1992).

Many in vitro studies have shown that limiting the availability of iron in
culture media can inhibit growth of certain strains of E. coli, Salmonella spp.
and Campylobacter spp. (Field et al., 1986; Palyada et al., 2004; Holmes et al.,
2005). The iron content can be limited by adding natural or synthetic iron
chelators, such as ovotransferrin, lactoferrin or EDTA, to the medium (Chart
and Rowe, 1993; Lisiecki et al., 2000; Ho et al., 2004).

Competition for nutrients other than iron — such as the amino acids serine,
threonine, aspartic acid and arginine — has also been suggested as a means by
which the intestinal microflora could inhibit invading pathogens (Ushijima and
Seto, 1991). For example, limiting the serine concentration in vitro slowed the
growth of S. typhimurium, but not that of selected organisms from the chicken
caecal microflora (Ha et al., 1995).

ANTIBACTERIAL PROPERTIES OF SHORT-CHAIN FATTY ACIDS

Short-chain fatty acids (SCFA) are antibacterial organic acids produced by
organisms such as Lactobacillus and Bifidobacterium spp. during fermentation
of indigestible carbohydrates in the GIT (Topping and Clifton, 2001; Ricke,
2003; Miller, 2004). The predominant SCFA present in the GIT are acetic,
propionic and butyric acids, which are all weak acids with pKa values of
approximately 4.8 (Topping and Clifton, 2001).

SCFA increase from undetectable levels in the caeca of day-old broilers to
the highest concentrations at 15 days of age (van der Wielen et al., 2000). In
the early stages of chick growth, concentrations of SCFA in the caeca are too
low and the pH too high to prevent multiplication of Salmonella. As the
microflora becomes more complex, concentrations of SCFA increase and
conditions are then less favourable for Salmonella (Barnes et al., 1979; Nisbet
et al., 1994, 1996; Corrier et al., 1995).

SCFA have been reported to inhibit growth or reduce levels of S. enteritidis,
S. typhimurium, S. pullorum, E. coli, C. jejuni and C. coli (van der Wielen et al.,
2000; Topping and Clifton, 2001; Chaveerach et al., 2002; Ricke, 2003).
Although not fully understood, the antibacterial mechanisms include
bacteriostatic and bactericidal properties, depending on the physiological status
of the bacteria and the physico-chemical characteristics of the external
environment (see review, Ricke, 2003). Undissociated SCFA diffuse across
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bacterial lipid membranes, decreasing intracellular pH and causing cellular
damage or death of those microbes that are sensitive to such conditions (van
der Wielen et al., 2000).

Furthermore, SCFA can also depress bacterial growth, since additional
energy is required to return the internal pH of the cells to homeostatic levels
(van Immerseel et al., 2004a). Organic acids are also thought to interfere with
cytoplasmic membrane structure and proteins, uncoupling electron transport
systems and reducing subsequent ATP production (see review, Ricke, 2003).
Other mechanisms attributed to organic acids include interference with nutrient
transport, cytoplasmic leakage due to membrane damage, disruption of outer
membrane permeability and anion accumulation (Ricke, 2003).

Many factors affect the efficacy of SCFA against pathogens, including diet,
gut transit time, microflora and gut pH. SCFA are reported to be more
bactericidal at a lower pH, probably due to the increased availability of
undissociated acid in a low-pH environment (Corrier et al., 1990; van
Immerseel et al., 2004a).

Although the addition of SCFA has been shown to decrease bacterial
growth in vitro, researchers have had limited success in administering SCFA in
vivo. The antibacterial effects of SCFA dissipate after reaching the crop
(Thompson and Hinton, 1997), due in part to the fact that some organic acids
are absorbed and never reach all locations in the GIT. For example, radio-
labelled propionate added to feed did not reach the intestines or caeca in high
enough concentrations to be effective, and was largely absorbed in the crop,
gizzard and proventriculus (Hume et al., 1993).

Van Immerseel et al. (2004b) hypothesized that the encapsulation of SCFA
would allow these compounds to remain undissociated and reach the lower
GIT. They found that chicks challenged with S. enteritidis and treated orally
with encapsulated butyric acid had significantly less caecal colonization than
had positive control birds. Al-Tarazi and Alshawabkeh (2003) reported that the
administration of formic and propionic acids via feed reduced S. pullorum-
related mortality in broilers by 58% and caecal colonization by 75%.

While the direct, oral administration of SCFA has had limited success,
utilizing probiotics and/or prebiotics (non-digestible food ingredients that feed
the enteric microflora, e.g. oligosaccharides) to increase SCFA is more effective.
The effectiveness of butyric acid, the optimal acid for preventing bacterial
invasion/colonization (van Immerseel et al., 2004a), was increased by
supplementing the diet with fructo-oligosaccharide and Bifidobacterium spp.
(Le Blay et al., 1999; Kaplan and Hutkins, 2000).

Corrier et al. (1990) fed dietary lactose to chickens in combination with a
competitive exclusion preparation and demonstrated a significant increase in
lactic acid, a decrease in caecal pH and a 3.5-4.0 log reduction in S.
Typhimurium. The combined treatment also increased concentrations of acetic,
propionic and butyric acids in the caeca of these birds. Kubena et al. (2001a,
b) treated chicks with a competitive exclusion preparation and found that
concentrations of propionic acid were increased and that treated birds had
greater protection from caecal colonization by S. typhimurium.
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BACTERIOCINS

Bacteriocins are peptides or proteins produced by bacteria that kill or inhibit
the growth of other bacteria (Cleveland et al., 2001). Bacteriocins have activity
against a number of pathogenic, Gram-negative bacteria (Mota-Meira et al.,
2000; Arques et al., 2004) and are one of the proposed mechanisms of action
of competitive exclusion preparations (Nurmi and Rantala, 1973; Mead, 2000;
Patterson and Burkholder, 2003). However, evidence for the role of
bacteriocins in the gastrointestinal tract has been limited (Rolf, 1991).
Nevertheless, the administration of bacteriocins isolated from L. salivarius
and Paenibacillus polymyxa reduced Campylobacter colonization to
undetectable levels in the caeca of chickens (Stern et al., 2005) and turkeys
(Cole et al., 2006), whereas 10° cfu/g of Campylobacter were detected in the
caeca of positive control birds. In addition, we observed that administration of
these bacteriocins significantly reduced crypt depth and goblet cell density in
the duodenum of turkey poults (Cole et al., 2006). Since Campylobacter
preferentially colonizes mucin in the caecal crypts of poultry (Beery et al.,
1988; Meinersmann et al., 1991), this may provide clues as to how bacteriocins
alter the colonization sites and render them less suitable for Campylobacter.

INTERACTION OF GASTROINTESTINAL MICROFLORA WITH THE MUCOSAL
IMMUNE SYSTEM

The intestine is a major part of the immune system, the impact of which on the
avian GIT is discussed in detail by Davison et al. and Klasing (Chapters 6 and
14, respectively, this volume). The GIT can prevent enteric infections by
secreting defensins and secretory IgA, while phagocytes and M cells continually
survey the microflora of the lumen and lamina propria for potential pathogens
(Sansonetti, 2004; Sugiarto and Yu, 2004). Microbial components of the native
microflora and probiotics have both been shown to stimulate the avian
immune system (Farnell et al., 2003; Galdeano and Perdigon, 2004; Koenen et
al., 2004a) and to reduce organ invasion by Salmonella in vivo (Lowry et al.,
2005).

Heterophils, the avian equivalent of mammalian neutrophils, kill pathogens
by the release of toxic oxygen metabolites (oxidative burst), lytic enzymes and
antimicrobial peptides (degranulation). We have observed increases in
oxidative burst and degranulation in vitro when neonatal chicken heterophils
were stimulated with killed probiotic bacteria, suggesting that the avian

immune response may be potentiated by appropriate manipulation of the gut
microflora (Farnell et al., 2006b).

VIRUSES AS ENTERIC DEFENCE AGENTS: BACTERIOPHAGES

Bacteriophages are small viruses that are found in the enteric microflora and
are highly specific for target bacterial species (Gorski and Weber-Dabrowska,



[ 146

A.M. Donoghue et al. |

2005). When lytic phages encounter an appropriate host bacterium, they
attach to and penetrate the cell wall, replicate inside the cell and Kill it.
Although the Western world has largely ignored bacteriophages, human
bacteriophage therapy is said to have been practised in Eastern Bloc countries
for more than 50 years, with considerable success (Kutter, 1997; Alisky et al.,
1998).

The potential benefits of bacteriophage use in the poultry industry were
first explored in 1925, when phages specific for S. pullorum were isolated from
the faeces of hens that had recovered from a pullorum infection.
Bacteriophages that were active against S. enteritidis and C. jejuni significantly
reduced contamination of chicken and turkey skin (Goode et al., 2003) and
carcasses (Higgins et al., 2005). Bacteriophages lytic for S. typhimurium and
S. enteritidis and administered orally became established in the caeca, controlling
colonization and reducing bird mortality (Berchieri et al., 1991; Sklar and
Joerger, 2001).

Similarly, caeca colonized following a natural challenge by Campylobacter
had reduced levels of colonization in the presence of endemic bacteriophages
(Connerton et al., 2004; Attebury et al., 2005). Bacteriophages may be
important in the population dynamics of enteric bacteria and there is recent
evidence of immuno-suppressive activity (Gorski and Weber-Dabrowska,

2005).

DYNAMICS OF HUMAN PATHOGENIC BACTERIA IN THE AVIAN GIT

Understanding the strategies by which zoonotic bacteria survive and adapt in
the avian gut is important, because a major mode of carcass contamination
occurs during processing, when edible meat is exposed to intestinal contents.
Campylobacter and Salmonella are the most prevalent pathogens derived from
poultry that infect humans through foodborne illness (CDC, 2004). These
pathogens present an interesting challenge to intervention strategies, because
only infrequently does colonization cause clinical disease in poultry (Hargis et
al., 2001).

Other foodborne pathogens, including Listeria monocytogenes and
Clostridium perfringens, can also colonize the avian gut and are potentially
pathogenic to humans. Enteric E. coli isolates from avian species tend to be
non-pathogenic to humans; however, there is some evidence that chickens can
be colonized by E. coli 0157:H7, a highly pathogenic organism (Stavric et al.,
1993; Best et al., 2003).

Enteric bacteria must cross the adherent mucin layer to attach properly to
the gut mucosa (Sharma et al., 1997). The ability of bacteria to bind to the
mucosal epithelium is influenced by flagellar function and other bacterial
adherence factors. Bacteria have developed several strategies to penetrate the
defensive barriers of the gut. Modifications of the fimbriae and flagella are
associated with pathogenicity in certain strains of Salmonella. Type 1 fimbriae
mediate mannose-sensitive haemagglutination and are thought to play a role in
the initiation of enteric colonization (Duguid and Campbell, 1969). Flagella
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also play a key role in S. typhimurium pathogenesis in chickens, since reduced
motility diminishes the pathogenicity of this organism (Allen-Vercoe and
Woodward, 1999).

In addition to adherence factors, S. typhimurium secretes exopolysaccharide
to form a biofilm that facilitates attachment to chicken gut epithelium (Ledeboer
and Jones, 2005). Mutations in the wcaM gene (partly responsible for colonic
acid biosynthesis) and the yhjlN gene (possibly involved in cellulose biosynthesis)
were found to disrupt biofilm formation (Ledeboer and Jones, 2005) and may
provide clues for reducing colonization.

Campylobacter colonization occurs primarily in the lower intestines, where
the organism does not adhere directly to intestinal epithelial cells but locates
mainly in the mucous layer of the caecal crypts (Beery et al., 1988;
Meinersmann et al., 1991). Adherence of bacteria to mucosal surfaces is
mediated by chemotactic factors (Freter and O’Brien, 1981) and bacterial
adhesins, which can include fimbriae, flagella, capsules, glycocalyces,
lipopolysaccharides and cell-associated lectins (Beachey, 1981). A polar
flagellum confers motility on Campylobacter and the spiral shape of the cell
allows the organism to move about in the viscous mucous layer (Newell et al.,
1985; Lee et al., 1986).

Ziprin et al. (2001) demonstrated that the genes involved in adherence of
Campylobacter to mucin in the GIT: (i) cadF (mutations prevent the production
of fibronectin-binding protein); (ii) dnaJ (mutations reduce the organism’s
ability to respond well to thermal stressors); (iii) ciaB (mutants do not invade
cells in vitro); and (iv) pldA (mutants do not produce proteins with
phospholipase activity, thereby reducing their ability to break down the mucin
layer) are important to caecal colonization in chickens.

These mutants were avirulent in chickens, even at large challenge doses.
Recent evidence supports the pathogenicity of Campylobacter for humans, but
not for poultry. Campylobacter-infected humans produce antibodies against
cytolethal distending toxin, the best-characterized Campylobacter toxin, whereas
no immunoglobulins were detected in chicks colonized asymptomatically
(AbuOun et al., 2005).

CONCLUSIONS

The mechanisms involved in excluding pathogens are diverse, complex and
dynamic in the intestinal environment (Table 9.1). Synergistic interactions
between the microflora and the avian host are likely to be important in
controlling colonization by pathogenic bacteria. Future research to elucidate
these complex interactions may lead to the discovery of new strategies in
promoting intestinal integrity and the enhancement of avian health.
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Table 9.1. Defence mechanisms of the avian gastrointestinal tract.

Mechanism Mode of action References
Physical barriers
Mucin Mucin secretion and type Deplanke and
affect microflora Gaskins, 2001
pH Low pH of upper GIT inhibits Fooks and
growth of some enteric bacteria Gibson, 2002

Nutrient competition
Peristalsis
Oxygen tension

Gut microflora
Competition for adhesion sites
Nutrient competition
Bacteriocins
Bacteriophages
Short-chain fatty acids

Competitive exclusion
Mature microflora
Continuous flow culture
Mucosal scrapings
Immuno-modulation
Bactericidal compounds
In vitro competition

Mucosal immunity
Immune surveillance
Defensins

Secretory IgA

Mucin secretion

Bacteria must compete with the
GIT for nutrients

Movement of digesta and mucin
prevents bacterial adherence

The anaerobic environment of the GIT
inhibits some microbes

Bacteria compete for adhesion sites
Bacteria compete for nutrients
Antimicrobial compounds produced by
other bacteria to inhibit competitors
Viruses that replicate within and lyse
specific bacteria
Antimicrobial compounds that
can inhibit the growth of some
bacteria

Microflora from healthy adults
protects neonates

Defined probiotic culture grown in a
continuous-flow fermenter

Microflora collected from mucosal
scrapings that reduce Campylobacter

Probiotic bacteria that stimulate an
immune response

Caecal bacteria that secrete
metabolites bactericidal to C. jejuni

Enteric bacteria that outcompete
pathogens in vitro

M cells and phagocytes constantly
monitor the GIT for pathogens
Antimicrobial peptides expressed in
the villus crypts
Secreted by B cells to bind to
bacteria and prevent bacterial attachment
Regulated by pattern-recognition receptors;
flow and type affect microflora

Bedford, 2000

Montagne et al.,
2004

Rychlik and
Barrow, 2005

Bailey, 1987

Bedford, 2000

Cole et al., 2005;
Stern et al., 2005

Berchieri et al.,
1999

Ricke, 2003

Nurmi and
Rantala, 1973

Nisbet et al.,
1994, 1996

Stern, 1994

Koenen et al.,
2004a, b

Schoeni and Doyle,
1992

Bielke et al., 2003;
Donoghue et al.,
2004b

MacPherson and
Harris, 2004

Sugiarto and Yu,
2004

MacPherson et al.,
2000

Moncada et al.,
2003
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CHAPTER 10
Effect of non-starch polysaccharidases on
avian gastrointestinal function

M.R. Bedford
Zymetrics, Marlborough, UK; e-mail: Michael.Bedford @ onetel.net

ABSTRACT

Non-starch polysaccharidases, which include cellulases and xylanases, are
routinely used in poultry diets containing wheat, barley, oats, triticale and rye
and, more recently, maize. The beneficial responses observed may be based on
one or more of three proposed mechanisms of action, namely: (i) cereal
endosperm cell wall hydrolysis; (ii) reduction in intestinal viscosity; and (iii)
provision of fermentable oligomeric substrates as a result of cell wall hydrolysis.
Since each mechanism elicits a specific series of responses at the intestinal
level, and the extent of involvement of each will vary depending upon
circumstances, there are a variety of potential responses observed. Changes in
intestinal function may be driven by changes in nutrient supply and/or changes
in the physico-chemical conditions (the viscosity of the intestinal contents, the
nutrient-binding ability of the fibre fraction and the thickness of the unstirred
water layer) of the intestine.

Nutrient supply encompasses not only improved nutrient extraction by the
host, and thus reduced availability for the intestinal flora, but also the provision
of oligomeric substrates through cell wall hydrolysis. As a result of such changes
there may be subsequent, interrelated changes in the structure and size of the
intestinal tract, in pancreatic enzyme secretion, in the quantity and chemistry of
mucin secreted and in the quantity and species distribution of resident intestinal
flora. The qualitative and quantitative changes in intestinal function observed
are very much dependent upon the status in the absence of enzyme, which
highlights the fact that responses upon use of enzymes are variable, being
greatest in poor-quality diets.
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INTRODUCTION

Enzymes which target the non-starch polysaccharides (NSP) of the cereals
commonly used in poultry diets, be it wheat, barley, oats, triticale, rye or even
maize, have traditionally been viewed as tools for improving the digestibility of
a ration. The use of cellulase or xylanase-rich preparations in oats/barley- or
wheat/rye/triticale-based diets, respectively, has been shown to improve growth
rate and feed conversion ratio of birds on a relatively consistent basis (Elwinger
and Saterby, 1987; Pettersson et al., 1990; Friesen et al., 1991; Campbell and
Bedford, 1992).

Such a response is principally a result of the fact that NSPs seem to be anti-
nutritive and poultry do not express enzymes capable of degrading them.
Significant debate exists with regards to why, exactly, the NSPs are anti-nutritive
and, moreover, how these enzymes elicit such a response. The most commonly
discussed mechanisms include cereal cell wall dissolution and subsequent
exposure of the contents to more efficient digestion, and reduction in intestinal
aqueous phase viscosity by depolymerization of high-molecular weight,
soluble, viscous cell wall polymers (Choct, 1992; Cowan, 1992; Bedford,
1993). A third mechanism is based on the knowledge that the activity of NSP
enzymes in the intestine produces growth-promoting prebiotics (Morgan et al.,
1992; Choct et al., 1996).

In truth it is likely that all three mechanisms play a role in any response
observed, the contribution of each mechanism to the final result varying with
each particular situation. Since each mechanism results in quite different
interactions with gut function, the impact that the NSPs have and thus the
benefit of use of a non-starch polysaccharidase (Nsp’ase) on avian gut function
will vary from test to test. Nevertheless, Nsp’ases tend to reduce gut size as a
proportion of body weight (although in absolute terms the intestine may be
larger since enzyme-fed birds are often larger than equivalent controls) and
alter function due to their facilitation of digestion, although some data with
older birds suggest the opposite (Jaroni et al., 1999; Brenes et al., 2002, 2003).

In general, if digestion is consistently suboptimal, whether due to ingredient
quality, microbial interaction or anti-nutritive factors, the gastrointestinal tract
(GIT) responds by increasing in both size (surface area) and digestive enzyme
output. Even though diet digestibility may be maintained as a result of such
adaptation, the energy cost of digestion is greater and thus feed efficiency falls.
Use of a Nsp’ase may improve animal performance through improved diet
digestibility, reduced endogenous inputs or, most probably, through both
mechanisms.

This chapter will review some of these interactions and attempt to provide
guidance on what should be expected in different sections of the GIT under a
variety of conditions, although it should be noted that such arbitrary
segmentation of the GIT does not take sufficient note of the interactive and
integrative processes between such segments which bind the whole process of
digestion together.
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THE ROLE OF NSP’ASES IN AVIAN NUTRITION: RELEVANCE IN DIFFERENT
SEGMENTS OF THE GASTROINTESTINAL TRACT

Crop

The crop is a diverticulum of the oesophagus into which a proportion of the
feed enters for storage if the proventriculus—gizzard complex is already
occupied with feed (Moran, 1982). In the modern day broiler, which is fed ad
libitum, it would be easy to assume that the use of the crop would be limited,
with the bird simply topping up its proventriculus-gizzard as and when
required. In actual fact it is probable that, under commercial conditions, the
crop is extensively used by many broilers. Individual bird behaviour will
influence the use of the crop.

Marini  (2003) reported that 18-21-week-old turkey toms wvaried
considerably in their feeding patterns, with some eating a little and often, yet
others tending to have fewer and more intensive visits to the feeder. This latter
strategy would probably result in extensive use of the crop compared with the
former, and suggests that the flock behaves as a group of individuals rather
than as a homogenous population, with some clearly making more use of the
crop than others. In addition, the introduction of lighting programmes
throughout much of the commercial world has resulted in periods of darkness
during which the bird does not feed. As a result the flock as a whole adapts its
feeding behaviour so that it can remain fully fed during the dark period.

Birds tend to fill their crop before the lights go out and ‘gorge’ when the
lights come on (Moran, 1982). As a result, it is likely that the crop plays a
significant role in food storage in commercially produced broilers, a practice
which may not be replicated in much of the reported literature due to the
preponderance of 24- or 23-h lighting in such work. Use of the crop is
significant since the conditions therein are favourable for the activity of many
Nsp’ases — and phytase for that matter.

It is a well-hydrated environment, and depending upon the population of
resident lactobacilli and thus the concentration of lactic acid, the pH (ranges
from 4 to 7.8; Moran, 1982) can be quite favourable for many of the fungal
cellulases and xylanases in commercial use today (i.e. pH 3.5-5.5). Since feed
can reside in the crop for several hours (Moran, 1982), this organ may play a
significant role in determining the extent to which diets will respond to the use

of Nsp’ases.
Not only will these enzymes initiate attack on the fibre of the grains being
fed - thereby reducing viscosity and potentially increasing access to

fermentable nutrient contents — but they will also produce fermentable
oligomeric carbohydrates that may influence bacterial populations and their
metabolic processes. They may also effectively increase the surface area
available for bacterial attachment by ‘roughening’ the surface of endosperm
cell walls, a mechanism that has been proposed in ruminants (Nsereko et al.,
2000).

Evidence that such events occur is provided by Jozefiak et al., who
observed significant increments in lactic acid content of the crop when the
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relevant enzymes were added to barley- or wheat-based diets (Jozefiak et al.,
Abstract, this volume). Furthermore, the use of Nsp’ases has been shown to
influence crop microfloral populations (Danicke et al., 1999¢; Murphy et al.,
2004), although differences were noted between enzyme sources, suggesting
that not all enzymes bring about the same benefits. As a result, it is likely that
the species and quantities of organisms seeding the proventriculus—gizzard and
points lower down the digestive tract will be influenced by activity in the crop.
Thus, although the effects may appear regional and minimal, it is possible that
they are more far-reaching than may be envisaged at first sight.

From a structural viewpoint, Nsp’ase use clearly results in reduced crop size
when highly viscous diets (Lazaro et al., 2004) or diets rich in lupins (Brenes et
al., 2002) are used, but effects in wheat-based diets were found to be minimal
(Brenes et al., 2002; Wu and Ravindran, 2004). It is clear also that effects vary.
Differences in microbial populations were observed in the crop on feeding
different xylanases, suggesting that there would have been effects on nutrient
and NSP digestibility, but in related work no such effects were observed
(Murphy et al., 2005a, b). Perhaps the differences were due to the endpoints
being measured or to the conditions of the study in question. Regardless, it is
important that the effects of Nsp’ase enzymes on crop physiology/microbiology
are viewed in the context of the management conditions of the trial concerned.
Conditions of use should mimic commercial conditions as closely as possible if
the interpretation desired is for commercial production.

Proventriculus—gizzard

The fact that Nsp’ases elicit a response in poultry diets may seem surprising,
since the chicken is an omnivore and has evolved to digest diets in which cereal
grains play a significant part. However, under commercial conditions the bird is
exposed to a diet which is dominated by one or two ingredients, thus
increasing ‘exposure’ to NSPs and, moreover, the form in which the diet is fed
may exacerbate their detrimental effects. Fine grinding of diets increases
surface area and subsequent pelleting increases the dissolution rate of soluble
NSPs (Silversides and Bedford, 1999), leading to increased intestinal viscosity
(Teitge et al., 1991).

Although many argue that fine grinding improves access of the contents to
digestion (Carrte, 2004), it seems that fine grinding can limit development of
the gizzard and, as a result, ironically, lead to larger average particle sizes being
found in the small intestine than would be the case if the ingredient was
coarsely ground (Svihus et al., 1997, Hetland et al., 2004). Activation of the
gizzard through the use of whole grains or cellulose has been shown to
dramatically improve starch digestion in wheat-rich diets, further suggesting
that the capacity of the digestive tract to deal with incoming starch is reduced if
gizzard activity is compromised.

Thus the practice of feeding of cereal-rich, finely ground, pelleted diets — as
is the norm in commercial operations — has elevated the problems associated
with cereal NSPs beyond that which would be experienced in the wild. Use of
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Nsp’ases seems to enhance the ability of the gizzard to grind and break open
cereal endosperm cell walls (Morgan et al., 1995; Bedford and Autio, 1996),
and in fact the benefits of xylanase use on NSP and DM digestibility have been
observed to be most significant at the level of the gizzard (Murphy et al.,
2005a, b), suggesting this is a major site of Nsp’ase activity. Whether this is due
to softening of the cell walls directly or to increased gizzard activity is not clear.

Gizzard activity is controlled at several levels and may, for example, be
responding to changes in fermentation patterns further down the digestive tract
which will be discussed later. Regardless, feed form and enzyme use does
interact, with some authors noting that the use of whole grains to stimulate the
activity of the proventriculus—gizzard can reduce the need for added exogenous
enzymes (Jones and Taylor, 2001). Use of Nsp’ases tends to reduce the size of
most digestive organs, including the gizzard, probably due to their facilitation of
digestion resulting in feedback mechanisms down-regulating intestinal growth
(Brenes et al., 2002, 2003; Lazaro et al., 2004). As will be discussed later, some
of the benefits of NSP’ase use will inevitably be due to savings in endogenous
inputs into the digestive process.

Small intestine

The small intestine is where most of the benefits from use of Nsp’ases and thus
most of the changes in intestinal function have been observed. Many factors
interrelate to determine the scale of response observed, with some of these
factors being poorly understood. Increased viscosity can independently reduce
digestibility of all nutrients through direct effects on diffusion of solutes in the
luminal aqueous phase (the effects being magnified for the larger solutes such
as micelles, more so for the long-chain fatty acid micelles (Danicke et al., 1997,
2000)) and through increasing the effective thickness of the unstirred water
layer.

Also, with increased intestinal viscosity, the bird must adapt in order to
maintain thorough mixing of digesta, which is particularly important for
emulsification of fats. Fat-soluble vitamins are particularly prone to the
interaction between fat type and intestinal viscosity since they co-migrate with
the larger, less digestible micelles. This is clearly underlined by the fact that
marked effects on digestibility and liver storage of Vitamin E have been
observed in rye-based diets where tallow was the principal source of fat
(Danicke et al., 1999a).

The scale and even the direction of response observed depends upon,
amongst other variables, the viscosity produced at the level of the small
intestine. Viscosity of the aqueous phase of the digesta increases dramatically
as material leaves the gizzard and enters the small intestine (Bedford and
Classen, 1993; Choct et al., 1999; Lazaro et al., 2004). Re-analysis of the data
from Bedford and Classen (1992) indicates that intake, and thus intestinal
transit rate, tends to increase with increasing small intestinal viscosity to a
maximum of approximately 20-30 mPas. This seems to be an attempt to
maintain nutrient intake in response to recognition of reduced ration density. As
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a result, gain tends to be maintained and thus FCR deteriorates as intestinal
viscosity increases to approximately 20-30 mPas.

Therefore, when an Nsp’ase is employed in diets which are < 30 mPas
(which constitutes the vast majority of those featured in the literature on wheat,
and much of the literature on barley), the observed response tends to be a
reduction in feed intake, no improvement in gain but a benefit with respect to
FCR. Intestinal changes tend to be muted but often are seen as small
reductions in intestinal size and/or endogenous enzyme output (Maisonnier et
al., 2003; Engberg et al., 2004). Feeding an Nsp’ase in such situations will not
only result in reduced intestinal size — as discussed previously (Simon, 1998;
Brenes et al.,, 2002; Wu et al.,, 2004) — but also result in improved villus
structure, even in mature laying hens (Jaroni et al., 1999).

As intestinal viscosity increases above this threshold, the intestines struggle
to maintain flow rate by peristalsis, particularly in the younger bird (Almirall et
al., 1995), with the result that the bird is no longer able to move the material
through the intestine rapidly enough to maintain daily nutrient requirements.
Gain, intake and FCR deteriorate in unison and intestinal size and enzyme
output continue to increase. Use of enzymes in such diets (mostly relating to
studies where rye is the dominant grain, with some barley studies and a small
number of those on wheat) often leads to dramatic improvements in all
performance parameters: digestibility of nutrients as well as a marked reduction
in digestive inputs as measured by size of digestive tract and input of
endogenous enzymes (Friesen et al., 1991; Silva and Smithard, 1997; Silva et
al., 1997).

The rate at which enterocytes are replaced in the crypts is also significantly
reduced, and individual villus height increases (with concomitant increase in
villus height/crypt depth ratio) when Nsp’ases are used in particularly
challenging diets, which results in considerable savings in endogenous losses
(Silva and Smithard, 1996; Mathlouthi et al., 2002).

Addition of Nsp’ases clearly increases the availability of nutrients for the
host at the expense of the microflora in the small intestine and this, coupled
with the fact that their use also increases the rate at which digesta pass through
the small intestine (i.e. residence time is reduced) as a result of more effective
peristalsis (Danicke et al., 1999c), means that the luminal microfloral
populations often decrease. Since the signals that encourage incremental
intestinal outputs are either indirectly related to the presence of undigested
nutrients or to the presence of certain microfloral metabolites (Moran, 1982), it
is not surprising that Nsp’ase use will often lead to savings in endogenous
losses. Such savings can be very significant when highly viscous diets are
employed, which partially explains why the performance enhancements
observed are often not fully described or valued in digestibility studies
(Danicke, 2001).

Where microbial populations have been investigated, the effects of added
Nsp’ases have been to reduce fermentation in the small intestine (Danicke et
al., 1999b), whilst concomitantly increasing caecal fermentation (Choct et al.,
1999). Others have noted that xylanases can reduce total CFU in the small
intestine of young broilers fed wheat-based diets (Vahjen et al., 1998). It is also
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clear that the microflora is intimately involved in the small intestinal response to
Nsp’ases, since its absence mutes or even removes the problems associated
with feeding viscous diets (Langhout et al., 2000; Maisonnier et al., 2003).

Bacteria are particularly involved in the effects on fat digestion since they
produce bile acid hydrolases to protect themselves from this anti-microbial and,
in doing so, compromise fat micelle formation. Feeding of highly viscous diets
has been shown to reduce the content and/or conjugation status of bile acids
and thus addition of the relevant enzyme (or additional bile salts) leads to
improved fat digestion (Smits et al., 1998; Hubener et al., 2002; Mathlouthi et
al., 2002), which confirms the interrelationship between microbial status,
viscosity and fat emulsification and digestion.

Caecum

The caecum is a source of Nsp’ase activity in its own right as a result of the
resident microflora (Hubener et al., 2002). When feeding very poor-quality
cereals it is clear that performance is poor but mostly due to extreme individual
bird variability (Choct et al., 1999). The ‘better performers’ on barley- and rye-
based diets are probably those individuals supporting caecal flora which
produce Nsp’ases that have some benefit if refluxed (Choct et al., 2001). Not
only does the addition of Nsp’ases reduce the bird-to-bird variability, but it has
also been suggested that in extremely viscous diets they can remove plugs of
soluble material that block the entrance to the caecum, with concomitant
dramatic effects on fermentation profiles (Choct et al., 1995, 1999). In general,
the effects of Nsp’ases on caecal fermentation are dependent upon the age of
the bird, the enzyme used, its dosage and the dietary quality into which it is
administered.

The older the bird, the greater its ability to deal with poorly digested diets
and thus the smaller the response to added enzymes.

The type and dose of enzyme influences the identity and size of the
molecules concerned, some of which will stimulate caecal fermentation in both
rats and chickens, with others having no effect (Choct et al., 1999). If a large
excess of enzyme is utilized it is possible that significant quantities of free sugars
will be generated, which may lead to osmotic problems and wet litter (Schutte,
1990).

The response in caecal fermentation patterns have been shown to be
dependent upon the principal ingredients in the ration (Jozefiak et al., 2004)
and on the enzyme type used (Murphy et al., 2004). In some cases addition of
the exogenous enzyme has resulted in either: (i) elevated fermentation patterns
(Choct et al., 1999; Jozefiak et al., 2004); (ii) no effect at all (Jozefiak et al.,
2004); or (iii) in some cases a reduction in microbial populations (Murphy et
al., 2004).

It is likely that the variation in response is a result of the balance between:
(i) the effect the enzyme has on removing fermentable starch and protein from
the caeca (which would probably be the case in very poorly digested diets);
and (ii) its ability to deliver fermentable oligomers from NSP degradation into
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the caecum, both of which processes depend upon diet quality, enzyme
type/dose and bird age. Such age-related changes in mucosally attached
bacteria populations in response to xylanase use in wheat/rye-based diets have
been reported.

At 7 days of age, addition of a xylanase to a wheat/rye diet tended to
increase populations of enterobacteria and decrease those of lactic acid
bacteria, whereas at 28 days of age enterobacterial numbers fell, there was no
effect on lactic acid bacteria and Gram-positive cocci increased (Hubener et al.,
2002). The authors of this study suggested that the effect of adding an Nsp’ase
was to shift bacterial fermentation to more proximal sites of the intestinal tract,
and it is likely that in some circumstances the oligosaccharides released by
NSP’ase activity are utilized almost completely in the small intestine and thus
have no influence on caecal fermentation, particularly in older birds where the
ileum is a sizeable fermentation vessel in its own right.

It has been suggested that the microfloral responses to xylanase and to
fermentable oligosaccharides may be partially explained by changes in mucin
chemistry (Fernandez et al., 2000, 2002). The mechanism by which these
changes are brought about is likely to be a result of interactions between the
microflora and the intestines. On the use of a xylanase in a wheat-based diet it
was noted that there was an increase in glycosylation of crypt-surface sialic acid
residues and, as a result, colonization by Campylobacter jejuni was reduced.

Microbial populations and fermentation patterns also react to the relative
balance between fermentable carbohydrate and nitrogen entering the caecum. A
recent review showed that feeding higher-protein diets where the protein was not
rapidly digested led to delivery of protein to the hindgut where putrefaction (which
vields ammonia and amines in addition to VFAs) takes precedence over CHO
fermentation (Apajalahti, 2005) and, as a result, pH increased and intestinal health
could suffer. Since Nsp’ases produce fermentable oligosaccharides from largely
unfermentable substrates its seems that enzymes may play a pivotal role in
describing the structure of the populations which reside in the small and large
intestine through provision of carbohydrates to the caecum.

CONCLUSIONS

Clearly, cereal NSPs differ between sources and, with this, so does their
influence on intestinal function and microbial populations. It is clear, for
example, that in extreme circumstances highly viscous rye-based diets are far
more likely to create the environment for colonization by Clostridium
perfringens (Riddell and Kong, 1992), and that such colonization is seen in all
parts of the intestinal tract with the exception of the gizzard (Craven, 2000).
Most commercial avian production is not exposed to such extremes
however, and as a result the responses to added Nsp’ases in scientific reports
must be considered in the context of the conditions described. Cereal type,
quality and quantity in the ration, the age of bird, feed processing conditions,
fat type and quantity, presence of antibiotics, cleanliness and many other
parameters influence the response observed. Such interactions have been
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demonstrated through mechanistic, but also through empirical, analysis of
animal performances (Rosen, 2000). The changes in intestinal function that
can be expected are probably the result of a multifactorial suite of interacting
intestinal, dietary and microbial factors that underlie the complexity of the
response observed.
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ABSTRACT

Modern commercial broiler strains accrete more breast meat and are marketed
earlier than were previous strains, in addition to typically having different feed
intake patterns. Much recent research has addressed increasing dietary amino
acid density to optimize growth and tissue accretion rates of modern
commercial broilers. Increasing amino acid density, especially early in the bird’s
life, results in improved live production and carcass traits, resulting in increased
profitability. However, supplying amino acids in excess can be costly and
increase nitrogen excretion, whereas limiting their supply can result in
suboptimal yields and economic returns.

Essential amino acid (i.e. threonine, isoleucine, valine, arginine and
tryptophan) experimentation with respect to their effect on broiler live
performance, carcass traits and health is discussed. Although feeding deficient
levels of isoleucine, valine and arginine suppressed some aspects of the
immune system, fortifying these amino acids to levels above surfeit was without
effect on immune system measurements.

Our findings suggest that the threonine, valine and isoleucine requirements
for functionality of a normal immune system do not exceed needs for growth.
Arginine, however, has vast metabolic functions related to immunity and
further testing is warranted to determine if its need for health is higher than that
for growth in commercial broilers. Although the dietary supply of amino acids is
critical for good growth and tissue accretion, marginal limitations or excesses do
not seem to impact bird health. Future amino acid research via early feeding
and in ovo may result in early growth and health benefits.
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INTRODUCTION

Supplying broilers diets that are adequate in all essential nutrients via least-cost
formulation is of utmost importance in optimizing productive efficiency.
Consumer-driven trends (i.e. animal welfare concerns, the removal of
antimicrobials from diets, feeding environmentally friendly diets and
heightened meat quality of broiler chicken meat) are changing our perspectives
in dietary formulation. Hence, in addition to least-cost diets that increase
efficiency and carcass yields, improved broiler health and disease resistance are
also targets achievable by diet.

Literature reviews have shown that some ingredients and nutrients in
broiler diets impact immunity (Koutsos and Klasing, 2001; Humphrey and
Klasing, 2004; Kidd, 2004) and animal welfare (Whitehead, 2002). Recent
findings in the UK indicate that the welfare of broilers is impacted more from
housing conditions than from stocking density (Dawkins et al., 2004). These
authors concluded that nutrition should be one of the key researched areas for
improving animal welfare regulations.

Therefore, findings point to the importance of nutrition on health and
immunity of broilers and should be further researched so that least-cost diets
can be formulated for health as well as for productive efficiency. Although
beyond the scope of this review, future research should further elucidate
specific mechanisms of innate and adaptive immunity so that optimizing health
efficiency does not compromise productive efficiency.

Genetic selection for increased growth rate has been shown to be negatively
correlated with immunity (Siegel and Gross, 1980). Much of this chapter is
concerned with optimizing amino acid nutrition of modern, high-yielding broiler
strains. Unfortunately, experimentation directed at evaluating amino acid density
does not typically address immunity. As such, health implications of broilers in
the former studies are addressed through mortality data. However, recent
research concerning the typical amino acids limiting after threonine (i.e.
isoleucine and valine) in least-cost broiler diets on immune system functions will
be addressed, in addition to threonine needs for intestinal function.

AMINO ACID DENSITY

When attempting to reduce production costs, increasing some dietary essential
amino acids over levels that would be considered sufficient is sometimes
viewed with a certain degree of scepticism. There are, however, recent studies
that address the question of whether reducing dietary cost by decreasing amino
acid density would necessarily translate into increased profitability. Another
point of concern for nutritionists centres on whether the increase in amino acid
density results in any deleterious effects on bird health or an incidence of
mortality. While all of the aforementioned items are valid points of concern,
they may not necessarily have a common answer if one takes into
consideration the different responses observed across broiler strains, gender
and market type.
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The first parameters that can be used to evaluate the response of broilers to
various dietary amino acid density regimes would be those related to body
weight and feed conversion. lllustrated are the responses observed by three
different broiler strain crosses (two multi-purpose versus one high-yield) to
body weight gain and feed conversion (see Table 11.1).

It will be observed how amino acid density impacted live performance of
broilers regardless of the broiler strain type used. However, the magnitude of
the amino acid density effect may vary among strain crosses. Evidently, it has
previously been reported how dietary amino acid density may have interactive
effects within strain crosses. While the Ross X Ross 508 broiler has shown an
improvement in various parameters, including breast meat yield when fed
higher-amino acid-density diets (Kidd et al., 2004), the Arbor Acres Plus has
shown diminishing improvements in these same parameters with increased
amino acid density (Corzo et al., 2004).

Other studies have also reported differences in dietary amino acid density
impact on different broiler strain crosses (Smith et al., 1998; Corzo et al.,
2005a). Thus, it becomes necessary to make a distinction between the nutrient
needs for optimum growth between different broiler strain crosses. Recently, a
high-vield strain cross (Ross X Ross 708) broiler was evaluated for the effect of
amino acid density on performance, carcass traits and economic returns (Kidd
et al., 2005). It was clear how feeding high-amino acid-density regimes
throughout life resulted in broilers with improved live performance and carcass
and breast meat yields.

Furthermore, an increase in profitability was noted in birds fed on high-
amino acid-density diets through the grower period, in contradiction to the old
belief of ‘lower diet cost represents higher economic returns’, based on the
contribution of diet to the total scheme of production costs. However, future
research is necessary to validate any increase in profitability associated with

Table 11.1. Strain cross body weight and feed conversion in response to various dietary

amino acid density levels.2

0-28 days 0-42 days 0-56 days

Parameter? A B C A B C A B C
Body weight (kg)

H 1.20° 1.23¢ 1.149 2,193 224c 207° 3.11¢  3.11¢ 293¢
L 1169 1.169 1.04¢ 2149 2159 1.94f 3.06%¢ 3.06%d 2.79¢
Feed conversion

(9/9)

H 1.43%  1.44% {.43¢ 1.68% 1.66° 1.69% 1.869 1.85¢ 1.88¢
L 1.47°0 1,470 1.49¢ 1729 1719 1.78¢ 1899 1.88¢ 1.96°

a Strain A = multipurpose; strain B = multipurpose; strain C = high-yield; adapted from Corzo

et al., 2005a.

b H = high amino acid density; L = low amino acid density. Diets were isocaloric. The average
percentage of digestible amino acid increase for TSAA, Lys, Thr and lle for the H versus the L

diets was 7, 8.5, 7.4 and 6%, respectively.
o Values within comparisons with different superscripts differ (p < 0.05).
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dietary amino acid density, especially if strain cross and highly fluctuating feed
ingredient costs are taken into consideration.

Currently, human obesity is a topic of rising concern. There is a demand
for leaner foods and, with it, a reduction in animal meat fat composition.
Various nutritional strategies have been reported over the years as the means
to reduce compositional fat of poultry meat. Among these is the increase in
amino acid density of the diets fed to broilers. Abdominal fat is typically a good
indicator of overall body fat of broilers. Illustrated is the cumulative or phase-
feeding effect that differing dietary amino acid-density regimes had on
abdominal fat percentage of broilers.

Figure 11.1a represents the values of all three strain crosses (two multi-
purpose and one high-yield) averaged for amino acid density, considering no
observed interactive effects. A 10 and 8% reduction in relative abdominal fat
values of broilers was observed when feeding high-amino acid-density diets
throughout life when compared to low-density diets, at 42 and 56 days,
respectively, regardless of broiler strain.

Figure 11.1b represents the effect of amino acid phase feeding on
abdominal fat percentage values. For example, the HMML abbreviation
represents the abdominal fat percentage of broilers fed an amino acid dietary
regime consisting of high, medium, medium and low diets during the starter,
grower, finisher and withdrawal feeding phases, respectively.

A progressive increase in abdominal fat percentage was observed as
broilers were chronologically exposed to diets with lower amino acid density
values throughout growth. In this particular case, a 24% increase in relative
abdominal fat was observed when comparing the highest with the lowest
amino acid-density regimes (HHHH wversus LLLL). In agreement with the
previously discussed results, Wijtten et al. (2004) reported a decrease in both
absolute and relative values of lipid content of the carcasses of broilers fed
increasing levels of amino acid density. It could be suggested that both
examples illustrate the potential for the reduction in lipid tissue deposition in
the broiler carcass.
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Fig. 11.1. Dietary amino acid density effects (high density versus low density (a) and varying
amino acid phase density (b)) on abdominal fat relative values (g fat/g carcass X 100).

H, high amino acid density; M, medium amino acid density; L, low amino acid density. Values
within comparisons with different letters differ (p > 0.05). Adapted from Corzo et al., 2005 (a)

and Kidd et al., 2004 (b).
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In addition to the previously discussed benefits, there was a report of
increased bird uniformity — or rather a reduction in flock body weight variability
— with the use of high-amino acid-density diets (see Fig. 11.2; Corzo et al.,
2004).

A previously discussed effect on body weight as mediated by amino acid
density is illustrated in Fig. 11.2a, with a concomitant reduction in bird-to-bird
body weight variability (coefficient of variation, %). This increase in flock
uniformity, while somewhat unexpected, is perhaps the result of satisfying the
essential amino acid needs of the majority of a population of birds, considering
variations in their cumulative nutrient consumption. While this represents an
increase in the similarity of the whole weights of the different carcass cut-up
parts, it may also be seen favourably by processing plants as an aid in
obtaining an end product with more consistent mass and vield characteristics.

There have been reports of an increase in the incidence of mortality with
further supplementation of amino acids, particularly lysine (Latshaw, 1993;
Kidd et al., 1998). However, there currently appears to be general agreement
that moderate increases in amino acid density above recommended levels
(NRC, 1994) have no implications in the incidence of mortality (Bartov and
Plavnik, 1998; Smith et al., 1998; Corzo et al., 2004, 2005a; Wijtten et al.,
2004; Kidd et al., 2005). Furthermore, under heat stress conditions, any
increase in dietary amino acid density has not resulted in associated increases
in mortality (Temim et al., 2000; Dozier and Moran, 2001).

Apart from the potential for satisfying the quantitative needs for amino
acids in a broiler population, there may be some additional growth stimulation
mechanisms associated with an increase in dietary amino acid density. One
possible explanation may be an increase in IGF-I concentrations, leading to
protein anabolism (Rosebrough et al., 1996; Tesseraud et al., 2003). But
perhaps an unrecognized plethora of explanations may rely on up- or down-
regulating effects that individual or combined amino acids may have on
metabolic actions regarding tissue synthesis and deposition (Fafournoux et al.,
2000; German et al., 2003). However, we are just beginning to understand the
possible role amino acids may play in these regulatory activities.
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Fig. 11.2. Dietary amino acid density effects on flock body weight (a) and uniformity (b).
H, high amino acid density; M, medium amino acid density; L, low amino acid density. Values
within comparisons with different letters differ (p > 0.05). Adapted from Corzo et al., 2004.
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AMMONIA

Broiler companies are taking measures to reduce dietary ammonia. The goal
for ammonia concentrations in broiler houses in the USA is to be < 25 ppm.
Hence, decreased productive efficiency (Miles et al., 2004) and health
(Kristensen and Wathes, 2000) are observed in broilers exposed to ammonia.
As the former section denotes improvements in broiler growth and carcass traits
with increased amino acid density, it must be pointed out that surplus protein
increased nitrogen excretion and ammonia (Ferguson et al., 1998).

Furthermore, each 1% decrease in surplus protein yields around 8%
decrease in nitrogen excretion (Ferguson et al., 1998; Kidd et al., 2001a).
Measures such as amino acid balance and minimizing amino acid excesses,
especially towards the end of flock life, will allow for increased productive
efficiency without increasing surplus protein — and hence ammonia. Ammonia
regulations in company animal welfare guidelines are tied to footpad and eye
lesions. Further, means to reduce ammonia are warranted because levels as
low as 25-50 ppm have been shown to increase the incidence of respiratory
disease in chickens (Kling and Quarles, 1974).

SPECIFIC EFFECTS FOR CRITICAL AMINO ACIDS IN DIETARY FORMULATION

As interest mounts concerning nutfritional modulation that boosts immune
systems, knowledge of amino acid minima that could be adjusted in diets to
optimize immunity is warranted. Can some amino acids in least-cost
formulation be increased over levels thought to optimize growth performance
resulting in benefits in immunity? A recent review on nutrition and immunity
(Kidd, 2004) demonstrated that numerous amino acids (i.e. betaine as an
amino acid derivative, and arginine) have the potential to offer immune
requirements that differ from those associated with growth performance.
Additionally, will diets formulated on a digestible amino acid basis, that use
supplemental amino acids in order to minimize surplus protein, limit the
functional capacity of the immune system? The former question will be
addressed from recent research in our laboratory on isoleucine and valine on
immunity, and tryptophan on physiological stress.

Arginine

Arginine’s role in immune system function has been studied extensively in
poultry (as reviewed by Kidd, 2004). Although numerous effects of arginine on
immunity and disease have been observed, published reports do not make
mention of practical levels of arginine that could be employed in dietary
formulation to boost immunity. Thus, most experimentation with arginine in
poultry elucidates effects and mechanisms on immunity, but the levels tested
are typically too deficient or excessive to be considered in practice. In an
attempt to determine a practical level of arginine that could be used in dietary
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formulation, Kidd et al. (2001b) fed varying levels of arginine near published
guidelines (NRC, 1994) and noted increased plasma arginine with increased
dietary arginine, but no effects on immunity.

However, research evaluating dietary arginine near levels observed in
practice has resulted in reduced mortality during an Eimeria challenge (Kidd et
al., 2002) and reduced skin-infected scratches at slaughter (Corzo et al., 2003).
Increasing levels of dietary arginine in dietary formulation are usually achieved
via increasing soybean meal. Arginine requirements for optimal immunity and
health in dietary formulation remain elusive.

Isoleucine

Valine

Low-protein diets containing commercially available amino acid supplements
(i.e. methionine, lysine and threonine) can be limiting in isoleucine as it is
typically the fourth most limiting amino acid. Hence, care must be taken in
establishing an isoleucine minimum in dietary formulation so that it does not
become limiting.

Konashi et al. (2000) studied groups of amino acids and their effect on
immunity in chickens and found that immunodepression for some parameters
was more pronounced with the branch-chain amino acids than with other
groups of amino acids.

Hale et al. (2004) conducted dietary dose-response research with
isoleucine in anticipation of predicting quadratic trends for various immune
parameters and, thus, an isoleucine recommendation for immunity. Published
dose-response research to predict immunity needs, as opposed to only growth
performance needs, is sparse. It is warranted as it can provide definitive
estimations of differences in nutrient needs for immunity versus more typically
measured parameters. However, parameters tested by Hale et al. (2004) in a
dietary isoleucine dose-response test failed to yield recommendations (see
Table 11.2).

Hence, quadratic trends for immune organ weights, T cell receptor
expression, cutaneous basophil hypersensitivity and primary titres to sheep
erythrocytes were not found. Although an acute isoleucine deficiency (58% of
the recommended level) depressed some aspects of immunity, feeding diets
marginally deficient in isoleucine did not appear to alter broiler chicken
immune responses.

Depending on the type of broiler diet and ingredients used, valine may be co-
limiting or more limiting than isoleucine. Preliminary research with valine on
immunity of broilers was conducted by Thornton et al. (2004). Although a
deficiency of valine (88% of the recommended level) depressed spleen
development, quadratic trends for valine and immune parameters were not
found. Taken as a whole with the data on isoleucine, above, it appears that the
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Table 11.2. Impact of dietary isoleucine dose—response on immune parameters in broilers.2

Dietary isoleucine (%)

Parameter 0.42 0.50 0.58 0.66 0.74 0.82
Bursa (% of BW) 0.19 0.17 0.15 0.13 0.15 0.13
Spleen (% of BW) 0.08 0.08 0.09 0.07 0.10 0.09
Thymus (% of BW) 0.12 0.13 0.15 0.12 0.15 0.11
Toe web swelling (%)>  15.3 18.9 27.7 24.8 24.9 28.0
Titre (Log,)® 8.43 6.93 9.93 8.33 8.14 8.36
CD8 + o 447.8 460.3 518.3 428.5 587.5 483.8
CD8 + B¢ 257.0 398.5 306.5 335.0 315.8 461.8
TCR1¢ 182.8 217.3 227.5 194.3 215.8 252.3

@ Data did not fit quadratic trends.

b Toe web swelling represents change in thickness after birds received an intradermal
injection of 100 mg of phytohaemagglutinin-P.

¢ Titres represent log, readings from a primary antibody response to sheep red blood cells.
d Relative fluorescence units of T cell receptors.

branched-chain amino acid minimum constraints in dietary formulation should
be optimized for growth performance and carcass yield, rather than for
immunity.

Threonine

Threonine is important for proper intestinal function. Its role is heavily
associated with its content in mucins. Mucins represent glycosylated proteins
that are differentially expressed in the intestinal epithelium. Threonine
represents more than 40% of their amino acid residues (Bengmark and
Jeppsson, 1995). A significant portion of mucin also contains serine (Bengmark
and Jeppsson, 1995). Threonine can be transaminated to glycine and serine,
whereas the reverse pathway has been shown to be negligible (Baker et al.,
1972). Although threonine has been shown not to impact immune system
development (Kidd et al., 2001a) and immune responsiveness (Kidd et al.,
1997) in broilers, its ability to promote health via heightened intestinal
functionality should be further addressed.

Because threonine is typically the third limiting amino acid it would be
advantageous to know what minimum to use in least-cost formulation
depending on dietary ingredients and anticipated gut challenges. Differences
in threonine minima have been shown in mature Cobb broilers reared in
clean versus dirty environments (Kidd et al., 2003a). Birds in the dirty
environment responded to higher levels of threonine than those documented
in the literature, whereas birds in the clean environment responded to
threonine levels in agreement with published findings (Kidd et al., 2003a).
However, it has been demonstrated that broiler chicks do not have
heightened threonine needs during a mild Eimeria acervulina infection (Kidd
et al., 2003b).
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Although nutritional experimentation conducted in differing environments
requires somewhat large and time-consuming experiments, more research
should be conducted with threonine in this manner to better understand if its
minimum need varies as environment changes. Further, threonine requirement
should be measured in diets containing marginally deficient lysine so that ratios
to lysine can be predicted rather than optimal threonine levels.

Tryptophan

Diets fed to commercial broiler chickens are seldom limiting in dietary
tryptophan. However, the inclusion of certain grains in feed formulation may
result in this amino acid becoming the fourth limiting one. Consequently,
dietary deficiency of this amino acid could have deleterious effects considering
this amino acid’s functionalities. Apart from being an obvious constituent of
body proteins, it has precursor roles for neurotransmitters such as melatonin
and serotonin, as well as for the vitamin niacin.

Additionally, this amino acid has shown to have ketogenic activity in the
chicken. It’s deficiency in diets fed to broilers has led to increasing nervousness
(Corzo et al., 2005b). However, no degree of physiological stress was found
when tryptophan was fed in deficient amounts to broilers at 20 days of age, as
observed in the lack of alteration in those blood chemistry parameters
commonly associated with the presence of stress (see Table 11.3).

CONCLUSIONS

Although manipulation of the broiler growth curve via environmental and
nutritional means has been shown to produce advantages (i.e. bone quality),
feeding higher amino acid levels to optimize growth and meat yield in nutrient
density studies does not seem to have any adverse effects on health. Some
amino acids have been shown to heighten immune system parameters at

Table 11.3. Blood plasma cholesterol, heterophil/lymphocyte ratio (H/L), glucose, high/low-
density lipoprotein ratio (HD/LD) and corticosterone level of broiler chicks fed diets containing
graduations of tryptophan (adapted from Corzo et al., 2005c).

Dietary Cholesterol Glucose Corticosterone
tryptophan (%) (mg/dl) H/L2 (mg/dl) HD/LDP (ng/ml)
0.13 138.1 36.6 238.5 2.85 1.01
0.15 125.4 35.8 239.4 3.09 1.20
0.17 123.9 38.7 244.3 2.47 1.09
0.19 130.3 23.0 249.0 2.78 1.03
0.21 130.4 29.9 248.7 4.39 1.1
0.25 125.4 271 249.4 2.76 1.17
0.25 128.7 321 258.1 2.48 1.12

@ Values are expressed as heterophil/lymphocyte cell count X 100.
b Values are expressed as high/low-density lipoprotein.
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dietary levels in excess of growth needs. However, until further information is
gained regarding amino acid needs for both innate and adaptive immunity,
dietary formulation of amino acids should be concerned with optimizing
growth and carcass responses. Amino acid minima in least-cost formulated
broiler diets that support growth seem to support good health as measured by
mortality and immune response data.
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ABSTRACT

Nearly all feeds used in commercial poultry production are subjected to some
form of feed processing. A majority of the feed is ground through a hammer mill
and formed into pellets by pressing the heated feed through a pellet press. The
two major effects of processing are thus: (i) changes in the micro- and
macrostructure of the feed; and (ii) heat-induced chemical changes of some
components in the feed. It has been shown that the microstructure of the feed,
i.e. the particle distribution of the dissolved feed particles, has a significant
impact on gut function. Gizzard activity increases significantly, resulting in a very
finely ground feed material entering the small intestine. An increased feed
volume in the gizzard and a decrease in gizzard pH when coarse material is fed
results in a lower jejunal microflora number and changes in microfloral
composition. In addition, secretion of bile acids and pancreatic enzymes is
enhanced.

The macrostructure determines to a large extent the feed intake pattern. It
has been shown that a feed structure that allows for a high feed intake, such as
pellets, may affect starch digestibility negatively. This may be associated with
overconsumption of feed, and may be linked to a suboptimal feed flow
regulation due to reduced gizzard function. Although poultry feeds are
subjected to only moderate heat treatment, heat-induced chemical changes
may take place. A small fraction of the starch will gelatinize, solubility of fibres
may increase and proteins may form indigestible new bonds. In addition,
vitamins and enzymes may lose their effect.

INTRODUCTION

More than 600 million t of processed concentrates are produced annually on a
worldwide basis (Gill, 2003). Poultry feeds are the largest product group, with
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37% of the total feed production. A typical poultry feed production process
consists of grinding the feed ingredients in a hammer mill through a 3-4 mm
sieve. Feed for layers is commonly fed as a mash feed, while other types of
feed are passed through a conditioner followed by pelleting. The temperature
will normally reach a maximum of 80-90°C during the pelleting process.

Although there has been surprisingly little research on the interactions
between feed processing and nutrition, it is evident that the physical and
chemical changes that take place during processing may have a large impact
on the performance of birds, both directly through effects on feed digestibility
and indirectly through effects on feed intake pattern and gut function. In this
chapter, some effects of processing will be covered. Since any effect on nutrient
absorption efficiency will potentially affect gut function and gut health,
nutritional aspects will also be addressed.

EFFECTS OF STRUCTURE

One of the functions of feed processing is to affect the structure of the feed.
Grinding is performed to reduce the particle size of feed ingredients, while the
pelleting process is performed to increase the particle size of the feed. Thus, in
a pelleted feed, structure concerns both the particle distribution of the
ingredients that the pellet consists of and the structure of the pellets themselves.
It is thus pertinent to describe the structure of the particles inside the pellets as
the ‘microstructure’ and the structure of the pellets themselves as the
‘macrostructure’. As pellets normally disintegrate quite rapidly once they are
moistened in the upper digestive tract, the macrostructure will affect only feed
intake pattern and total feed intake. The microstructure, on the other hand, will
affect gut function through the effects of particle size and distribution.

Effects of microstructure

Although grinding represents a considerable cost in terms of energy
consumption and feed mill capacity, cereals used for poultry are usually finely
ground in a hammer mill fitted with a screen between 3-4.5 mm in size. One
major reason for this fine grinding is to ensure a good pellet quality. Fine
grinding of cereals has also been considered to be beneficial for a proper
utilization of the feed, but this view is not supported by most scientific literature
(Farrell et al., 1983; Reece et al., 1985; Reece et al., 1986a, b; Deaton et al.,
1989; Proudfoot and Hulan, 1989; Lott et al., 1992; Nir et al., 1994a, b;
Hamilton and Proudfoot, 1995; Nir et al., 1995; Hamilton and Kennie, 1997;
Svihus et al., 2004b).

Some studies have even shown an improved performance with the use of
coarsely ground cereals in mash form (Reece et al. 1985; Nir et al., 1990,
1995). Birds prefer coarse particles and will eat more of a coarsely ground than
of a finely ground mash diet (Reece et al., 1985; Portella et al., 1988 a, b; Nir
et al., 1990, 1994b).
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It is thus necessary to use pelleted diets to separate the effect of feed
structure on feed intake stimulation from the effect of feed structure on feed
utilization. Experiments conducted with pelleted diets containing cereals ground
to different sizes usually demonstrate that coarse grinding gives similar weight
gain and feed utilization to those of fine grinding (Reece et al., 1985, 19864, b;
Proudfoot and Hulan, 1989; Nir et al., 1995; Hamilton and Kennie, 1997;
Svihus et al., 2004b). Considering the numerous recent results showing that the
young broiler chicken is able efficiently to utilize diets with up to 400 g
unground wheat/kg (see Svihus et al., 2004a, for references), this is not
surprising.

It has been shown that coarse particles are very finely ground in the gizzard
(Hetland et al., 2002) and that this grinding does not affect passage rate
through the intestinal tract (Svihus et al., 2002). This indicates that from a
nutritional point of view the cereals used for poultry feed can be ground more
coarsely than is current practice. A coarser grinding would save considerable
energy and time in the grinding process. Reece et al. (1986a) found that the
energy cost for hammer grinding of maize could be reduced from 2.9 kwh/t to
2.2 kwh/t by increasing the sieve size from 4.76 to 6.35 mm. In addition,
coarser grinding will reduce the amount of fines in the pelleted product and
thus, potentially, reduce transport loss and dust problems in the feed mill and
on the farm.

One concern with using coarsely ground cereals in the feed has been the
pellet quality. As the proportion of coarse particles increases in the pellet, this
may result in more fractures due to reduced particle surface area and weak
spots in the pellet. Although Svihus et al. (2004b) observed a moderate
reduction in pellet durability with a coarser grinding, other data have shown
improved pellet quality with a coarser grinding (Reece et al., 19864, b).

Roller mills are not commonly used in feed production, despite the fact that
they grind with a lower energy consumption per ton of feed (Nir et al., 1990),
give less dust during grinding and are less noisy (Heimann, 2002). It has also
been shown that roller mills grind cereals more uniformly and produce a lower
amount of fines than do hammer mills (Nir et al., 1990, 1995). As roller mills
are considered to be particularly effective for coarse grinding, the advantages of
using a roller mill will increase when a coarse grinding is used. A major
disadvantage of roller mills is the higher cost for purchase and maintenance
(Heimann, 2002).

Birds eat and swallow food without prior chewing. Although secretion of
saliva does occur, in the chicken and turkey the saliva does not contain
amylase and the time exposed to saliva in the mouth is short (Duke, 1986).
Thus food enters the crop or, if the gizzard is empty, passes directly to the
proventriculus and gizzard largely as intact food particles. The crop may store
large amounts of food for a considerable amount of time. Svihus et al. (2002)
found up to 30 g feed in the crop 30 min after feeding starved broiler chickens
weighing 1100-1400 g, with half this feed still remaining in the crop after 3 h.

Although no digestive enzymes are secreted and no grinding occurs in the
crop, feed may be softened and endogenous and microbial enzymes may be
activated. The main body of the gizzard comprises two thick, opposed lateral
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muscles and two thin anterior and posterior muscles. A thick layer of
glycoprotein that is hardened by the low pH covers the inside of the gizzard.
This koilin layer is composed of a combination of rod-like and granular
secretions from the gizzard’s glands, and is continuously renewed by these
glands as it is utilized. Some birds, however, are known to shed the whole
koilin layer at intervals (McLelland, 1979). None of the domesticated bird
species have, as yet, been reported to exhibit such behaviour, but unpublished
observations of gizzards lacking the koilin layer in our laboratory indicate that
this may happen in turkeys. The rod-like, hardened glycoprotein will stand out
from the remaining glycoprotein matrix and will give the surface its
characteristic sandpaper-like appearance (Hill, 1971). The thick muscles grind
material by contraction that rubs the material against the koilin layer on the
inside of the gizzard. The small muscles move material between contractions of
the large muscles.

A prerequisite for utilizing coarsely ground or un-ground cereals is a well-
functioning gizzard. Feeding studies with broilers have shown that the gizzard
becomes stimulated when the feed’s microstructure is improved, e.g. when
whole cereals replace ground cereals. It has also been shown that replacing
50% ground wheat with the same quantity of ground oats gives the same
increase in gizzard weight as that achieved by replacing 50% ground wheat
with whole wheat (Hetland et al., 2002). This indicates that a relatively small
amount of insoluble fibre (e.g. 10% oat hulls coming from 50% oats in the diet)
stimulates the gizzard to the same extent as 50% whole wheat.

Current data indicate that the gizzard weight is less affected by cereal
structure in layers. However, insoluble fibre seems to play an even more
profound role for gizzard activity in the more mature digestive tract of the layer.
This corresponds with an earlier experiment with layers, where consumption of
4% of feed as wood shavings resulted in a 50% heavier gizzard, whereas
including 40% whole wheat in wheat-based diets increased the gizzard weight
by only 10% (Hetland et al., 2003a).

Coarse feed particles need to be ground to a certain critical size before they
can leave the gizzard (Clemens et al., 1975; Moore, 1999), causing the volume
of gizzard contents to increase when diets with whole cereals or insoluble fibre
are fed (Hetland et al., 2003a, b). Hetland et al. (2002) thus found that
80-90% of particles in the duodenum of broilers were smaller than 300 wm
and that this was independent of dietary particle size. This suggests that coarse
particles accumulate in the gizzard and are retained longer than are other
nutrients. Hetland et al. (2005) showed that finely ground oat hulls passed
through the gizzard much faster than coarse oat hulls. Thus, an increased
volume of gizzard contents in birds fed diets with whole grains or high levels of
insoluble fibre has been observed (Hetland et al., 2003a, b). Indeed, the
gizzard has a remarkable ability to grind all organic constituents of feed to a
very consistent particle size range regardless of the original particle size of the
feed, with some ground as finely as 0.05 mm.

It has also been shown that stimulation of the gizzard function by structural
components results in a reduction in gizzard pH (Engberg et al., 2004; Bjerrum
et al., 2005). This, combined with an increased retention time, improves the
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potential for the gizzard to function as a barrier to foodborne microorganisms.
The same authors also observed a signifcant reduction in pathogenic microflora
when ground wheat was replaced by whole wheat. Field evidence that more
microstructure in the feed is beneficial to gut health has also been provided by
Branton et al. (1987), where mortality due to necrotic enteritis was much lower
in birds given coarsely ground diets than in broilers given finely ground diets.

A significant increase in amylase activity and bile acid concentration has
been observed when diets contain more structural components (Svihus et al.,
2004a). This may indicate that an increased secretory activity is the cause of
the improvements in nutritive value sometimes observed with whole wheat or
other structural components (Kiiskinen, 1996; Plavnik et al., 2002; Hetland et
al., 2003a; Svihus et al., 2004a). This hypothesis is also supported by the fact
that amylase activity in the jejunum and starch digestibility in the anterior,
median and posterior ileum for individual birds had a correlation of 0.56, 0.54
and 0.47, respectively (Svihus et al., 2004a).

The cause of this increased secretory activity remains unclear, but may be
associated with a stimulation of pancreatic secretion caused by an increase in
gizzard activity. Hetland et al. (2003a) found a significant increase in amylase
activity and bile acid secretion when gizzard activity was stimulated by oat
hulls. The same tendency, although not significant for amylase activity, was
seen when gizzard activity was stimulated by whole wheat.

The major stimuli causing increased exogenous enzyme secretion by the
pancreas are the vagus nerve and cholecystokinin (CCK). Cholecystokinin is
mainly produced in the pyloric region of birds (Denbow, 2000) and acts via the
vagus nerve to stimulate pancreatic enzyme secretion (Li and Owyang, 1993).
Thus, a stimulating effect of increased gizzard activity on enzyme secretions
may be mediated through increased CCK release in the pyloric region of the
gizzard. Gabriel et al. (2003) found tendencies for reduced levels of brush
border enzyme activity by the inclusion of whole wheat. It is thus possible that
a stimulatory effect of coarse feed structure is limited to pancreatic enzyme
secretions.

Cholecystokinin has also been shown to stimulate gastrointestinal refluxes
(Duke, 1992). Svihus et al. (2004a) observed a significant increase in the
content of bile acids in the gizzard when large wheat particles were fed. This
indicates increased gastroduodenal refluxes, which may be caused by increased
CCK secretion. As indicated by the performance data, the increased
gastroduodenal reflux does not reduce feed consumption. The results discussed
above clearly suggest that from a nutritional point of view the microstructure of
feeds for poultry can be very coarse, for example by using coarsely ground or
even un-ground cereals. The results also indicate that a coarse microstructure
may be beneficial from a gastrointestinal health point of view.

Effects of macrostructure

It is well known that feed intake will improve with pelleted diets compared to
that with mash diets. In broilers an increase in feed intake of 25% is often
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observed (Svihus et al, 2004b). As opposed to the microstructure,
improvements in macrostructure do not result in increased gizzard weight or
gizzard volume. In fact, a reduction in relative gizzard weight and gizzard feed
content is observed (Engberg et al., 2002; Svihus et al., 2004b). This is due to
the fact that pellets disintegrate quite rapidly when they are moistened in the
upper digestive tract.

It has been shown that the pelleting process results in a significantly finer
microstructure (Svihus et al., 2004b). This is caused by the grinding action of
the rolls in the pellet press, and may be one contributing factor to the smaller
relative size of the gizzard. As relative size of the gizzard is reduced with
increasing weight of the bird (Hetland et al., 2002), this may also contribute to
a smaller relative size of the gizzard in birds fed pellets. Pelleting results in
significant improvements in the feed/gain ratio (Engberg et al., 2002; Svihus et
al., 2004b), but this is not often associated with improvements in digestibility or
metabolizable energy content.

In fact, a reduction in starch digestibility has been observed when pelleted
diets were compared to mash diets (Svihus and Hetland, 2001), and based on
these observations it has been hypothesized that some birds are overeaters
when presented with pelleted diets. Engberg et al. (2002) also showed a
significant reduction in enzyme activities when pelleted diets were used instead
of mash diets.

The hypothesis of some birds being overconsumers is supported by further
studies in our laboratory indicating a slight negative correlation between feed
intake of individual birds on identical diets and the apparent metabolizable
energy (AME) value determined (see Figs 12.1 and 12.2). In these studies,
male Ross 208 broilers were raised in individual cages from 13 days of age and
pelleted diets were provided ad libitum. AME content and correlation between
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Fig. 12.1. Relationship between feed consumption and apparent metabolizable energy
(AME) determined on individual birds fed on a pelleted, maize-based diet.
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Fig. 12.2. Relationship between feed consumption and apparent metabolizable energy
(AME) determined on individual birds fed on a pelleted, wheat-based diet.

feed intake and AME was determined by monitoring feed and faeces
quantitatively from days 19-22, combined with determination of energy
content using a calorimeter.

These data also show that feed intake varies between birds. It is thus
possible that overconsumption among individual birds in a flock results in
impaired starch digestion due to an increased passage rate. This is consistent
with many observations of reduced variation among individuals concurrent
with an increased starch digestibility (Svihus and Hetland, 2001). The question
may then arise on the causes of overconsumption among individual birds.

Peter Siegel was among the first to indicate that intensive breeding for
weight gain had resulted in broilers that were capable of overconsuming feed
due to disturbance of the appetite control centre in the brain (Siegel and
Dunnington, 1987). Lacy et al. (1985) showed that broilers, as opposed to
layers, did not respond to intra-hepatic glucose infusions with reduced feed
intake. This indicates that peripheral appetite control centres have also been
disturbed in broilers.

It can thus be postulated that modern breeds of broilers may overconsume
feeds, with a resulting impairment in digestibility. Our results indicate that there
may be an interaction between gizzard function and over-consumption of
feeds. When feeds have more structure, either through the use of whole cereals
or through the addition of large fibre particles (oat hulls or wood shavings) into
the diet, an improvement in starch digestibility and a reduced wvariation
between birds is commonly observed (Rogel et al., 1987; Svihus and Hetland,
2001; Hetland et al., 2002).

Our hypothesis is that an active and well-developed gizzard will function as
a food intake regulator that will ensure that the bird does not overconsume
feeds. This is due to both: (i) the active retention of large particles until they are
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broken down, which results in a larger filling of the gizzard and thus less room
for more feed to be consumed; and (ii) a stimulative effect of gizzard activity on
gastroduodenal refluxes.

Effects of heat on nutritional value of pelleted feeds

For poultry, the majority of heat treatment occurs during conditioning and
pelleting. During conditoning, the temperature is usually raised to 70-80°C by
the addition of steam. This temperature may increase to 85-90°C during the
pelleting process. Although these temperatures are moderate compared to
those achieved during extrusion and expansion of feeds, they may result in the
destruction of the three-dimensional structure of proteins and starch, and also
in new covalent bond formations such as disulphide bridges, iso-peptide bonds
and Maillard-reactions.

There is a scarcity of published results on changes in protein availability
during pelleting. Carré et al. (1991) did not find any increase in protein
digestibiliy in broiler chickens as a result of pelleting, while Vande Ginste and
De Schrijver (1998) found a small but significant increase in protein digestibility
in finishing pigs when pelleting was compared to mash feeding. In extruded
diets, a small decrease in protein digestibility is often observed (Ljgkjel et al.,
2004), but since extrusion is a much more severe heating process — with
temperatures usually exceeding 110°C - it is logical to conclude that protein
digestibility is probably not affected negatively by the pelleting process.

Starch is gelatinized to some extent during the pelleting process. The
extent of starch gelatinization is usually found to vary between 5 and 20%
(Svihus et al., 2004b), but no improvements in starch digestibility have been
established as a consequence of the pelleting process, except for a significant
improvement from pelleting of peas (Carré et al, 1991). This Ilatter
improvement has been associated with large, starch-containing particles in the
non-pelleted diets.

The antinutritive effect of soluble fibres in the diet is well known, the major
mechanism for which is an increased viscosity of the gut contents, and thus a
reduced digestibility and nutrient absorption. These changes may also affect
gut development and chyme mobility, and they have been shown to have an
impact on gut microflora composition. Thus, the viscosity effect of soluble fibres
is important for gut health and function. It has been shown that processing may
increase the solubility of fibres, thus resulting in an increased viscosity of gut
contents and reduced nutrient digestibility. Graham et al. (1989) observed
increased solubility of barley B-glucans after pelleting, and Cowieson et al.
(2005) observed an increased viscosity of wheat diets with increasing
conditioning temperature.

In an experiment carried out at the Norwegian University of Life Sciences,
complete diets containing 77% barley, oats or wheat were fed to broiler
chickens from 7 days of age. The cereal used in each diet was either added
untreated, or it was heat-treated by conditioning at 90°C followed by pelleting
and regrinding. At 21 days of age the birds were killed and digesta contents
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Table 12.1. Properties of gut contents in broilers fed complete cold-pelleted diets based on
77% cereals either non-heated or pelleted at 90°C.

Cereal source

Oats Barley Wheat
Non-heated Heat-treated Non-heated Heat-treated Non-heated Heat-treated
Jejunal viscosity (cP) 25.9° 111.42 26.6° 80.82 15.4° 30.22
DM in chyme (%) 15.78 12.7° 18.02 16.6° 25.02 19.80
Dirtiness score® 2.9 4.8 2.9 3.82 2.9 3.2a

ab Within each cereal category, numbers within a row which do not share common superscripts
are significantly different (p < 0.05) in a Ryan-Einot-Gabriel-Welsh test.
¢ Subjective score of cage dirtiness, with the highest score of 5 for the dirtiest cages.

collected. The results presented in Table 12.1 show a tremendous increase in
the jejunal viscosity of broilers when the cereals were heat-treated, followed by
a typical increase in water content in the chyme and higher stickiness of the
faeces.

It is well known that many vitamins and carotenoids are susceptible to heat
denaturation. Andersen and Sunderland (2002) found that 67% of vitamin E
was recovered after an extrusion process, and that recovery decreased with
increasing water content. This indicates that vitamin E is heat-sensitive,
although it is reasonable to conclude that much less would be destroyed during
a pelleting process, due to less water and lower temperatures. Marchetti et al.
(1999) observed significant reductions in the recovery of crystalline vitamins
after pelleting. For vitamins K and C recovery was 50%, while the B-vitamins
generally had recoveries between 82 and 96%. Exceptions were pyridoxine
and folic acid, with recoveries of 75 and 65%, respectively. Thus, pelleting can
have a large impact on the content of some vitamins and this must be taken
into account during feed processing.

Enzymes are now routinely used in most poultry feeds. Since enzymes are
proteins which act as catalysts due to their specific three-dimensional structures,
they are susceptible to heat destruction through denaturation. Inborr and
Bedford (1994) demonstrated that B-glucanase activity was reduced to 66% of
its initial value after conditioning at 75°C followed by pelleting. After
conditioning at 95°C, this was reduced to 16% of the initial activity. Even
though more heat-stable enzyme products have been developed using coating
technologies or by selection of less heat-sensitive proteins, reduced activity due
to processing can still be expected.

Based on the above it can be concluded that the temperature should be
kept as low as possible during feed processing to avoid reduction in the
nutritional value of the feed. This also calls for caution in using processes such
as expansion and extrusion for the production of poultry feeds, as these
processes involve high temperatures and high pressure. McCracken (2002),
while reviewing the literature on feed processing, reported data showing a
reduced performance by expander treatment of poultry feeds.
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CONCLUSION

Micro- and macrostructure of the feed as determined by processing has a large
impact on gut function and digestive processes. Gut health may also be affected
through effects on available substrate in the lower digestive tract, and through
changes in pH and retention time in the upper digestive tract. Heat treatment
does not seem to have any significant beneficial effect on nutrient digestion, and
may have a negative effect on nutrient digestibility through solubilization of
fibres and through destruction of vitamins and enzymes added to the feed.
Thus, temperature during processing should be kept as low as possible.
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ABSTRACT

Poultry litter becomes wet when the rate of water addition (urine/faeces/spillage)
exceeds the rate of removal (evaporation). Anti-nutritional factors, toxins,
pathogens and nutrient imbalances may cause wet litter directly by altering

normal digestive physiology or indirectly by disturbing normal gut ecology.

Poor-quality ingredients and those with excess oligosaccharides or minerals
can cause a nutritionally induced polydypsia, polyuria and diarrhoea which
may increase water output sufficiently to cause wet litter. If the situation persists
for long enough the ensuing inflammatory response causes mild to severe
gastroenteritis which further increases water output. The damage so caused to
the cytoskeleton of the gastrointestinal tract reduces the surface area for
nutrient absorption and allows the opportunity for pathogen proliferation, gut

colonization and even invasion and systemic disease.

Historically the solution to the downstream effect of compromised
digestion and absorption on gut ecology has been to supplement birds with
antibiotic growth promoters, a practice that has not been permitted within
Europe from January 2006. The only alternative is to use a holistic approach in
managing the gut ecology by manipulating the microbial populations and host

inflammatory response through non-antibiotic nutritional techniques.

Enzymes, probiotics, prebiotics, immune modulators and mycotoxin
binders have all shown promise in this regard. Seeding the gastrointestinal tract
with bacteria at hatch and subsequently managing the gastrointestinal
environment, whilst at the same time reducing anti-nutritional factors and the
use of precision diet formulation, has proved advantageous in minimizing the
incidence of wet litter in birds whilst maintaining and improving bird

performance.

© CAB International 2006. Avian Gut Function in Health and Disease (ed. G.C. Perry)
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INTRODUCTION

It is important to the wellbeing, welfare and productivity of commercial poultry
that housing conditions are maintained within the comfort zone and feed and
water are available ad libitum. Under these controlled conditions water
excretion (urine and faeces) closely parallels intake since evaporative water loss
is limited. In pursuance of homeostasis, water balance is maintained by the bird
as either positive (growth) or neutral.

Years of breeding and selection to improve growth rate, feed efficiency and
egg production have increased appetite and hence daily feed and water intake.
At standard temperatures broilers will consume approximately 1.8-2.0 times
more water than feed (by weight), and water deprivation can severely affect
feed intake and growth rate (Kellerup et al., 1965; Leeson and Summers,
2005). During the log phase of growth, commercial poultry excrete
exponentially increasing quantities of faecal and urinary water into the
bedding/litter. It is crucial that the poultry house ventilation system design and
operation is efficient enough to prevent the litter moisture content from
exceeding an optimal 25%.

WATER BALANCE

Avian osmoregulation involves balancing water and electrolyte intake with
excretion via the kidney (urine), gastrointestinal tract (faeces), skin and
respiratory tract (evaporation). Since feed is generally low in moisture (10%)
and metabolic water production is limited by diet formulation (~ 0.14g/kcal of
dietary energy), moisture intake is primarily controlled by drinking (~ 80%)
(Leeson and Summers, 2005).

Water consumption is requirement-driven and the satiety centre is
stimulated by cellular dehydration (osmoreceptors), extracellular dehydration
(mechanoreceptors) and angiotensin Il secretion (renin—angiotensin axis)
(Kaufman et al., 1980; Kanosue et al., 1990; Goldstein and Skadhauge, 2000).
All three mechanisms of thirst stimulation are activated when birds are
dehydrated and over-consumption frequently occurs because intestinal
absorption is sluggish and cellular rehydration takes time. In order to maintain
water balance under such conditions, excess water is excreted as dilute urine
(Takei et al., 1988).

Water intake is ambient temperature-dependent because evaporative
cooling mechanisms account for 50-80% of moisture loss, depending on the
state of hydration (Goldstein and Skadhauge, 2000). Consumed water also
acts as a heat-sink in heat-stressed birds, providing an important means of
thermoregulation. Insensible moisture loss during normal respiration increases
markedly when panting is initiated in response to heat stress and, interestingly,
50-80% of total evaporative loss occurs through the skin, despite the lack of
sweat glands (Marder and Ben-Asher, 1983; Goldstein and Skadhauge, 2000).

The control of this through cutaneous evaporation is not completely
understood but is partly regulated by adrenergic-induced vasodilatation in
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response to elevated ambient temperatures (Marder and Ben-Asher, 1983;
Marder and Raber, 1989).

The kidneys rid the body of excess water and solutes by a combination of
glomerular filtration, tubular re-absorption and secretion. Excretory function is
controlled by several hormones, including: (i) arginine vasotocin (antidiuretic);
(i) renin/angiotensin (diuretic/antidiuretic and natiuretic/antinatiuretic); (iii)
aldosterone (antinatiuretic); (iv) atrial natriuretic peptide (diuretic and
naturietic); and (v) parathyroid hormone (calcium mobilization and excretion of
phosphorus) (Morild et al., 1985; Clark and Mok, 1986; Gray et al., 1988;
Gray, 1993; Goldstein and Skadhauge, 2000).

Urinary excretion is somewhat unique in the avian species, since first the
ureters open into the coprodeum and, secondly, the urine passes retrograde up
the colon to the caeca before being evacuated via the cloaca with the faeces
(Goldstein and Skadhauge, 2000). The content of the urine is significantly
altered during its passage through the coprodeum, colon and caeca (Rice and
Skadhauge, 1982).

Approximately 95% of the daily glomerular filtrate water (11 times total
body water) is normally re-absorbed, but both filtration rate and reabsorption
rate are altered by the avian antidiuretic hormone, arginine vasotocin (AVT),
which is released by the neurohypophysis in response to an elevation in
extracellular osmolality or a drop in blood pressure (Gray et al., 1988;
Goldstein and Skadhauge, 2000).

AVT reduces filtration rate and increases the rate of water reabsorption
(70-99%), thus increasing urine concentration from typically iso-osmotic to
approximately 3 X the osmolality of plasma in the dehydrated state. Despite
this limited concentrating ability in the avian kidney, the efficiency of the avian
species in conserving water is similar to that of mammals. This is in part due to
their being uricotelic (excretion of insoluble urates limits water loss), but also to
the reprocessing of urine that takes place in the distal gastrointestinal tract.

Retrograde flow of urine from the urethra to the caeca via the coprodeum
and colon, before excretion via the cloaca, facilitates reclamation of otherwise
wasted water, electrolytes, nitrogen and energy. Sodium chloride, water,
glucose, fatty acids, amino acids, phosphate and ammonia are actively
absorbed from — while potassium is secreted into — the lumen of the lower
gastrointestinal tract (Goldstein and Skadhauge, 2000). The relative efficiency
of these mechanisms is heavily influenced by the luminal concentration of the
candidate concerned (Arnason et al., 1986; Arnason and Skadhauge, 1991;
Goldstein and Skadhauge, 2000).

Chickens on grain-based diets (approximately 30 meq Na*/kg) excrete a
lot of NH,*, phosphate and K*, while Na* and CI- together only account for
just over 10% of the total osmolality. When the Na™* concentration in the ration
is raised threefold there is a corresponding increase in urine Na* and CI~ (<
50% of osmotic space) at the expense of the NH,*, while other solute
concentrations change very little (Goldstein and Skadhauge, 2000). Provided
the drinking water solute concentration does not exceed the regulatory capacity
of the kidney, the bird is able to cope with relatively high dietary salt
concentrations (Roberts and Hughes, 1983).
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Although an increase in urinary output can cause wet litter, the condition is
usually, and often incorrectly, interpreted as an increase in true faecal water
consequent to diarrhoea or enteritis. Several feed ingredient characteristics can
alter faecal water content directly by increasing ingesta osmolarity or by
reducing transit time and absorptive surface area/function, thus compromising
water absorption and stimulating intake.

Although feed passage rate has increased with appetite and intake
(breeding and selection), this has been at the expense of time spent in the
proventriculus and gizzard, and retention time in the small intestine has thus
remained fairly constant (Washburn, 1991; Denbow, 2000).

Feed passage studies using insoluble (Branch and Cummings, 1978; Uden et
al., 1980; Ferrando et al., 1987) or soluble markers (Vergara et al., 1989) indicate
that average retention time is around 5-9 h. Although feed markers first appear
1.6-2.6 h after ingestion, the time taken for complete clearance appears to have
been poorly documented. This is unfortunate, since although feed transit time is
inversely proportional to intake in broilers, retro-peristalsis has been shown to be
an important part of avian digestive physiology, particularly after withholding
feed (Clench et al., 1989; Almirall and Esteve-Garcia, 1994).

Even normal dark periods could cause sufficient feed withdrawal to
stimulate retro-peristalsis, so experimental feed passage studies may be
confounded and may not accurately reflect reality. Any stimulus that alters feed
and water intake may affect passage time, digestion and absorption efficiency
and nutrient throughflow.

Apart from the direct feed efficiency implication of reduced digestion and
absorption, the throughflow of undigested nutrients impacts downstream gut
ecology (Gidenne, 1997). The morphology of the ileocaecal junction is such
that only fluid or very small (dissolved or suspended) particles enter the caecal
pouch when intra-luminal pressure increases during convergence of rectal retro-
peristaltic and ileal peristaltic contractions (Duke, 1982; Denbow, 2000). Since
the retro-peristaltic contractions of the colon/rectum are almost continuous,
87-97% of the caecal fluid originates from the urine (Akester et al., 1967,
Bjornhag and Sperber, 1977; Duke, 1982; Denbow, 2000).

The caeca have the capacity to absorb amino acids, and degradation of
microbial protein by caecal proteases is thought to provide an additional source
of amino acid nutrition (Bjornhag and Sperber, 1977). Urine-derived nitrogen
(urates, ammonia, urea, creatinine, amino acids, etc.) reaching the caeca by
retro-peristalsis and undigested (faecal) protein provide a source of nitrogen for
microbial amino acid synthesis (Goldstein and Skadhauge, 2000).
Unfortunately potentially toxic compounds such as ammonia, amines, phenols
and indoles are also generated by the proteolytic and ureolytic activity of the
caecal flora on non-digested nutrients that make their way through to the
caecal pouches. (Gidenne, 1997). These toxic compounds affect floral ecology
in the rabbit and the same is probably true for the broiler.

Extended feed withdrawal — as would occur with fever response or feed
outages — would increase the amount of retro-peristalsis and alter the
gastrointestinal environment sufficiently to impact the microbial ecology of the
upper gastrointestinal tract (Clench et al., 1989; Klasing, 1998). If liver nutrient
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reserve was exhausted by feed withdrawal, urine nitrogen (negative nitrogen
balance) would also increase and require further caecal microbiotic adaptation
(Denbow, 2000).

The flora of the lower gastrointestinal tract spend the majority of their
existence in stationary phase, because intense competition for a limited source
of nutrients causes near-starvation. Stationary phase evolution occurs very
rapidly and continuously through mutation, selection and takeover (Zambrano
et al., 1993; Finkel and Kolter, 1999).

Selection favours gene expression over function and, in the case of E. col,
enhanced amino acid scavenging capacity emerges (Zinser and Kolter, 2004).
Rapid expression of new and advantageous metabolic pathways may redefine
the organism’s niche and mean the loss of functionally beneficial genes (Zinser
and Kolter, 2004). Any factor that reduces digestion efficiency in the upper
gastrointestinal tract changes the nutrient supply to the lower tract and will
probably favour specific stationary-phase mutants.

NUTRITIONAL FACTORS

The following intrinsic dietary characteristics: (i) nutrient digestibility; (ii) nutrient
solubility; (iii) protein/energy ratio; (iv) diet specification; (v) exogenous enzyme
inclusion; and (vi) anti-nutrient content and extrinsic characteristics: (1) rate of
feed passage; (2) endogenous enzyme secretion; and (3) pH all have a profound
effect on feed efficiency. In pursuance of gut health the nutritionist needs to
consider ingredient blend in addition to nutrient specification (Bedford, 1996).

Several feed ingredient characteristics will affect passage time and faecal
moisture content, including particle size, viscosity in solution, digestibility (starch)
and lipid/protein/mineral content (Sibbald, 1979; Sell et al., 1983; Classen, 1996;
Refstie et al., 1999; Weurding et al., 2001; Leeson and Summers, 2005).
Regulations add further complications, since without meat-and-bone meal as an
optional ingredient for balancing protein amino acid composition the nutritionist
is forced to rely more heavily than perhaps desired on soy as a source of protein.

Any physiological perturbation that negatively affects nutrient assimilation
(intake, digestion and absorption) will increase nutrient throughflow and could
alter the microbial population of the distal gut sufficiently to cause wet litter.
The growth-enhancing effect of dietary enzymes is comparable to that of
antibiotics when tested in controlled experimental conditions, suggesting a
common mechanism of action, i.e. manipulation of the gut ecology (Rosen,
2000a, b, 2001). This may be one of the explanations why there is individual
and ingredient variation in response to enzyme supplementation (Bedford,
1996; Kocher et al., 1997).

Protein

Soy is the largest source of protein in avian diets, and heat inactivation of the
naturally occurring trypsin inhibitor (also present in flax seed and barley) is
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crucial to the bird’s ability to efficiently digest the protein component of this
ingredient.

High-protein diets, essential to attain broiler muscle tissue accretion rates,
increase the risk of downstream gut health challenges by increasing the chance
of protein throughflow. Peptic digestion is already marginal, because selection
for growth rate has reduced feed retention time in the crop and gizzard, thus
reducing enzyme/nutrient contact time (Sklan et al., 1975; Denbow, 2000;
Klipper et al., 2004). Apart from the obvious inefficiencies of nutrient wastage
arising from poor digestibility or rapid feed passage, undigested proteins (high
molecular weight) reaching the caeca are strongly inflammatory and thus
further reduce feed efficiency (Lillehoj and Trout, 1996; Klipper et al., 2001,
2004). This is especially so with soluble protein, because liquids pass through
the digestive tract 15% faster than do solids (Sklan et al., 1975; Sklan and
Hurwitz, 1980; Klipper et al., 2004).

During the first 3 days post-hatch, the chick immune system learns to tolerate
innocuous gut antigens because intact antigens are able to transgress the
immature gut cytoskeleton, enter the circulation and make contact with
developing lymphocytes in the thymus, bursa and spleen (Brandtzaeg, 1989;
Lillehoj and Trout, 1996; Klipper et al., 2001, 2004; Ueda et al., 2001;
Brandtzaeg, 2002). The degree of immune tolerance induced during this time is
proportional to the dose and frequency of antigen exposure and inversely
proportional to antigen solubility (Lillehoj and Trout, 1996; Klipper et al., 2001).

Gut barrier function matures by day 3 and oral exposure to ‘new’
innocuous antigens after this will lead to an inappropriate immune response
which is likely to reduce feed efficiency (Uni et al., 1999, 2000; Geyra et al.,
2001; Klipper et al., 2001, 2004). Pre-starter rations must contain the correct
balance of feed ingredient antigens to prepare the gut to tolerate feed antigen
exposure after maturation of gut barrier function (day 3).

Maternally derived antibodies play a relatively minor protective role at the
enteric interface but they are crucial in guiding the development of the
hatchling immune system along the fine line between tolerance and response.
Maternal antibodies to hazardous/pathogen antigens block development of
tolerance in the same way that they interfere with early vaccination (Klipper et
al., 2004). This enables the developing immune system to differentiate
potentially hazardous/pathogenic antigens from innocuous feed/commensal
antigens and thus to initiate response or tolerance (Klipper et al., 2004).

The common practice of hyper-immunizing parent flocks to protect
offspring against early exposure to harmful antigens probably generates
additional gut health benefits. By manipulating the level and extent of maternal
antibody transfer it is possible to shape the balance between tolerance and
response in the broiler for life (Klipper et al., 2004). Avian gut health
management needs to start at the parent flock level.

The amount of nitrogen reaching the caeca is influenced by the following:
(i) the amount of protein in the diet; (ii) the efficiency of protein
digestion/absorption in the upper gastrointestinal tract; (iii) the amino acid
profile of the protein; and (iv) the state of nitrogen balance. Compromised
protein digestion increases caecal nitrogen either by increasing nutrient
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throughflow or body protein turnover rate (nitrogen excretion via the urine)
(Akester et al., 1967; Duke, 1982; Denbow, 2000).

Volatile fatty acids (VFA) are by-products of uric acid degradation by caecal
flora and, despite passive absorption, caecal VFA concentrations (acetate >
propionate > butyrate) are very high (125 nM) (Annison et al., 1968; Sudo
and Duke, 1980). Since these weak organic acids have antibacterial activity
they probably play an important role in balancing the caecal ecology
(Cherrington et al., 1990, 1991; Davidson, 1997). Inadequate heat treatment
of soybean meal or high levels of inclusion can lead to enteritis and wet litter
(Leeson and Summers, 2005).

Exogenous enzymes added to the diet to promote protein digestion affect
caecal floral communities by reducing the amount of protein nitrogen reaching
the caeca, especially if nutrient credits are allocated to the enzyme during
formulation.

Carbohydrate

Lipid

Water-soluble, non-starch polysaccharides (NSP) adversely affect digestibility
by stimulating mucous production and increasing ingestal viscosity, frequently
resulting in wet litter (Choct and Annison, 1992; lji, 1999; Collier et al., 2003).
Grains such as wheat (5-8% pentosans and a-amylase inhibitors), rye (3-7%
B-glucans) and barley (3-15% B-glucans and trypsin inhibitor) are rich in
water-soluble NSP, and there is ample research to demonstrate that the use of
exogenous enzymes improves digestibility and reduces the wet litter problems
associated with these ingredients (Choct and Annison, 1992; Rosen, 2000a,
2001; Leeson and Summers, 2005).

This problem is not, however, unique to the traditional carbohydrate-rich
ingredients. The metabolizable energy value of soybean meal is compromised
by the lack of «l:6 galactosidase and, furthermore, the non-digestible
stachyose (5%), raffinose (1%) and sucrose (6%) accelerate feed passage,
reduce fibre digestion and alter caecal floral composition, thus contributing to
wet litter problems (Leeson and Summers, 2005). Other compounds such as
the lectins and isoflavones present in soybean meal are thought to account for
the balance (50%) of the anti-nutritional effect of inadequate heat treatment of
this ingredient (Leeson and Summers, 2005).

The negative effect of the NSP tends to dissipate as birds mature, which
suggests that microbiotic adaptation probably occurs with time. An increase in
the mucolytic component of the small intestinal microbiota and/or an increase
in NSP-digesting organisms in the distal part of the gastrointestinal tract is most
likely.

All fats and oils have the potential to become oxidized, and the resulting rancid
fats compromise digestibility and can cause gastrointestinal disturbance and
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wet litter directly (steatorrhoea) or indirectly by affecting gut flora (oxidative).
Unprotected fatty acids released by oil seed processing (grinding or chemical
extraction) are very susceptible to oxidative rancidity (Leeson and Summers,
2005).

The type and quality of dietary lipids affects their digestion and absorption
and - indirectly — the nature and extent of the bird’s inflammatory response,
and consequently influences the extent of tissue damage following antigenic
stimulation of the gut lining (Leeson and Summers, 2005). Dietary
polyunsaturated fatty acids (PUFA), for example, provide the building blocks
for cell membrane synthesis and indirectly determine the type of immune
response that follows cell damage, since the cell membrane lipids provide the
substrate for immune system communication molecule synthesis (Korver and
Klasing, 1995, 1997; Klasing, 1998).

Cereal grains are high in linoleic acid (n-6 PUFA precursor for arachidonic
acid), which generates prostaglandins, leukotreins and thromboxanes, while
fish oil is high in n-3 PUFA, which generates Interleukin-1 and prostaglandin-E
(Fritsche et al., 1991; Korver and Klasing, 1997). Of all the vegetable oils flax
seed oil contains the highest levels of omega-3 fatty acids (50% linolenic acid),
thus providing a very suitable substitute for fish meal as a source of omega-3
fatty acids (Leeson and Summers, 2005).

Mineral balance

Renal mineral excretion is a process of ion exchange across the renal tubule
membrane, so the anion—cation balance of the diet affects both water intake
and urinary output (Mongin, 1982). The relatively high levels of potassium in
soybean (and molasses) can, for example, be sufficient to induce polydipsia,
polyuria and wet litter.

Most diets will have added salt and, since sodium is the primary extracellular
cation, maintenance of sodium balance by the kidney is crucial in the control of
extracellular fluid volume and blood pressure (Goldstein and Skadhauge, 2000;
Leeson and Summers, 2005). Sodium excretion is regulated by arginine vasotocin
(antidiuretic), rennin/angiotensin (naturesis and diuresis), aldosterone (sodium
conservation) and atrial naturetic peptide (naturesis and diuresis) (Arnason et al.,
1986; Gray, 1993; Goldstein and Skadhauge, 2000). Increased salt intake requires
elevated sodium excretion which, by necessity, means the concomitant loss of an
equivalent anion (usually Cl-) and water. The polyuria induced by increased
sodium excretion is exacerbated by elevated chlorine, since this ion contributes to
the osmolarity of the urine (Goldstein and Skadhauge, 2000).

Minor sodium excess is controlled by reducing intestinal uptake but, as the
concentration in the diet increases, renal naturesis follows (Goldstein and
Skadhauge, 2000). Arginine vasotocin release in response to increased
extracellular fluid osmolarity initially reduces urinary output but, as the
extracellular fluid volume expands, AVT levels decline and elevated blood ANP
increases water and sodium excretion — potentially causing wet litter (Koike et al.,
1979; Gray, 1993). The polydypsia/polyuria induced by elevated dietary salt can,
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to a degree, be countered by partial replacement of salt-derived sodium by
sodium bicarbonate, thereby reducing chlorine intake, but this does potentially
compromise heat stress coping mechanisms (Leeson and Summers, 2005).

The nutritionist regulates dietary calcium and phosphorus levels by imposing
stringent maximum and minimum specification constraints, because both the
amount and ratio of these minerals is important to productivity (Leeson and
Summers, 2005). Calcium is reabsorbed from the glomerular filtrate very
efficiently (>98%) by a mechanism that operates close to maximum, while
phosphorus is, in contrast, reabsorbed fairly inefficiently (40%) (Wideman, 1987).

Parathyroid hormone (PTH) secretion in response to low blood Ca
enhances intestinal absorption and reduces renal excretion (Wideman, 1987).
Elevated blood Ca proportionally increases the calcium concentration of the
glomerular filtrate, which easily exceeds reabsorption capacity and
consequently increases Ca excretion (Clark and Mok, 1986; Wideman, 1987).
PTH increases phosphorus excretion by inhibiting renal tubular reabsorption
and secretion (Clark and Mok, 1986; Wideman, 1987).

Excess calcium excretion can cause renal pathology (calcinosis/urolithiasis),
resulting in compromised water retention and diuresis/wet litter (Shane et al.,
1969; Wideman et al., 1985). Dolomitic limestone contains relatively high
levels of magnesium (8-10%) and, apart from competing with calcium for
absorption, Mg excretion can cause diuresis and wet litter (Leeson and
Summers, 2005).

TOXICITY

Nephrotoxins such as ochratoxin (especially type A), citrinin and oosporin can
compromise renal function, causing polyuria/polydypsia and wet litter (Leeson
and Summers, 2005). Mycotoxicoses are difficult to quantify as there appears
to be significant interaction and potentiation.

NUTRITIONAL INTERVENTION

Some ingredient characteristics such as water content, viscosity and non-
digestible nutrient composition can be enhanced with concomitant enzyme and
or osmolyte usage, while others such as mineral content require a more
fundamental approach (diet formulation) (Bedford, 2000; Rosen, 2001;
Leeson and Summers, 2005).

The task of gut environment management is almost neglected because the
internalized external environment of the gastrointestinal lumen is complex and
poorly understood. This is rather ironic, since the efficiency of the assimilation
process — and hence feed efficiency — is dependent on the integrity of the
absorptive membrane, which is in turn dependent on the status of the gut
environment. Dietary ingredient mix and nutrient composition is fundamental
to the establishment and maintenance of the complex microbial ecology of the
gastrointestinal tract (Collett, 2005).
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Modern molecular techniques have helped elucidate details of the
gastrointestinal environment that are revolutionizing our understanding. 16S
ribosomal RNA-based techniques have enhanced the accuracy of gut floral
profiling (highlighting the inadequacy of culture techniques) and are making
the detailed study of gut ecology feasible (Barnes and Impey, 1970; Barnes et
al., 1972; Salanitro et al., 1974, 1978; Barnes, 1977; Cherrington et al., 1991;
Amann et al., 1995; Anadon et al., 1995; Vaughan et al., 2000; Gong et al.,
2002; Stappenbeck et al., 2002; Lu et al., 2003).

Gene sequencing of purported commensals and host cascade reaction
modulation studies (such as pro- and anti-inflammatory pathways) have
already opened the door on the vast host/flora cellular communication process
that maintains immune-microbe homeostasis (Elson and Cong, 2002; McFall-
Nagai, 2002; Neish, 2002; Lu et al., 2003; Xu and Gordon, 2003; Xu et al.,
2003; Kelly et al., 2004).

Gut microbial imbalance is a fundamental cause of wet litter and there are
several opportunities for intervention to enhance gut health and productivity by
managing this ecosystem (Collett, 2005):

1. Seeding of the hatchling gut begins with vertical transmission of parent gut
flora, but is effectively modified with early administration of effective probiotics
or competitive exclusion products. To be successful these must initiate the
development of a primary flora that will rapidly evolve into a stable and
favourable climax flora by creating suitable gut conditions and excluding
unfavourable organisms.

2. Preparing the gut environment (pH, redox potential) for early transition
from primary to climax flora through water/feed acidification. Candidates need
to be weak acids that are buffered to withstand the neutralizing effect of
minerals dissolved in the drinking water and have dissociation characteristics
that make them active in the small intestine.

3. Excluding pathogens from colonizing the gut by competitive and selective
exclusion. It is important that the selective exclusion product is compatible with
(does not exclude) the organisms used for competitive exclusion or as a
probiotic.

4. Enhancing resilience by stimulating the protective immune response while
suppressing the acute phase or fever response.

5. Decreasing nutrient throughflow by enhancing nutrient digestion and
absorption (exogenous enzyme addition and nutrient modification, feeding and
lighting programmes, careful use of antibiotics) to avoid caecal floral upset.

On-farm risk analysis is necessary to determine which interventions are
most appropriate and to establish the most profitable strategy for improving gut
health.

CONCLUSIONS

Nutritionally induced wet litter may result from increased urine production
(polyuria) or compromised water absorption (diarrhoea/enteritis). The stage at
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which aberration reflects as a clinical problem is governed by: (i) the capacity
and operation of the house ventilation system; (ii) bird stocking density; (iii)
litter material quantity and quality; and (iv) prevailing climatic conditions.

Urinary output increases in response to feeding diets that require increased
excretion of nitrogen (governed by protein quantity and quality or amino acid
profile) and minerals in response to dietary excess or imbalance. Faecal water
excretion increases as a consequence of reduced water absorption and can be
the result of ingredient characteristics that affect:

1. The process of absorption and feed passage time, including particle size,
viscosity in solution, digestibility (starch), mineral content and lipid/protein
quantity and quality.

2. The integrity of the gastrointestinal lining directly (toxic) or indirectly
(perturbation of the microbial ecology of the gastrointestinal tract) by causing
an inflammatory process and cell damage.

In pursuance of gut health the nutritionist needs to consider ingredient
blend in addition to nutrient specification. Seeding the gastrointestinal tract
with bacteria at hatch and subsequently managing the gastrointestinal
environment, whilst at the same time reducing anti-nutritional factors and the
use of precision diet formulation, has proved advantageous in minimizing the
incidence of wet litter in birds whilst maintaining and improving bird
performance.
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ABSTRACT

The intestine is sensitive to the deficiency or excess of several vitamins and
minerals. A deficiency of vitamin A interferes with the development and
differentiation events necessary for maintaining intestinal architecture. A
deficiency of vitamin B, pantothenic acid, thiamin, niacin, or riboflavin
interferes with cellular proliferation and diminishes the size of the willi.
However, the gut is not the most sensitive indicator of a deficiency. Some
nutrients, including long-chain fatty acids, carotenoids and vitamins A, D and
E, modulate regulatory pathways of systems involved in intestinal homeostasis
and health, including the immune system.

By shifting the balance of regulatory processes, the dietary levels of these
nutrients change gut health, sometimes for the good and sometimes to the
detriment of the bird, depending on the pathogen milieu. Enteric infections
markedly diminish the absorption of many micronutrients, especially the fat-
soluble vitamins. The decrease in absorption may be related to: (i) decreased
intestinal integrity and function due to pathology inflicted by the pathogen; (ii)
increased rate of passage of digesta through the intestines; or (iii) as an integral
part of the inflammatory response to the pathogens. Thus, micronutrient
nutrition can affect gut health, but gut health can also affect micronutrient
nutrition.

INTRODUCTION

210

The diet is an important determinant of the morphology, defences and
microflora of the gut. Dietary fibre, starch, protein and other macronutrients
dominate much of the research on gut health because they have considerable
effects on gut morphology and microbial ecology (Klasing, 2005). The supply
of micronutrients, including vitamins and minerals, often has more subtle
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effects on gut health by influencing developmental and defensive processes of
the gastrointestinal tract. This chapter reviews the priority of the gut for
micronutrients, the effect of deficient or excess levels of micronutrients on gut
health and the emerging concept of immunomodulation by micronutrients (see
Table 14.1).

The gut is sensitive to deficiency of several nutrients (Klasing and Austic,
2003), and providing adequate levels of these nutrients is critical for gut health
(more is good). However, several nutrients, including iron and biotin, are
critical nutrients for the growth of microbes, so supplying excess levels may, in
some situations, negatively impact health (more is bad). Some nutrients
modulate regulatory pathways of systems involved in intestinal homeostasis
and health, including the immune system. By shifting the balance of regulatory
processes, the dietary levels of these nutrients change gut health, sometimes for
the good and sometimes to the detriment of the bird (more is different).
Nutritional approaches relevant to one micronutrient may be inappropriate for
others; consequently, an understanding of the influences of micronutrients on
the integrity of the gut and on the regulation of gut defences is needed for
optimal health.

REQUIREMENT AND PRIORITY OF THE GUT FOR NUTRIENTS

The gastrointestinal tract (GIT), especially the intestine, is among the most
metabolically active tissues of the body and its epithelia have a very high rate
of cell turnover and loss of protein and cells into the lumen. Consequently its
requirement (g/kg tissue/d) for most nutrients is unmatched by any other tissue.
The intestines are buffered from many nutrient deficiencies because the
nutrients in food pass through its epithelium, giving this tissue first refusal at
utilizing them. Absorption of some nutrients occurs mostly after the mid-
duodenum, so tissues proximal to this region do not have first refusal and must
receive these nutrients via the blood — and consequently must compete with
other tissues.

Table 14.1. Examples of micronutrients that impact gut health and the mechanisms involved.

Mechanism Micronutrients
Sensitivity of proximal gut to low levels of Vitamins A, By, pantothenic acid, thiamin,
essential nutrients niacin, riboflavin and vitamin E—selenium
Novel nutrient needs during stress or disease Betaine, vitamin C, glutamine and nucleotides
Sensitivity of gut to toxicities Copper, salt, heavy metals, vitamins A
and E

Deprivation of micronutrients limits microbial  Iron, biotin
proliferation

Antimicrobial actions of micronutrients Copper, zinc

Modulation of the immune system by Long-chain polyunsaturated fatty acids,
micronutrients carotenoids and vitamins A, C, D and E
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Severe deficiencies of several nutrients have been shown to cause
pathology in the gizzard or proximal duodenum, including: (i) vitamin A
(Klasing and Austic, 2003); (ii) vitamin B, (Daghir and Haddad, 1981); (iii)
pantothenic acid (Ringrose et al., 1931; Gries and Scott, 1972); (iv) thiamin
(Gries and Scott, 1972); (v) niacin (Gries and Scott, 1972); (vi) riboflavin
(Gries and Scott, 1972); and (vii) vitamin E-selenium (Cantor et al., 1982; Van
Vleet, 1982).

However, other organs, as well as growth and efficiency of feed use, are
more sensitive to low dietary levels of these nutrients, so the gut is not normally
used as the sentinal tissue for diagnosis of specific nutrient deficiencies.

MICRONUTRIENT DEFICIENCIES OR EXCESSES AND GUT HEALTH

The impact of micronutrient deficiencies on gut health may be due to either
direct consequences on the gut tissue or indirect complications of the deficiency
on various systemic systems, especially the immune system. Because of the
high priority of the gut for most nutrients, this latter mechanism often
dominates aetiology. The gut is protected from the massive population of
microbes found in its lumen by leukocytes that mature in the thymus, bursa
and bone marrow. These primary immune tissues are metabolically highly
active and are sensitive to micronutrient deficiencies.

The thymus is especially sensitive, and its size and integrity are often used
as indicators of marginal nutrient deficiencies. Lymphocytes produced in the
thymus and bursa are critical for defence against enteric pathogens and for
tolerance to commensal microflora and the macromolecules in food. Thus,
impairments in the development of leukocytes in the periphery can result in
diminished intestinal defences and increased incidence of pathogen-induced
pathology and food-induced intolerances.

A vicious cycle often ensues, with enteric infections and hypersensitivities
resulting in malabsorption, exacerbating nutritional deficiencies, which further
compromise immunity. Thus, while the intestines — by virtue of their first refusal
priority for nutrients — are not usually the primary site of pathology due to
micronutrient malnutrition, enteric diseases secondary to compromised
immunity are a major contributor to the morbidity. In field cases of
micronutrient deficiencies, the stunting, runting and unthrifty syndromes that
accompany micronutrient deficiencies are often the result of these secondary
effects on intestinal immunity. A deficiency of most of the micronutrients
impacts on intestinal immune defences and the effects of vitamin A are
reviewed in detail below.

The GIT is the first organ system to encounter excessive levels of nutrients
and food contaminants and is the site where toxicosis is often expressed. For
example, copper is often added to feed because of its growth-promoting
actions and the gizzard is very sensitive to high copper levels (Fisher et al.,
1973; Poupoulis and Jensen, 1976; Jensen et al., 1991). Gizzards from chicks
fed toxic levels of copper have linings that are markedly thickened and folded
and have erosions, fissures and a warty appearance. Histologically, there are
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haemorrhages under the thickened koilin layer. Salt toxicity causes
haemorrhages and severe congestion in the gastrointestinal tract (Klasing and
Austic, 2003). Excess vitamin E causes cornification of the oesophageal
mucous membrane (Wang, 1993). The gut is also sensitive to acute toxicity due
to heavy metals, such as cadmium and lead (Fox, 1975; NRC, 2005).

Vitamin A

The active form of vitamin A, retinoic acid, serves as a regulatory signal for
Hox expression, which determines the morphological patterning of the avian
gut during embryonic development (Huang et al., 1998). After hatch, the
continued differentiation of a number of cell lineages is controlled by retinoic
acid. Deficiency of vitamin A results in the de-differentiation of simple epithelial
membranes into squamous epithelia (squamous metaplasia). Marginal
deficiencies of vitamin A cause epithelial changes in the oropharynx and
oesophagus in chicks with normal growth performance (Aye et al., 2000). In
more severe deficiencies, the intestinal epithelia also undergo structural and
functional changes that cause maldigestion and malabsorption.

Uni and co-workers (Uni et al., 1998) found that the jejunal villi of broiler
chickens grown on a vitamin A-deficient diet were shorter, thicker and had a
much higher enterocyte density and smaller enterocyte size. The abrupt
withdrawal of vitamin A from the diet resulted in a rapid decline in the number
of goblet cells in the epithelium (Rojanapo et al., 1980).

High enterocyte density is due to increased proliferation and decreased
protein accretion. The enterocytes of vitamin A-deficient chicks expressed lower
levels of intestinal brush border enzymes (Uni et al., 2000), which probably
contributes to malabsorption. Impaired growth rate of deficient broiler chicks
appears to be secondary to diminished digestive function (Klasing and Austic,
2003). These changes are reversible upon supplementation of vitamin A (Uni et
al., 1998).

Vitamin A, again as retinoic acid, regulates leukocyte function, especially
lymphocytes (Halevy et al., 1994; Semba, 1998). In chickens, low vitamin A
depressed CD4/CD8 T-lymphocyte ratios (Lessard et al., 1997), specific
antibody production to protein antigens (Friedman and Sklan, 1989a; Sklan et
al., 1994) and in vitro proliferation responses of T-lymphocytes to both antigens
(Friedman and Sklan, 1989b; Sklan et al., 1994) and mitogens (Halevy et al.,
1994; Dalloul et al., 2002). Duodenal and jejunal intra-epithelial lymphocytes
from chicks fed a low-vitamin A diet expressed diminished levels of CD3, CD4,
CD8, o TCR and & TCR (Dalloul et al., 2002).

In the small intestinal mucosa of mice, vitamin A deficiency resulted in
diminished IL-4, IL-5 and IL-6, leading to decreased total and antigen-specific
IgA production (Nikawa et al., 1999). Interestingly, in broilers the proportion of
intra-epithelial lymphocytes that were IgA positive increased during a vitamin A
deficiency (Dalloul et al., 2002), probably because of greater levels of challenges
from microbes residing in the intestines. In vitamin A-deficient chickens, changes
in the response to Newcastle Disease Virus or coccidia indicated a shift from
Th1- towards Th2-type responses (Lessard et al., 1997; Dalloul et al., 2002).
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In cockatiels, antibody production is more sensitive to vitamin A
malnutrition than are classic indicators of vitamin A deficiency, such as
histological changes in mucosal membranes (Koutsos et al., 2003). Friedman
and Sklan (1989a) and Sklan et al.(1994) titrated the response to increasing
dietary vitamin A from deficient to very high levels and found a robust increase
in antigen-specific B and T lymphocyte responses when a deficiency was
corrected. However, they also saw immunomodulatory effects at very high
levels, illustrating both the required nutritional effects of vitamin A and the
immunomodulatory actions of this vitamin, which are mediated by a separate
mechanism (see the section on interactions between micronutrients and gut
microflora, below).

Low dietary vitamin A impairs intestinal barrier functions by impairing
mucin production of goblet cells (De Luca et al., 1969; Uni et al., 2000) and
the integrity of tight junctions between epithelial cells (Basova et al., 2002).
Foci of vitamin A-deficient epithelia may be the sites of penetration of bacteria
and viruses contributing to an increased severity of infections by pathogens
and an increase in incidence of secondary infections (Ross and Stephensen,
1996).

In the intact animal, the effects of vitamin A nutrition on the intestines are
probably due to a combination of the following: (i) effects on the differentiation
of the epithelium; (ii) diminished barrier functions; (iii) malabsorption resulting
in greater substrate for luminal bacterial overgrowth; and (iv) impaired function
of resident leukocytes. This combination results in decreased resistance to a
variety of infectious diseases (Cook, 1991; Semba, 1998; Klasing and Austic,
2003).

Erasmus and Scott (1960) found that chicks fed a low-vitamin A diet had
higher mortality due to either an Eimeria acervulina or E. tenella infection. In
vitamin A-replete broilers, CD8-positive T lymphocytic proportions increased in
the intestinal epithelium following an E. acervulina challenge, but this change
was blocked by vitamin A deficiency (Dalloul et al., 2002).

The increase in interferon-y and IL-2 due to a coccidial challenge was also
blunted (Dalloul et al., 2002, 2003). In this study the vitamin A-deficient birds
had a higher burden of infection, as indicated by higher oocyst shedding,
indicating that the diminished immune response, coupled with changes in
epithelial integrity, resulted in lower resistance. Vitamin A deficiency also
increased the burden of Ascaridia galli in challenge experiments (Zoltowska et
al., 1995).

Vitamin A is the most toxic vitamin and the immune system is very
sensitive to excess (Sklan et al., 1994; Koutsos et al., 2003). Furthermore,
vitamin A has immunoregulatory properties that are distinct from its required
functions in the differentiation of epithelia and leukocytes. Thus, deficiencies
must be avoided but supplementation must be done judiciously.

Selenium and vitamin E

Deficiency of vitamin E and/or selenium (Se) can produce myopathic changes
in the smooth muscle that lines the gut (Yarrington and Whiehair, 1975; Cantor
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et al., 1982). Lesions are especially extensive in the gizzard, which becomes
pale and infiltrated by heterophils. Smooth muscle cells show degeneration of
the sarcoplasmic reticulum and mitochondria. Smooth muscle in the proximal
duodenum is similarly affected. Oxidized fat in the diet exacerbates the impact
of a vitamin deficiency on the integrity of the gut (Dam, 1970).

As with vitamin A, a deficiency of vitamin E and/or Se impairs most
measures of immune function (Marsh et al., 1986; Tengerdy, 1990; Exf et al.,
1998; Leshchinsky and Klasing, 2001). The primary lymphoid organs are
major targets of Se and vitamin E dietary deficiencies (Marsh et al., 1986).
Supplementation of marginally deficient diets with Se or vitamin E reduced
mortality and morbidity of chickens infected with E. tenella (Colnago et al.,
1984). These same investigators found that immunization of chickens against
coccidiosis was enhanced by Se or vitamin E supplementation. Supple-
mentation of diets that were already sufficient in vitamin E (25 mg/kg) with
additional vitamin E did not improve protection (Allen and Fetterer, 2002).

Increasing vitamin E to levels well above the requirement has
immunomodulating properties that are mediated by mechanisms different from
its roles that prevent nutritional deficiencies (see section on interactions
between micronutrients and gut microflora). Thus, nutritional vitamin E should
be viewed in two ways: (i) preventing deficiency is necessary for normal
immunity and is likely to be beneficial; however, (ii) adding high levels is
immunomodulatory and the benefits are dependent upon the type of pathogen
challenge. Furthermore, high levels of vitamin E antagonize vitamin A and can
cause symptoms of vitamin A deficiency (Wang, 1993).

Other micronutrients

Several micronutrients that are not nutritionally essential in healthy birds become
important during challenges to gut health, including betaine, vitamin C, glutamine
and nucleotides. Betaine is not considered to be dietarily essential because it can
be synthesized from choline or de novo from serine and methionine (Klasing,
1998). However, betaine has osmoprotective functions in the chick intestine and
this property appears to be important in protecting the epithelium of the gut,
especially during challenges by coccidia (Kettunen et al., 2001a, b).

In addition to protecting enterocytes, betaine is osmoprotective for
macrophages, increasing their chemotaxis and NO release in response to
coccidia (Klasing et al., 2002). Thus dietary betaine mitigates the extent of
pathology that accompanies some types of coccidial infection (Augustine et al.,
1997; Matthews et al., 1997; Augustine and Danforth, 1999; Klasing et al.,
2002; Fetterer et al., 2003).

Similarly, vitamin C, glutamine and nucleotides are also synthesized by
poultry, though some avian species are unable to synthesize vitamin C
(Klasing, 1998). Social, physical and infectious stresses deplete tissue
ascorbate levels due to a mismatch between synthesis and utilization rates
(Pardue and Thaxton, 1986). Glutamine is depleted by inflammatory stresses
(Klasing and Austic, 1984; Newsholme, 2001). Rapidly proliferating cells —
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especially enterocytes and activated leukocytes — require large amounts of
glutamine and nucleotides, making these nutrients conditionally essential
during infection or injury (Newsholme, 2001). Thus, supplementation to
purified diets that have low levels decreases morbidity following a variety of
enteric infections.

INTERACTIONS BETWEEN MICRONUTRIENTS AND GUT MICROFLORA

Nutritional need of microflora for micronutrients

The developing embryo and hatchling have several systems that influence the
colonization of the gut by commensal microflora. Microflora requires specific
micronutrients for proliferation and pathogenicity. The sequestration of
micronutrients by binding proteins in egg albumin is an important determinant
of microbial growth (Romanoff and Romanoff, 1949).

Iron and biotin are tightly chelated to ovotransferrin and avidin, respectively.
Although some species of bacteria can synthesize biotin, many pathogens have
lost this capability and require biotin. Among avian pathogens, biotin is required
for the growth of Candida, Listeria, Staphylococcus, Clostridia, Streptococcus,
Salmonella, E. coli and eukaryotic parasites, including coccidia. Iron is required
for all bacteria, though the requirement is lower for some taxa such as lactobacilli
(Weinberg, 1997).

Avidin is a basic glycoprotein with an extraordinarily high dissociation
constant for biotin of 10715, This is the highest non-covalent binding found in
nature and confers remarkable stability to the biotin—avidin complex. In
addition to being found in egg white, avidin is produced by the chicken
intestine following tissue trauma or infection (Elo and Korpela, 1984; Kunnas et
al., 1993). Although little research has examined the roles of avidin or
ovotransferrin in the protection of the avian gut, they are important at limiting
pathogen growth in vitro (Klasing and Peng, 2004).

Given the analogous role of lactoferrin in mammals (Chierici, 2001;
Lonnerdal, 2003), these two nutrient-binding proteins of birds are likely to be
important in directing the development of a healthy population of commensal
microflora and in diminishing the growth of pathogens. Evidence supporting
this contention includes the following: (i) addition of iron to eggs inoculated
with Camplyobacter jejuni enhances the infection rate of hatchlings (Clark and
Bueschkens, 1985); (ii) iron stimulates the growth of enteric S. Enteritidis (Clay
and Board, 1991; Chen et al., 2001); and (iii) iron acquisition systems are
important virulence factors for several avian pathogens (Dozois et al., 2003;
Ewers et al., 2005).

Antimicrobial effects of micronutrients

Copper (Cu) salts are antimicrobial, anti-parasitic (Gabrashanska et al., 1993;
Aarestrup and Hasman, 2004) and change gut microflora and caecal
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morphology (Jensen and Maurice, 1978). When fed at levels (125-250 mg/kg)
that are greatly above nutritional requirements (10 mg/kg), Cu increases growth
rates of broiler chickens (Pesti and Bakalli, 1996; Ewing et al., 1998).

In pigs, the growth-promoting activity of Cu is associated with changes in
gut microbial populations that are similar to those induced by antibiotics
(Hojberg et al., 2005).

Zinc (Zn) is also bacteriocidal for a variety of avian pathogens (Aarestrup
and Hasman, 2004), improves growth rates in chicks orally challenged by S.
Typhimurium (Hegazy and Adachi, 2000), modifies the ecology of intestinal
bacteria (Hojberg et al., 2005) and is sometimes used as a growth promoter.
However, high levels of Zn increase the frequency of lesions caused by
Clostridium perfringens, possibly by increasing alpha toxin production and
protecting it from the neutralizing actions of trypsin (Baba et al., 1992).

MICRONUTRIENT IMMUNOMODULATION

High

Nutritional pathology

Low

Some essential nutrients, when fed at dietary levels that are clearly above the
nutritional requirement, modulate the immune system (see Fig. 14.1). Nutrients
that are not normally considered as being nutritionally essential may also
modulate immunity. This nutritional modulation may then impact on a bird’s
resistance to enteric pathogens. A relationship between immunomodulatory
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Fig. 14.1. The dietary concentration of a nutrient influences immunocompetence and the
severity of nutritional pathologies. At low dietary levels (deficiency) and at high levels (toxicity),
tissue pathology occurs. At levels between the dietary requirement and the maximum tolerable
level, nutritional pathologies are absent. Typically, all components of immunity increase with
increasing dietary nutrient concentrations at levels below the requirement. At levels above the
requirement, the different components of the immune system are affected differently
(immunomodulation). In the case of n-3 PUFA, antibody responses are increased at nutrient
levels in excess of the requirement while cell-mediated immunity and inflammation decrease.
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nutrients and pathological consequences of infectious challenges has been
observed for most enteric pathogens, but coccidiosis has received the most
attention (Allen et al., 1998).

Nutrients that have strong immunomodulating activities include metabo-
lizable energy, long-chain polyunsaturated fatty acids (PUFA), carotenoids and
vitamins A, C, D and E (Klasing, 2001). For most of these nutrients, receptors
have been identified that bind the nutrient and modify signal transduction
cascades important in the regulation and response of leukocytes. For example,
some PUFA bind to peroxisome proliferators activated receptor (PPAR) nuclear
hormone receptors, which then change the activity of transcription factors such
as NFkB and AP1.

Similarly, vitamin A metabolites bind to retinoic acid X receptor (RXR)
nuclear hormone receptors and regulate NFkB and AP1, which are important
for the initiation of pro-inflammatory responses and the balance between Thl
and Th2 lymphocyte responses. Friedman and Sklan (1989a) and Sklan et al.
(1994) titrated the amount of vitamin A needed to maximize lymphocyte
immunomodulation and found that more than 10-fold higher dietary levels
were needed for immunomodulation than for maximal weight gain or
prevention of deficiency symptoms (i.e. the nutritional requirement). Similarly,
Leshchinsky et al. (2001) determined that immunomodulation by vitamin E
was maximal at dietary levels of between five and ten times the requirement.

The immunomodulatory effect of nutrients is now well appreciated and used
extensively in human and veterinary medicine. Both experimental and clinical
results clearly indicate that the specific immunomodulatory actions of a nutrient
must be understood before its application in human or animal populations
because its efficacy is context dependent. Unlike increases in nutrients from
deficient to sufficient levels where most indices of immunocompetence are
elevated, increases from sufficient to immunomodulatory levels cause some
components of immunity to be elevated and others to be diminished; in other
words, the type and intensity of responses have been changed or modulated.

The resulting changes may be protective for some pathogens, i.e. those
that are controlled by the elevated responses, but contraindicated for other
pathogens, i.e. those that are controlled by diminished responses. This is
illustrated by n-3 PUFA, which diminish pro-inflammatory and Th1l-mediated
lymphocyte responses, but augment Th2 responses. The general result is
improved resistance to challenges controlled by Th2 responses but increased
susceptibility to challenges controlled by Thl responses and inflammation
(Anderson and Fritsche, 2002).

INTESTINAL HEALTH AND MICRONUTRIENT STATUS

Enteric infections markedly diminish the absorption of many nutrients. In
general, the absorption of micronutrients is impacted to a greater degree than
that of macronutrients such as carbohydrates, protein or fat. Three general
mechanisms mediate the malabsorption. First, diminished absorption can be a
direct result of pathological changes in the integrity and function of the
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intestinal epithelium. This is especially the case with infections that inflict
pathology to the absorptive regions of the small intestines.

Secondly, malabsorption can be due to an increase in the rate of passage
of digesta through the intestines, because high rates of transit diminish the time
available for absorption. Thirdly, the reduction in absorption of some nutrients
is orchestrated by the immune response to the pathogen. The changes in
nutrient absorption that are mediated by the immune system may have
protective value for the host by depriving microbes of nutrients that they need
for proliferation (e.g. iron) or for defences against the immune system’s effector
mechanisms (e.g. antioxidants).

The absorption of vitamin A and carotenoids is particularly decreased
during enteric infections (Marusich et al., 1973; Allen, 1992; West et al., 1992).
The magnitude of the decrease can not be accounted for by a generalized
decrease in lipid digestion and absorption. Absorption of vitamin A and
carotenoids is also diminished during systemic infections, so at least part of the
malabsorption is probably a component of the immune response. The
absorption of iron is also markedly decreased during enteric infections. Some
of this decrease is correlated with damage to iron-absorbing regions of the
intestines (Turk, 1981), but absorption is also diminished during systemic
infections (Hill et al., 1977), and research in rodents indicates that pro-
inflammatory cytokines mediate reduced iron absorption (Steele et al., 2005).

CONCLUSIONS

In general, micronutrient malnutrition does not affect gut health as greatly as
do macronutrients. Much of the gut receives first refusal at nutrients arriving
from the diet, endowing it with priority over other tissues. Thus, gut pathology
is not commonly a sentinel for malnutrition. However, a variety of
micronutrients can affect the ecology of microflora inhabiting the gut, either by
serving as nutrients for the microbes or by affecting the immune system, which
controls population dynamics in the gut. Consequently, micronutrient impacts
on gut health are subtle but important.
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CHAPTER 15
Virally induced gastrointestinal diseases of
chickens and turkeys
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ABSTRACT

Virally induced gastrointestinal diseases are common causes of production
losses in chickens and turkeys. The mechanisms by which viruses produce
gastrointestinal diseases differ among the viruses that replicate in this system,
with the outcome of infection determined by variables that include site of virus
replication and interaction with other infectious agents, nutrition and
management. Depending on these variables, viral infection results in either
inapparent infection or gastrointestinal disease characterized by proventriculitis
or enteritis.

Proventriculitis results from wviral replication in proventricular glandular
epithelium, with consequent impairment of pepsinogen and hydrochloric acid
synthesis and impaired nutrient absorption. Pathogenesis of virally induced
enteric disease is more complex, in that disease may occur by multiple
pathways. For viruses that replicate in differentiated villous epithelium, enteric
disease may occur by a perturbation of normal absorption and digestion,
potentiation of pathogenesis of other infectious agents or by a combination of
these effects; the role of nutrition as a complicating factor requires additional
research.

An alternative mechanism for inducing enteritis is exhibited by the avian
adenovirus, haemorrhagic enteritis virus; this virus perturbs intestinal function
by damaging cells within the lamina propria. Regardless of the pathogenic
mechanism involved, these viral diseases result in decreased efficiency of feed
utilization and this, by itself, is an important source of economic loss. However,
these infections often have other adverse effects on productivity, including
decreased growth rates, decreased flock uniformity, increased susceptibility to
other infectious agents and increased mortality. Control of these virally induced
gastrointestinal diseases ultimately is dependent on improved understanding of
the viruses involved.
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INTRODUCTION

Several different viruses have been identified as causes of gastrointestinal tract
diseases in chickens and turkeys, and several others have been labelled as
causes based on electron microscopic identification in tissues and/or intestinal
contents of affected poultry. Virally induced gastrointestinal infections occur in
birds of all age groups but tend to predominate in young birds. Clinically, these
gastrointestinal diseases result in a broad range of outcomes ranging from
inapparent, economically insignificant effects to severe and economically
devastating disease. In field situations, virally induced gastrointestinal infections
almost always are complicated by other infectious agents as well as by
management, nutritional and environmental factors; thus, the true role of
viruses in naturally occurring gastrointestinal diseases is often difficult to assess.

The gastrointestinal tract of chickens and turkeys is a large organ
comprised of many different cell types that potentially serve as targets for
infection by many different viruses. However, most virally induced
gastrointestinal diseases in chickens and turkeys are due to virally induced
damage to only two cell types: (i) glandular epithelium in the proventriculus;
and (ii) differentiated enterocytes that cover the intestinal villi.

The proventricular glandular epithelium is responsible for the production of
digestive secretions (HCI and pepsinogen), and villous enterocytes are
responsible for both digestion (production of disaccharidases, peptidases, etc.)
and absorption of nutrients and water. Haemorrhagic enteritis virus (HEV)
produces enteric disease in a unique manner by damaging cells within the
intestinal lamina propria. Not surprisingly, virally induced damage of
proventricular glandular epithelium, villous enterocytes and lamina propria cells
potentially leads to disease, either in the form of proventriculitis or enteritis.

In today’s modern poultry production systems where feed represents the
single largest monetary investment, these diseases result in decreased efficiency
of feed utilization and this, by itself, may result in economic loss. However,
these viral infections often have other adverse effects on productivity, including
increased mortality, decreased growth rates, decreased flock uniformity and
increased susceptibility to other infectious agents. In addition, viral infections of
the gastrointestinal tract are likely to be responsible for the development of a
number of other, extra-gastrointestinal, diseases. Virally induced damage may
provide a portal of entry for other infectious agents or it may promote their
attachment and/or proliferation in the gastrointestinal tract.

Viral infection may result in nutritional deficiencies, especially those related
to fat-soluble vitamins and minerals. Abnormal feathering, rickets, osteoporosis
and other skeletal abnormalities are frequently seen in young, meat-type birds
that experience gastrointestinal disease. Nutritional deficiency also may impair
the growth and development of lymphoid organs, and this may result in
immunological deficiency and increased susceptibility to other infectious
diseases.

The gastrointestinal tract is a hostile environment for viruses. Viruses that
reach susceptible gastrointestinal cells by ingestion must evade destruction by
acids, bile and digestive enzymes that are secreted into the gastrointestinal
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lumen. Additionally, for the virus to initiate infection it must penetrate the
glycocalyx/mucous coating of epithelium in proventriculus and/or intestines and
find appropriate receptors for attachment. Viruses may circumvent these
barriers by viraemic spread to susceptible cells, as is the case with adenoviruses
such as haemorrhagic enteritis virus.

The mechanisms by which viruses cause gastrointestinal disease vary
among the different viruses that replicate in this organ system. The outcome of
these infections is determined by several variables, including: (i) host factors
(age, immune status, genetics); (ii) site of virus replication (cell tropism); (iii)
degree of virally induced damage; and (iv) interaction with non-viral cofactors
such as other infectious agents. Depending on these variables, the outcome
may be either: (i) inapparent infection; or (ii) gastrointestinal disease
characterized by proventriculitis or enteritis.

Virally induced proventriculitis, referred to as transmissible wviral
proventriculitis (TVP), is a poorly understood disease of broiler chickens that is
characterized by proventricular enlargement, necrosis of proventricular
glandular epithelium and lymphocytic inflammation (Goodwin et al., 1996;
Goodwin and Hafner, 2003). The disease has been reported in broiler chickens
in the USA, Netherlands and Australia. It is associated with proventricular
fragility, impaired feed digestion (‘feed passage’), impaired growth (‘runting’)
and poor feed conversion (Goodwin et al., 1996).

In a study involving a large broiler-producing company in the USA, feed
conversion in TVP-affected broiler flocks was estimated to be ten points less
than in unaffected flocks (Goodwin and Hafner, 2003). Additionally,
proventricular fragility associated with proventriculitis-affected chickens may
result in increased costs at processing due to rupture of the proventriculus and
spillage of gut contents into the abdominal cavity. Rupture of the proventriculus
at processing results in increased numbers of downgrades, condemnations and
reprocessed carcasses, with estimated losses to the US broiler industry of
millions of dollars each year (Leonard and Schmittle, 1995). TVP also has food
safety implications, as rupture of the proventriculus may result in faecal
contamination of carcasses (Thayer and Walsh, 1993).

Rotavirus, turkey coronavirus and haemorrhagic enteritis virus (HEV) are
known causes of enteric disease in chickens and turkeys (Guy, 2003; McNulty,
2003; Pierson and Fitzgerald, 2003). In addition, these and other viruses
(astrovirus, reovirus, torovirus) probably play key aetiological roles in several
poorly understood enteric diseases of chickens and turkeys, including
malabsorption syndrome, runting/stunting syndrome and pale bird syndrome in
chickens, and poult enteritis and poult enteritis-mortality syndrome in turkeys.

Based on experimental studies, it is likely that these diseases have
complex, multifactorial aetiologies with viruses being important initiating
factors. These infections, with the exception of haemorrhagic enteritis, have
similar clinical features in chickens and turkeys. They generally affect birds in
the first 3 weeks of life and generally are characterized by diarrhoea, growth
retardation and poor feed utilization. Sequelae to these infections often include
abnormal feather development (‘helicopter’ chicks or poults) and rickets.
Mortality may be increased in affected flocks.
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A disease characterized by poor growth, retarded feather development,
diarrhoea and various other clinical abnormalities was first identified in the late
1970s in broiler chickens (McNulty and McFerran, 1993). The disease has been
referred to wvariously as malabsorption syndrome, pale bird syndrome,
infectious stunting syndrome, runting stunting syndrome (RSS), pale bird
syndrome and helicopter disease. Poor growth and retarded feather
development were consistently observed, along with a variety of inconsistently
occurring signs including diarrhoea, increased mortality, pancreatic atrophy,
proventriculitis, rickets and lymphoid atrophy.

The term RSS appears to be the most acceptable for this disease as it most
accurately reflects the most consistent clinical findings (McNulty and McFerran,
1993). Viruses associated with or proposed as causes of RSS include reoviruses,
rotaviruses, parvoviruses, enterovirus-like viruses and adenoviruses. However,
experimental attempts to reproduce this disease with these agents have been
inconclusive, thus the aetiology of this disease remains undetermined.

Poult enteritis is a term used to encompass the enteric diseases of young
turkeys of unknown aetiology. Clinical features include diarrhoea, impaired
growth and poor feed utilization; in severe cases, runting, immune dysfunction
and increased mortality may be observed. Viruses associated with poult enteritis
include rotavirus types A and D, reovirus, astrovirus and enterovirus-like viruses.

In 1991, a particularly severe form of poult enteritis characterized by high
mortality was recognized in North Carolina, USA. This disease, referred to as
poult enteritis mortality syndrome (PEMS) is a transmissible, infectious disease
that generally affects turkeys between the ages of 7 and 28 days (Barnes and
Guy, 2003). PEMS-affected birds exhibit depression, diarrhoea, anorexia,
growth depression and increased mortality; total mortality in severely affected
flocks may be as high as 60%.

Birds examined at necropsy have pale, thin-walled and distended
intestines, thymic atrophy and bursal atrophy. Microscopic lesions in affected
birds generally include villous atrophy and moderate to marked lymphoid
depletion in spleen, bursa of Fabricius and thymus. Flocks that have recovered
from PEMS generally exhibit stunting, lack of size uniformity, increased
susceptibility to other diseases, increased time-to-market and increased feed
conversion. Several infectious agents have been associated with PEMS
including reovirus, rotavirus types A and D, astroviruses, turkey coronavirus,
Salmonella spp., E. coli, Campylobacter spp. and Cryptosporidium spp.

The avian adenovirus, haemorrhagic enteritis virus (HEV), is a well-
established cause of enteritis in turkeys at 4-8 weeks of age (Pierson and
Fitzgerald, 2003). Birds exhibit depression, bloody droppings and sudden
death. Mortality in field outbreaks ranges from 1-60%, but mortality of
approximately 80% may be observed in experimentally inoculated birds.

PROVENTRICULITIS

Transmissible viral proventriculitis (TVP) is presently considered to be a disease
of unknown aetiology. Several different viruses have been associated as the



| Viral diseases 231 |

cause of TVP including reovirus, infectious bronchitis virus (IBV), infectious
bursal disease virus, group | avian adenovirus and a recently described
adenovirus-like virus (Goodwin et al., 1996; Goodwin and Hafner, 2003; Guy
et al., 2005).

Additionally, other infectious, nutritional and toxic factors have been
associated with this disease, including Cryptosporidium spp., a recently
described Clostridium sp., low-fibre diets and high levels of dietary copper
sulphate, biogenic amines and mycotoxins (Goodwin and Hafner, 2003). A
viral aetiology is suggested by: (i) experimental reproduction with filtrates of
diseased proventriculi; (ii) an inflammatory response comprised predominantly
of CD8* T cells; and (iii) enhancement of disease by suppression of T-cell, but
not B-cell, immunity (Pantin-Jackwood et al., 2004 a, b; Guy et al., 2005).

Viruses associated with proventriculitis

Reoviruses

Reoviruses are non-enveloped, spherical and have a diameter of approximately
75 nm (McNulty, 1993). Replication of the virus occurs exclusively in the
cytoplasm, sometimes forming paracrystalline arrays. They are resistant to
inactivation by heat, ether and pH 3. Reoviruses are ubiquitous in poultry
populations and are commonly isolated from tissues (respiratory, intestines,
proventriculi) of diseased and clinically normal birds. They have been
associated with being causal agents of TVP based on their frequent isolation
from TVP-affected chickens (Brugh and Wilson, 1986).

Infectious bronchitis virus

Infectious bronchitis virus (IBV) is a member of the genus Coronavirus within
the Coronaviridae family. Coronaviruses are RNA-containing viruses that infect
a wide variety of avian and mammalian species (Wege et al., 1982). They are
characterized on the basis of their distinctive morphology: pleomorphic,
enveloped particles with diameter of 60-220 nm and having long (12-24 nm),
widely spaced, petal-shaped surface projections (Wege et al.,, 1982).
Coronavirus replication occurs exclusively in the cytoplasm without the
formation of inclusion bodies.

The principal site of IBV replication is in respiratory epithelium, but virus
replication also may occur in other tissues, including kidney, intestine and
oviduct (Wege et al., 1982). Additionally, IBV replication has been detected in
mucosal epithelium of proventriculus based on immunohistochemistry (Guy et
al., 2005). IBV has been associated with being a causal agent of TVP based on
recovery from proventriculi of TVP-affected chickens. Recent studies in China
have asserted that IBV is the aetiological agent of TVP based on experimental
reproduction studies (Yu et al., 2001); however, these studies have not been
substantiated by other investigators (Guy et al., 2005).



[ 232

J.S. Guy |

Infectious bursal disease virus

Infectious bursal disease virus (IBDV), a member of the Birnaviridae family, is a
non-enveloped, icosahedral virus with a diameter of 55-65 nm (Lukert and
Saif, 2003). IBDV is a common infection of commercial chickens and is present
worldwide. The virus is the cause of an acute, highly contagious disease of
chickens characterized by lymphoid necrosis in the bursa of Fabricius and
immunosuppression. IBDV has been associated as a cause of TVP based on
recovery of the virus from diseased proventriculi (Huff et al., 2001).

IBDV has been shown to produce lesions in the mucosal epithelium of
proventriculi of SPF chickens; however, these lesions are transient and
inconsistent with those observed in chickens with naturally occurring disease
(Skeeles et al., 1998). In addition, recent studies failed to reproduce TVP with
various IBDV strains, and the virus was inconsistently detected in proventriculi
of inoculated chickens using immunohistochemistry or reverse-transcriptase
polymerase chain reaction procedures (Pantin-Jackwood and Brown, 2003).

Adenoviruses

Adenoviruses are non-enveloped, icosahedral viruses that vary in size from
70-100 nm in diameter; they possess a DNA genome and morphogenesis
occurs in cell nuclei (McFerran, 2003). The family is made up of two genera:
Mastadenovirus (mammalian adenoviruses) and Aviadenovirus (avian
adenoviruses). The avian adenoviruses (AAVs) comprise three distinct
subgroups. Group I AAVs comprise the Aviadenovirus genus within the
Adenoviridae family; groups Il and IIl AAVs currently are unassigned members,
but classification has been proposed for these viruses within two new genera,
Siadenovirus and Atadenovirus, respectively (McFerran, 2003).

While all AAVs are quite similar based on morphological and physiochemical
criteria, they may be distinguished and further classified based on antigenic and
genomic differences. Groups I, Il and Il AAVs may be distinguished by antigenic
differences within group-specific antigens or by genetic sequence differences
identifiable by polymerase chain reaction procedures.

Group I AAVs have been associated as causal agents of TVP in broiler
chickens based on their detection in proventriculi of diseased chickens, but
their role in this disease remains unproven (Kouwenhoven et al., 1978).
Haemorrhagic enteritis virus (HEV), a group Il AAV, is a well-established cause
of enteric disease in turkeys (Pierson and Fitzgerald, 2003); Group Il AAVs
have not been associated as causal agents of gastrointestinal disease in poultry.

In 1996, Goodwin et al. identified a 60-70 nm, adenovirus-like virus
(AdLV) in glandular epithelium of proventriculi collected from TVP-affected
broiler chickens. The consistent finding of this virus in lesional sites suggested it
as the likely aetiology, and the term ‘transmissible viral proventriculitis’ was
designated to describe this disease. In a subsequent study, Huff et al. (2001)
identified morphologically similar, intranuclear viruses in proventricular lesions
of TVP-affected broiler chickens. The virus detected in these studies was not
identified; however, virion size and the site of viral morphogenesis are
consistent with adenoviruses.
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Recent studies support the findings of Goodwin et al. (1996) and indicate
an aetiological role for ALV in this disease (Guy et al., 2005). Intranuclear,
approximately 70 nm, AdLVs were identified by thin-section EM in epithelia of
proventriculi collected from TVP-affected chickens. The AdLV, designated AdLV
(R11/3), subsequently was adapted to growth in embryonated SPF chicken
eggs. Embryonated chicken eggs were amniotically (in ovo) inoculated, allowed
to hatch and examined for evidence of AALV (R11/3) infection in chicks at 2
days of age (8 days post-inoculation).

Virus propagation was evident in in ovo-inoculated chicks by the following
means: (i) gross and microscopic lesions in proventriculi consistent with TVP; (ii)
immunohistochemical localization of AALV (R11/3) antigens in proventricular
glandular epithelium; (iii) thin-section electron microscopic detection of
intranuclear, approximately 70 nm AdLVs within proventricular epithelium; and
(iv) negative-stain electron microscopic detection of extracellular, approximately
70 nm, AdLVs in intestinal contents. Microscopic lesions in proventriculi of
chicks inoculated in ovo with ALV (R11/3) were consistent with those described
in both birds with naturally occurring TVP and chickens experimentally
inoculated orally with proventricular homogenates collected from TVP-affected
birds (Hulff et al., 2001; Pantin-Jackwood et al., 2004b).

Antigenic and genomic analyses using indirect immunofluorescence and
PCR procedures, respectively, indicated that AALV (R11/3) is distinct from
group [, Il and Il AAVs (Guy et al., 2005). Additional studies, particularly gene
sequencing studies, are needed in order to definitively identify this virus.

Pathogenesis of virally induced proventriculitis

The pathogenesis of TVP is poorly understood; however, histopathologic and
electron microscopic studies suggest a likely explanation. Microscopic lesions
primarily involve the glandular epithelium within the proventriculus (Goodwin and
Hafner, 2003; Guy et al., 2005). Glandular epithelium undergoes degeneration and
necrosis, and this is accompanied by lymphocytic inflammation, ductal epithelial
hyperplasia and replacement of glandular epithelium with ductal epithelium.

Based on damage observed in glandular epithelium, Goodwin et al. (1996)
suggested that clinical effects observed in this disease were probably
attributable to destruction of glandular epithelial cells that produce and secrete
pepsinogen and hydrochloric acid. Conceivably, the loss of these digestive
secretions would impair digestion leading to impaired feed digestion (‘feed
passage’), poor feed conversion and impaired growth. Increased friability of the
organ and tendency to rupture at processing could be explained by a
lymphocytic inflammatory response that replaces normal tissue and results in
weakening of the proventricular wall.

ENTERITIS

Several different viruses have been definitively identified as causal agents of
enteritis in chickens and/or turkeys. These include haemorrhagic enteritis virus
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(a group II AAV), astroviruses, rotaviruses, torovirus and turkey coronavirus. In
addition, a number of other viruses have been associated with being causal
agents of enteritis based on their detection in tissues and/or faeces/intestinal
contents by virus isolation, immunohistochemistry or electron microscopy;
these include group I AAVs, reoviruses and enterovirus-like viruses. The
importance of this latter group of viruses as causal agents of enteric disease in
chickens and turkeys awaits further investigation.

Viruses associated with enteritis

Adenoviruses

Haemorrhagic enteritis virus (HEV) is a well-established cause of enteric
disease in turkeys (Pierson and Fitzgerald, 2003). HEV is present in most
turkey-producing areas of the world including the USA, Canada, the UK,
Germany, Australia, India, Israel and Japan. Serologic evidence indicates a
high incidence of HEV infection in turkeys, but the incidence of clinical disease
is low. This is believed to be due to the presence of avirulent or low-virulence
HEV strains.

HEV replication occurs primarily in cells of the reticuloendothelial system
(RES) — mainly in the nucleus of infected cells with the development of
intranuclear inclusion bodies. HEV has not been successfully cultivated in
conventional avian cell cultures or embryonated eggs; however, the virus has
been propagated in turkey lymphoblastoid cells and turkey leukocyte cultures
(Nazerian and Fadly, 1982). Virus infectivity is readily destroyed by treatment
with a variety of disinfectants; however, the virus is resistant to inactivation
by lipid solvents (chloroform and ether) and long-term storage (6 months at
4°C, 4 weeks at 37°C). HEV may survive in carcasses for several weeks at
37°C.

Gross lesions are observed primarily in spleen and intestines. Spleens are
enlarged and mottled; intestines are distended, congested and filled with
bloody exudate. Microscopic lesions that characterize the disease are present in
intestines and cells of the RES. Microscopic lesions in intestines include
congestion, degeneration of enterocytes at villous tips, sloughing of villous tips
and haemorrhage into the intestinal lumen. Intranuclear inclusion bodies are
sometimes observed in RES cells within the lamina propria. In the spleen,
lesions include hyperplasia of white pulp, necrosis of lymphocytes and the
presence of intranuclear inclusion bodies within RES cells.

Group 1 AAVs have been associated with being causal agents of enteric
disease in chickens and turkeys but their role in this disease remains unproven.
These viruses are infrequently identified in cases of enteritis in chickens and
turkeys. They may be detected in infected birds by wvirus isolation,
immunohistochemistry or histopathology. Microscopically, these viruses are
recognized by the presence of characteristic, basophilic intranuclear inclusion
bodies within differentiated villous enterocytes.



| Viral diseases 235 |

Rotaviruses

Rotaviruses are non-enveloped, spherical and have a diameter of
approximately 70 nm (McNulty, 2003). Intact viruses consist of two icosahedral
capsid shells (approximately 50 and 70 nm in diameter); they have a distinctive
‘wheel-like’ appearance under negative-stain electron microscopy owing to a
smooth outer rim and capsomers of the inner capsid that radiate toward the
rim. Replication and assembly occur in the cytoplasm with virus particles
usually being found within vacuoles. Rotaviruses are environmentally stable;
they are relatively heat-stable and infectivity is not affected by ether or a pH
level of 3.

Classification of avian rotaviruses has been based primarily on cross-
immunofluorescence studies and polyacrylamide gel electrophoresis (PAGE)
analyses of ds RNA segments. Avian rotaviruses that cross-react by FA with
antisera prepared against group A mammalian rotaviruses are classified as
group A avian rotaviruses (McNulty, 2003). Rotaviruses which lack the group A
antigen are referred to as ‘atypical’ rotaviruses. Three antigenically distinct,
‘atypical’ avian rotaviruses have been identified in avian species; one of these
has been classified as group D, but the other two remain unclassified. Group D
rotaviruses have been found only in avian species. PAGE analysis of ds RNA
also is useful for classification of avian rotaviruses; electrophoretic migration of
RINA segments is a useful indicator of serogroup classification and RNA profiles
may be useful in epidemiological studies.

Rotavirus infections of avian species vary from subclinical to severe
(McNulty, 2003). Diarrhoea is the principal manifestation of the disease in
clinically affected birds; decreased weight gain, dehydration and increased
mortality may also be observed. In general, experimental inoculation of
chickens and turkeys with avian rotaviruses results in mild-to-inapparent
infection. Variation in severity of rotavirus infections are probably due to
differences in virulence of rotavirus strains or to the interaction of other
infectious, environmental or management factors (McNulty, 2003).

Astroviruses

Astroviruses are small, roughly spherical viruses, 28-31 nm in diameter
(Reynolds and Schultz-Cherry, 2003). They possess a characteristic
morphological feature: a five- or six-pointed star that covers the surface of
approximately 10% of virus particles.

Astrovirus infections have been identified primarily in young turkeys, 1-to-
4 weeks of age (Reynolds and Schultz-Cherry, 2003). Clinical signs are variable
but include diarrhoea, nervousness, litter eating and growth depression.
Morbidity generally is high but mortality is low. Decreased weight gain and
impaired absorption of D-xylose were observed in experimentally infected SPF
turkey poults (Reynolds and Saif, 1986).

Turkey coronavirus

Turkey coronavirus (TCV) is a member of the Coronaviridae family. It is
morphologically, antigenically and genetically similar to IBV, but biologically
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different (Guy, 2003). Unlike IBV, replication of TCV is restricted to intestines
(differentiated villous enterocytes) and epithelium of the bursa of Fabricius
(Guy, 2003). The virus has been identified in turkeys in the USA, Canada and
the UK. Between 1951 and 1971, considerable economic losses in turkey flocks
in the USA and Canada were ascribed to TCV infection; economic losses were
attributed to decreased weight gain and increased mortality (Patel et al., 1977).

Turkeys of all ages are susceptible to TCV. The infection is characterized by
a short incubation period (1-3 d), depression, watery diarrhoea, weight loss
and dehydration. In field cases, clinical signs occur suddenly, usually with high
morbidity. Birds exhibit depression, anorexia, decreased water consumption,
watery diarrhoea, dehydration, hypothermia and weight loss. Gross lesions
consist of distended, watery intestines and villous atrophy.

TCV-infected flocks generally experience increased mortality, growth
depression and poor feed conversion compared with uninfected flocks (Rives
and Crumpler, 1998); however, turkeys experimentally infected using egg-
adapted strains experience only mild disease, moderate growth depression and
negligible mortality (Guy et al., 2000).

Reoviruses

Reoviruses commonly are isolated from droppings/intestinal contents of enteritis-
affected and clinically normal birds. Reovirus pathogenicity studies indicate that
intestines are important sites of infection, regardless of the route of inoculation
(Kibenge et al., 1985; Jones et al., 1989). Reovirus replication initially occurs in
villous epithelium of the small intestines, with subsequent viraemic spread to
other tissues, including lymphoid organs (Jones et al., 1989).

While reoviruses are known to replicate in intestines of poultry and are
frequently isolated from cases of enteritis, a causative role in these diseases
remains unproven. Reoviruses have been shown to enhance the pathogenicity
of a variety of other infectious agents including coccidia (Ruff and Rosenberger,
1985), Cryptosporidium spp. (Guy et al., 1987), Escherichia coli (Rosenberger
et al., 1985) and chicken anaemia virus (Engstrom et al., 1988). Enhanced
pathogenicity of these and other infectious agents may occur as a result of
virally induced immunosuppression (Rinehart and Rosenberger, 1983;
Spackman et al., 2005). It is interesting to speculate that this may be the
mechanism by which reoviruses contribute to the pathogenesis of enteric
diseases in chickens and turkeys.

Toroviruses

A turkey torovirus recently was identified as a potential aetiological agent of
enteritis in turkeys (Ali and Reynolds, 2003). Toroviruses are classified in the
genus Torovirus within the Coronaviridae family. Turkey toroviruses are RNA-
containing, enveloped viruses with pleomorphic morphology, being 60-95 nm
in diameter. The principal site of turkey torovirus replication is in villous
epithelium along the mid-portion of the villus. Experimental, oral exposure of
young turkeys produced diarrhoea, decreased weight gain, decreased intestinal
disaccharidase activity and decreased D-xylose absorption.



| Viral diseases 237 |

Parvoviruses

Parvoviruses have not been conclusively identified in chickens and turkeys.
Trampel et al. (1982) reported the finding of parvovirus-like viruses in enteritis-
affected turkeys, but this finding has not been verified by other investigators.
Similarly, Kisary et al. (1984) reported the identification of a parvovirus in
chickens with malabsorption syndrome and experimental reproduction of
disease with this virus (Kisary, 1985); however, these findings have not been
substantiated by other investigators.

Pathogenesis of virally induced enteritis

Virally induced enteric disease in chickens and turkeys is produced most
commonly by viruses that target differentiated enterocytes that cover intestinal
villi. Viruses that cause disease as a result of replication in enterocytes
comprising the crypts of Lieberkuhn (e.g. parvoviruses) have not been
conclusively identified in chickens and turkeys. The avian adenovirus,
haemorrhagic enteritis virus (HEV) produces enteritis by an alternative method,
by damaging cells within the lamina propria of intestinal villi.

Viruses that replicate in differentiated wvillous enterocytes include
rotaviruses, reovirus, turkey coronavirus, astrovirus, torovirus, group 1 AAVs
and enterovirus-like viruses. Based on experimental studies these viruses, by
themselves, typically produce only mild disease; however, naturally occurring
enteric diseases are commonly complicated by other cofactors including other
infectious agents, nutrition and management.

Experimental challenge studies conducted in laboratory settings often fail
to provide a clear understanding of the role of these viruses in naturally
occurring disease, as these studies do not replicate field conditions (i.e.
environmental, management, nutrition and microbial flora). Thus, diseases
such as malabsorption syndrome, runting/stunting syndrome, poult enteritis
and poult enteritis-mortality syndrome, which are probably multifactorial in
nature, generally cannot be reproduced solely by viruses and, thus, continue to
be referred to as diseases of ‘unknown’ aetiology.

Virus replication in differentiated villous enterocytes potentially may
produce enteric disease via several different pathways, including: (i) damage to
villous enterocyte cells leading to impaired digestion and absorption; (ii)
potentiation of pathogenicity of other infectious agents; or (iii) a combination of
these effects. The interaction of virally induced damage with nutritional and
management factors is poorly understood.

Differentiated villous enterocytes are non-proliferating cells that have both
absorptive and digestive functions (Moon, 1978). In contrast, crypt enterocytes
are undifferentiated cells that are the progenitors of villous enterocytes; these
cells actively secrete fluid into the intestinal lumen. In health, the absorptive
capacity of the villous enterocytes exceeds the secretory capacity of the crypt
enterocytes, thus net absorption occurs along the villous surface.

Viral infection and consequent damage to villous enterocytes disrupt this
balance by reducing the surface area of the gut mucosa (villous atrophy) and
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by altering the function of individual villous enterocytes. These effects lead to a
generalized reduction in digestive and absorptive capacity, functional deficits
that are referred to as malabsorption and maldigestion. These functional
deficits are complicated by osmotic effects in which undigested and
unabsorbed feed remains in the intestinal lumen and acts to hold water.

Fermentation in the large intestines results in production of additional,
osmotically active, low-molecular weight molecules that further increase the
retention of water in the lumen of the intestinal tract. Unabsorbed fluids are
passed down the intestinal tract to the large intestine; diarrhoea results when
the absorptive capacity of the large intestine is exceeded. These effects, by
themselves, are probably common and economically important sequelae of
intestinal infections caused by rotaviruses, turkey coronavirus and astroviruses,
and possibly by others such as reovirus and group I avian adenoviruses.

Malabsorption and maldigestion that occur consequent to virally induced
damage of villous enterocytes may result in nutritional deficiencies, especially
those related to fat-soluble vitamins and minerals. These nutritional deficiencies
may be observed clinically as abnormal feathering, rickets and osteoporosis.
Additionally, these nutritional deficiencies may impair growth and development
of lymphoid organs, leading to immunological deficiency and increased
susceptibility to other infectious agents.

Virally induced damage to villous enterocytes may also result in enteritis by
potentiating the pathogenesis of other infectious agents. While this is a
probable pathogenic mechanism of virally induced gastrointestinal diseases of
chickens and turkeys, it has received little attention. Virally induced damage of
enterocytes may potentiate other infectious agents by impairing normal
defence mechanisms (i.e. glycocalyx, mucin, microvilli), thereby promoting
intestinal attachment and/or entry of infectious agents.

Virally induced enterocyte damage may provide a portal of entry for other
enteric pathogens such as E. coli and Salmonella spp. Alternatively, virally
induced enterocyte damage may potentiate the proliferation of other infectious
agents by altering the intestinal luminal environment, a consequence of
inflammatory products secreted into the lumen and presence of undigested
feedstuffs.

Previous investigations have demonstrated synergistic interactions between
rotavirus and enterotoxigenic E. coli in virally induced enteric diseases of
mammalian species (Marshall, 2002); however, little work has been done to
evaluate interactions of viruses and other infectious agents in the pathogenesis
of enteritis in poultry. Recently, turkey coronavirus was shown to enhance
intestinal colonization of enteropathogenic E. coli (EPEC) in young turkeys,
and this combination of pathogens has been proposed as an aetiological
explanation for PEMS (Guy et al., 2000).

TCV and EPEC were consistently identified in PEMS-affected turkey flocks;
however, experimental challenge studies failed to establish an aetiological role
for either agent in this disease. No clinical signs, no weight gain disturbance
and only mild intestinal lesions were observed in turkeys infected with only
EPEC; only mild weight gain depression and villous atrophy were observed in
turkeys infected with only TCV. However, experimental co-infection of young
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turkeys with both TCV and EPEC produced severe intestinal disease clinically
indistinguishable from PEMS. High mortality, marked weight gain depression
and extensive intestinal lesions were observed in turkeys coinfected with EPEC
+ TCV.

Additional experimental studies indicated that TCV infection promoted
EPEC colonization of intestinal epithelium. Enhanced colonization of turkey
intestines by EPEC in TCV + EPEC-infected turkeys was evident by increased
frequency and distribution of AE lesions and by increased EPEC shedding in
intestinal contents; however, the mechanism by which TCV promotes EPEC
pathogenicity remains undetermined. TCV infection of intestinal enterocytes
possibly resulted in enterocyte damage that favoured EPEC adherence and
colonization. Alternatively, TCV infection results in changes in the intestinal
luminal environment that potentiated EPEC proliferation, or TCV infection
altered immune responses to EPEC.

Additional studies aimed at determining the mechanism by which TCV
infection potentiates EPEC infection are needed as these studies may provide
insights into the pathogenesis of other enteric diseases of poultry. It is
interesting to speculate that other enteric diseases of poultry of unknown or
poorly understood aetiology (e.g. poult enteritis, runting/stunting syndrome of
chickens) may ultimately be explained by the interaction of viruses and other
infectious or by non-infectious factors.

The role of nutrition in the pathogenesis of virally induced enteric diseases
of poultry has received little attention. However, based on human and
mammalian animal studies, it is likely that poor nutrition and poor feed quality
contribute to the severity of virally induced enteric diseases. Studies of rotavirus
infection in malnourished humans and laboratory animal models have
demonstrated that malnutrition exacerbates the severity and prolongs the
duration of clinical disease by impairing rotavirus immune responses (Offor et
al., 1985; Zijlstra et al., 1999). The influence of particular components of
poultry diets, such as fat content and the presence of noxious compounds (e.g.
rancid fat, mycotoxins) on viral enteric infections in poultry has not been
examined.

The mechanism by which HEV causes intestinal disease and haemorrhage
has not been conclusively determined. Unlike the enteric viruses discussed
above, HEV does not replicate in villous enterocytes. HEV replication primarily
occurs outside the gastrointestinal tract in lymphoid tissues and macrophages;
virus replication is detectable, but only to a limited extent, within cells of the
lamina propria. It has been suggested that HEV replication occurs in intestinal
villous endothelial cells and that this may result in vascular damage and
ischaemic necrosis of intestinal villi.

However, more recently, it has been suggested that release of large
quantities of pro-inflammatory cytokines during HEV infection, most
importantly tumour necrosis factor, initiates systemic shock and leads to
development of vascular lesions in the intestines, the proposed shock organ of
turkeys (Rautenschlein and Sharma, 2000). Such cytokine-induced vascular
damage in the lamina propria leads to necrosis of villous tips and intestinal
haemorrhage, the characteristic intestinal lesion seen in this disease. This
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theory is supported by experimental studies in which treatment of HEV-infected
turkeys with thalidomide, a potent TNF down-regulatory drug, prevented
development of intestinal lesions.

CONTROL OF VIRALLY INDUCED GASTROINTESTINAL DISEASES

Control of viruses associated as causes of gastrointestinal diseases of chickens
and turkeys is best accomplished by maintaining premises free of these agents,
when possible, by implementing biosecurity measures that prevent entrance
and interrupt transmission. Transmission of these viruses generally occurs by
the faecal-oral route; flock-to-flock spread most commonly occurs
mechanically via movement of people and equipment. Contaminated litter is
the most likely source of infection for susceptible flocks, as well as for
maintaining infection on contaminated premises.

At present, no control methods are available for preventing or ameliorating
TVP in commercial broiler chickens. Future control procedures will be
dependent upon additional studies aimed at evaluating the epidemiology and
immunology of ALV (R11/3), the presumptive aetiology of this disease. The
presumptive identification of this virus as an adenovirus bodes well for
potential vaccine development. Most adenovirus infections are preventable by
immunization, requiring only development of humoral (IgG) immunity, not
mucosal (IgA) immunity.

HEV is controlled in endemic areas by immunization. Vaccination via
drinking water may be achieved using naturally occurring, attenuated strains of
HEV, or a closely related virus called marble spleen disease virus. These virus
vaccines are prepared by propagation in turkeys, with infected spleens being
used as the source of vaccinal virus (Thorsen et al., 1982). HEV has also been
propagated in lymphoblastoid cell culture and utilized successfully as a live,
drinking water vaccine (Fadly et al., 1986).

Coronaviruses and toroviruses are readily inactivated by most common
disinfectants. Successful eradication of these viruses requires specific diagnostic
procedures to identify infected flocks. Elimination from contaminated premises
may then be accomplished via depopulation followed by thorough cleaning
and disinfection (Guy, 2003). Following cleaning and disinfection procedures, it
is best to allow premises to remain free of birds for a minimum of 3-4 weeks.

Astroviruses, reoviruses and rotaviruses are relatively resistant to
inactivation and are excreted in faeces in large numbers. They may survive in
litter and on contaminated equipment for prolonged periods of time and this
may be the source of infection for subsequent poultry flocks on all-in/all-out
sites. Alternatively, these viruses may be transmitted to subsequent flocks as a
result of either: (i) egg transmission, a result of virus contamination of the outer
surface of the egg; or (ii) transmission after hatching. Specific control
procedures for these viruses have not been developed.

The ubiquity of astroviruses, reoviruses and rotaviruses and their resistance
to inactivation probably preclude the rearing of commercial poultry flocks free
of these viruses. Thus, control is aimed at ensuring thorough cleaning and
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disinfection of facilities between flocks in order to reduce environmental
contamination and degree of exposure of young poultry.

A greater understanding of the viruses that cause gastrointestinal tract
disease in poultry, including immunology, pathogenesis and epidemiology of
these viruses, will be necessary for development of improved control
procedures. Further progress in understanding these viruses and their role in
gastrointestinal diseases of poultry undoubtedly will be aided by future
improvements in in vitro cell culture techniques and by increased application of
new technologies in diagnosis such as virus-specific monoclonal antibodies and
polymerase chain reaction procedures.

Additionally, new technologies will be applied to understanding the
mechanisms of immunological protection and to devising methods of effectively
inducing local immune responses to these viruses. Such studies may, in the
future, lead to the development of vaccines for control of those viruses that are
refractory to eradication efforts, such as rotaviruses, astroviruses and reoviruses.
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A substantial amount of information is available concerning gastrointestinal
colonization and invasion of the chicken gut by Gram-negative microorganisms
such as Salmonella enterica and Campylobacter jejuni. Both bacterial and host
factors of importance have been documented in relation to invasion of the
chicken gastrointestinal tract. Both groups of microorganisms are associated
with the gastrointestinal tract and have received major attention due to the
zoonotic aspect of these infections.

In contrast, other important poultry pathogens without this potential have
been poorly characterized concerning sites of infection and pathogenesis. After
the ban on antibiotic growth promoters an increasing number of infections due
to Enterococcus and Streptococcus spp. have been observed in poultry in
Denmark.

This chapter describes the invasive potential of these organisms in the
chicken gut compared to the same ability among different serotypes of
Salmonella enterica. In addition, the invasive potential of Pasteurella multocida
is described. The methods used included an in vivo intestinal loop model in
chickens and several cell culture lines. Surprisingly, some of our most recent
investigations have demonstrated significant differences in the invasive
properties in the gut of Enterococcus hirae and different Streptococcus species
using both the loop model and avian macrophage and intestinal epithelial cell
cultures.

The Gram-positive cocci have mainly been associated with septicaemic
conditions in young chickens, endocarditis and septicaemia in adult birds, and
also with amyloid arthropatia during rearing. Similar disease conditions in
humans — in particular, endocarditis — may be observed. The significance of
these findings, including comparative aspects, will be discussed.

© CAB International 2006. Avian Gut Function in Health and Disease (ed. G.C. Perry)
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INTRODUCTION

Bacterial invasion, defined as pathogen-induced entry into eukaryotic cells, is a
widespread trait associated with disease-causing microbes. A number of
bacterial pathogens, including Salmonella and Escherichia coli, can utilize the
intestine as a portal for entry during infection (Barnes et al., 2003; Amy et al.,
2004). The molecular mechanisms used by these bacterial pathogens to invade
and circumvent the natural defences of the host are complex, involving a large
number of bacterial genes. In general, most investigations elucidating the
invasion processes have been performed with mammalian hosts in vivo and
corresponding cell-line culture assays in vitro.

Scant information is available concerning bacterial intestinal invasion
processes in the chicken and what little there is focuses mainly upon aspects of
colonization and invasion by salmonella. This has been primarily due to the
lack of an appropriate avian model for invasion and avian epithelial cell lines
for in vitro studies.

The avian intestinal lymphoid tissue consists of the bursa of Fabricius,
diffuse mucosal lymphoid infiltration, caecal tonsils, Meckel’s diverticulum and
the Peyer’s patches (Lillehoj and Trout, 1996). Apart from descriptions of the
intestinal lymphoid tissue as being a target for invasion, little information is
available concerning possible specific anatomical sites of the avian gut involved
in the invasive process.

The caecal tonsils and the Peyer’s patches have consistently been reported
as being the major sites of invasion for at least Salmonella (Barrow et al.,
1994). The caecal tonsils are the most concentrated lymphoid tissue in the
intestine: the lymphoid cells of these organs are observed in the epithelium, in
the subepithelial zone and in the lamina propria. The epithelial cells associated
with the tonsils are capable of processing antigens.

The Peyer’s patch structures present in chickens undergo development
from two Peyer’s patch structures in day-old chicks to up to five structures
diffusely scattered in the intestine of 12-week-old chickens, with a subsequent
decline to a single Peyer’s patch structure in the ileocaecal junction at the age
of 56 weeks. The lymphoid tissue in the patches consists of germinal centres
and diffuse lymphoid tissue. Intestinal antigens are absorbed and processed by
germinal centre macrophages, macrophages in the diffuse lymphoid tissue and
by the epithelial cells (Lillehoj and Trout, 1996).

Specialized M cells covering the lymphoid structures mentioned above have
been reported as one of the main cell types involved in invasion; however,
accumulating evidence demonstrates that invasion also takes place through the
normal enterocytes of the chicken (Aabo et al., 2000, 2002). This also seems to
be the case in other species, e.g. pigs and cattle (Bolton et al., 1999a).

An attempt is made in this chapter to provide an overview of different
aspects of intestinal invasion by selected important bacterial pathogens related
to the chicken, in addition to providing information concerning some zoonotic
infections. Emphasis will be on current knowledge of host-pathogen
interactions with focus primarily on the host and techniques used to investigate
the invasion process, and less on bacterial virulence factors.
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SALMONELLA

Salmonella is generally recognized as infecting animals, including chickens, by
the faecal-oral route (Barrow et al., 1994). Other routes such as the airway and
skin infections have been reported (Cox et al., 1996). The Salmonella genus,
on the basis of pathogenesis, can be divided into two major groups: (i) host-
adapted serovars; and (ii) serovars with a broad host range.

The former group typically produce systemic disease in their respective
hosts via invasion of the intestine, but are rarely involved in food poisoning
(Barrow, 2005). The host-adapted serovar Gallinarum, with the biovars
gallinarum and pullorum, are typical of this group and are strictly associated
with avian species in which they produce systemic disease, often with high
mortality.

The latter group comprises the remaining serovars (more than 2400),
which have a broad host range and are often responsible for cases of human
food poisoning, but only produce systemic disease in chickens under certain
circumstances, including very young or old animals, stressful conditions or in
connection with concurrent infections (Barrow, 2005; Beal et al., 2005).
Salmonella Typhimurium and S. Enteritidis are the most prominent members
of the latter group and among the most virulent serovars of this broad, host-
range group.

Distinct differences between the two groups of Salmonella concerning the
pathogenesis of infections in chickens have been demonstrated. However,
these differences are not linked to different invasive properties between
members of the two groups. Both groups invade readily at all sites in the small
intestine but apparently more so in the proximal than the distal part of the small
intestine (Aabo et al., 2002; Chadfield et al., 2003). The prime site for
invasion, however, seems to be the caecal tonsils, as significantly higher counts
have been observed here following the inoculation of bacteria into caecal loops
(Chadfield et. al., 2003) (see Figs 16.1 and 16.2).

However, there has been no indication that the host-adapted serovar S.
Gallinarum has a predilection for this route. Similar lack of correlation between
intestinal invasion and host specificity in Salmonella has also been
demonstrated in the bovine, porcine (Bolton et al., 1999b) and ovine host
(Uzzau et al., 2001).

Recently, it has been demonstrated in vivo that the broad host range
serovars such as S. Enteritidis and S. Typhimurium cause rapid inflammation
of the intestinal mucosa during or following the invasive process, with
infiltration of large numbers of heterophilic granulocytes limiting the infection to
the gut, whereas the host-adapted serovar S. Pullorum does not produce
inflammation to the same extent and this occurs, apparently, later in the
infectious process (Henderson et al., 1999). In this way the host-adapted
serovars may evade the local immune response and subsequently go on to
cause severe systemic disease.

Results indicate that the underlying mechanism is related to differences in
cytokine responses during invasion (Kaiser et al., 2000). Invasion of primary
chick kidney cells (CKC) by S. Enteritidis and S. Typhimurium cause an eight-
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Salmonella recovery
(logy cfu/biopsy)

Fig. 16.1. Different levels of invasion of Salmonella Gallinarium (G9) and S. Typhimurium
(4/74) at different sites of the intestine and at the bursa of Fabricius (from Chadfield et al.,
2003). Although the highest level of invasion is observed in the caecal tonsils, the interstrain
variability is the same at all sites of invasion.
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Fig. 16.2. Level of invasion of the jejunum of the chicken by different host-adapted
Salmonella serovars (from Chadfield, et al., 2003). The chicken-adapted S. Gallinarum and
S. Pullorum do not invade the intestine at a higher level than broad host-range serovars or
serovars associated with bovine and porcine hosts.
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to ten-fold increase in production of the pro-inflammatory cytokine IL-6 which
triggers the influx of heterophilic granulocytes to the lamina propria of the gut.
However, invasion by S. Gallinarum of CKC causes no increase in IL-6
production. Bacterial factors suggested as being responsible for these
recognition differences include flagella proteins (Igbal et al., 2005).

Following the initial invasion events in the pathogenetic process,
macrophages have been considered to play a key role in the subsequent phase
of the infection, but in vitro studies with chicken macrophages infected with S.
Gallinarum have not demonstrated increased multiplication or survival
intracellularly when compared with other Salmonella serovars (Chadfield et al.,
2003). However, earlier reports have shown that host adaptation is expressed
primarily in different abilities to multiply within the tissues, particularly those of
the reticuloendothelial system (RES). The exact site of multiplication is not
known, but macrophages or heterophils of the liver and spleen have been
suggested as a possible site (Barrow et al., 1994; Wigley et al., 2001).

Experimental depletion of heterophils has been convincingly shown to
result in systemic septicaemia following S. Enteritidis infection, which is very
similar to S. Gallinarum typhoid-like disease (Kotgut et al., 1993). Thus, the
data strongly suggest a role for heterophilic granulocytes in the gut in the
protection against internal organ colonization and subsequent septicaemia of
the broad host-range serovars, and perhaps as a site for multiplication in the
organs of the host-adapted serovars.

Among the many broad host-range serovars only a few of the zoonotic
serovars, notably S. Typhimurium and S. Enteritidis, are known to cause
disease in chickens, where they are reported to invade and localize in organs
(Gast, 2003). Why these serovars are more virulent than others has not been
fully clarified. However, it has been demonstrated by the use of an in vivo
chicken intestinal loop model that they are significantly better invaders of the
intestine than are other, more exotic, serovars associated with, e.g. feedstuff
(Aabo et al., 2002) (see Fig. 16.3).

These results were supported by the use of Madin Derby Canine Kidney
(MDCK) epithelial cell cultures. The molecular basis for this difference remains
to be determined. The results indicated that the invasive properties of the non-
host-adapted serovars may be correlated with general virulence.

ESCHERICHIA CcOLI

Escherichia coli infection in poultry (often refered to as colibacillosis) includes a
variety of localized or systemic infections, where E. coli may be involved as the
primary or secondary infectious agent (Barnes et al., 2003). E. coli infections in
mammals and humans often affect the intestine. From the abundant literature
available on this topic, it appears as if this is either uncommon or unrecognized
in avian infections, where the most notable infections are extra-intestinal and
include omphalitis/yolksac infection, respiratory tract infections, colisepticaemia,
salpingitis/peritonitis, swollen head syndrome, avian cellulitis, coligranuloma
(Hjarre’s disease), osteomyelitis/synovitis and panophthalmitis (Gross, 1994).
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Fig. 16.3. Invasion of jejunum by different poultry-related Salmonella serovars using an
intestinal loop model (from Aabo et al., 2002). Salmonella Enteritidis and S. Typhimurium are
significantly better invaders than are many other poultry-associated Salmonella serovars.

However, it has been indicated that E. coli may be implicated in the
development of histological lesions of the intestine in pigeons and chickens
(Wada et al., 1995; Sueyoshi et al., 1996, 1997). In the following, a more
detailed description of some of the manifestations mentioned above will be
given in relation to poultry and, in particular, to the intestine.

Intestinal disease

Escherichia coli infection in many mammals, including humans, manifests itself
primarily as enteritis (Gross, 1994). As mentioned above, this is uncommon in
poultry, where the presence of this bacterium in the intestines very seldom
gives rise to clinical signs or gross lesions. However, diarrhoeal disease where
E. coli was believed to be involved as the primary aetiological agent has been
reported (Joya et al., 1990). It has also been shown that E. coli may be
involved in poult enteritis and mortality syndrome. This disease syndrome is
characterized by enteritis with diarrhoea and high mortality in poults between 7
and 28 days of age (Guy et al., 2000). There is evidence that the role of E. coli
in this syndrome may be secondary to a coronavirus infection (Edens et al.,
1997; Guy et al., 2000).
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An interesting aspect of gut colonization of poultry by E. coli is the question
of whether the intestine may serve as a site of entry into the bloodstream for
certain clones. It has been shown experimentally that stress factors — such as
food and water deprivation or exposure to heat — may lead to spread of
pathogenic clones of E. coli from the gut of chickens and turkeys into the
circulation, resulting in substantial mortality compared with that in non-stressed
controls (Leitner and Heller, 1992). The extent to which this occurs under
natural conditions, and the possibility that certain clones of E. coli require only
minor reduction in immune response before they are capable of causing
bacteraemia, are relevant topics for future investigations.

Recently, it has been demonstrated that some of the E. coli subtypes
normally associated with mammals, e.g. enterotoxigenic (ETEC), verotoxigenic
(VTEC) and attaching and effacing (AEEC) E. coli may be able at least to
colonize the intestinal tract of birds and, in some cases, also to generate
histological lesions (Stavric et al., 1993; Schoeni and Doyle, 1994; Sueyoshi et
al., 1996, 1997; Zhao et al., 1996; Best et al., 2003). The most important
aspect of these coliform infections, however, appears to be the ability of poultry
to serve as a possibly reservoir for these human pathogens.

Acute septicaemia of chickens and turkeys

Only a few early reports describe an acute septicaemia in mature chickens and
turkeys caused by E. coli, but such a disease syndrome is well recognized
among those involved in poultry/turkey production (Sponenberg et al., 1985;
Chadfield et al.,, 2006). Often, the birds originate from flocks with no
previously recognized disease problems and are found dead, but in good
bodily condition. Post-mortem findings include full crop and marked
congestion of the carcass, accompanied by serohaemorrhagic exudations and
swollen liver and spleen.

The liver may have a parboiled colour, while the spleen is often dark red;
multiple petechiation throughout the viscera has also been observed. In more
protracted cases, necrotic foci in the liver may also be seen. It should be noted
that, in typical cases, no lesions are observed in the respiratory tract. Thus, the
pathogenesis of this manifestation is unclear (Chadfield et al., 2006).

However, many speculate that the respiratory tract is also an important
port of entry for such septicaemic conditions (Edelman et al., 2003). One
major obstacle in the study of the septicaemic form of E. coli infection is the
difficulty in reproducing the condition experimentally. Larsen et al. (1985)
produced an acute fulminating septicaemia in 8-week-old poults by
inoculation of E. coli (O1:K1) into the air sacs and by providing E. coli
(O1:K1)-inoculated drinking water ad libitum. The mortality rates were 50 and
2.5%, respectively. However, the exact nature of the gross lesions of these
birds was not clear, but the birds died within 1-2 days, underlining the acute
nature of the disease.

This study also included birds inoculated with haemorrhagic enteritis virus
(HEV), followed by challenge with E. coli. The overall conclusion of the study



| Bacterial diseases 251 |

was that mortality resulting from experimental E. coli infection was significantly
increased when E. coli (O1:K1) was presented to poults that had been orally
infected with HEV 1 week earlier.

Field outbreaks of acute E. coli infection in 6—12-week-old poults have also
been associated with HEV (Sponenberg, et al., 1985), and current opinion
appears to be that outbreaks of acute colibacillosis in birds of this age group are
likely to be associated with previous infection by HEV or other predisposing
agents (van den Hurk, 1994). However, in previously described outbreaks of
colibacillosis in the form of septicaemia in 8-16-week-old turkeys there were no
signs that HEV or other infections had previously occurred in the flocks
(Chadfield et al., 2006). The clinical course of the outbreaks was
peracute/acute. The fact that most of these outbreaks have been demonstrated
to be clonal indicates that some clones of E. coli may share as-yet unidentified
factors which, under certain circumstances, enable them to act as primary
infectious agents and subsequently to cause acute, fulminating disease.

Adhesive and invasive properties of several clinical isolates from different
disease manifestations have been investigated by the use of different cell
culture systems such as Hela, Hep-2 and KPCC (Chadfield et al., 2000; da
Silveira et al., 2002). Adhesion was common for most strains regardless of their
origin. However, invasion of tissue cultures was observed in only a minority of
the isolates.

A type-1 fimbria-expressing O78 E. coli isolate has been shown to adhere
efficiently to several parts of the chicken intestine, by the use of
immunohistochemical methods (Edelman et al., 2003). In this study, it was
speculated whether the type-1 fimbria are of importance for colonization of the
gut as they may well be in the upper respiratory tract. By the use of an in vivo
chicken intestinal model it was possible to quantify differences in intestinal wall
association of E. coli isolates from various sources (Chadfield et al., 2000).

In general, clinical isolates tested did not exhibit an enhanced ability to
associate with the chicken intestine compared with isolates derived from
healthy birds. In vitro, infection of epithelial cell (HEp-2) culture assays with the
E. coli isolates did not directly correlate with the intestinal loop assay, but some
isolates did invade the cell culture to some extent.

Further work is needed to establish the extent of intestinal adhesion/
invasion in vivo with regard to histopathology. In summary, it seems clear that
many avian-associated E. coli are efficient in adhering to the epithelium of the
gut and that they possess some invasive potential. Neither the damage to the
epithelium required nor the level of immunosuppressive effect for invasion to
happen, however, have been properly investigated.

PASTEURELLA MULTOCIDA

Although the respiratory tract is considered the major route of infection of P
multocida in fowl, colonization and invasion of the gastrointestinal tract with
subsequent mortality has also been demonstrated (Lee et al., 2000). Following
oral challenge of 16-week-old chickens with 106 CFU, P. muiltocida could be
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isolated from the crop from 1-30 h post-infection (PI) and the microorganisms
could also be detected in other parts of the GIT, including the jejunum and
ileum, from 28 h PI.

The results showed that P multocida is able to survive passage of the GIT
and induce mortality, but the exact site or mechanism of invasion was not
determined. Oral challenge of 4-week-old ducks also resulted in significant
mortalities, ranging from 33-75% depending on the challenge strain used
(Phlivanoglu et al., 1999).

The fact that the Clemson University strain (CU) — used for vaccination in
the USA - is delivered through the drinking water further supports the idea of
some kind of intimate interaction of P multocida and the intestinal mucosa. By
the use of an in vivo chicken intestinal model it was demonstrated that P
multocida may invade the jejunum in the chicken gut and that quantification is
possible (Christensen et al., 2002a, b). In this investigation, confirmation of
invasion was obtained by the use of in situ hybridization. In addition,
significant differences between strains in the ability to invade were
demonstrated. In general, counts obtained were high and comparable with
those obtained with an invasive Salmonella serotype, S. Typhimurium (4/74).
No obvious correlation between virulence and intestinal invasion was
observed. Pasteurella multocida VP17 is almost avirulent for chickens, but was
highly invasive.

In contrast, the highly virulent strain VP161 was less invasive. This would
suggest that virulence of P multocida in avian hosts has little correlation with
invasion of the gut, but more likely involves mechanisms of macrophage
survival and complements resistance, as observed with the host-adapted
Salmonella serovars. However, invasion of epithelial cell monolayers has been
reported to reflect virulence differences between strains. In a study by Lee et al.
(1994), a virulent strain penetrated primary turkey kidney epithelial cells at ten
times the level of the low-virulence vaccine strain. The invasive properties of P
multocida have also been clearly demonstrated by the use of chicken embryo
fibroblast cells (Ali et al., 2004).

One of the possible virulence factors of P. multocida which has repeatedly
been correlated with the early stages in pathogenesis is the capsule
(Christensen et al., 1997). Some in vitro results would indicate that the capsule
is of importance for adhesion and invasion (Lee et al., 1994; Ali et al., 2004),
but this has been difficult to confirm with in vivo studies (Rhoades and Rimler,
1990). Recently, LPS has been demonstrated to be of importance for virulence
but whether invasion is impaired in LPS mutant strains is not clear (Harper et
al., 2005).

There is little doubt that P multocida strains under certain circumstances
are able to invade the alimentary tract. Under natural conditions this may take
place primarily in waterfowl, where the intestinal tract has been reported to be
severely affected during outbreaks (Wobeser, 1981). In acute/peracute cases of
fowl cholera, lesions are not always observed in the respiratory tract, but
whether this means that P multocida has entered through the GIT is not
currently known.
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CAMPYLOBACTER

Campylobacter exists as a commensal in avian hosts, characterized by
colonization and persistence in the gut and the absence of gross pathology
(Barrow and Page, 2000; Friis et al., 2005). However, certain strains of
Campylobacter jejuni can produce diarrhoea experimentally in 36-72 h-old
chicks.

Under such circumstances distension of the intestinal tract, with
accumulation of mucous and watery fluid and even blood, has been observed
(Sanyal et al., 1984; Welkos, 1984). In the case of watery diarrhoea, only a
slight sub-mucosal oedema was observed but when mucoid diarrhoea was
present the organisms were found to adhere to brush borders and penetrate
into epithelial cells, causing a localised invasion. Formation of breaches in the
continuity of the brush border was also observed. Occasionally, mononuclear
cell infiltration of the lamina propria has been reported (Welkos, 1984).

Most of the lesions associated with diarrhoea have been correlated with the
secretion of a cytotonic toxin that shares some immunological similarities with
cholera toxin (Sanyal et al., 1984). The capability of systemic invasion of some
isolates of Campylobacter jejuni has been clearly documented by oral
challenge experiments, where up to 50% of 36-72 h-old chicks harboured the
organism in the spleen on day 5 PI. However, subsequent fast clearance from
the visceral organs was observed (Sanyal et al., 1984).

The invasive properties of different isolates of Campylobacter jejuni appear
to differ significantly. Some isolates have been demonstrated not to invade
eukaryotic cells at all, whereas others are highly invasive. Most of these
invasion studies have included a variety of cell culture systems such as Caco-2,
HelLa and Hep-2 cells. Results from such in vivo and in vitro investigations
have indicated a correlation of the ability to colonize the GIT of the young
chick with the invasive ability in Caco-2 cells (Hanel et al., 2004).

In summary, it may be concluded that colonization properties of
Campylobacter in the chicken gut are of major importance in the role of
poultry as carriers for zoonotic infections, but not for the development of
disease in poultry.

GRAM-POSITIVE ORGANISMS

In Denmark, increasing problems associated with streptococci and enterococci
have been observed in broilers and broiler parent flocks resulting in increased
mortality, uneven flocks and subsequent downgrading and increased
condemnation (Chadfield et al., 2004). Post-mortem lesions associated with
recent outbreaks in Denmark have been accompanied or dominated by
septicaemia and endocarditis. Many of the isolates were unclassified according
to current diagnostic methods, and final classification required taxonomic
investigations. For the same reasons, the pathogenesis and epidemiology of
observed outbreaks have remained speculative.
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However, Enterococcus hirae has been isolated frequently from such cases
and, experimentally, valvular endocarditis has been induced (Chadfield et al.,
2005a). Streptococcal and enterococcal systemic disease in avian species has
previously been associated with E. faecalis, E. faecium, E. durans, S. equi spp.,
S. zooepidemicus and S. gallinaceus (Chadfield et al., 2004). In the literature,
little can be found concerning the pathogenesis of these infections. Both avian
streptococci and enterococci are reported as being transmitted through oral and
aerosol routes, but the circumstances under which the gut may serve as the
port of entry are unclear.

However, experimental studies to determine the potential route of infection
demonstrated adhesion and invasion by E. hirae of intestinal epithelial cell
culture and in vivo intestinal loop invasion of the chicken gut. E. hirae was
capable of adhesion and invasion in both the in vitro and in vivo settings and,
furthermore, was able to survive intracellularly in avian macrophages. This was
in contrast to other Streptococcus spp. also previously associated with similar
clinical disease in chickens, where no/minimal invasion or survival was
apparent (Chadfield et al., 2005b).

Knowledge concerning the port of entry of Erysipelothrix rhusiopathiae, the
cause of erysipelas, is also scarce. E. rhusiopathiae is currently causing increasing
problems in organic and free-range table egg production in many European
countries (Hafez, 2002; Eriksson et al., 2005; Kgbke et al., 2005). It is suggested
that the microorganism may enter through skin abrasions or via the alimentary
tract (Brooke and Riley, 1999; Bricker and Saif, 2003) and, recently, the poultry
red mite (Dermanyssus gallinae) has been demonstrated as being a possible
vector of E. rhusiopathiae (Chirico et al., 2003).

It is also commonly observed that turkeys dying from erysipelas also suffer
from cannibalism in the head and lower back region (authors’ observations),
where this is not always the case with chickens. Experimentally induced
mortality in turkeys has been obtained by oral challenge, demonstrating that
the GIT under certain conditions may serve as a port of entry (Corstvet, 1967).
However, which parts of the intestine are involved and the significance of
gastointestinal invasion under natural conditions remain to be determined.

CONCLUSION

Invasion of the GIT appears to be a common or occasional feature of many
pathogens (and opportunistic pathogens). However, it is noteworthy that, for
important organisms such as E. coli and the Gram-positive cocci, very little is
known concerning the circumstances under which the organisms actually do
invade and cause disease and subsequent mortality. In this respect the immune
status of the host seems to be of major importance.

In addition, knowledge concerning the role of influencing factors on
invasion — including feed composition, gut flora, etc. — is even more limited.
Another aspect which requires investigation in order to clarify specific
mechanisms of pathogenesis is the role of the host. As shown in this chapter,
invasion may not always reflect the nature of virulence. In order to understand
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the pathogenesis of a bacterial infection the host response clearly warrants
elucidation with respect to the specific organism, as documented in the case of
avian salmonella infections.
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ABSTRACT

The Eimeria species, causative agents of the disease coccidiosis, are largely
controlled by prophylactic administration of anticoccidial drugs, but this
approach is unsustainable. Live-parasite vaccines are available and used
principally in the egg production sector. The development of subunit
vaccines would revolutionize coccidiosis control, but this approach requires
identification of the protective antigens expressed by the parasite.
Traditionally, antigen selection is based upon recognition by the host immune
system. However, many of the responses generated by infection are not
protective and only a small subset of antigens is capable of stimulating
protective immunity.

Recognition of this aspect of the host-parasite relationship has driven the
development of a new approach based upon parasite genetics, DNA
fingerprinting and selection by immunity. This approach was developed with
Eimeria maxima and the results have significant implications for the
development of vaccines against other parasitic pathogens. First, the relative
ease in generating recombinant parasites that combine the phenotypes of drug
resistance and strain-specific immunity indicates that few parasitic loci encode
antigens that stimulate protective immunity. Secondly, the inheritance of
relevant genomic regions can be followed using genetic fingerprinting of DNA
from selected and non-selected parasites. Thirdly, these regions are highly likely
to encode the protective antigens required for the development of an effective
vaccine.

At present, the genetic markers group into four regions of the genome,
supporting our hypothesis that few parasite antigens are capable of stimulating
protective immunity. These genomic regions are under scrutiny for identi-
fication of candidate antigens for inclusion in future vaccines.
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INTRODUCTION

Protozoan parasites are genetically complex organisms with genomes that
encode several thousands of genes (Gardner et al., 2002; Abrahamsen et
al., 2004; Xu et al., 2004; Berriman et al., 2005; El-Sayed et al., 2005;
Ivens et al., 2005; Pain et al., 2005). As such, the identification of genes that
encode antigens capable of stimulating a protective immune response in
the host is a difficult task (Richie and Saul, 2002). Many studies have
suggested candidates for inclusion in subunit or recombinant vaccination
strategies targeted against protozoan parasites (Profous-Juchelka et al.,
1988; Melby et al., 2000; Smooker et al., 2000; Shibui et al., 2001).
However, differentiation between an antigen capable of stimulating an
immune response and one capable of stimulating genuine protective
immunity has proved to be a major obstacle (Melby et al., 2001), illustrated
by the paucity of such vaccines currently in use (examples include those
described by Wallach et al., 1995).

Empirical approaches to the identification of suitable antigens involve a
significant input of resources with no guarantee of success, suggesting a
requirement for alternative, more selective, screens to identify wvaccine
candidates.

In response to this problem we recently proposed a genetics-led
approach to reveal antigens encoded within the genome of Eimeria maxima
negatively selected under strain-specific immunity (Blake et al., 2004).
Integral to our strategy are key traits exhibited by E. maxima related to
strain-specific immunity, anticoccidial drug resistance and the brief diploid
phase of the eimerian life cycle, which allows recombination to take place.
These traits are discussed, as is their utilization in previous mapping studies
and their application to the identification of immunoprotective antigens of E.
maxima.

AVIAN COCCIDIOSIS

The Eimeria species, causative agents of the disease coccidiosis, are endemic
protozoan pathogens of livestock. Seven Eimeria species infect the chicken and
the most economically important are E. acervulina, E. maxima and E. tenella.
Every chicken reared in the world is likely to be exposed to one or more of
these protozoan parasites, necessitating prophylactic control to prevent disease.
Even sub-clinical infection can compromise bird welfare and the economic
viability of poultry production whilst clinical disease can prove to be
devastating.

Current control is based largely on the use of chemotherapy, although
resistance — commonly detected shortly after the introduction of a compound —
has become widespread (Cuckler and Malanga, 1955; Joyner, 1957; Warren et
al., 1966; Hodgson et al., 1969; Martin et al., 1997), and legislation continues
to reduce the range of products available (e.g. Regulation (EC) No. 1831/2003
of the European Parliament and of the Council of 22 September 2003 on
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additives for use in animal nutrition; available at http://europa.eu.int/eur-
lex/pri/en/oj/dat/2003/1_268/1 26820031018en00290043.pdf).

Alternative control is effected through the use of vaccines. The majority of
vaccines on the market are based upon either: (i) live wild-type; or (ii)
attenuated parasite formulations. Such vaccines have been available since
1952 and 1992, respectively (Bedrnik et al., 1995), but uptake is limited for a
variety of reasons, including cost.

Immunity to the Eimeria species

The immunity generated through natural exposure to eimerian infection is
specific to both the infecting Eimeria species and, in some examples, the
particular strain (Joyner, 1969; Norton and Hein, 1976; Shirley and Bellatti,
1988; Fitz-Coy, S. 1992; Martin et al., 1997; Smith et al., 2002). Of those
species that infect the chicken, E. maxima is the most immunogenic (Long et
al., 1976): a single sporocyst is capable of stimulating partially protective
immunity against homologous challenge, whilst a dose of 20 or fewer oocysts
can result in complete protection (> 99.99%) (Lee and Fernando, 1978; Blake
et al., 2006).

In contrast, immunity against infection by a heterologous strain can be
incomplete or non-existent (depending on parasite strain and host genetics).
For example, in a recent study immune protection arising from primary
infection with the Houghton (H) or Weybridge (W) strains of E. maxima was
only complete against challenge with the heterologous strain in one of seven
chicken lines tested (see Fig. 17.1; Smith et al., 2002). Complete absence of
cross-protection was evident against heterologous infection in three of the
seven lines of chicken (Fig. 17.1). The importance of parasite genotype on
escape from immune selection in Line C chickens suggested a strong
heritable trait associated with antigenic type, providing the opportunity to
genetically map those loci integral to the trait ‘escape from strain-specific
immune killing’.

Drug resistance in the Eimeria species

As described above, anticoccidial resistance is common in the field.
Experimentally, resistance to a wide variety of anticoccidial compounds can be
selected in an incremental stepwise process, although the difficulty in
generating resistance depends on the drug (Norton and Joyner, 1975).
Variation in the rate of development of resistance to a specific compound can
highlight the genetic complexity of the resistant genotype or the nature of the
target. For example, resistance to the quinolone-based anticoccidials can occur
within a single passage of the parasite, suggesting a requirement to modify few
parasite loci (Chapman, 1997). In contrast, the development of resistance to
ionophores requires a more prolonged exposure over multiple cycles of
development, suggesting a requirement for a larger number of mutations.
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Fig. 17.1. The influence of host genotype on immune protection provided by primary
infection with either the Houghton (white bars) or Weybridge (black bars) strains of Eimeria
maxima against secondary infection with a heterologous strain. Protection is expressed in
terms of the reduction in oocyst production as a percentage of a non-immunized control
(adapted from Smith et al., 2002).

Resistance to different levels of robenidine can be selected by a stepwise process
of increasing drug concentrations, which suggests a role for multiple modifications
of the genome (Norton and Joyner, 1975; Chapman, 1976). The Weybridge
strain of E. maxima, used extensively in genetic studies at the Institute for Animal
Health (see Fig. 17.2), has been rendered resistant to robenidine at VLA
Weybridge (kindly donated by Janet Catchpole and Ralph Marshall; see also
Blake et al., 2004).

The genetic basis of resistance to many anticoccidial drugs remains
unknown, but the strong selectivity of the resistance trait makes it a phenotype
particularly amenable to genetic mapping. Indeed, Shirley and Harvey (2000)
mapped resistance to arprinocid in E. tenella to a locus on chromosome 1.
Genetic mapping studies of other apicomplexan parasites have located loci
integral to chloroquine resistance in Plasmodium falciparum and P chabaudi
(Wellems et al., 1991; Hunt et al., 2004).

Genetic recombination and the Eimeria

Whilst the eimerian life cycle is largely haploid, the presence of sexual life
stages gives rise to a diploid phase which allows genetic recombination to
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E. maxima H and W strains:
H = drug sensitive, antigenic type H
W = drug resistant, antigenic type W

Chickens infected with E. maxima H +
Woocysts, providing an opportunity
for cross-fertilization to occur.

Collect ‘Progeny of the Cross’ (PC), a mix of:
* Pure parental types (arising from self-fertilization)
* Recombinants (arising from cross-fertilization)

Passage PC in the presence of drug-
and W strain-specific immunity.

Collect Relevant Recombinants (RR):
* Recombinant parasites capable of escape from killing
by drug AND strain-specific immunity

K N\

Clone-based mapping: Population-based mapping:
Passage single sporocysts under Examine the inheritance of
selection to isolate clonal RR polymorphic genetic markers
(e.g. AFLP markers) by the PC,
Examine the inheritance of RR and parental parasites
polymorphic genetic markers
(e.g. AFLP markers) by all Investigate markers influenced
clonal lines by selection (Fig. 17.3)

Fig. 17.2. Aflow diagram illustrating the steps taken in the genetic mapping of strain-specific
immunity and resistance to the anticoccidial drug robenindine in Eimeria maxima, utilizing
either a clone-based or a population-based approach.
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occur. Among the first experimental evidence supporting the occurrence of
genetic recombination within the eimerian genome was the generation of multi-
drug-resistant parasites by co-infecting chickens with two differentially resistant
strains of E. maxima or E. tenella (Jeffers, 1974; Joyner and Norton, 1975,
1976). Further reports based upon the recombination of loci associated with
precocious development and enzyme markers followed (Jeffers, 1976;
Rollinson et al., 1979; Sutton et al., 1986).

Given evidence that a locus encoding a trait may be transferred genetically
between strains, that locus may be mapped within the donor genome, as
described for E. tenella (Shirley and Harvey, 2000). Observations of escape
from strain-specific immunity by two strains of E. maxima in Line C chickens
revealed a phenotype akin to that of resistance/susceptibility to anticoccidial
treatment (Smith et al., 2002).

We therefore hypothesized that loci integral to escape from strain-specific
immune killing may be accessible through a genetic mapping strategy (Blake et
al., 2004). Previous observations of recombination between genetic markers of
strain-specific immunity and resistance to pyrimethamine in the murine
malarial parasite Plasmodium berghei supported the application of such an
approach (Oxbrow, 1973). A similar approach for the murine malarial parasite
P chabaudi chabaudi has been independently reported elsewhere (Culleton et
al., 2005; Martinelli et al., 2005).

Genetic mapping of loci encoding immunoprotective antigens of E. maxima

Generation and isolation of recombinant E. maxima

The phenotypically divergent H and W strains of E. maxima, characterized by
differential escape from killing by strain-specific immunity and robenidine, were
used in these studies (Fig. 17.1; Blake et al., 2004). Oocysts excreted following
concurrent infection with the E. maxima H and W strains were harvested in the
usual manner (Long et al., 1976).

These parasites, termed the Progeny of the Cross (PC), were expected to
represent the progeny of self-fertilization by either strain, together with a pool
of recombinant parasites arising from cross-fertilization (Fig. 17.2). Passage
infection with the PC through a selective double barrier consisting of strain-
specific immunity lethal to the W parent and dietary robenidine lethal to the H
parent yielded a population of parasites recombinant at loci integral to escape
from both barriers, proving in the process that these loci segregate
independently. Those parasites capable of escape from the double barrier were
termed Relevant Recombinants (RR).

Subsequent passage of a RR parasite population in the presence of either
individual component of the double barrier revealed that escape from neither
drug, nor immunity, was fixed in the population after a single selective passage
(Table 17.1). An important feature of the eimerian life cycle is that meiosis
occurs during sporulation, an environmental stage of the life cycle removed
from selective pressures such as host immunity or chemotherapy. Hence, it
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Table 17.1. Phenotypic characterisation of a Relevant Recombinant
(RR) parasite population: escape from single and double barrier
selection as a percentage of oocyst excretion following comparable
infection in the absence of selection. Birds exposed to a mixed dose
of the parental parasites (H + W) demonstrated the integrity of each
barrier (from Blake et al., 2004).

Parasite Barrier Escape (%)
RR Drug 72.48
RR Immunity 39.4°
RR Drug + Immunity 21.1¢
H+W Drug + Immunity 0.04

Different superscript letters indicate significant differences (p < 0.05).

appears that escape from Kkilling by drug or immune selection are both
multilocus traits which may be disrupted by resegregation. However, RR were
always isolated from the PC in the presence of double barrier selection, even
when using an oocyst dose as low as 100/bird, implicating a limited number of
genetic loci in escape from both barriers (Blake et al., 2004). The finding that
RR escape the drug barrier better than the immune barrier suggests that the
larger proportion of those loci that encode molecules important for escape from
double barrier selection encode antigens exposed to deleterious strain-specific
selection.

Genetic mapping analyses of populations

Classically, genetic mapping strategies with protozoan parasites have been
based upon the clonal progeny of a genetic cross (Wellems et al., 1991; Shirley
and Harvey, 2000; Su et al., 2002; Hunt et al., 2004). However, whilst
achievable through passage of a single sporocyst, cloning the Eimeria species is
not a trivial undertaking (Shirley and Harvey, 1996).

As an alternative we used an approach based upon populations of pure and
recombinant parasites generated and isolated under a variety of selection regimes
(Fig. 17.2). Central to this approach is the hypothesis that genetic markers not
physically linked within the genome to loci under deleterious selection will be
inherited by progeny parasites irrespective of the influence of that selection. In
contrast, a genetic marker that is physically linked to a locus under deleterious
selection close enough not to be separated by the majority of recombination
events in a genetically diverse haploid population will be reduced, or lost
altogether, from the subset of that population capable of escaping the selection
(see Fig. 17.3).

Whole-genome genetic fingerprinting of parasite populations using the
amplified fragment length polymorphism (AFLP) technique generated markers
from total genomic DNA extracted from oocysts of either parent and multiple
independent PC and RR lineages (Vos et al., 1995; Blake et al., 2003).
Comparison between AFLP fingerprints revealed five patterns of marker
inheritance (Fig. 17.4).
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Fig. 17.3. AFLP analyses of populations. The inheritance of AFLP markers amplified from
the parental H and W strains of Eimeria maxima used in the production of a genetic cross
was compared between the Progeny of the Cross (PC) and those recombinants within the
PC capable of reproducing in the presence of barriers lethal to either individual parent (the
Relevant Recombinants, RR). Genetic markers lost under selection by either strain-specific
immunity or dietary robenidine are physically linked to those loci under negative selection.

By far the most common pattern represented a non-polymorphic marker
found in both parental E. maxima strains which persisted in all progeny
populations, irrespective of selection (e.g. pattern 1, Fig. 17.4). The second
most common patterns were strain-specific markers inherited by all progeny
populations (e.g. patterns 2 and 3, Fig. 17.4). The inheritance pattern of these
markers indicates no physical linkage to loci under drug or immune selection.

In contrast, a subset of markers (currently a total of 38) was clearly
correlated with the deleterious effects of double barrier selection (e.g. pattern 4,
Fig. 17.4). The use of single barriers (drug or W strain-specific immunity)
allowed clear attribution of the markers to either of the two phenotypes present
in the double barrier. At present two markers display an inheritance pattern that
relates to the drug resistant phenotype whereas 36 can be related to the
immune-escape phenotype.

This bias in marker association supports our earlier observations with the
capacity of RR to escape single barriers and suggests more independent loci
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encode strain-specific protective antigens than drug resistance. The markers
associated with immunity have been subjected to further analysis. Using a
combination of: (i) probing Southern blotted digested parental genomic DNA
resolved by pulsed field gel electrophoresis; and (ii) a BAC library generated
from the W strain parent, it is clear that the AFLP markers group in regions of
the parasite genome. At present, markers can be linked to four regions of the
genome, supporting the premise that strain-specific protective immunity is
restricted to very few antigen-encoding loci.

CONCLUSION

For many years the Eimeria species have been subject to detailed study of
variables that affect immune protection in hosts of differing genotype against

Ha ~ Wa P1.1b R1.71b P2.1aP2.2aP2-DaP2-/m2R2.12 R3.12 R3.22a R4.72 R5.1a2 R5.22

Fig. 17.4. AFLP analysis of a population-based DNA mapping panel. H, Eimeria maxima H
strain parent; W, E. maxima W strain parent; P, Progeny of the Cross (PC) population; R,
Relevant Recombinant (RR) population. Lane identifiers: first number is the independent
population replicate number; second number is the generation number (under the selective
conditions specified). -D, selected through the single barrier of dietary drug (66 ppm robenidine);
-Im, selected through the single barrier of W strain-specific immunity.  Derived against a Line

C host genetic background; ° derived against a Line 151 host genetic background.

The characteristics of each of the five band patterns arising from AFLP analysis of the DNA
mapping panel: 1, a non-polymorphic band consistently amplified from all parasite populations,
regardless of selection regime. 2, a polymorphic band specific to the H strain; this band was
retained by all of the RR populations and therefore did not mark a region of the genome
negatively selected in the presence of dietary robenindine. 3, a polymorphic band specific to the
W strain; this band was retained by all of the RR populations and therefore did not mark a region
of the genome negatively selected in the presence of W strain-specific immunity. 4, a
polymorphic band specific to the W strain; amplified from all PC progeny populations and
retained following exposure to the single barrier of robenidine; this band was lost following
exposure to the single barrier of W strain-specific immunity with or without robenidine; hence
implicated as a marker associated with immune killing of the W strain. 5 (not shown), a
polymorphic band specific to the H strain; amplified from all PC progeny populations and retained
following exposure to the single barrier of W strain-specific immunity; this band was lost following
exposure to robenidine; hence implicated as a marker associated with killing by robenidine.
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homologous and heterologous parasite challenge (e.g. Rose and Long, 1962;
Norton and Hein, 1976; Long and Millard, 1979; Shirley and Hoyle, 1981;
Lillehoj, 1988; Bumstead and Millard, 1992; Fitz-Coy, 1992; Martin et al., 1997,
Smith et al., 2002). More recently, techniques to characterize and manipulate
nucleic acids have progressed rapidly (e.g. Jeffreys et al., 1985; Vos et al., 1995).
Together, the combination of the discriminating strain-specific immune protection
exhibited by certain host lines of chicken and the ability to generate genome-wide
genetic markers in the absence of detailed sequence data provided an
opportunity to utilize immunological characters as genetic markers in the search
for immunoprotective antigens (Walker, 1968; Oxbrow, 1973; Vos et al., 1995;
Smith et al., 2002). The development of a mapping strategy targeting
populations, not clones, has expedited these studies (Blake et al., 2004).

It is clear that many Eimeria antigens are recognized by the host immune
response but it is equally apparent that few of these confer protection. The
development of a genetic approach in identifying protective, antigen-encoding
loci represents a major step forward in the development of new vaccines
protective against the Eimeria species. Moreover, the proof of principle for the
genetic approach described here offers the opportunity to apply this methodology
more broadly in other parasitic diseases of veterinary and medical importance.

ACKNOWLEDGEMENTS

This work was primarily funded by the BBSRC (grant no. 201/515343; M.W.S.
and A.L.S.), with some support from DEFRA (grant code OD0534; A.L.S.).

The authors would like to thank members of the enteric immunology and
parasitology groups for their help and input.

REFERENCES

Abrahamsen, M.S., Templeton, T.J., Enomoto, S., Abrahante, J.E., Zhu, G., Lancto, C.A., Deng,
M., Liu, C., Widmer, G., Tzipori, S. et al. (2004) Complete genome sequence of the
apicomplexan, Cryptosporidium parvum. Science 304, 441-445.

Bedrnik, P, Hiepe, T., Mielke, D. and Drossigk, U. (1995) Antigens and immunisation procedures
in the development of vaccines against poultry coccidiosis. COST 89/820. In: Eckert, J.,
Braun, R., Shirley, M. and Coudert, P. (eds) Biotechnology: Guidelines on Techniques in
Coccidiosis Research. European Commission, Luxembourg, pp. 176-189.

Berriman, M., Ghedin, E., Hertz-Fowler, C., Blandin, G., Renauld, H., Bartholomeu, D.C,,
Lennard, N.J., Caler, E., Hamlin, N.E., Haas, B. et al. (2005) The genome of the African
trypanosome Trypanosoma brucei. Science 309, 416-422.

Blake, D.P, Smith, A.L. and Shirley, M.-W. (2003) Amplified fragment length polymorphism
analyses of Eimeria spp.: an improved process for genetic studies of recombinant parasites.
Parasitology Research 90, 473-475.

Blake, D.P, Hesketh, P, Archer, A., Carroll, E, Smith, A.L. and Shirley, M.W. (2004) Parasite
genetics and the immune host: recombination between antigenic types of Eimeria maxima as
an entree to the identification of protective antigens. Molecular and Biochemical Parasitology
138, 143-152.



| Parasite genetics 269 |

Blake, D.P, Hesketh, P, Archer, A., Carroll, E, Shirleyy M.W. and Smith, A.L. (2006) The
influence of immunizing dose size and schedule on immunity to subsequent challenge with
antigenically distinct strains of Eimeria maxima. Avian Pathology 34, 489-494.

Bumstead, N. and Millard, B. (1992) Variation in susceptibility of inbred lines of chickens to seven
species of Eimeria. Parasitology 104, 407-413.

Chapman, H. (1976) Eimeria tenella: experimental studies on the development of resistance to
robenidine. Parasitology 73, 265-273.

Chapman, H. (1997) Biochemical, genetic and applied aspects of drug resistance in Eimeria
parasites of the fowl. Avian Pathology 26, 221-244.

Cuckler, A.C. and Malanga, C.M. (1955) Studies on drug resistance in Coccidia. Journal of
Parasitology 41, 302-311.

Culleton, R., Martinelli, A., Hunt, P and Carter, R. (2005) Linkage group selection: rapid gene
discovery in malaria parasites. Genome Research 15, 92-97.

El-Sayed, N.M., Myler, PdJ., Bartholomeu, D.C., Nilsson, D., Aggarwal, G., Tran, A.N., Ghedin,
E., Worthey, E.A., Delcher, AL, Blandin, G. et al. (2005) The genome sequence of
Trypanosoma cruzi, etiologic agent of Chagas disease. Science 309, 409-415.

Fitz-Coy, S. (1992) Antigenic variation among strains of Eimeria maxima and E. tenella of the
chicken. Avian Diseases 36, 40-43.

Gardner, M.J., Hall, N., Fung, E., White, O., Berriman, M., Hyman, R.W., Carlton, J.M., Pain, A,
Nelson, K.E., Bowman, S. et al. (2002) Genome sequence of the human malaria parasite
Plasmodium falciparum. Nature 419, 498-511.

Hodgson, J.N., Ball, S.J., Ryan, K.C. and Warren, E.-W. (1969) The incidence of drug-resistant
strains of Eimeria in chickens in Great Britain, 1966. British Veterinary Journal 125, 31-35.

Hunt, P, Martinelli, A., Fawcett, R., Carlton, J., Carter, R. and Walliker, D. (2004) Gene synteny
and chloroquine resistance in Plasmodium chabaudi. Molecular and Biochemical
Parasitology 136, 157-164.

Ivens, A.C., Peacock, C.S., Worthey, E.A., Murphy, L., Aggarwal, G., Berriman, M., Sisk, E.,
Rajandream, M.A., Adlem, E., Aert, R. et al. (2005) The genome of the kinetoplastid
parasite, Leishmania major. Science 309, 436-442.

Jeffers, TK. (1974) Genetic transfer of anticoccidial drug resistance in Eimeria tenella. Journal of
Parasitology 60, 900-904.

Jeffers, T. (1976) Genetic recombination of precociousness and anticoccidial drug resistance in
Eimeria tenella. Zeitschrift fur Parasitenkunde 50, 251-255.

Jeffreys, A.J., Wilson, V. and Thein, S.L. (1985) Hypervariable ‘minisatellite’ regions in human
DNA. Nature 314, 67-73.

Joyner, L. (1957) Induced drug-fastness to nitrofurazone in a laboratory strain of Eimeria tenella.
Journal of Parasitology 69, 1415.

Joyner, L.P (1969) Immunological variation between two strains of Eimeria acervulina.
Parasitology 59, 725-732.

Joyner, L. and Norton, C. (1975) Transferred drug-resistance in Eimeria maxima. Parasitology 71,
385-392.

Joyner, L. and Norton, C. (1976) Further observations on transferred drug resistance in Eimeria
maxima. Parasitology, Abstracts 73, 111.

Lee, E. and Fernando, M. (1978) Immunogenicity of a single sporocyst of Eimeria maxima.
Journal of Parasitology 64, 483-485.

Lillehoj, H. (1988) Influence of inoculation dose, inoculation schedule, chicken age, and host
genetics on disease susceptibility and development of resistance to Eimeria tenella infection.
Avian Diseases 32, 437-444.

Long, P and Millard, B. (1979) Immunological differences in Eimeria maxima: effect of a mixed
immunizing inoculum on heterologous challenge. Parasitology 79, 451-457.

Long, P, Joyner, L., Millard, B. and Norton, C. (1976) A guide to laboratory techniques used in
the study and diagnosis of avian coccidiosis. Folia Veterinaria Latina 6, 201-217.



| 270 D.P Blakeetal. |

Martin, A., Danforth, H., Barta, J. and Fernando, M. (1997) Analysis of immunological cross-
protection and sensitivities to anticoccidial drugs among five geographical and temporal
strains of Eimeria maxima. International Journal for Parasitology 27, 527-533.

Martinelli, A., Cheesman, S., Hunt, P, Culleton, R., Raza, A., Mackinnon, M. and Carter, R.
(2005) A genetic approach to the de novo identification of targets of strain-specific immunity
in malaria parasites. Proceedings of the National Academy of Sciences USA 102, 814-819.

Melby, P, Ogden, G., Flores, H., Zhao, W., Geldmacher, C., Biediger, N., Ahuja, S., Uranga, J.
and Melendez, M. (2000) Identification of vaccine candidates for experimental visceral
leishmaniasis by immunization with sequential fractions of a cDNA expression library.
Infection and Immunity 68, 5595-5602.

Melby, P, Yang, J., Zhao, W., Perez, L. and Cheng, J. (2001) Leishmania donovani p36(LACK)
DNA vaccine is highly immunogenic but not protective against experimental visceral
Leishmaniasis. Infection and Immunity 69, 4719-4725.

Norton, C. and Hein, H. (1976) Eimeria maxima: a comparison of two laboratory strains with a
fresh isolate. Parasitology 72, 345-354.

Norton, C. and Joyner, L. (1975) The development of drug-resistant strains of Eimeria maxima in
the laboratory. Parasitology 71, 153-165.

Oxbrow, A. (1973) Strain specific immunity to Plasmodium berghei: a new genetic marker.
Parasitology 67, 17-27.

Pain, A., Renauld, H., Berriman, M., Murphy, L., Yeats, C.A., Weir, W., Kerhornou, A., Aslett, M.,
Bishop, R., Bouchier, C. et al. (2005) Genome of the host-cell transforming parasite Theileria
annulata compared with T. parva. Science 309, 131-133.

Profous-Juchelka, H., Liberator, P and Turner, M. (1988) Identification and characterization of
cDNA clones encoding antigens of Eimeria tenella. Molecular and Biochemical Parasitology
30, 233-241.

Richie, T. and Saul, A. (2002) Progress and challenges for malaria vaccines. Nature 415,
694-701.

Rollinson, D., Joyner, L. and Norton, C. (1979) Eimeria maxima: the use of enzyme markers to
detect the genetic transfer of drug resistance between lines. Parasitology 78, 361-367.

Rose, M. and Long, P. (1962) Immunity to four species of Eimeria in fowls. Immunology 5,
79-92.

Shibui, A., Ohmori, Y., Suzuki, Y., Sasaki, M., Nogami, S., Sugano, S. and Watanabe, J. (2001)
Effects of DNA vaccine in murine malaria using a full-length ¢cDNA library. Research
Communications in Molecular Pathology and Pharmacology 109, 147-157.

Shirley, M. and Bellatti, M. (1988) Live attenuated coccidiosis vaccine: selection of a second
precocious line of Eimeria maxima. Research in Veterinary Science 44, 25-28.

Shirley, M. and Harvey, D. (1996) Eimeria tenella: infection with a single sporocyst gives a clonal
population. Parasitology 112, 523-528.

Shirley, M. and Harvey, D. (2000) A genetic linkage map of the apicomplexan protozoan parasite
Eimeria tenella. Genome Research 10, 1587-1593.

Shirley, M. and Hoyle, S. (1981) The antigenicity of Eimeria maxima populations obtained from
commercial farms. Journal of Parasitology 67, 587-588.

Smith, A., Hesketh, P, Archer, A. and Shirley, M. (2002) Antigenic diversity in Eimeria maxima
and the influence of host genetics and immunisation schedule on cross-protective immunity.
Infection and Immunity 70, 2472-2479.

Smooker, P, Setiady, Y., Rainczuk, A. and Spithill, T. (2000) Expression library immunisation
protects mice against challenge with virulent rodent malaria. Vaccine 18, 2533-2540.

Su, C., Howe, DK, Dubey, J.P, Ajioka, JW. and Sibley, L.D. (2002) Identification of
quantitative trait loci controlling acute virulence in Toxoplasma gondii. Proceedings of the
National Academy of Sciences USA 99, 10753-10758.



| Parasite genetics 27 |

Sutton, C.A., Shirleyy, M\W. and McDonald, V. (1986) Genetic recombination of markers for
precocious development, arprinocid resistance, and isoenzymes of glucose phosphate iso-
merase in Eimeria acervulina. Journal of Parasitology 72, 965-967.

Vos, P, Hogers, R., Bleeker, M., Reijans, M., van de Lee, T., Hornes, M., Frijters, A., Pot, J.,
Peleman, J., Kuiper, M. and Zabeau, M. (1995) AFLP: a new technique for DNA fingerprint-
ing. Nucleic Acids Research 23, 4407-4414.

Walker, P. (1968) Investigational problems and the mechanisms of inheritance in blood protozoa.
In: Weinman, D. and Ristic, M. (eds) Infectious Blood Diseases of Man and Animals: Diseases
Caused by Protista. Academic Press, New York, pp. 367-391.

Wallach, M., Smith, N.C., Petracca, M., Miller, C.M., Eckert, J. and Braun, R. (1995) Eimeria
maxima gametocyte antigens: potential use in a subunit maternal vaccine against coccidiosis
in chickens. Vaccine 13, 347-354.

Warren, E., Ball, S. and MacKenzie, D. (1966) The incidence of drug-resistant strains of Eimeria
species in chickens in Great Britain, 1964/65. British Veterinary Journal 122, 534-543.

Wellems, T.E., Walker-Jonah, A. and Panton, L.J. (1991) Genetic mapping of the chloroquine-
resistance locus on Plasmodium falciparum Chromosome 7. Proceedings of the National
Academy of Sciences USA 88, 3382-3386.

Xu, P, Widmer, G., Wang, Y., Ozaki, L.S., Alves, J.M., Serrano, M.G., Puiu, D., Manque, P,
Akiyoshi, D., Mackey, A.J. et al. (2004) The genome of Cryptosporidium hominis. Nature
431, 1107-1112.



This page intentionally left blank



PART VI

Immunological and
pathogen control



This page intentionally left blank



CHAPTER 18

Developments and pitfalls of feed
acidification in controlling gut
pathogens in poultry, with emphasis
on Salmonella

F. van Immerseel,'* I. Gantois,! L. Bohez,'

L. Timbermont,! F. Boyen,! I. Hautefort,?
J.C.D. Hinton,2 F. Pasmans,' F. Haesebrouck!
and R. Ducatelle’

'Department of Pathology, Bacteriology and Avian Diseases, Research
Group, Veterinary Public Health and Zoonoses, Faculty of Veterinary
Medicine, Ghent University, Ghent, Belgium; 2Molecular Microbiology
Group, Institute of Food Research, Norwich, UK;

*e-mail: filip.vanimmerseel @ UGent.be

ABSTRACT

Acidification of drinking water and feed has been used for years in poultry.
Drinking water acidification increases the threshold of bacterial infection due to
the bactericidal activity of the acids added. Feed supplementation with powder
products also increases the threshold of bacterial infection due to its
bacteriostatic/bactericidal activity in the crop. For drinking water and powder
form feed supplementation, the choice of the acids used is dependent on their
ability to Kill bacteria. Currently, coated or impregnated acid products are also
on the market, with the aim of allowing acids to penetrate further down the
gastrointestinal tract.

These products thus aim to change the ratio of organic acids in the gut,
and thus the concentration changes achieved are more subtle. It was shown
that exposure of Salmonella to low concentrations of acetic acid increased
invasion of the bacterium in intestinal epithelial cells, while propionic and
butyric acid decreased invasion at non-growth inhibitory concentrations.

This is due to changes in virulence gene expression of the genes of the
Salmonella Pathogenicity Island 1. Gene expression profiling by microarray
technology has shown that low concentrations of butyric acid result in a specific
downregulation of Salmonella Pathogenicity Island I genes, directly responsible
for invasion, while regular metabolic genes are not altered in expression,
making the butyric acid effect highly specific.
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It was also shown that supplementation of acetic acid-coated products in
the feed increased colonization of the chicken gut by Salmonella, and that
coated propionic and butyric acid products decreased colonization of the
chicken intestinal tract. Moreover, it was shown that coated butyric acid
decreased faecal shedding in a seeder model in broilers throughout the rearing
period up to slaughter age. The possibility of differential effects of organic acids
on virulence of other pathogens and on performance of the animals is under
research.

It was concluded that, instead of empirically using organic acid com-
pounds as additives in feed and water of poultry, well-formulated and well-
balanced preparations of organic acids should be developed, based on
scientific data.

USE OF ORGANIC ACIDS IN POULTRY FEED

Organic acids have been widely used as feed and drinking water additives for
various reasons in different farm animal species. Many products are on the
market, consisting of mixtures of organic acids in different concentrations and
formulations. Organic and short-chain fatty acid (SCFA) mixtures have been
produced aiming at enhancing digestibility and diet palatability, thus improving
feed conversion and growth rates of animals, including pigs and poultry. Acid
mixtures are sometimes included in feed to control mould, and claims even for
egg production increases using acids have been made.

When searching the scientific, peer-reviewed literature however,
information on these potential beneficial characteristics is lacking and it is
impossible to define the optimal acid mixture for achieving certain aims.
Whatever the claims, it is clear that SCFA, medium-chain fatty acids (MCFA)
and other organic acids have a more or less pronounced antimicrobial activity,
depending on both the concentration of the acid and the bacterial species that
is exposed to the acid.

Indeed, for certain acids there is a large difference in minimal inhibitory
concentrations (MIC) when different bacterial species are exposed, while for
certain bacterial species there are large differences in MIC values when these
bacteria are exposed to different organic acids (Nakai and Siebert, 2002).

Some organic acids that are used as feed additives, however, do not seem
to have any significant antimicrobial activity in the concentration range that is
suitable for use in feed. Short-chain fatty acids are bacteriostatic or bactericidal
in vitro, provided that there are sufficient undissociated acid molecules present
and that they are in contact with the bacteria for a sufficiently long time
(Thompson and Hinton, 1997). Lowering the pH increases the concentration
of undissociated molecules. Therefore, the products will be more efficient at low
pH.

This was proved in in vitro experiments by a decreased growth rate of
Salmonella Typhimurium at decreasing pH levels in the presence of volatile
fatty acids (VFA) (Durant et al., 1999). The SCFA diffuse into the bacterial cell
in undissociated form. Inside the bacterial cell the acid dissociates, resulting in
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reduction of intracellular pH and anion accumulation (Van der Wielen et al.,
2000). Concentrations of VFA sufficient to cause growth inhibition of
Escherichia coli in vitro immediately slowed the rates of RNA, DNA, protein,
lipid and cell wall synthesis (Cherrington et al., 1990). Since synthesis of
macromolecules other than DNA is not completely inhibited, and since there
was no loss in membrane integrity, bacterial mass increased without cell
division in the presence of VFA (Cherrington et al., 1990, 1991).

Another common field of application for SCFA or other fatty acids is in
pathogen control, especially Salmonella. This is the main focus of commercial
products, claiming a (partial) control of shedding or colonization of the chicken
gut. Drinking water additives are widely applied, and it is clear that when the
concentration of certain acids in the drinking water is high, the pH of the
drinking water will be sufficiently low to kill the bacteria that are present. This
will thus create a barrier at the drinking water level, and recontamination of the
birds due to the presence of pathogens in the drinking water (e.g. from the
litter) can be controlled in this way to some extent. Powder-form feed additives
have also been used widely to reduce Salmonella contamination.

The action of these compounds will not take place in the feed itself due to
the lack of water for carrying out their activity. Once taken up by the animal
they can become active. It is, however, the case that their action will most likely
be limited to the crop and the stomach, since it has been shown that one
cannot detect the acids further down in the gastrointestinal tract due to
resorption (Thompson and Hinton, 1997).

More recently, new technologies have allowed the development of
formulations that release the acids further down the gastrointestinal tract. These
formulations include acids coated on to or impregnated into microbeads.
Whether this really is the case remains to be seen, but these kinds of
preparations are surely capable of bringing probiotic strains into the gut of
animals (Kailasapathy, 2002).

Considering the above-mentioned data, it is thus advisable that research is
carried out on the use of acids for a specific purpose. Preferably, the acids
should be tested one by one prior to the study of the more complicated effects
of mixtures. In this way one can try to find the optimal composition and
formulation designed for achieving a specific aim.

In this chapter, details are given on the evaluation of the SCFA formic,
acetic, propionic and butyric acid for their ability to control Salmonella in
poultry. A study was conducted to assess the antimicrobial activity of
Salmonella and the effects of the single SCFA on Salmonella virulence gene
expression and invasion into intestinal epithelial cells. Furthermore, the effects
of the different single acids on early colonization of the caeca and internal
organs in young chickens were evaluated. The effect of the formulation in
Salmonella control was tested using (powder form and impregnated) butyric
acid, and long-term shedding of Salmonella was followed in broilers using
butyric acid as a feed additive.

These data should provide information on how to optimize SCFA
preparations for Salmonella control in poultry. Before detailed studies on the
use of SCFA in Salmonella control are presented, an introduction to this food-
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contaminating pathogen and its pathogenesis is discussed, in order to underline
the importance of having well-developed solutions for Salmonella control in
poultry and to inform the reader about some important characteristics of the
Salmonella bacteria, which will be used below in the discussion on the use of
acids in Salmonella virulence.

SALMONELLA: AN IMPORTANT PATHOGEN IN POULTRY

Public health consequences

Salmonella is a foodborne pathogen for humans. Poultry is the main source of
Salmonella, causing human infections. The emergence of S. Enteritidis has
raised concern in the last two decades, due to its frequent transmission to
humans and its ability to cause severe disease in man. A major problem is the
tropism of S. Enteritidis for the reproductive organs of the hen and the
contamination of eggs. Nevertheless poultry meat can also be contaminated.

In Europe, contamination of poultry is low in the Scandinavian
countries but higher in the Mediterranean region. While contamination of
breeders is generally low, a considerably high level of positive layer flocks is
detected. In addition, Southern Europe has the highest percentage of
positive flocks, ranging from 5 to 10%. Concerning table eggs, high
percentages of Salmonella-positive table eggs are reported in Southern
Europe (between 3 and 8%), while in the rest of Europe less than 1% of the
eggs were positive.

The serotype Enteritidis is predominant in layers (57.7%) and in table eggs
(72.9%) (European Commission, 2002). Broilers are also frequently
contaminated by Salmonella. Scandinavian countries reported very low
percentages of positive flocks, while Western European countries reported
higher levels of contamination, with large differences between different
countries, ranging between 1 and 11% in 2002.

Contamination levels of poultry meat are dramatically high in Europe. In
2002, in all European countries except Scandinavia, about 10-15% of the
poultry meat at the retail level was positive. Also, Enteritidis is one of the
most frequently isolated serotypes in broilers (10.8%) and in broiler meat
(11.1%), next to a wide range of other serotypes (European Commission,
2002).

In Europe most human Salmonella isolates are currently of the serotype
Enteritidis. In England and Wales S. Enteritidis isolates became the most
frequent, with a percentage of 70.7% of human isolates in 1997. In recent
years, fortunately, there has been a general downward trend in the number of
human cases in Europe. In 2002, more than 145,000 cases of human
salmonellosis were reported in 15 member states of the EU, compared with a
figure of more than 200,000 cases in 1997. In the EU and Norway, about 70%
of all isolates in 2002 were of the serotype Enteritidis and 17% were of
serotype Typhimurium (European Commission, 2002), making it very clear
that these serotypes need be controlled.
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The intestinal phase of infections with broad host-range Salmonella serotypes

Salmonella bacteria can colonize a wide range of host species, dependent on
the serotype. Salmonella serotypes that are exclusively associated with one
particular host species are referred to as being host-restricted, such as S.
Gallinarum in poultry. Serotypes that usually induce a self-limiting
gastroenteritis in a broad range of unrelated host species, whilst being capable
of inducing systemic disease in a wide range of host animals, are termed
unrestricted or broad host-range serotypes (Uzzau et al., 2000). Examples are
S. Enteritidis and S. Typhimurium, thus these are the serotypes leading to
human infections.

Chickens are usually infected by oral uptake of bacteria from the
environment. Salmonella bacteria are able to survive gastric acidity and can
therefore pass through the stomach to reach the intestinal tract of the animal
(Kwon and Ricke, 1998). In the chicken, the caeca are the predominant sites of
Salmonella colonization (Desmidt et al., 1997, 1998). The bacteria can adhere
to intestinal epithelial cells by specific adhesion—receptor interactions in which
bacterial fimbriae and mannosylated residues on the mucous and resorptive
epithelial cells are involved (Dibb-Fuller et al., 1999; Vimal et al., 2000).

A crucial step in the pathogenesis of Salmonella is the process of invasion
into intestinal epithelial cells. Upon contact with intestinal epithelial cells,
Salmonella bacteria inject a set of bacterial proteins into host cells via the
bacterial Pathogenicity Island I (SPI-1) Type-3 secretion system (TTSS) (Zhou
and Galan, 2001). Type-3 secretion systems are specialized, needle-like
structures located on the bacterial membrane whose core function is the
injection of bacterial proteins into eukaryotic cells (Hueck, 1998; Galan and
Collmer, 1999; Cornelis and Van Gijsegem, 2000).

The Pathogenicity Island 1 of Salmonella is a large genetic element on the
chromosome encoding multiple proteins, necessary to assemble a complex
TTSS apparatus (structural proteins), regulatory proteins as well as some
effector proteins, injected by the needle complex into intestinal epithelial cells
(Lostroh and Lee, 2001). The effector proteins of SPI-1 that are injected in the
epithelial cells interact with host proteins of the intestinal epithelial cells.

The main effect of the injected proteins is the rearrangement of the
cytoskeleton of the intestinal epithelial cells, in such a way that bacteria are
engulfed by ruffles on the host cell membrane, resulting in uptake by the
epithelial cell. This is an active process mediated by the Salmonella proteins
that are injected in the intestinal epithelial cells. It is called invasion.

The proteins that are encoded by the Salmonella Pathogenicity Island I
also play a role in the attraction of immune cells to the gut wall. Macrophages
may take up bacteria penetrating through the caecal mucosa, which is the start
of the systemic phase of the infection. This systemic phase of the infection and
the mechanism of egg contamination are not discussed here, but more
information on these topics can be read in review articles by Hensel (2000) and
De Buck et al. (2004).
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Prevention and control

In 2003, the European Parliament and the Council of the European Union
introduced Regulation (EC) No 2160/2003 to ensure that proper and effective
measures were taken to detect and control Salmonella and other zoonotic
agents at all relevant stages of production, processing and distribution,
particularly at the level of primary production - including in feed — in order to
reduce their prevalence and the risk they pose to public health.

National control programmes should provide for the detection of zoonoses
and zoonotic agents in accordance with certain minimal sampling require-
ments. These programmes should also define the respective responsibilities of
competent authorities and specify the control measures to be taken following
the detection of zoonoses and zoonotic agents, in particular to protect public
health. For example, with broilers, national control programmes should include
a policy that fresh poultry meat may not be placed on the market for human
consumption unless Salmonella is absent in 25 g, starting from December
2010. Thus the infection needs to be controlled.

Different measures are available to control Salmonella in poultry. It is not
within the scope of this chapter to develop this topic in detail but, for the
interested reader, reviews on the use of vaccines and feed additives for control
of Salmonella in poultry are available (Van Immerseel et al., 2002, 2005). In
the text below, the use of SCFA in Salmonella control is discussed, based on
data generated at the Department of Pathology, Bacteriology and Avian
Diseases of the Faculty of Veterinary Medicine, Ghent University, Belgium.

SHORT-CHAIN FATTY ACIDS AND THEIR EFFECTS ON SALMONELLA
VIRULENCE, WITH EMPHASIS ON INVASION

In vitro analysis of the antimicrobial characteristics of SCFA was performed by
making growth curves at different pH values by Durant et al. (1999) and by
Van Immerseel et al. (2003a) for S. Typhimurium and S. Enteritidis,
respectively. Propionic acid was slightly more antimicrobial than were the other
acids. Antimicrobial activity of the SCFA was limited, if present at all, at pH 7. It
is concluded, therefore, that the antimicrobial activity against Salmonella
cannot be used as a criterion in choosing an appropriate SCFA for use as a
feed additive to control Salmonella in poultry.

Effects of pre-incubation of S. Enteritidis in growth medium, supplemented
with the different SCFA, on invasion of Salmonella into intestinal epithelial cells
were evaluated by different authors. Van Immerseel et al. (2003b) used human
intestinal epithelial cells (T84 cell line) for this purpose. The cells were grown in
cell culture plates until a confluent layer of cells was reached.

Simultaneously, for each SCFA, three Luria-broth (LB) solutions were
made with the following concentrations: 25, 50 and 100 mM. Luria-broth
medium without supplements was used as control. The pH of all solutions was
brought to 6 and 7 by addition of NaOH and HCI, respectively. Osmolarity of
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all solutions was adjusted to the same value (610 mmol/kg) by addition of NaCl
in solutions with lower osmolarity. This was done because differences in
osmolarity influence invasion of Salmonella (Galan and Curtiss, 1990).

The bacteria were grown for 20 h in LB, whereafter the suspension was
diluted 1:50 in the SCFA solutions, the compositions of which were described
above. After 4 h of incubation at 37°C suspensions were centrifuged and diluted
in cell culture medium. The cfu/ml value was determined by plating 6 X 20 ul of
a dilution series of the suspensions on BGA, whereafter the plates were incubated
overnight at 37°C. The suspensions were held at 4°C until they were used in the
assay. The bacterial suspensions were diluted to a density of 5.10° cfu/ml.

The growth medium of the epithelial cells was then replaced by 1 ml of the
diluted bacterial suspensions. This was centrifuged for 10 min at 1500 rpm,
whereafter the plates were incubated for 1 h at 37°C and 5% CO,. Then cells
were rinsed three times, cell culture medium with gentamicin (50 pg/ml) was
added to kill extracellular bacteria and the plates were incubated for 1 h at
37°C and 5% CO,. Hereafter, cells were rinsed three times with PBS and lysed
with 1% Triton X-100 in distilled water. From this lysate, a tenfold dilution
series was made. From each dilution, 6 X 20 pl were inoculated on BGA, to
determine the cfu/ml intracellular S. enteritidis.

As can be seen in Fig. 18.1, a decreased percentage of invaded bacteria
was detected when bacteria were pre-incubated in propionate- and butyrate-
supplemented media at pH 6, relative to that of bacteria pre-incubated in
acetate- and formate-supplemented medium. These differences were significant
(p < 0.05) in all cases within the same concentration of the VFA. The
propionate- and butyrate-exposed bacteria also invaded significantly less (p <
0.05) than did the control bacteria. When the test was performed at pH 7,
similar results were detected (data not shown).

The use of primary chicken caecal epithelial cells resulted in the same
conclusions (Van Immerseel et al., 2004). Moreover, unpublished data from our
laboratory showed that the effects of the SCFA on Salmonella invasion are
valid for multiple serotypes, including Hadar and Infantis.

This phenomenon was explained by changes in expression patterns of
genes of the Salmonella Pathogenicity Island I (SPI-1). As already discussed
above, the SPI-1 genes are directly involved in the invasive phenotype. The
gene island consists of regulatory genes, genes encoding structural components
of the needle complex and genes encoding effector proteins that are inserted in
the eukaryotic cells. The hilA gene is the crucial regulator of the SPI-1 and is a
transcriptional activator that can be influenced by numerous other regulatory
proteins.

The molecular mechanism of acetate-induced increases in invasion has
been elucidated. Lawhon et al. (2002) showed that acetate, after conversion to
acetyl-phosphate, activates the BarA/SirA two-component system by
phosphorylation of BarA and subsequently SirA. Activation of SirA results in
enhanced transcription of hilA, the key regulator of SPI-1.

Our laboratory (Gantois et al., 2006) showed that hilA is downregulated
when Salmonella is grown in butyrate-supplemented growth media. This was
shown when plasmids were constructed with transcriptional fusions between
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Fig. 18.1. Salmonella Enteritidis bacteria were pre-incubated for 4 h at 37°C in LB medium
with short-chain fatty acids concentrations of 25, 50 and 100 mM. Column 1, formic acid;
Column 2, acetic acid; Column 3, propionic acid; Column 4, butyric acid. Following this, an
invasion assay was performed in 24-well cell culture plates. The pH of the growth medium
was 6. Invasion was calculated as the percentage of invaded bacteria relative to the initial
number of bacteria inoculated in one well of the cell culture plate (y-axis). Different
concentrations of short-chain fatty acids are given in the x-axis. Values that do not share the
same superscripts are statistically significant different from each other (p < 0.05).

the promoter of hilA and the reporter genes luxCDABE, and thus real-time
luminescence measurement was used as a marker of hilA expression.

Furthermore, transcriptomic analysis of both S. Typhimurium and S.
Enteritidis grown in media supplemented with low doses of butyric acid
showed a specific downregulation of the whole SPI-1 without alterations in
metabolic gene expression, compared with the control conditions. Also hilD, a
positive regulator of hilA, and HU, a nucleoid-binding protein (and previously
shown to be involved in virulence gene regulation), was downregulated
(Gantois et al., 2006).

These data suggest that butyric acid or one of its metabolic intermediates
specifically interacted with one of the Salmonella proteins that regulate SPI-1.
Most probably a simple molecular mechanism is involved, as for acetate, but
the exact biochemical/molecular basis is still unclear.

To facilitate completion of the effects of SCFA on virulence, it has to be
mentioned that pre-incubation of Salmonella with SCFA also influences acid
resistance and intracellular survival in macrophages (Kwon and Ricke, 1998).
For example, acid resistance is increased when the bacteria are in contact for a
sufficiently long time with acetic acid. The exact relevance of these effects on in
vivo colonization needs to be clarified.
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Importance of invasion into intestinal epithelial cells in vivo

Since invasion of intestinal epithelial cells is influenced differently by the
different SCFA, a study was carried out to assess the exact role of invasion in
both the colonization of chicken gut and internal organs and shedding. The key
regulatory protein of SPI-1, hilA, was therefore deleted in the Salmonella
chromosome, and the mutant was shown to have lost its ability to invade
epithelial cells in vitro. An in vivo study was thus carried out with the wild-type
S. Enteritidis strain and its hilA mutant strain (Bohez et al., 2006).

Therefore, 1-day-old chicks were randomly divided into two groups of 39
and orally inoculated with 10® colony-forming units (CFU) of S. Enteritidis
76Sa88 parent strain and S. Enteritidis AhilA mutant in a volume of 0.2 ml of
LB broth. At days 2, 4, 6, 9, 15, 20 and 28 post-hatch, cloacal swabs were
taken for the detection of Salmonella. Four chickens per group were euthanized
at days 3, 4, 6, 9, 15, 20 and 28 post-hatch and samples of caeca, liver and
spleen were taken for bacteriological analysis.

As shown in Fig. 18.2, cloacal swabs taken 1 day after infection revealed
that all animals were positive after direct plating for both inoculated groups. All
chicks infected with S. Enteritidis 76Sa88 parent strain shed the bacteria in
faeces throughout the study. The number of animals shedding the AhilA mutant
bacteria in the faeces was significantly lower compared with the number infected
with the parent strain from day 5 post-inoculation onwards. The chickens did
not shed the AhilA strain any more at 27 days post-inoculation.

Bacteriological analysis of the caeca showed peak values of about log;, 8
CFU/g organ at 2 days post-infection for both S. Enteritidis 76Sa88 parent strain
and S. Enteritidis AhilA mutant (Fig. 18.3). Subsequently, the numbers of the
AhilA mutant bacteria in the caeca decreased. Statistically significant differences
(p < 0.005) between both groups were observed from day 5 following infection,
with the exception of day 8 post-infection. At 3 weeks post-infection, the parent
strain still efficiently colonized the caeca (c. log,;, 6 CFU/g), whereas the birds
infected with the AhilA mutant had largely cleared the infecting bacteria, as
these were detected only after enrichment At the age of 28 days only two out of
four chicks were positive at enrichment level (Bohez et al., 2006).

It is thus concluded that intestinal epithelial cell invasion is important for
long-term colonization of the chicken gut and the shedding pattern. Since
SCFA have effects on invasion, this effect can have significance in vivo.

Use of short-chain fatty acids in Salmonella control in vivo

To study the use of SCFA to control Salmonella in vivo and to generate data on
the differences between the acids with respect to Salmonella control, it is of
utmost importance that these products are compared within the same
experiment using standardized infection protocols.

In an experiment using SPF layer chickens, the different SCFA were
compared using the micro-encapsulated form. For all products, 0.5% of
micropearls was included in the feed, so that final in-feed concentrations of
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Fig. 18.2. Percentages of chickens having a Salmonella-positive cloacal swab. Animals were
infected at day of hatch with 108 cfu S. Enteritidis 76Sa88 parent strain (e direct plating) and
108 cfu S. Enteritidis AhilA mutant (m direct plating, A after enrichment). The numbers of
chickens are represented by n.

SCFA were 0.217% for formic acid, 0.242% for acetic acid, 0.275% for
propionic acid and 0.156% for butyric acid. For this experiment, the chickens
were randomly divided into five groups each of 20 chickens.

From the day of hatch, four groups received feed supplemented with the
above-described feed additives, while one group received unsupplemented
feed. The animals were orally inoculated with 2 X 103 cfu S. Enteritidis 76Sa88
on days 5 and 6. At day 7, cloacal swabs were taken from five animals per
group to detect Salmonella bacteria. At day 8, chickens were euthanased by
intravenous T61 injection. Samples of caecum, liver and spleen were taken for
bacteriological analysis. One day after the second infection, 4/5 animals of the
group that had received acetic acid as feed supplement had positive cloacal
swabs, compared with none of the animals in any of the other groups.

Table 18.1 shows the number of animals classified according to caecal
bacterial count of Salmonella (log-scaled intervals). In the control group, the
caeca of 6/20 animals were positive only after enrichment, while 9/20 animals
had > 10° cfu/g Salmonella in their caeca. In the group that had received
formic acid as feed supplement, 10/20 animals had > 10° cfu/g Salmonella in
the caeca, and only one animal was positive after enrichment. Thus, a higher
number of animals in the formic acid-treated group had intermediate
Salmonella titres, compared with the control animals.

In the group receiving acetic acid as feed supplement, 16/20 animals had a
Salmonella count of > 100 cfu/g, from which 13 had > 107 cfu/g caecum. In
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Fig. 18.3. Log,,cfu of S. Enteritidis 76Sa88 parent strain (®) and S. Enteritidis AhilA mutant
(m) in the caeca of chicks dosed orally at 1 day of age and then euthanased at different time
intervals. Each time point represents four chicks, with the exception of three chicks at days

20 and 28 in the S. Enteritidis 76Sa88 parent strain-infected group.

the propionic acid-supplemented group, seven animals had > 10° cfu of
Salmonella/g caecum, while 8/20 animals were only positive after enrichment.
Finally, in the group receiving butyric acid-impregnated microbeads, no
animals had a caecal Salmonella count of > 10° cfu/g, while 11/20 animals

were positive only after enrichment.

Table 18.2 shows the number of animals classified according to bacterial
counts of Salmonella in liver and spleen. In the control and the butyric acid

Table 18.1. Colonization of the caeca at day 8 of life (inoculation with 108 cfu S. Enteritidis
76Sa88 on days 5 and 6) in chickens fed a diet supplemented with formic, acetic, propionic
and butyric acids or no feed additives (control). Figures represent numbers of chickens in a
group of 20 having a given number of Salmonella bacteria in the caeca.

Control2 Formic acid® Acetic acid® Propionic acid® Butyric acid®

Negative

Positive after enrichment
102-103 cfu/g

10%-10* cfu/g

104-10° cfu/g

105-10° cfu/g

106-107 cfu/g

> 107 cfu/g

0

6
0
0
3
2
8
1

NN~ =220

w

WNOO = =20

13

0
8
1
1
2
1
3
4

0
11
2

OO WwWw=

ab.c Groups not having equal superscripts are statistically significantly different.
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Table 18.2. Colonization of the liver and spleen at day 8 of life (inoculation with 103 cfu S.
Enteritidis 76Sa88 on days 5 and 6) in chickens fed a diet supplemented with formic, acetic,
propionic and butyric acids or no feed additives. Figures represent numbers of chickens in a
group of 20 having a given number of Salmonella bacteria in the liver (L) and spleen (S).

Formic Acetic Propionic Butyric
Control acid acid acid acid

La Sa |_bd Sb |_b ge |_ad Sa La Sa

Negative

Positive after enrichment 1
102-103 cfu/g

10%-10* cfu/g

104-105 cfu/g

> 10° cfu/g

OO+ 0 wOo
eNeNONOR Nl

- O h OO
- N wWwo o
N A~WO
[eNelNolNeé, Nolié)
cNeoNoNeoNeNe
OO O =N\

0

ab.c.d Within each organ, groups not having equal superscripts are statistically significantly
different.

groups only a few animals had a bacterial count of > 102 cfu/g of spleen, but
five animals in the propionic acid group had Salmonella numbers between 102
and 102 cfu/g spleen. In the formic acid group, 11/20 animals had a
Salmonella count of > 102 cfu/g, of which six had a count of > 103 cfu/g and
one of more than 10% cfu/g. In the acetic acid group, 17/20 animals had > 102
cfu/g spleen, of which 13 had > 103 cfu/g, seven more than 10* cfu/g and two
animals had even more than 10° cfu/g spleen. For the liver, comparable results
were obtained.

Mean log cfu/g of caeca, liver and spleen for the different animal groups
are shown in Fig. 18.4. The mean log cfu S. Enteritidis/g caecum was
significantly higher in the acetic acid-treated group than in all other groups. The
butyric acid-treated group had a significantly lower mean log cfu/g caecum
than all other groups, except for the propionic acid-treated group. For liver and
spleen, the acetic and formic acid-treated groups had significantly higher values
of mean log cfu/g compared with all other groups.

Butyric acid thus decreases the invasion of Salmonella in vitro and
decreases Salmonella colonization of the caeca in chickens early after infection
of 1-day-old chicks. It was not yet known whether the formulation of the
butyric acid feed additive affects the protective effect. Therefore, an infection
experiment was performed with young chickens to study the differences
between powdered and coated butyric acid as protection against Salmonella
colonization of the caeca and internal organs of chickens.

In an experimental study, SPF chickens were randomly divided into four
groups, each of 25 chickens. From the day of hatch, three groups received feed
supplemented with different additives. The first group received the powdered
form of butyric acid at a concentration of 0.63 g/kg. The second group received
the coated product at a concentration of 2.5 g/kg. The third group received
0.315 g/kg of the powdered and 1.25 g/kg of the coated product.

All three groups thus received the same amount of the active product
butyric acid (or sodium salt) i.e. 0.63g/kg. One group received unsupplemented
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Fig. 18.4. The mean log cfu/g in caeca (black), liver (white) and spleen (grey) at day 8 of
life of chickens that were orally inoculated with 103 cfu S. Enteritidis 76Sa88 on days 5 and

6. Chickens received diets supplemented with formic acid (For), acetic acid (Ace),
propionic acid (Prop), butyric acid (But) and non-supplemented feed (Con). Between
conditions, for each organ, values not having the same superscripts are statistically

significantly different.

feed. The animals were orally inoculated with 10° cfu S. Enteritidis 76Sa88 on
day 5. At day 6, cloacal swabs were taken to detect Salmonella bacteria. At day
8, chickens were euthanased and samples of caecum, liver and spleen were
taken for bacteriological analysis.

Cloacal swabs taken 1 day post-infection showed that 10/25 animals had
shed Salmonella in the control group, 8/25 animals in the group receiving the
powdered form of butyric acid, 4/25 in the group receiving coated butyric acid
and 3/25 in the group receiving the combined product as feed additive.

Caecal counts revealed more distinct differences. As can be seen from
Table 18.5, in the group of animals receiving the coated form of butyric acid or
the combination of the powdered and coated forms, a small number of animals
had > 10° cfu/g caecum (4 and 3/25, respectively). The control group and the
group receiving the powdered form of butyric acid had a rather higher number
of animals with > 10° cfu/g caecum (10 and 12/25, respectively). Colonization
of the caeca by groups that had received coated butyrate or the combined
powdered/coated form was significantly lower than either the control group or
the group that had received the powdered form of butyrate.

Concerning splenic colonization, there was a significantly lower
colonization of the group that had received the combined butyrate product as
feed additive compared with the control group or the group that had received
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Table 18.3. Colonization of the caeca at day 8 of life (inoculation with
10% cfu S. Enteritidis 76Sa88 on day 5) in chickens fed a diet supple-
mented with butyric acid in powdered form, coated form, a combination
of half-doses of powdered and coated forms (Combi) or no feed addi-
tives (Control). Concentration of the active product butyric acid was
0.63 g/kg feed in each group. Figures represent numbers of chickens in
a group of 25 having a given number of Salmonella bacteria in the
caeca.

Control2 Powdered® Coated® Combib

Negative 0 0 2 1
Positive after enrichment 6 8 12 8
< 10* cfu/g 2 1 3 2
104-10° cfu/g 3 1 0 6
10°-106 cfu/g 4 3 4 5
> 106 cfu/g 10 12 4 3

Groups with different superscripts are significantly different.

the powdered form of butyrate (Table 18.4). Liver colonization was similar
(data not shown).

From the data above, it can be concluded that butyric acid, impregnated in
microbeads, decreases colonization of Salmonella in poultry and also reduces
shedding. In these trials colonization was analysed only shortly after infection in
layer-type chicks. In a further study the protective effect in broilers was
examined and this was performed over a longer period.

For this, Ross broiler chickens were randomly divided into two groups of
50 chickens each. From the day of hatch, one of the groups received a wheat-
based starter diet until day 10, after which the diet was changed to a wheat-
based grower diet. In the other group the feed was supplemented with 2.5 g/kg

Table 18.4. Colonization of the spleen at day 8 of life (inoculation with
106 cfu S. Enteritidis 76Sa88 on day 5) in chickens fed a diet supple-
mented with butyric acid in powdered form, coated form, a combination
of half-doses of powder and coated form (Combi) or no feed additives
(Control). Concentration of the active product butyric acid was 0.63 g/kg
feed in each group. Figures represent numbers of chickens in a group
of 25 that were negative or had a given amount of Salmonella bacteria
in the spleen.

Control2 Powdered® Coated® CombiP

Negative 12* 10 12 15
Positive after enrichment 2 1 4 7
<108 cfu/g 3 3 1 2
10%-10* cfu/g 6 10 4 1
> 10% cfu/g 2 1 4 0

ab Groups not having equal superscripts are statistically significantly
different (p < 0.05).
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of the coated butyric acid product. Ten out of 50 animals of both groups were
orally inoculated with 10° cfu S. Enteritidis 76Sa88 at day 5 post-hatch. On
days 6, 9, 13, 20, 27, 34 and 41 cloacal swabs were taken for bacteriological
analysis. At day 42, the animals were killed by intravenous injection of an
anaesthetic and samples of caeca were taken for bacteriological analysis.

In the control group, the percentage of chickens having Salmonella-
positive cloacal swabs after direct plating increased to 35-40% at 1 and 3
weeks after seeder bird inoculation (days 12 and 27 of age). At slaughter,
however, only 4.8% of birds were positive in direct plating. In the group of
animals that had received butyric acid as feed additive, 15% of the animals had
Salmonella-positive cloacal swabs after direct plating 1 and 3 weeks after
seeder bird inoculation (days 12 and 27 of age), whereas the percentage of
animals having Salmonella-positive cloacal swabs after direct plating decreased
to 2.2% at slaughter age (Fig. 18.5). Differences between both groups were
statistically significant at day 9 (p < 0.1) and days 12 and 27 (p < 0.05).

Analysis of total numbers of positive cloacal swabs (including those positive
at enrichment level) showed an increase to 97% in the proportion of chickens
having Salmonella-positive cloacal swabs at day 20 of age (day 15 post-
inoculation of seeders) in the control group. Thereafter, a decrease to 36% was
observed by slaughter age. In the group of animals that received butyric acid as
feed additive the percentage of chickens having Salmonella-positive cloacal
swabs increased to 48% at day 20 (day 15 post inoculation of seeders) and
then decreased to 6% at slaughter age. Differences between both groups were
statistically significant at all time points starting from day 9 of age (day 4 post-
inoculation of seeder birds; p < 0.05).

Bacteriological analysis of caeca at slaughter age showed 68% of the
animals as being positive for Salmonella at enrichment level (no direct
positives) in both the control group and the group that had received butyric
acid as a feed additive.

CONCLUSION

Organic acids, and in particular SCFA, are currently being used as feed
additives in a wide range of applications. For most applications, combinations
of acids are empirically chosen and placed on the market. Data presented in
this chapter clearly illustrate that, for Salmonella control, both the nature of the
acid and the formulation of the feed additive play a significant role. Indeed,
while butyric acid decreased virulence gene expression and invasion of
Salmonella in intestinal epithelial cells, acetic acid increased both virulence
gene expression and invasion.

When coated organic acids were used as feed additives, the differences
between acetic and butyric acid concerning effects on the potential of
Salmonella to invade epithelial cells were reflected in differences in colonization
of the caeca in chickens. Indeed, coated acetic acid in the feed resulted in a
more than a 10,000-fold increase in the number of bacteria colonizing the
caeca in comparison with coated butyric acid, and 100-fold increases
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Fig. 18.5. The number of positive cloacal swabs during time (days) is shown after direct
inoculation on brilliant green agar (a) and after enrichment (b). Infection was carried out using
a seeder model, infecting ten animals with 10° cfu S. Enteritidis 76Sa88 at day 5 post-hatch,
and housing these animals with 40 non-inoculated broilers. Animals were given feed
supplemented with coated butyric acid at 0.63 g/kg butyric acid (m) or unsupplemented feed
(e). * Denotes significant differences between groups.
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compared with control animals. In the powdered form, butyric acid did not aid
in controlling Salmonella colonization when animals were infected orally, in
contrast to the coated form.

This clearly showed that the formulation is a very important feature that
has to be optimized. Although the formulation of feed additives in control can
certainly still be improved, it seems to be the case that coated propionic or
butyric acid should be included in these preparations. Acetic acid needs to be
avoided for this purpose, based on the above-mentioned results.

One aspect that certainly needs further attention in the future is the role of
the microbiota in the endogenous production of SCFA and the way in which
gut microbiota can be shifted to become butyric acid producing. It seems to be
the case that Salmonella takes advantage of the large amount of acetic acid in
the gut and responds with increased invasion of the gut cells. Butyric acid
fermentation can be improved by manipulation of the feed, and by the
addition of proper prebiotic substrates for certain microbiotic populations.

As an alternative to the use of SCFA preparations in the feed, simple feed
composition changes could be used to improve Salmonella control. Also, the
impact of SCFA on the virulence of other bacterial pathogens, such as
Clostridium perfringens, needs to be clarified.

Finally, the effect of changes in acid composition in the gut on the gut
epithelial cells can also have an influence on the outcome of an infection and
on performance parameters. It has been shown in humans and mice that
intestinal epithelial cell proliferation is increased and that gut damage is
resolved faster when butyric acid is present, thus improving digestibility (Hodin,

2000).
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The concept of Competitive Exclusion or CE, sometimes also described as the
‘Nurmi concept’, involves treatment of newly hatched chickens with mixed
bacterial preparations originating from the gut of healthy adult birds to control
intestinal disturbances. The treatment has also been given successfully to older
birds after therapeutic doses of antibiotics to regenerate the intestinal
microflora. CE treatment is usually applied by spraying, but can also be given
via the first drinking water.

The concept of CE was originally developed to control Salmonella in
growing chickens but has, with time, been expanded to involve several other
enteropathogens like chicken and human pathogenic Escherichia coli,
Clostridium perfringens, Listeria and Campylobacter. The chicken intestinal
flora has also been shown to be efficacious in other avian species like turkey,
quail and pheasant. The mechanisms by which the intestinal bacteria inhibit
the invasion and proliferation of enteropathogens include competition for
receptor sites, elaboration of inhibitory compounds and competition for
nutrients or stimulation of the immune system.

In addition to pathogen control, it has been shown in field studies that CE
treatment enhances the growth and decreases the mortality of birds and
improves the feed conversion. The nutritional effects of the treatment have
been confirmed in well-controlled laboratory studies. Increased bacterial
resistance to antibiotics in humans has caused an increase in public and official
interest in abandonment of the use of growth-promoting antibiotics.
Competitive exclusion is a reliable alternative because the treatment is fully
biological, it does not leave any residues and only one treatment on the day of
hatch is normally enough.

© CAB International 2006. Avian Gut Function in Health and Disease (ed. G.C. Perry)
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INTRODUCTION

In 1971 the Finnish broiler industry suffered from a severe outbreak of
Salmonella infantis. More than 80% of the broiler flocks were Salmonella
positive. At the same time the incidence of human cases caused by the same
serotype increased dramatically. The problem with Salmonella-infected poultry
flocks could not be solved using antibiotics, so research was started at the
National Veterinary and Food Research Institute under the leadership of
Professor Esko Nurmi to find a different approach.

In 1952 Milner and Schaffer had infected chicks with S. Typhimurium and
observed that the resistance of young chickens to Salmonella increased with
age, but the researchers had no explanation for this. The theory of Nurmi was
that newly hatched chickens are sensitive to infection by Salmonella and other
enteropathogens because of delayed establishment of normal intestinal
microflora due to lack of contact with the brooding hen. Nurmi and his
research group were the first to demonstrate experimentally that administration
of intestinal contents from a healthy adult hen to newly hatched chickens
protected the latter from colonization by Salmonella. This finding was
published in Nature in 1973 (Nurmi and Rantala), and triggered worldwide
research around this subject.

The competitive exclusion concept can be defined as ‘the early
establishment of an adult-type intestinal microflora to prevent subsequent
colonization by enteropathogens’. The concept was originally designed to
prevent the colonization of foodborne Salmonellae in the gut of young
chickens but has, with time, been extended also to cover other human and
poultry pathogens like chicken and human pathogenic E. coli, Campylobacter,
Cl. perfringens and Listeria. Improvement in bird performance has also been
shown in well-controlled laboratory-scale studies and also in the field (reviewed
by Pivnick and Nurmi, 1982; Schleifer, 1985; Mead and Impey, 1987; Stavric
and D’Aoust, 1993; Mead, 2000; Schneitz and Mead, 2000; Schneitz, 2005).

In this chapter, the development and applicability of the CE concept in
poultry production — as well as factors affecting the efficacy of the treatment in
field conditions — are reviewed and discussed.

THE DEVELOPMENT OF THE CE CONCEPT

The phenomenon by which the mature intestinal microflora protects the host
against invading pathogens is called competitive exclusion (CE), or the ‘Nurmi
concept’ (Pivnick and Nurmi, 1982). Greenberg was the first to use the term
‘competitive exclusion’, in 1969 (Greenberg, 1969). He studied the intestinal
flora of maggots of blowflies and claimed that competitive exclusion of S.
Typhimurium from the maggots was so effective that the organism survived in
the gut only if the normal microbiota was simplified or eliminated.

Luckey (1963) had demonstrated a similar phenomenon in higher animals.
Colonization resistance, a term synonymous with CE, was introduced by van
der Waaij et al. in 1971 when examining the intestinal flora of mice. The term
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competitive exclusion was used in relation to poultry for the first time by Lloyd
et al. in 1974.

Mixed cultures

In their first study, Nurmi and Rantala used diluted material from the crop,
small intestine and caeca of adult, healthy cocks (Nurmi and Rantala, 1973).
The results of this study showed that 1-day-old chicks became very well
protected against relatively high doses of S. infantis. Later, the same workers
successfully used broth cultures of the alimentary tract of adult chickens
(Rantala and Nurmi, 1973).

Although little is known about the essential properties of the protective
organisms, the one certainty is that protection depends upon the oral
administration of viable bacteria (Mead, 2000). According to Rantala (1974),
the protective material has to be cultured under anaerobic conditions to be
effective, and the results of our unpublished studies support this proposition.
However, according to the results of recent studies, aerobically incubated
caecal contents gave equal protection to that of anaerobically incubated
contents against S. Typhimurium, S. infantis, S. agona and S. Enteritidis in
newly hatched chickens (de Oliveira et al., 2000; Filho et al., 2003). However,
this does not nullify the previous conclusions, because static broth cultures
develop very low redox potential due to the many facultative anaerobic strains
dwelling in the inoculum.

Constantly effective CE preparations and products have always been more
or less unknown mixed cultures. Pure culture preparations that are equal in
efficacy to mixed cultures have not yet been developed. In addition, they
apparently lose their efficacy upon storage (Gleeson et al., 1989; Stavric,
1992).

Since 1987, five commercial CE products have been developed: AviFree®,
Aviguard®, Broilact®, MSC® and Preempt® or CF-3® (DelLoach 29). These are
all mixed cultures derived from the caecal contents and/or wall of domestic
fowl. According to the knowledge of the author, MSC® and Preempt® have
now been withdrawn from the market. These commercial CE products have
been reviewed recently (Schneitz, 2005) and will not be discussed here.

Pure cultures

The use of isolates from native intestinal microflora differs in some respects
from the application of conventional probiotics in Salmonella control in
poultry. Probiotics are used to enhance the growth performance of food
animals or to control conditions such as scouring, and are given via feed or
water over a longer period of time (Mead, 2000). The anti-Salmonella activity
of several probiotics containing Bacillus, Enterococcus and Lactobacillus spp.
was tested in laboratory-scale trials by Hinton and Mead (1991). No protection
could be shown. Similar results were presented by Stavric et al. (1992) while
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testing the efficacy of a probiotic containing L. acidophilus and Bifidobacterium
bifidum, and a commercial yoghurt fermented with L. acidophilus and
Bifidobacterium spp.

The competitive exclusion properties involving one single dose on the day
of hatch have recently been tested on several pure cultures. Shin et al. (2002)
tested the ability of a L. fermentum culture to prevent colonization by S.
Typhimurium. The results showed that chicks inoculated with L. fermentum on
day 1 and challenged with S. Typhimurium on day 3 had decreased caecal
colonization of Salmonella, but the reduction was only 1.02 or 0.15 log,, units.
La Ragione et al. (2004) tested the efficacy of L. johnsonii F19785 in reducing
the colonization and shedding of S. Enteritidis, E. coli O78:K80 and C.
perfringens in poultry when given on the day of hatch as a single dose.

According to the results there were no significant effects against S.
Enteritidis, whereas colonization of the small intestine by E. coli O78K80 was
reduced significantly. No differences could be observed in caecal and colonic
counts between treated and control birds. However, the test organism was able
to reduce the counts of Cl. perfringens when given to 20-day-old chicks as a
single dose. When L. salivarius CTC2197 was given to newly hatched chickens
together with S. Enteritidis as a single dose, the pathogen was completely
removed from the birds after 21 days (Pascual et al., 1999).

A L. reuteri pure culture produced by Biogaia Biologics AB is marketed as
a CE product. The protective effect of L. reuteri against enteropathogens is
based on its ability to produce reuterin, a broad-spectrum antibiotic (Talarico et
al., 1988). Very little information is available concerning the use of this
organism in poultry and its ability to prevent intestinal colonization with
enteropathogens. However, it is claimed that in ovo treatment with L. reuteri
reduces chick mortality caused by Salmonella (Dunham et al., 1994). In
another study, however, L. reuteri given in ovo to turkey poults had only a
minimal effect against S. Typhimurium (Edens et al., 1991, 1994, 1997).

Hofacre et al. (2000) tested the efficacy of a commercially produced, freeze-
dried L. acidophilus culture against S. kedougou in 1-day-old turkey poults. The
water mixture of the culture was both sprayed on the birds and given in the
drinking water during the first 4 days of the rearing period — as suggested by the
manufacturer — but no protection against Salmonella could be shown.

THE MECHANISM OF CE TREATMENT

The mechanism of the protective effect of CE is unknown. One of the most
important factors, evidently, is competition for receptor sites on the intestinal
mucosa. Seuna (1979), Soerjadi et al. (1981) and Stavric (1987) showed that
protection of chicks against oral Salmonella challenge starts to become
apparent within only 1-2 h of CE treatment. A similar observation was made
by Mead et al. (1989b) when studying the effect of CE treatment on the
transmission of S. Enteritidis in chicken transport boxes.

Besides competition for the adherence sites on the mucosa, there are many
other factors which could be involved in the process, e.g.: (i) local immunity;
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(i) pH and Eh (redox potential); (iii) peristalsis, diet and body temperature of
the host; and (iv) inhibitory substances such as bacteriocins, H2S,
deconjugated bile acids and fatty acids (Meynell, 1963; Savage, 1977; Barnes
et al., 1979; Mead and Barrow, 1990; Corrier et al., 1995a, b; van der Wielen
et al., 2000).

van der Wielen et al. (2000) showed that viable counts of Bacteroides spp.
and Eubacterium spp. were established after 14 days at stable levels in the caecal
contents of chicks, and propionic and butyric acids were detected in 12-15 day-
old chickens. Simultaneously, a decrease in the numbers of Enterobacteriaceae
was noticed. Additionally, pure cultures of Enterobacteriaceae isolated from the
caecal contents were grown in the presence of volatile fatty acids. Growth rates
and maximal optical density decreased when the strains grew in the presence of
increasing volatile fatty acid concentrations. Hume et al. (1998) have shown that
chicks challenged 4 h after CE treatment are relatively well protected against
Salmonella colonization. The increase of the caecal propionic acid concentrations
was also significant within 1 day post-treatment.

THE APPLICATION OF CE TREATMENT

For prophylactic use, chicks should be Salmonella-free prior to treatment.
Seuna (1979) showed that treatment given only 1 h before the Salmonella
challenge also afforded protection against higher doses of the challenge
organism. The Salmonella-reducing effect of CE treatment has also been
shown in those flocks that were Salmonella positive already in the hatchery.

The results of a field study conducted by Palmu and Camelin (1997)
showed that, of 34 CE-treated flocks, 13% tested Salmonella positive at 1 day-
old but only 6% of them were found positive at 45 days-of-age. Of the 34
control flocks 25% were positive at day-old and 42% at 45. The CE treatment
also significantly reduced contamination of neck skin samples taken at the
processing plant.

Bolder et al. (1995) also found that treatment of Salmonella-positive chicks
with a CE preparation reduced the level of infection. Reynolds et al. (1997)
found that combined treatment of 11 infected flocks with enrofloxacin and CE
resulted in a long-term reduction of Salmonella in two, and short-term
reduction in birds from another five, trials.

Both drinking-water administration and spraying in the hatchery are
suitable means for dosing birds under field conditions. Initially, the only way of
administering CE preparations in the field was via the first drinking water. A
slaughterhouse in Finland monitored the effect of CE treatment by comparing
the incidence of Salmonella infection in treated and untreated flocks. During a
3-year period from 1986 to 1988 they gave CE treatment to 400 broiler flocks
and left 192 untreated. Of the treated flocks, 6.5% were Salmonella positive at
the time of slaughter, while the corresponding figure for the untreated flocks
was 21% (Nurmi et al., 1990).

The drinking-water method was used even more successfully in Sweden by
Wierup et al. (1988, 1992), when of 179 CE-treated flocks only one was
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Salmonella positive at slaughter. The same method was used by Martin et al. in
2000.

However, there are several disadvantages to this method. One is that
sometimes some chicks fail to drink and protection may spread unevenly
among the flock (Schneitz et al., 1991). Then, the most oxygen-sensitive
anaerobic organisms in the treatment preparation are likely to die, and the
product becomes ineffective before all the chicks have received an adequate
dose (Seuna et al., 1978). Additionally, chicks may be exposed to Salmonella
during transportation to the farm, and even earlier if there is wvertical
transmission from infected breeders. In the former case, treatment on the farm
via drinking water would be too late.

The idea of aerosol use as a method of administering CE prepartions was
first created by Pivnick and Nurmi (1982). Later, Goren et al. (1984b, 1988)
developed a method of spray application to treat newly hatched chicks in the
hatchery, either in the hatchers themselves or in delivery boxes. Spraying in the
hatcher followed by drinking water administration on the farm was used by
Blankenship et al. (1993) to assure maximum efficacy of the treatment.

Manual spray application employing a hand-held garden spray device
(Schneitz et al., 1990) preceded automated spray cabinets; this latter method
offers a much more rapid and even treatment to each box of chickens
(Schneitz, 1992). Spray application does not have any adverse effects on the
health or performance of the birds during grow-out (Corrier et al., 1995a).

The possibility of chicks becoming infected in the hatchers has encouraged
researchers to look for a method of administration that would enable the birds
to be treated prior to hatch (Cox et al., 1990, 1991). Cox and Bailey (1993)
developed an in ovo method in which the CE preparation was introduced into
either the air cell or amnion of the egg a few days before hatching. However,
the use of a caecal culture resulted in depressed hatchability when the material
was introduced into the air cell. Introducing the preparation into the amnion
killed all the embryos (Cox et al., 1992; Cox and Bailey, 1993). Similar results
were obtained with the commercial CE product Broilact® by Meijerhof and
Hulet (1997).

However, the results of our recent unpublished studies have shown that it is
possible to develop effective mixed culture preparations that do not affect the
hatchability.

PATHOGEN AND HOST SPECIFICITY OF CE TREATMENT

Studies carried out by several research groups around the world have shown
that the CE concept applies to all serotypes of Salmonella that are capable of
intestinal colonization in the chick.

In addition to the ability to control Salmonella infections in poultry, it has
been shown experimentally that CE treatment also protects chicks against
pathogenic E. coli (Soerjadi et al., 1981; Weinack et al., 1981, 1982, 1984,
Stavric et al., 1992; Hakkinen and Schneitz, 1996; Hofacre et al., 2002),
Yersinia enterocolitica (Soerjadi-Liem et al., 1984b) and C. jejuni (Soerjadi et
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al., 1982; Soerjadi-Liem et al., 1984a; Hakkinen and Schneitz, 1999; Stern et
al., 2001).

In addition, CE treatment decreases mortality due to necrotic enteritis and
hepatitis and reduces levels of caecal Cl. perfringens, which is considered to be
one of the causative factors in necrotic enteritis (Barnes et al., 1980;
Snoeyenbos et al., 1983; Elwinger et al., 1992; Craven et al., 1999; Kaldhusdal
et al., 2001). In a 7-day study, CE treatment also significantly reduced caecal
colonization by L. monocytogenes (Hume et al., 1998), though according to
another study, most chicks were able to eliminate the organism from the body
within 9 days without any treatment (Husu et al., 1990).

Protection of newly hatched chicks against Salmonella colonization, using
material from adult birds of the same species, seems to be independent of
breed, strain or sex of bird, even though individual differences exist with respect
to protective capability. Chickens can be protected to some extent by the
microflora of a few other species of birds (Snoeyenbos et al., 1979; Weinack et
al., 1982; Impey et al., 1984), but material from other animals, e.g. horse and
cow, has been shown to be ineffective (Rantala and Nurmi, 1973).

Weinack et al. (1982), Impey et al. (1984) and Schneitz and Nuotio (1992)
showed that native chicken flora (Broilact®) and turkey microflora provided
reciprocal protection in chicks and turkey poults. Cox et al. (2001)
demonstrated that CE cultures generated from mucosal scrapings of turkeys
effectively controlled Saimonella in turkeys during brooding. Hofacre et al.
(2000) showed that fresh turkey caecal material was significantly more
protective in turkeys than the commercial CE product, Aviguard®. Bamba et al.
(1997) showed that the S. Typhimurium count decreased significantly in
artificially challenged Japanese quails that had been treated on day one with
chicken caecal contents. In a recent study, pheasant chicks were successfully
protected against S. infantis by Broilact® (Schneitz and Renney, 2003).

EFFECTS OF CE TREATMENT ON BIRD PERFORMANCE

CE treatment has also been shown to enhance bird performance parameters.
According to Goren et al. (1984b), an improvement in growth rate was
observed in commercial broiler flocks sprayed with an undefined CE
preparation. Corrier et al. (1995a) reported an improvement in the efficiency of
feed utilization in broiler flocks that were given CE treatment on the day of
hatch. An improvement in bird performance in terms of higher body weight,
better feed conversion and lower mortality was reported by Abu-Ruwaida et al.
(1995). Higher bodyweight and lower mortality were also noticed by Bolder et
al. (1995).

To explain the nutritional effects of the treatment, a laboratory-scale study
was conducted with Broilact®. Broiler chicks were treated orally on the day of
hatch and ileal and caecal samples were taken at 12 and 31 days-of-age. The
results of the study showed that CE treatment decreased the viscosity of the
ileal contents and increased the faecal dry matter content significantly. It also
improved the ME value of the feed by 1.6%, increased the concentration of
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propionic acid in the caeca and decreased that of butyric acid in the ileal
contents significantly (Schneitz et al., 1998).

These results were supported by another study performed by Bilal et al.
(2000); the results of this study showed that Broilact® improved the growth rate
and increased the faecal dry matter content of broilers numerically, but the
difference was not significant. At the end of the experiment, total digestibility at
35 days-of-age in the group treated with Broilact® was significantly higher than
in the other groups.

FACTORS THAT MAY AFFECT THE EFFICACY OF CE TREATMENT

Because of the fact that the use of growth-promoting antibiotics was banned
within the European Union from 1 January 2006, their possible effect on CE
treatment is not discussed here. On the other hand, anticoccidials which are still
commonly used have not been found to decrease the efficacy of CE treatment.

With regard to therapeutic use of antibiotics, the results of a pilot-scale
study indicated that 5 days’ (days 1-5) treatment of newly hatched chicks with
either furazolidone or trimethoprim-methoxasole sulphate did not eliminate the
CE effect of Broilact® (Bolder and Palmu, 1995). CE treatment has also been
given successfully to older birds after therapeutic doses of antibiotics to
regenerate the intestinal microflora (Johnson, 1992; Uyttebroek et al., 1992;
Humbert et al., 1997; Reynolds et al., 1997).

The effect of in ovo administration of gentamicin or ceftiofur on the
efficacy of CE application has been speculated upon. McReynolds et al. (2000)
reported that in ovo administration of either ceftiofur or gentamicin resulted in
marked depressions in caecal propionate levels, an indicator of Preempt®
establishment, in chicks treated orally on day 1 with the CE product compared
with non-injected control chicks. On the other hand, Bailey and Line (2001)
demonstrated that gentamicin, at a rate of 0.4 mg/egg administered in ovo on
day 18, had no adverse effect on the CE product MSC®.

Other factors that can reduce the efficacy of CE treatment include stress
and disease. Starving chicks for the first 24 h of life also has a negative effect
(Goren et al., 1984a) whereas, in older birds, the protective flora is more
difficult to disrupt (Snoeyenbos et al., 1985). With the 1 day-old chick,
physiological stress induced by high or low environmental temperatures or
removal of feed and water either interfered with the colonization of protective
organisms or reduced the protection provided by these organisms; however,
there was no obvious effect at 2 weeks of age (Weinack et al., 1985).

Lafont et al. (1983) studied CE-treated chicks that were carrying low
numbers of Salmonellae in their intestines and administered oocytes of Eimeria
tenella at a level known to produce caecal coccidiosis. The birds then shed
large numbers of Salmonellae for more than 2 weeks. Exposure of CE-treated
chicks to aerosols of Mycoplasma gallisepticum and/or infectious bronchitis
virus increased the number of birds shedding pathogenic E. coli or S.

Typhimurium, following a challenge 2 days after protective treatment (Weinack
etal., 1984).
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Induced moulting of White Leghorn layers and subjecting market-age
broilers to feed withdrawal have also been shown to increase both the numbers
of Salmonellae in the gastrointestinal tract and the proportion of infected
individuals (Holt and Porter, 1993; Holt et al., 1995; Macri et al., 1997;
Raminez et al., 1997; Corrier et al., 1999).

To evaluate the effect of pre-slaughter feed withdrawal on Salmonella
caecal contamination on broiler chickens and the ability of CE treatment to
prevent it, the following pilot-scale trial was conducted:

At 1 day-of-age 180 broiler chicks were challenged with S. Enteritidis,
approximately 10* per bird, divided between six small, environmentally
controlled houses, 30 per house, two houses per treatment. Commercial
rearing conditions were simulated. At 42 days-of-age, the birds in four houses
were placed on feed withdrawal. For the first 6 h two of the four houses had
access to regular tap water and two houses received Broilact®-suspended water
(approx. 1 mg of lyophilized Broilact® per bird). Two houses had access to feed
and water. Six h post-feed withdrawal, all birds were loaded into transport
boxes and placed in a pick-up truck, where they were held until the total feed
withdrawal time was 12 h, after which time the birds were Kkilled.

Caeca were collected from 20 birds per house and Salmonella was
determined from the caecal contents using conventional methods. Salmonella-
positive birds were found neither in the Broilact®-treated houses nor in the
houses that were not on feed withdrawal, whereas 30% (12/40) of the
untreated chicks that were on feed withdrawal were Salmonella positive. In
accordance with the findings of Corrier et al. (1999), the results of this trial
indicate that birds can become infected with Salmonella by consuming
contaminated rearing house litter during feed withdrawal. Administration of CE
treatment material in the drinking water during feed withdrawal can prevent the
birds from becoming infected. However, more work is needed to prove the
results of this trial.

Seuna (1979) showed that treatment given only 1 h before the Salmonella
challenge afforded protection also to higher doses of the challenge organism.
However, commercial hatchery environments, as well as the breeder birds, may
be contaminated with Salmonella (Cox et al., 1990, 1991), which can also
reduce the efficacy of CE treatment (Bailey et al., 1998).

DISCUSSION AND CONCLUSIONS

The understanding of the significance of the intestinal flora in protection of the
host animal against enteropathogens arose from the work of Elie Metchnikoff, a
Russian biologist working at the Pasteur Institute at the turn of the 19th century
(Metchnikoff, 1908). He suggested that fermented milk containing so-called
‘lactic acid bacteria’ was responsible for the health of Bulgarian farmers. It was
assumed that the introduction of benign, non-toxigenic gut microflora created
conditions that favoured good health. Milner and Schaffer had already
observed, in 1952, that the bird’s natural resistance to Salmonella infection
increased with age (Milner and Shaffer, 1952), but nearly 20 years passed
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before attention was drawn to the conditions under which chicks were hatched
and reared, having no contact with the brooding hen.

The observation that oral administration of adult intestinal microflora to
newly hatched chicks increased their resistance to colonization by food
poisoning Salmonellae was first presented in Finland and published in Nature
in 1973 by Nurmi and Rantala. Several research groups around the world have
confirmed the validity of the CE concept in poultry production and a number
of profound reviews on the topic have been written over the years (Pivnick and
Nurmi, 1982; Schleifer, 1985; Mead and Impey, 1987; Stavric and D’Aoust,
1993; Mead, 2000; Schneitz and Mead, 2000; Schneitz, 2005).

The widest experience concerning the effect of this treatment in poultry
production is probably in Finland, which continues to be the only country
where the entire chain, from grandparents to meat birds, are given CE
treatment on the day of hatch. The use of CE began in 1976 when the
National Veterinary and Food Research Institute started the production and
delivery of CE broth cultures.

Broilact® was developed under leadership of Professor Nurmi and
launched in 1987 as a broth culture, but from 1994 onwards it has been sold
freeze-dried. CE treatment has been found to contribute significantly to the
decrease in incidence of Salmonella-contaminated flocks and carcasses in
Finland (Hirn et al., 1992). The incidence of Salmonella-contaminated broiler
flocks has stayed, on average, below 1.0% (National Food Agency).

The incidence of Campylobacter-infected broiler flocks was tested during,
June, July and August in 2004 and, on average, 7.3% of the flocks were found
to be positive. The number of infected flocks was highest during July and
August, being 8.8 and 10.1%, respectively. In June the percentage of infected
flocks was 3.1%. Outside of the summer period Campylobacter-positive poultry
flocks are seldom found in Finland (National Veterinary and Food Research
Institute). It has been suggested that the long-term use of CE cultures in Finnish
broiler flocks has contributed to the low incidence of Campylobacter in broilers
in Finland (Aho and Hirn, 1988).

Five different commercial CE products have been developed since 1987:
AviFree®, Aviguard®, Broilact®, MSC® and Preempt®. They are all mixed
cultures derived from the caecal contents and/or wall of healthy, adult chickens.
Of these commercial products, MSC® and Preempt® have been withdrawn
from the market.

To standardize the methods used to evaluate different CE preparations,
Mead et al. (1989a) described a recommended assay. Newly hatched chicks
are treated orally on day 1, challenged orally with Salmonella 24 h later and
examined 5 days post-challenge to determine both the proportion of positive
birds in treated and control groups and the levels of Salmonella carriage in
infected individuals. The efficacy of the treatment is determined by the
calculation of an Infection Factor (IF) value, which is the geometric mean of
the number of Salmonellae/g of caecal contents for all chicks in a particular
group.

There would be obvious advantages in being able to use CE preparations
under commercial conditions with completely defined strain composition.
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Inclusion of any potential poultry pathogen could be avoided with certainty
and the quality control of the treatment product during manufacture would be
alleviated (Mead, 2000). However, consistent protection of newly hatched
chicks against Salmonella has been obtained only with undefined mixed
cultures. Fully effective defined preparations have not yet been developed. The
work is difficult because the mechanism of CE is poorly understood, as are the
bacteria involved in the process. Only defined cultures containing large
numbers of strains from different genera have been comparable to undefined
cultures in their efficacy (Stavric, 1992).

Competitive exclusion is a very effective measure for protection of newly
hatched chicks, turkey poults, quails and pheasants — and possibly other game
birds, too, against Salmonella and other enteropathogens. The results of studies
performed by several research groups around the world and the 10-year field
experience in Finland show that both manual and automated spray application
are effective means of dosing newly hatched chicks, though spray application is
preferred (Mead, 2000).

Obviously, CE treatment is effective against all host non-specific
Salmonellae able to colonize the alimentary tract of the bird. There are also
indications that current treatment products may be of value in controlling
infections with other enteropathogens, including Cl. perfringens and chicken
and human pathogenic E. coli. Protection against Campylobacter has also
been shown with two of the existing CE products (Hakkinen and Schneitz,
1999; Stern et al., 2001).

However, to improve results a different composition of protective bacteria
may be needed, because of the specific location of Campuylobacter in the
mucous layer of the caecal crypts (Beery et al., 1988). Furthermore, the
treatment efficacy is unaffected by breed, strain or sex of the bird. Both
improvement in bird growth and feed utilization and a reduction in the
mortality of chicks are also of great importance.

The efficacy of the CE treatment may be affected by antimicrobials, stress,
disease, moulting, feed withdrawal and infected breeders and contaminated
hatchery area. To overcome the problem with hatchery contamination, the in
ovo application method was developed by Cox and Bailey (1993). However,
the use of a caecal culture containing highly proteolytic organisms and
abundant gas-formers resulted in depressed hatchability when the material was
introduced into the air cell. Introducing the preparation into the amnion killed
all the embryos. Adverse effects on hatchability can be avoided by excluding
strongly proteolytic and gas-forming organisms (unpublished results).

WHO have suggested that there should be a special category for the
licensing of CE products termed normal gut flora, and the European Union is
currently reviewing its position on CE, according to Wray and Davies (2000).

Removal of antibiotic growth promoters is likely to increase the variability
of broiler performance and lead to the use of therapeutic doses of antibiotics
under prescription (Bedford, 2000). According to present knowledge on the
efficacy of the competitive exclusion concept, commercial, safety-approved CE
products could be integrated into management programmes for commercial
poultry, as has already been done in Finland.
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ABSTRACT

Mounting levels of resistance to antimicrobial agents by clinically important
bacterial pathogens have led scientists to review alternative methods for their
control, including bacteriophage therapy. Bacteriophage are viral parasites
that are ubiquitous in the environment. Although they are specific to their host
bacteria, as a group they infect almost all bacterial genera, including
Campylobacter. Those specific to Campylobacter are frequently found in the
intestinal contents of poultry, along with their hosts. They are particularly
prevalent in free-range and organic birds exposed to the environment.
Bacteriophage may be transferred from the intestinal contents of birds to
the surface of poultry meat, at slaughter. Here they are able to survive for
more than 10 days and are therefore naturally present on food for human
consumption.

Experimental trials have indicated the possibility of their use as therapeutic
agents. Reductions in Campylobacter numbers in chicken caecal contents of
between log;, 2 and log;, 5 colony-forming units (CFU)/g have been achieved.
Phage intervention, carried out just prior to slaughter, could therefore reduce
the numbers of campylobacters entering the human food chain. A possible
drawback of phage therapy is the acquisition of resistance by the target
campylobacters, although recent research has indicated that this may not be as
problematic as initially suggested. Phage may also be applied to the surface of
poultry meat to reduce Campylobacter numbers. This review seeks to explore
what is known about the Campylobacter phage present in poultry and their
potential as therapeutic agents.

INTRODUCTION

Bacteriophage were first reported in 1896 by Ernest Hankin, who noted that
something in the waters of the Ganges had an antibacterial effect against Vibrio
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cholerae (Hankin, 1896). The word phage comes from the Greek ‘phagein’ - to
eat. The discovery that phage were, in fact, viruses was made independently by
Frederick Twort in 1915 (Twort, 1915) and Felix D'Herelle in 1917 (D’Herelle,
1922). It was Felix D’Herelle who first suggested bacteriophage therapy as a
means of treating or preventing bacterial infection. Bacteriophage offer several
intrinsic advantages in that they are specific to their target host bacteria and will
not directly cause wholesale changes in non-target microflora that may be
present.

Unlike antimicrobial treatments, these bystanders will not be placed under
strong selective pressure to develop resistance that has the potential to spread
from one environment to another. The acquisition of antibiotic resistance is not
a barrier to the application of bacteriophage, as their natural diversity and
rapid replication give them the potential to combat many types of resistance.
Bacteriophage are already present in the environment to such an extent that
their use will not constitute the addition of any new biologically active product,
with the consequent benefit of the associated low risk of unwanted side effects,
such as an allergic response.

Bacteriophage, like other viruses, are composed of nucleic acid surrounded
by a protein coat (the capsid). The first stage of the bacteriophage life cycle
usually involves absorption to a specific cell surface component of their host
bacteria, followed by penetration of the nucleic acid through the cell wall. The
nucleic acid then directs synthesis of further phage nucleic acid and protein
capsids using the host cell biosynthetic apparatus. Once the phage particles
have been assembled the cell envelope is ruptured (lysed) to release the phage
progeny. Phage that undergo this type of life cycle without any other
intermediate form are called lytic phage.

However, a group of phage called the temperate phage undergo an
alternative life cycle where the nucleic acid can become incorporated into the
host cell genome, where it remains and is replicated along with its host
bacterium. This process is called lysogeny. Lysogenized phage can sometimes
be induced to re-enter the lytic life cycle. When this happens they may carry
additional excised host bacterial DNA, which can be introduced into a new host
following infection by the phage. For this reason lysogenic phage are not
suitable for phage therapy as they have the potential to transfer genetic
material from one bacterium to another. These genetic traits may include
virulence factors and antibiotic resistance. It is for this reason that lytic phage
should be carefully selected in order to take advantage of the benefits of
bacteriophage therapy.

CAMPYLOBACTER PHAGE

The first reports of the isolation of Campuylobacter phage were in the 1960s,
where phage against Vibrio coli (now known as C. coli) or V. fetus (now known
as C. fetus) were isolated from cattle and pigs (Fletcher and Bertschinger, 1964;
Firehammer and Border, 1968; Fletcher, 1968). In the early 1980s C. jejuni
that were reported as having been isolated from aborted sheep fetuses were
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found to induce lysogenic phage when treated with mitomycin C (Bryner et al.,
1982). Campylobacter phage were also reported to play a role in the auto-
agglutination of cells, which interfered with attempts to serotype
Campylobacter isolates (Ritchie et al., 1982). Poultry manure was one of the
main sources of bacteriophage isolated in order to develop phage typing
systems for C. jejuni and C. coli (Grawjewski et al., 1985; Salama et al., 1989;
Khakhria and Lior, 1992; Frost et al., 1999).

More recently, studies of the incidence of Campylobacter phage in UK
poultry and in retail poultry products have been carried out (Atterbury et al.,
2003 a, b, 2005; El-Shibiny et al., 2005) as a prelude to investigating their use
in phage therapy aimed at reducing campylobacters in poultry, and their
subsequent entering of the human food chain from this source (Connerton and
Connerton, 2005).

Characteristics of Campylobacter phage

Some of the phage used in the UK phage typing system (Frost et al., 1999)
were characterized and subdivided into three groups based on their genome
size, determined by pulsed field gel electrophoresis (PFGE; Sails et al., 1998).
Group [ phage were those with head diameters of 140.6 and 143.8 nm and
genome sizes in excess of 320 kb (Sails et al., 1998). However, in our hands,
using slightly different PFGE running conditions, the genome sizes of these
same phage (NCTC 12676 and NCTC 1277) were found to be approximately
530 and 560 kb, respectively (our unpublished observations).

Group Il phage had head diameters of 99 nm and average genome size of
184 kb (Sails et al., 1998). The Group III phage had average head diameters of
100 nm and genomes sizes averaging 138 kb. Campuylobacter phage are quite
large compared to those that infect other genera, particularly those in Group 1.
This is especially notable considering the small physical size (0.2-0.5 pm
diameter and approximately 5 wm length) of campylobacters.

In common with many other types of phage, genomic DNA from
Campylobacter phage is refractory to digestion by many restriction enzymes.
All of the phage isolated from poultry and characterized in our laboratory have
been members of either Group II or Group Il (Atterbury et al, 2003a;
Connerton et al., 2004; El-Shibiny et al., 2005; Loc Carrillo et al., 2005). The
implication of this is that the Group I phage are uncommon in UK poultry. The
Group II and Il phage were all lytic phage typical of the Myoviridae family
(International Committee on the Taxonomy of Viruses, 2004). Lysogenic phage
have, however, been isolated from C. fetus (Ritchie et al., 1982) and from C.
jejuni isolated from aborted sheep fetuses (Bryner et al., 1982).

Recent genome sequence data (Fouts et al., 2005) showed the presence of
Mu-like phage sequences in C. jejuni RM1221 and that these sequences were
present in other C. jejuni strains but not in the prototype genomic sequence of
C. jejuni 11168 (Parkhill et al., 2000). The majority of the open reading frames
within the prophage regions are hypothetical, so it is unknown what possible
function the genes encoded by these sequences have, if any.
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Survival of Campylobacter phage

The ability of phage to survive processing is an important aspect of their
potential use in the biocontrol of Campylobacter in poultry production.
Procedures have been developed to recover Campylobacter bacteriophage
from chilled and frozen retail poultry and have been validated using a
characterized Campuylobacter phage NCTC 12674 (Atterbury et al., 2003a).
Survival experiments demonstrated that bacteriophage can be recovered up to
10 days following inoculation, which is well beyond the stated shelf life of the
product.

Phage have the advantage that they are fairly robust in nature and
therefore can be simply added to drinking water and in feed provided the
intended targets are intestinal bacteria. However, some phage may be sensitive
to the low pH encountered in the stomach or proventriculus (Leverentz et al.,
2003; Loc Carrillo, 2004). These problems can be overcome through the use of
antacid or by selection of appropriate low pH-tolerant phage. Antacids such as
Maalox (aluminium and magnesium hydroxide) or calcium carbonate have
been used to improve the ability of phage to survive low acidity in digestive
systems (Smith et al., 1987b; Koo et al., 2001).

Incidence of Campylobacter phage in UK poultry

The incidence of Campylobacter phage, in intensively reared chickens, was
determined between August and September 2002, from 22 farms belonging to
three national poultry producers based in the UK (Atterbury et al., 2005).
Campylobacter jejuni was isolated from 63% (129/205) of the caeca of these
birds and lytic bacteriophage of C. jejuni were isolated from 20% (41/205).
Enumeration of campylobacters determined that the mean number in the
presence of bacteriophage was log;, 5.1 cfu/g of caecal contents, while it was
log;, 6.9 cfu/g when phage were absent (Atterbury et al., 2005). This log,, 1.8
cfu/g difference was a significant (p < 0.001) reduction in numbers comparing
caecal contents with or without phage. Clearly, the presence of phage already
influence the numbers of campylobacters in poultry without any therapeutic
intervention.

Organic flocks are generally close to 100% colonized by Campylobacter
(Heuer et al., 2001). The incidence of bacteriophage in Campylobacter-
positive organic birds was found to be 51% (EI-Shibiny et al., 2005).
Presumably this figure is higher than that in intensively reared birds (20%;
Atterbury et al., 2005) due to organic birds having greater exposure to the
environment and therefore to a greater range of Campylobacter types and their
phage.

The study of a broiler chicken barn, in which flocks were naturally infected
with Campuylobacter and bacteriophage, indicated that the phage and its host
Campylobacter could be carried over from one flock to the next (Connerton et
al., 2004). The role of developing bacteriophage resistance was investigated
and the phage-sensitive hosts were found to be succeeded by unrelated
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campylobacters that were insensitive to the resident phage. This succession
occurred due to incursion of new genotypes rather than de novo development
of resistance. The implication from this work was that while campylobacters like
other bacteria can mutate to become resistant to phage, this may have negative
consequences in terms of fitness. The role of developing resistance will be
discussed further below.

BACTERIOPHAGE THERAPY

Using bacteriophage to control bacterial pathogens is not a new idea, but
Western countries have been somewhat slow to embrace bacteriophage
therapy. This is primarily because antibiotics were, in the past, deemed to be
superior and were developed and refined on a large scale. There was also a
lack of consistent evidence of phage efficacy. However, former Soviet Union
countries have embraced phage therapy and developed procedures over many
years (Sulakvelidze et al., 2001).

The failure of Western scientists to achieve consistent results initially may
have resulted from a general lack of understanding of phage biology and
replication dynamics. Phage replication is critically dependent on bacterial
density. There is predicted to be a distinct threshold above which phage
numbers increase and below which they decrease, termed the phage
proliferation threshold (Payne and Jansen, 2003). The outcome of phage
therapy also depends on the various life history parameters, including the
inoculum size and the inoculum timing (Payne and Jansen, 2001; Weld et al.,
2004).

From the previous sections it is clear that the use of bacteriophage to
reduce the numbers of campylobacters entering the food chain at farm level is
a feasible strategy. Reductions in the numbers of campylobacters in chickens
could lead to a measurable reduction in carcass contamination (Connerton and
Connerton, 2005). With more than 80% of birds in the UK harbouring these
organisms as a part of their normal intestinal flora (Newell and Wagenaar,
2000; Corry and Atabay, 2001), a reduction of Campylobacter from poultry
sources is certainly a desirable objective. The fact that the bacteria are present
in the intestines of poultry at very high densities — ranging from log, , 4 to log;
8 (Rudi et al., 2004) - is a factor that makes phage treatment feasible.

In addition, bacteriophage can readily be isolated from poultry excreta,
which means that their potential therapeutic application in animals would not
introduce any new biological entity into the food chain. A growing number of
studies have successfully used phage to treat animal diseases (reviewed by
Barrow, 2001; Joerger, 2003; Payne and dJansen, 2003). These include
applications to treat Salmonella (Berchieri et al., 1991; Sklar and Joerger,
2001) and E. coli (Barrow et al., 1998; Huff et al., 2003, 2004) infections of
young chickens.

The use of phage to control Campuylobacter in chickens differs from these
previous studies as campylobacters may be considered a natural part of the
commensal microflora of poultry species, and not specifically as pathogens.
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However, as noted earlier, concerns have been raised that campylobacters will
simply become resistant to bacteriophage, rendering this strategy ineffective in
the long term (Barrow, 2001). This will be discussed further in the next section.

To test the efficacy of phage therapy for Campvylobacter it was first
necessary to design and evaluate experimental models of Campylobacter
infection in chickens (Newell and Wagenaar, 2000). This is particularly
important as strains of C. jejuni are variable in their ability to colonize chickens
(Ringoir and Korolik, 2003). Once the colonization model has been established
it was important to test candidate bacteriophage for their efficacy in vitro prior
to use in experimental birds. This has been done in our laboratory with phage
isolates from broiler chickens (Loc Carrillo et al., 2005).

Following the in vitro experiments, bacteriophage were administered to the
Campylobacter-colonized birds at three different doses (log,, 5, log;, 7 and
log;, 9 PFU) in antacid suspension. The numbers of campylobacters in the
caecal contents of phage-treated and untreated birds were determined at 24 h
intervals over 5 days. The bacteriophage-treated birds showed a marked
reduction in numbers of campylobacters, particularly for the first 48 h after
treatment. The reduction in caecal C. jejuni numbers varied with the phage from
log,, 2 to log;, 5 (per g of caecal contents) compared with controls. The success
of treatment was dependent on the bacteriophage and the colonization strain
used, with some bacteriophage being considerably more virulent than others.

A Campylobacter bacteriophage isolated from poultry meat rather than
poultry excreta was found to be ineffective in a similar trial, despite the fact that
the phage was virulent in vitro on laboratory media (Atterbury, 2003).
Optimization of dose and selection of appropriate phage were found to be the
key elements in the use of phage therapy in reducing campylobacters in broiler
chickens.

Wagenaar et al. (2005) reported the use of the Campuylobacter-typing
phage 69 (NCTC 12669) to prevent, as well as to reduce, Campylobacter
colonization of broiler chickens. The administration of phage resulted in a
log,, 3 decline in C. jejuni caecal counts. Preventative phage treatment delayed
the onset of C. jejuni colonization, and the peak titres remained log;, 2 lower
than the controls. There were no adverse health effects from the phage
treatments. A second phage (NCTC 12671) was added to the original, in an
attempt to counter any tendency towards development of phage resistance in
the Campylobacter population. However, this strategy did not result in any
significant increase in efficacy. The use of these model systems provides
valuable data and indicates the potential of phage therapy to reduce
campylobacters.

ACQUISITION OF PHAGE RESISTANCE

Bacteria rapidly mutate to become resistant to bacteriophage in vitro on laboratory
media (Adams, 1959). However, bacteriophage constantly evolve to circumvent
host barriers to infection. This leads to an evolutionary balance that allows both
host and prey to proliferate, otherwise one or the other would not survive.
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The numbers of phage-resistant campylobacters present in the
experimental birds following bacteriophage therapy was determined and found
to be < 4% (Loc Carrillo et al., 2005). Interestingly, these resistant isolates
appeared to be compromised in their ability to colonize a further set of
experimental birds, rapidly reverting back to the phage-sensitive phenotype in
the absence of phage. In contrast, when phage resistant isolates were obtained
by mixing host and phage in vitro and culturing on laboratory media, the
frequency of resistance was 11% and the resistant phenotype was maintained
on subculture (Loc Carrillo et al., 2005). This level of mutation means that
phage-resistant types can soon dominate phage-challenged laboratory cultures,
but this does not happen in chickens.

Other studies have noted decreased fitness when bacteria acquire phage
resistance through mutation (Smith et al., 1987a; Park et al., 2000). This is
often because phage have evolved to target essential structures present on their
outer surface as their receptors to gain entry to the cell. If bacteria alter these
structures through mutation it may prevent phage entry but can also be
detrimental to their fitness, such that they do not survive in competitive or
environmental challenge. This may not always be apparent when grown on
laboratory media that provide an ideal growth medium.

In the wider environment, field studies indicate that phage may enable the
succession of new phage-insensitive bacterial types rather than the selection
and proliferation of phage-resistant mutants. The use of a cocktail of phage
with diverse specificity will prevent this type of succession occurring following
phage therapy.

PHAGE TREATMENT OF POULTRY MEAT

Bacteriophage have been successfully applied as a decontamination technique
to reduce C. jejuni and Salmonella Enteriditis on poultry meat under
experimental conditions (Atterbury et al., 2003b; Goode et al., 2003). The
most effective treatments involved using high doses of phage. Campylobacters
are generally believed to be unable to multiply under refrigeration conditions,
so the effects are likely to be limited to ‘lysis from without’ or by prevention of
regrowth once suitable conditions for growth are provided, i.e. when
contaminated food is consumed. Phage inoculated on to the surface of skin
contaminated with Campylobacter exhibit a control effect even in the absence
of host growth.

CONCLUSIONS AND FURTHER WORK

Research in any area is driven by the need to solve a particular problem. Much
of the initial studies of Campylobacter phage were carried out with the aim of
producing reliable and practical phage-typing methods for epidemiological
tracking of strains. At the time this work was undertaken, this aspect was a
particular problem. In recent years phage typing has largely been superseded
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by genetic methods (reviewed by Wassenaar and Newell, 2000) such as
multilocus sequence typing (MLST), fla typing, pulsed-field gel electrophoresis
(PFGE) and amplified fragment length polymorphism (AFLP), all of which are
highly reproducible and widely available.

However, the rising level of resistance to various antimicrobials has fuelled
a new wave of research into both Campylobacter bacteriophage and the
bacteriophage of other important pathogens. There are many reviews on the
subject (Barrow, 2001; Sulakvelidze et al., 2001; Summers, 2001; Huff et al.,
2005), but relatively few actual experimental trials to prove the efficacy of
phage in real situations.

As Campylobacter is a particularly good target for phage therapy, we
anticipate that over the next few years more experimental ground work will be
performed with this organism. This will advance the possibility of using phage
therapy to reduce the numbers of campylobacters entering the human food
chain and causing enteritis. It has been calculated that a 2 log;, decline in
Campylobacter contamination of food would result in a 30-fold decrease in
cases of Campylobacter foodborne disease (Rosenquist et al., 2003). Such a
decrease has been shown to be feasible by our experiments (Loc Carrillo et al.,
2005) and by those of Wagenaar et al. (2005).

We anticipate that different classes of phage may also be used in a variety
of ways to study Campuylobacter through the development of vectors for gene
transfer and transposition. Moreover, the determination of phage genome
sequences may provide new opportunities for devising measures to specifically
target the colonization of poultry by campylobacters, and possibly for the
treatment of human infection. Genes encoding new enzymes and proteins may
be discovered and an understanding of phage-mediated biological processes
may be more forthcoming.

REFERENCES

Adams, M.H. (1959) Bacteriophages. Interscience Publishers Inc., New York.

Atterbury, R.J. (2003) Bacteriophage control of campylobacters in retail poultry. PhD Thesis,
University of Nottingham, UK.

Atterbury, R.J., Connerton, PL., Dodd, C.E.R., Rees, C.E.D. and Connerton, L.E (2003a)
Isolation and characterization of Campylobacter bacteriophages from retail poultry. Applied
and Environmental Microbiology 69, 4511-4518.

Atterbury, R.J., Connerton, PL., Dodd, C.E.R., Rees, C.E.D. and Connerton, LE (2003b)
Application of host-specific bacteriophages to the surface of chicken skin leads to a reduction
in recovery of Campvylobacter jejuni. Applied and Environmental Microbiology 69,
6302-6306.

Atterbury, R.J., Dillon, E., Swift, C., Connerton, PL., Frost, J.A., Dodd, C.E.R., Rees, C.E.D. and
Connerton, L.E (2005) Correlation of Campylobacter bacteriophage with the reduced
presence of their hosts in broiler chicken ceca. Applied and Environmental Microbiology 71,
4885-4887.

Barrow, PA. (2001) The use of bacteriophages for treatment and prevention of bacterial disease
in animals and animal models of human infection. Journal of Chemical Technology and
Biotechnology 76, 677-682.



| Campylobacters and their bacteriophage 319 |

Barrow, P, Lovell, M. and Berchieri, A. (1998) Use of lytic bacteriophage for control of experi-
mental Escherichia coli septicemia and meningitis in chickens and calves. Clinical and
Diagnostic Laboratory Immunology 5, 294-298.

Berchieri, A., Lovell, M.A. and Barrow, PA. (1991) The activity in the chicken alimentary tract of
bacteriophages lytic for Salmonella Typhimurium. Research in Microbiology 142, 541-549.

Bryner, J.H., Ritchie, A.E. and Foley, J.W. (1982) Techniques for phage typing Campylobacter
jejuni. In: Newell, D.G. (ed.) Campylobacter: Epidemiology, Pathogenisis and Biochemistry,
MTP Press Ltd., Lancaster, UK, pp. 52-56.

Connerton, PL. and Connerton, L.E (2005) Natural Campylobacter control with bacteriophage.
World Poultry (Salmonella & Campylobacter Special), 25-26.

Connerton, PL., Loc Carrillo, C.M., Swift, C., Dillon, E., Scott, A., Rees, C.E.D., Dodd, C.E.R.,
Frost, J. and Connerton, L.E (2004) A longitudinal study of Campylobacter jejuni bacterio-
phage and their hosts from broiler chickens. Applied and Environmental Microbiology 70,
3877-3883.

Corry, J.EL. and Atabay, H.I. (2001) Poultry as a source of Campylobacter and related
organisms. Journal of Appied Microbioogy 90, 965-1148S.

D’Herelle, E (1922) The Bacteriophage: its Role in Immunity. Williams and Wickens Co./Waverley
Press, Baltimore, Ohio.

El-Shibiny, A., Connerton, PL. and Connerton, L.LE (2005) Enumeration and diversity of
campylobacters and bacteriophages isolated during the rearing cycles of free-range and
organic chickens. Applied and Environmental Microbiology 71, 1259-1266.

Firehammer, B.D. and Border, M. (1968) Isolation of temperate bacteriophages from Vibrio fetus.
American Journal of Veterinary Research 29, 2229-2235.

Fletcher, R.D. (1968) Activity and morphology of Vibrio coli phage. American Journal of
Veterinary Research 26, 361-364.

Fletcher, R.D. and Bertschinger, H. (1964) A method of isolation of Vibrio coli from swine fecal
material by selective filtration. Zentralblatt fiir Veterinaeromed Reiche B 11, 469-474.

Fouts, D.E., Mongodin, E.E, Mandrell, R.E., Miller, W.G., Rasko, D.A., Ravel, J., Brinkac, L.M.,
DeBoy, R.T., Parker, C.T., Daugherty, S.C., Dodson, R.J., Durkin, A.S., Madupu, R,
Sullivan, S.A., Shetty, J.U., Ayodeji, M.A., Shvartsbeyn, A., Schatz, M.C., Badger, J.H.,
Fraser, C.M. and Nelson, K.E. (2005) Major structural differences and novel potential
virulence mechanisms from the genomes of multiple Campylobacter species. Public Library
of Science: Biology 3, elb.

Frost, J.A., Kramer, J.M. and Gillanders, S.A. (1999) Phage typing of Campylobacter jejuni and
Campylobacter coli and its use as an adjunct to serotyping. Epidemiology and Infection 123,
47-55.

Goode, D., Allen, VM. and Barrow, PA. (2003) Reduction of experimental Salmonella and
Campylobacter contamination of chicken skin by application of lytic bacteriophages. Applied
and Environmental Microbiology 69, 5032-5036.

Grawjewski, B.A., Kusek, J.W. and Gelfand, H.M. (1985) Development of a bacteriophage typing
scheme for Campylobacter jejuni and Campylobacter coli. Epidemiology and Infection 104,
403-414.

Hankin, E.H. (1896) Laction bactericide des eaux de la Jumna et du Gange sur le vibrion du
cholera. Annales de I'Institut Pasteur 10, 511.

Heuer, O.E., Pedersen, K., Andersen, J.S. and Madsen, M. (2001) Prevalence and antimicrobial
susceptibility of thermophilic Campylobacter in organic and conventional broiler flocks.
Letters in Applied Microbiology 33, 269-274.

Huff, WE., Huff, G.R., Rath, N.C., Balog, J.M. and Donoghue, A.M. (2003) Bacteriophage
treatment of a severe Escherichia coli respiratory infection in broiler chickens. Avian Diseases
47, 1399-1405.



| 320 PL. Connerton and I.F. Connerton |

Huff, W.E., Huff, G.R., Rath, N.C., Balog, J.M. and Donoghue, A.M. (2004) Therapeutic efficacy
of bacteriophage and Baytril (enrofloxacin) individually and in combination to treat coli-
bacillosis in broilers. Poultry Science 47, 1944-1947.

Huff, W.E., Huff, G.R., Rath, N.C., Balog, J.M. and Donoghue, A.M. (2005) Alternatives to
antibiotics: utilization of bacteriophage to treat colibacillosis and prevent foodborne
pathogens. Poultry Science 84, 655-659.

International Committee on the Taxonomy of Viruses (2004) Myoviridae (http:// www.ncbi.nlm.
nih.gov/ICTVdb/Ictv/fs_ myovi.htm, accessed July 2005).

Joerger, R.D. (2003) Alternatives to antibiotics: bacteriocins, antimicrobial peptides and bacterio-
phages. Poultry Science 82, 640-647.

Khakhria, R. and Lior, H. (1992) Extended phage-typing scheme for Campylobacter jejuni and
Campylobacter coli. Epidemiology and Infection 108, 403-414.

Koo, dJ., Marshall, D.L. and DePaola, A. (2001) Antacid increases survival of Vibrio vulnificus and
Vibrio vulnificus phage in a gastrointestinal model. Applied and Environmental Microbiology
67, 2895-2902.

Leverentz, B., Conway, W.S., Camp, M.J., Janisiewicz, W.J., Abuladze, T., Yang, M., Saftner, R.
and Sulakvelidze, A. (2003) Biocontrol of Listeria monocytogenes on fresh-cut produce by
treatment with lytic bacteriophages and a bacteriocin. Applied and Environmental
Microbiology 69, 4519-4526.

Loc Carrillo, C.M. (2004) Bacteriophage control of campylobacters in poultry production. PhD
Thesis, University of Nottingham, UK.

Loc Carrillo, C.M., Atterbury, R.J., El-Shibiny, A., Connerton, PL., Dillon, E., Scott, A. and
Connerton, L.E (2005) Bacteriophage therapy to reduce Campylobacter jejuni colonization
of broiler chickens. Applied and Environmental Microbiology 71 (11), 6554-6563.

Newell, D.G. and Wagenaar, J.A. (2000) Poultry infections and their control at farm level. In:
Nachamkin, 1. and Blaser, M.J. (eds) Campylobacter, 2nd edn. ASM press, Washington DC,
pp. 497-510.

Park, S.C., Shimamura, I., Fukunaga, M., Mori, K.I. and Nakai, T. (2000) Isolation of bacterio-
phages specific to a fish pathogen, Pseudomonas plecoglossicida, as a candidate for disease
control. Applied and Environmental Microbiology 66, 1416-1422.

Parkhill, J., Wren, B.W., Mungall, K., Ketley, J.M., Churcher, C., Basham, D., Chillingworth, T.,
Davies, R.M., Feltwell, T., Holroyd, S., Jagels, K., Karlyshev, A.V,, Moule, S., Pallen, M.J.,
Penn, C.W.,, Quail, M.A., Rajandream, M.A., Rutherford, K.M., van Vliet, A.H., Whitehead,
S. and Barrel, B.G. (2000) The genome sequence of the foodborne pathogen
Campylobacter jejuni reveals hypervariable sequences. Nature 10, 665-668.

Payne, RJ. and Jansen, VA. (2001) Understanding bacteriophage therapy as a density-
dependent kinetic process. Journal of Theoretical Biology 208, 37-48.

Payne, R.J. and Jansen, VA. (2003) Pharmacokinetic principles of bacteriophage therapy.
Clinical Pharmacokinetics 42, 315-325.

Ringoir, D.D. and Korolik, V. (2003) Colonisation phenotype and colonization potential
differences in Campylobacter jejuni strains in chickens before and after passage in vivo.
Veterinary Microbiology 92, 225-235.

Ritchie, A.E., Bryner, J.H. and Foley, JW. (1983) Role of DNA and bacteriophage in
Campylobacter auto-agglutination. Journal of Medical Microbiology 16, 333-340.

Rosenquist, H., Nielsen, N.L. Sommer, HM., Norrung, B. and Christensen, B.B. (2003)
Quantitative risk assessment of human campylobacteriosis associated with thermophilic
Campylobacter species in chickens. International Journal of Food Microbiology 83, 87-103.

Rudi, K., Hoidal, H.K., Katla, T., Johansen, B.K., Nordal, J. and Jakobsen, K.S. (2004) Direct
real-time PCR quantification of Campylobacter jejuni in chicken fecal and cecal samples by
integrated cell concentration and DNA purification. Applied and Environmental Microbiology
70, 790-797.


http://www.ncbi.nlm.nih.gov/ICTVdb/Ictv/fs_myovi.htm
http://www.ncbi.nlm.nih.gov/ICTVdb/Ictv/fs_myovi.htm

| Campylobacters and their bacteriophage 321 |

Sails, A.D., Wareing, D.R.A., Bolton, EdJ., Fox, A.J. and. Curry, A. (1998) Characterisation of 16
Campylobacter jejuni and C. coli typing bacteriophages. Journal of Medical Microbiology
47,123-128.

Salama, S.M., Bolton, EJ. and Hutchinson, D.N. (1989) Improved method for the isolation of
Campylobacter jejuni and Campylobacter coli bacteriophages. Letters in Applied
Microbiology 8, 5-7.

Sklar, .B. and Joerger, R.D. (2001) Attempts to utilize bacteriophage to combat Salmonella
enterica serovar Enteritidis infection in chickens. Journal of Food Safety 21, 15-30.

Smith, H.W., Huggins, M.B. and Shaw, K.M. (1987a) The control of experimental Escherichia coli
diarrhoea in calves by means of bacteriophages. Journal of General Microbiology 133,
1111-1126.

Smith, H.W., Huggins, M.B. and Shaw, KM. (1987b) Factors influencing the survival and
multiplication of bacteriophages in calves and in their environment. Journal of General
Microbiology 133, 1127-1135.

Sulakvelidze, A., Alavidze, Z. and Morris, J.G. (2001) Bacteriophage therapy. Antimicrobial
Agents and Chemotherapy 45, 649-659.

Summers, W.C. (2001) Bacteriophage therapy. Annual Reviews in Microbiology 55, 437-451.

Twort, EW. (1915) An investigation on the nature of ultramicroscopic viruses. Lancet 2, 1241.

Wagenaar, J.A., Van Bergen, M.A.P, Mueller, M.A., Wassenaar, TM. and Carlton, R.M. (2005)
Phage therapy reduces Campylobacter jejuni colonization in broilers. Veterinary
Microbiology 109 (3/4), 275-283.

Wassenaar, TM. and Newell, D.G. (2000) Genotyping of Campylobacter spp. Applied and
Environmental Microbiology 66, 1-9.

Weld, R.J., Butts, C. and Heinemann, J.A. (2004) Models of phage growth and their applicability
to phage therapy. Journal of Theoretical Biology 227, 1-11.



CHAPTER 21
Breeding for disease resistance

S.C. Bishop

Roslin Institute, Midlothian, UK; e-mail: stephen.bishop @bbsrc.ac.uk

ABSTRACT

322

Breeding for increased resistance has a major role to play in disease control in
poultry and in the maintenance of flock health. This is because of: (i) the
urgent need for new and sustainable strategies to assist in disease control; (ii)
the existence of genetic variation in resistance to many economically important
diseases in poultry; and (iii) the advent of molecular tools that enable breeders
to exploit these genetic effects.

Avian diseases for which genetic variation in either resistance to infection
or the ability of the host to tolerate infection include Marek’s disease, infectious
laryngotracheitis, avian leukosis, infectious bursal disease, avian infectious
bronchitis, Rous sarcoma, Newcastle disease, E. coli, pullorum, fowl typhoid,
salmonellosis, coccidiosis and Ascaridia galli. Marek’s disease is the classic
example where genetics has assisted in disease control.

Because poultry units usually attempt to minimize exposure to infection,
breeding strategies will generally be aimed at minimizing epidemic risks (or
epidemic severity should an epidemic arise) rather than towards helping birds
cope with endemic diseases. Therefore, selection will usually need to be
undertaken on birds that are not exposed to infection, and genetic markers will
generally be required. Commonly, genetic markers will only be associated with
a proportion of the between-animal variation, therefore several markers may
be required, and to minimize risks the breeding strategy should be combined
with other disease control approaches.

Utilizable genetic markers have been identified for several diseases,
including Marek’s disease and salmonellosis. Much of current research aims to
elucidate the genetic control of resistance to infectious diseases, especially
zoonotic infections, and to refine known markers. In particular, it is predicted
that the integration of gene mapping and microarray studies will assist in this
task.

© CAB International 2006. Avian Gut Function in Health and Disease (ed. G.C. Perry)
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INTRODUCTION

This chapter considers the role of genetics and breeding for disease resistance
as part of a wider strategy towards disease control and the maintenance of
flock health. General principles in breeding for disease resistance will be
outlined, and applications to poultry diseases will be given where appropriate,
although lessons from other species will be taken on board. Lastly, future
research requirements to enable breeding for disease resistance in practice will
be considered.

First, it is useful to define what is meant by disease and disease resistance,
as two separate concepts are often confused: infection and disease itself.
Infection is defined in this chapter as the colonization of a host animal by a
parasite, where ‘parasite’ is a general term to describe an organism with a
dependence upon a host. Parasites will include pathogens or microparasites
with a direct dependence upon the host, such as viruses, bacteria and
protozoa, as well as macroparasites that complete some part of their life cycle
external to the host, such as helminths, flies or ticks. Disease describes the side
effects of infection by a parasite or pathogen. Disease may take several forms —
acute, sub-acute, chronic or subclinical — which may or may not be debilitating.

In terms of disease resistance, it is also necessary to distinguish between
resistance per se and tolerance. An individual host may be infected, but suffer
little or no harm. This is known as tolerance. In contrast, resistance is the ability
of the individual host to resist infection or control the parasite life cycle, e.g.
reduce proliferation of the virus or bacterium within the host. The distinction
between resistance and tolerance is important when considering the impact of
selecting for disease resistance, as described below. In general terms, if genetic
improvement is made in host resistance to infection there will be a reduction in
the transmission of infection to other animals. Conversely, genetic
improvement of tolerance may reduce clinical signs of disease, but may not
reduce transmission of infection to other animals.

Breeding for disease resistance should be considered as part of a wider
disease control strategy. Such strategies may include interventions or decisions
affecting the animal, the pathogen or the environment. For example, the animal
may be influenced by means of vaccination, the selection of resistant animals or
the culling of infected animals. Pathogen-based interventions include the use of
chemotherapies, e.g. antibiotics or anthelmintics. Environmental interventions
include biosecurity, sanitation, improved husbandry, etc.

However, despite the range of disease control options, there are many
continuing challenges relating to animal health and disease. Many previously
used control strategies are now less available due to either legislation (e.g.
antibiotic usage) or evolution of the pathogen in avoiding the control strategy
(e.g. antibiotic or anthelmintic resistance); new issues arise continually and
some disease control problems simply remain unsolved.
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DISEASE GENETICS: GENERAL PRINCIPLES

Host genetic variation in disease resistance, i.e. in the ability of the host animal
either to control the extent of infection or to tolerate infection, appears to be
ubiquitous. For example, Bishop (2004) and Gibson (2002) give partial
summaries of more than 50 diseases for which there is documented or strong
anecdotal evidence of genetic variation in host resistance or tolerance among
the major domestic livestock species. These examples include all major
livestock species, as well as all categories of parasite or pathogen.

However, it is often not clear whether the observed genetic variation is for
resistance to infection, tolerance of infection or a combination of both.
Nevertheless, it is probably safe to conclude that for almost every disease that
has been intensively and carefully investigated, evidence has been found for
host genetic variation in either resistance or tolerance. Further examples are
likely to be found as experimental studies become more sophisticated and
exploit new genomic tools, and also as data collection from commercial
populations increases.

Many processes may control tolerance or resistance. For example:

® The host may have an appropriately targeted immune response against the
pathogen. This may enable the animal to successfully combat the infection
or avoid pathogenic effects of disease.

® The animal may have non-immune response genes that preclude infection,
or limit infection in target organs. Examples include the binding protein
genes that allow specific strains of E. coli — e.g. those with K88 or F18
fimbriae — to attach to the gut of the pig, resulting in pre-weaning or post-
weaning diarrhoea. Absence of appropriate binding proteins results in
resistance to infection.

® The animal may have physical attributes which make infection by the
pathogen difficult. An example is the role of skin thickness in conferring
resistance to ticks, or attributes of the mucosal surface.

® The animal may have behavioural attributes which enables it to avoid
infection. An example is the hygienic behaviour of honeybees, their
dominant natural defence against various brood diseases.

The genetic architecture of resistance or tolerance varies dramatically
according to the disease. In some cases, genetic control may be due
predominantly to a single gene. Examples include resistance to E. coli
diarrhoea in pigs and the PrP gene which is associated with resistance to
scrapie in sheep. However, in other cases, resistance or tolerance is due to the
combined effects of several or many genes. This genetic architecture will also
determine whether resistance and tolerance are qualitative phenomena, as in
the case of E. coli diarrhoea in pigs, or quantitative phenomena (i.e. they show
continuous variation from one extreme to the other). Continuous variation is
expected when resistance or tolerance is due to the combined effects of several
genes.
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GENETICS OF DISEASE RESISTANCE IN POULTRY

There are a large number of diseases for which host genetic variation has been
demonstrated in poultry, including: Marek’s disease, infectious laryngotracheitis,
avian leucosis, infectious bursal disease, avian infectious bronchitis, Rous
sarcoma, Newcastle disease, E. coli, pullorum, fowl typhoid, salmonellosis,
Campylobacter, coccidiosis and Ascaridia galli. Knowledge of genes underlying
genetic variation in resistance to these diseases is likely to increase considerably
in the next few years, due to utilization of the recently published chicken
genome sequence and the accompanying dense SNP map. A selection of these
diseases is now considered.

Marek’s disease

Marek’s disease is a lymphoproliferative disease of chickens caused by the MD
virus, an oncogenic a-herpesvirus. It is characterized by immunosuppression
and the development of tumours in various organs. The economic impact of
MD on the world poultry industry is great and it is the most serious chronic
disease in the poultry industry.

Losses caused by mortality, reduced egg production and meat contamination
were estimated to approach $1 billion (Purchase, 1985). Infections with MDV can
kill 40% or more of unvaccinated flocks. The growing frequency of highly virulent
MDV strains in the field and the increasing inability of MDV vaccines to provide
high levels of protection raise the need for genetic strategies to control MD.

Genetic differences in resistance to Marek’s disease have been known for
more than 60 years, with conclusive evidence documented by Cole (1968),
who showed strong responses to selection after only two generations. Genetic
management of Mareks’s disease is well established in intensive poultry
production systems. Selection for resistance based on both response to
infection (Friars et al., 1972) and specific B alleles within the MHC (major
histopatibility complex) (Bacon, 1987) has been used for many years to assist
in disease management. Concurrent vaccination strategies, whilst critical in
disease control, have possibly had deleterious consequences as evolution of
ever more pathogenic strains of virus has followed each new vaccine (Witter,
1998). Arguably, intensive poultry production would no longer have been
possible in many circumstances without genetic selection.

However, genetic control of resistance of MD is considerably more
complex than the MHC effects, as one research group (led by Cheng) has
identified up to 14 Quantitative Trait Loci (QTL) associated with resistance to
MD (Vallejo et al., 1998; Yonash et al., 1999). Bumstead (1998a) identified an
additional and separate resistance QTL. The QTL described by Yonash et al.
(1999) are for nine different traits describing the proliferation of tumours,
survival and viraemia, with an average of four QTL per trait (range 2-7). This
team of researchers has now also detected resistance QTL in commercial
populations (Cheng, 2005), with an indication that some QTL are common
across populations.
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It is difficult, by linkage mapping, to refine the intervals containing QTL
sufficiently tightly to enable straightforward identification of candidate genes.
Hence, other techniques must be used to achieve this. For example, Liu et al.
(2001) described an early approach using gene expression microarray
techniques in an attempt to resolve some of the QTL identified by Cheng’s
group. Subsequently, using a combination of microarray and virus—host
protein—protein interaction screens, Cheng (2005) reported several novel
host—pathogen interactions, with the identification of the growth hormone gene
as a candidate MD resistance gene.

Avian leukosis

Avian leukosis is an economically important virus infection that can cause
cancer-like disease and other production problems in meat-type chickens. In
particular, subgroup J avian leukosis (ALV-J) is an emerging economically
important viral infection. Poultry companies that produce primary breeding
stock are trying to remove this virus from their chickens because it is commonly
transmitted through the egg to progeny. The main approach is to test hens and
remove all those that are positive for virus. However, there is no agreement on
which tests are best and when the tests should be performed.

In common with Marek’s disease and Rous sarcoma, MHC B alleles play a
major role in resistance to ALV viraemia and subsequent tumour development
(Bacon, 1987). There is also a relationship between MHC genotype and the
risk of becoming a virus shedder (Yoo and Sheldon, 1992). Additionally,
resistance to infection per se for at least some strains of ALV (subgroups A and
B) is inherited as a single dominant gene (described by Bumstead, 1998b), this
gene coding for the viral receptor (Young et al., 1993). This gene potentially
allows for direct DNA-based selection for resistance to infection. However, the
chromosomal location of this gene is yet to be refined. More recent studies
have confirmed an effect of various B haplotypes on immune response to
infection; however, line differences — explained by other genetic factors —
appear to have a stronger influence (Williams et al., 2004; Mays et al., 2005).

Infectious bursal disease

Infectious bursal disease (IBD or Gumboro disease) is an immunosuppressive
viral disease, with clinical effects in birds over 2 weeks of age. In the clinical
disease, morbidity can be seen in nearly 100% of the flock and mortality can
range from O to over 50% with some very virulent IBDV strains. The World
Organisation for Animal Health (OIE) estimates that IBD is present in more
than 95% of the Member Countries. The acute clinical form of IBD caused by
vwvIBDV isolates has been observed in over 80% of these countries. It has been
reported in Europe, Asia, Africa, South America and Central America.

Line differences in mortality have been observed with crossing
experiments, indicating the likely involvement of a single gene (Bumstead et
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al., 1993). Subsequently, it was shown that MHC alleles were associated with
both response to vaccination and with disease severity in deliberately infected
birds (previously vaccinated). Additionally, large breed differences have
recently been reported in mortality rate following challenge with vwIBDV
(Hassan et al., 2004).

Rous sarcoma

The Rous sarcoma virus is a retrovirus causing cancer in chickens. Whilst Rous
sarcoma is not an economically important disease in chickens, the study of this
virus has made major contributions to cancer genetics. The possibility of
selecting for RSV resistance was noted by Gyles and Brown (1971), when they
developed lines in which the sarcomas would progress or regress. In other
words, this genetic control is not for susceptibility to infection, but the ability to
control the effects of infection.

Many studies have linked genetic differences between chickens in the
progression of Rous sarcomas to specific MHC B alleles (e.g. Collins et al.,
1977; Bacon et al., 1981; Hala et al., 1998; Kaufman and Venugopal, 1998), a
result often found with virus-induced conditions. However, genes outside the
MHC complex tumours in chickens are likely to be involved. The results of
Young et al. (1993) indicate a gene for resistance to infection to Rous sarcoma
as well as ALV, this gene coding for the virus receptor. More recently, successful
divergent selection for tumour progression has been reported in a population
that was homozygous for the B-19 MHC (Pinard-van der Laan et al., 2004).

Newcastle disease

Exotic Newcastle disease is a contagious and fatal viral disease affecting all
species of birds and is probably one of the most infectious diseases of poultry
in the world. Newcastle disease is endemic in many countries of Asia, the
Middle East, Africa and Central and South America. Some European countries
are considered free of Newcastle disease.

It has long been realized that genetic variation exists between birds in their
ability to cope with infection, specifically in their mortality post-infection (Gordon
et al., 1971). Additionally: (i) genetic variation has been shown to exist for
antibody response to NDV vaccines in turkeys (Sacco et al., 1994), with
heritabilities being relatively high, i.e. > 0.3; (ii) lines of turkeys previously
selected for various performance traits differed in their Newcastle disease
mortality (Tsai et al., 1992), with increased meat production apparently being
adversely correlated with survival; (iii) large breed differences have been reported
in mortality rate following challenge with NDV (Hassan et al., 2004); and (iv)
QTL for antibody response to NDV have been located (Yonash et al., 2001).

Therefore, the possibility of selecting for resistance to Newcastle disease
exists, although considerable refinements need to be made before it becomes a
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practical reality. This selection may be of limited utility in the USA or in
Western Europe, where the disease is successfully addressed by eradication
strategies; however, it may be of immense importance in countries where the
disease is endemic.

Escherichia coli infections in chickens

Escherichia coli infections are of primary importance, due to effects on the
mortality and morbidity of chickens and, possibly more important, to the
zoonotic potential of various strains of E. coli. Additionally, concerns about
antibiotic resistance and the need to reduce antibiotic usage potentially impinge
upon the control of various E. coli infections.

There has been substantial work performed on the antibody response to
E. coli vaccination. Divergent selection (high and low) for antibody response
following vaccination was successful, resulting in substantial differences
between the two lines, with antibody response itself being highly heritable
(heritability > 0.4) (Heller et al., 1992; Yonash et al., 1996). Critically, these
lines were simultaneously exposed to E. coli, infectious bursal disease and
Newcastle disease, and they showed similar divergence in their antibody
response to each of these antigens (Yunis et al., 2002b), indicating that overall
immunocompetence to a variety of challenges can be increased.

Currently, the implications of these results in terms of mortality and
morbidity following infectious challenge are unclear (Yunis et al., 2002a). Initial
studies seeking genetic markers for E. coli antibody response have been
successful, with significant associations found both within the MHC complex
(Lavi et al., 2005) and throughout the genome (Yunis et al., 2002c).

Salmonellosis in chickens

As with E. coli infections, salmonellosis is of primary concern to the poultry
industry because of pathogenic effects to poultry and, through contaminated
products, the introduction of food poisoning to humans. Additionally, concerns
regarding antibiotic resistance and antibiotic or vaccine residues in meat are
important. Increasing pathogen virulence, intensive husbandry practices and
the failure of pathogen eradication have led to the recognition of the need to
use genetics to help control the disease.

Considerable research has shown genetic differences in resistance,
particularly resistance to Salmonella enteritidis, but also to other Salmonella
species. Line differences in resistance are well documented (Bumstead and
Barrow, 1993), and recently QTL have been found for resistance or antibody
response (Mariani et al., 2001; Yunis et al., 2002¢; Tilquin et al., 2005).
Additionally, associations have been shown with a wide variety of candidate
genes (Kramer et al., 2003; Malek et al., 2004), including NRAMP (e.g. Hu
et al., 1997; Girard-Santosuosso et al., 2002; Lamont et al., 2002; Liu et al.,
2003) and MHC polymorphisms (Liu et al., 2002).
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In summary, there is compelling evidence of genetic variation in resistance,
with many clues as to the underlying genes. However, based on published
results, there is not a uniformly useful genetic test as yet, and selection may
need to be based on several genes rather than on a single gene.

Coccidiosis in chickens

Coccidiosis is caused by Eimeria infections and is one of the most economically
important diseases in modern poultry production. Replication of the asexual
and/or sexual stages of the parasite in the intestine causes this disease. It has
been estimated that the total cost of coccidial infections in the UK (c.780
million broilers) is at least £42 m per annum, of which 74% is due to subclinical
effects on weight gain and feed conversion and 24% to the cost of prophylaxis
and therapy of commercial birds. In intensively reared poultry, infections have
always been controlled primarily by prophylactic in-feed medication, but
vaccination with live, virulent or attenuated parasites has a role to play. In
Europe, control is threatened by the withdrawal of anti-coccidial drugs.

Chickens are infected by seven species of Eimeria. Genetic differences
between inbred lines of chickens in resistance to each of these species have
been demonstrated (Bumstead and Millard, 1992) and between the Institute for
Animal Health Light Sussex chickens and these inbred lines (Smith et al.,
2002). Pinard-van der Laan et al. (1998) also observed large differences
between various outbred lines, both in their resistance and also in the impact
that infection had on performance, and this author is currently refining QTL for
resistance. A QTL associated with oocyst shedding has been reported by Zhu et
al. (2003).

Ascaridia galli

One of the most common parasitic roundworms of poultry, Ascaridia galli,
occurs in chickens and turkeys. Adult worms are about 3.5-8 cm long and
about the size of an ordinary pencil lead. Thus, they can be seen easily with the
naked eye. Heavily infected birds may show droopiness, emaciation and
diarrhoea. The primary damage is reduced efficiency of feed utilization, but
death has been observed in severe infections. Specimens of this parasite are
found occasionally in eggs. The worm apparently wanders from the intestine
up the oviduct, and is included in the egg contents as the egg is formed.
Ascaridia infections are observed with a high prevalence in free-range (and
hence organic) chickens. Available drugs remove only the adult parasite, but it
is probably the immature form that produces the most severe damage.

Whilst breed differences in resistance have been known for many years,
only recently has genetic variation been more formally quantified. Faecal egg
counts differ between modern breeds (Permin and Ranvig, 2001; Gauly et al.,
2002; Schou et al., 2003), and they are repeatable and heritable (heritability
between 0.1 and 0.2) (Gauly et al., 2002).
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GENERALIZED IMMUNITY

So far, consideration has been given to specific diseases. However, it
sometimes becomes more difficult to identify overriding diseases of importance
in production systems where most endemic diseases are under control. In this
case, a more generalized approach may be desirable, e.g. looking for general
resistance to a variety of diseases, or generalized immunity.

Therefore, generalized resistance to a wide range of diseases, covering
different types of parasites or pathogens, is probably too great an expectation.
Mechanisms of disease resistance tend to be specific to individual classes of
disease, and therefore it is unlikely to expect animals or breeds to be resistant to
a wide range of diseases unless they have had a long evolutionary relationship
with this disease. However, resistance to diseases caused by related parasites
does tend to be correlated.

For example, the genetic correlation between the resistance of ruminants to
different species or genera of nematode parasites does tend to be strongly
genetically correlated (e.g. Bishop et al., 2004), indicating that many of the
mechanisms controlling resistance may be common to different types of
nematode parasites, and there is an opportunity to improve generalized
resistance to different classes of diseases. This is most often addressed through
the concept of generalized immunity.

Generalized immunity may be considered as a combination of immune
responses to a variety of immune system challenges, the aim being to identify
animals that are better able to respond to a variety of challenges. The goals of
generalized immunity are to: (i) genetically improve the overall health status
and performance of animals, in the face of unknown infectious challenges; and
(ii) attempt to provide animals with protection against accidental infection from
existing or new diseases. The generalized immunity approach may also be
desirable if the breeder does not wish to base a genetic management strategy
upon a single mode of resistance, if selection for this mode has been shown to
adversely affect resistance to other diseases (although examples of this
phenomenon are rare in outbred populations). An achievable goal through
generalized immunity may be to breed animals better able to cope with
subclinical infections and hence having higher productivity.

The immune measurements used in generalized immunity may be specific
challenges, but more often they are non-specific challenges such as sheep red
blood cells, or even simply measures of the innate immune response, e.g.
natural killer (NK) cells measured in animals known to be facing subclinical
challenges. However, it must be realized that, at the immunological level, the
distinction between selecting for resistance to a specific disease (if resistance is
immunologically controlled) and generalized immunity may not be clear. For
example, allelic variants that affect immunity to many pathogens may be part
of the innate immune system and could be selected for both when selecting for
specific resistance and also when selecting for generalized immunity.

Defining success when improving generalized immunity is difficult; the goal
may best be defined as enhanced performance in an environment with
subclinical challenges. To this end, progress has been made in pig studies. For
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example, phenotypic relationships have been demonstrated between
performance and proportions of peripheral mononuclear cells (Clapperton et
al., 2005a) or of acute-phase proteins (Clapperton et al., 2005b). Additionally,
the same authors have demonstrated that these immunological measurements
are heritable and genetically related to performance attributes (Clapperton et
al., 2005b, 2006). Such measurements may well allow the selection of chickens
with enhanced generalized immunity.

BREEDING FOR DISEASE RESISTANCE
General principles

Genetic markers, immunological tests or indicator traits may provide the means
by which a breeder can select animals for enhanced resistance. However, the
breeding goals have to be put into the context of the overall husbandry system
and the overall disease management strategy. This will determine the precise
goals, the constraints within which the breeder is working and the actual tools
available. For example, poultry units usually attempt to minimize exposure to
infection, therefore breeding strategies will generally be aimed at minimizing
epidemic risks (or epidemic severity should an epidemic arise) rather than
helping birds to cope with endemic diseases.

As a consequence, selection will usually need to be undertaken on birds
that are not exposed to infection, and genetic markers will generally be
required. Commonly, genetic markers will be associated with only a proportion
of the between-animal variation, therefore several markers may be required,
and to minimize risks the breeding strategy should be combined with other
disease control approaches.

Because breeding for resistance in poultry is often associated with risk
management, the goal of the breeding programme may be quantified in terms
of decreased epidemic risks. Thus, evaluating the success of the breeding
programme becomes an epidemiological question, and needs to be undertaken
using epidemiological tools.

A first step in this process is the definition of the transmission pathways of
infection (Bishop and MacKenzie, 2003), as this will encapsulate much of the
disease dynamics and define possible outcomes from the disease control
strategy. Typical pathways are shown in simplified form in Fig. 21.1. In most
cases, only some of these pathways will be relevant to any particular disease,
and the relevant pathways may well be more complex than shown here. For
example, intermediate hosts are not shown in the diagram, and they would be
a part of pathway c.

If the disease comes from a reservoir of infection outside the host
population of interest, transmission of infection from this reservoir may be
‘continuous’ or sporadic. Once infection is in the host population it may follow
several pathways. Typically, viral or bacterial infections will be transmitted by
direct animal-to-animal contact along pathway b, whereas macroparasitic (for
example, nematode or arthropod) infections will be transmitted along pathways



[ 332

S.C. Bishop |

) a Host
Reservoir .

population

C

Fig. 21.1. Summary of pathways for diseases of domestic livestock.

a and c via some external host, vector or reservoir. Diseases where pathway a
is important and continuous, and pathways b and c are non-existent or trivial in
terms of the impact of the disease, include many endemic tropical diseases.
Diseases where pathway b is critical, with sporadic infection from the reservoir
(pathway a), include most viral diseases affecting livestock.

The consequences of these infection pathways have been explored by
Bishop and Stear (1997, 1999) in the case of ruminant nematode infections,
and by MacKenzie and Bishop (1999, 2001a, b) for viral infections. These
impacts have been put into a broader context by Bishop and Stear (2003).
Reducing transmission of infection along pathways a and c will lead to so-
called Type III epidemiological effects, in which a virtuous cycle of reduction in
infection and disease consequence can be achieved. Reducing transmission
along pathway b will lead to Type Il epidemiological effects, in which the
outcome of the reduction of transmission is a reduction in the frequency and/or
severity of epidemics.

A conclusion to be drawn from this approach is that outcomes of selection
should be measured at the population — rather than at the individual animal —
level. Moreover, the outcomes are nonlinear and depend upon the starting
point. For example, a moderate improvement in animal resistance to viral
disease might either solve the disease problem or make no impact at all,
depending on the nature of the disease and the initial resistance of the host
population.

One parameter which helps to summarize this concept is the reproductive
ratio, R), which is defined as the average number of secondary cases of
infection resulting from one primary case introduced into a population of
susceptible individuals (Anderson and May, 1992). For example, if the primary
animal infects five other animals, then R is five. R, has direct application in
terms of defining genetically resistant populations of animals. In the case of
genes that determine complete resistance, the number of resistant animals that
the population as a whole must contain is a simple function of R, as the
requirement is simply to reduce R, below 1.0.

The concept of describing the outcomes of selection for disease resistance in
terms of R, has been explored by MacKenzie and Bishop (1999) and developed
by Bishop and MacKenzie (2003). As described above, one aim of a selection
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programme can be to reduce R, towards or even below 1.0. As R reduces, the
likely rate transmission of infection in a population decreases, as does the risk of
an epidemic arising in the first instance. When R, is below 1.0, the risk of a
major epidemic is zero, but short-term minor epidemics can still arise.

Translating this theoretical framework into practice is challenging.
However, Nath et al. (2004) detailed a process in which parameters describing
the transmission of infection through a population could be equated to
host—pathogen interactions, and hence to QTL or genes describing resistance.
Further, they demonstrated which QTL were likely to have a greater impact in
terms of ameliorating diseases. This then translates into a decision tree for
determining which types of QTL should be given priority in investigations and
in breeding programmes.

Genetic improvement which results in a reduction in the clinical signs of
disease — that is, improved tolerance of infection — will be effective in reducing
the incidence or the impact of disease in the target population. However, it
may not decrease the prevalence of the pathogen. Hence, the disease
incidence in other populations in the same environment will not be affected. In
worst-case scenarios, the presence of infection in the environment may be
masked by the absence of symptoms in the carriers of the pathogen.

The sustainability of breeding for enhanced disease resistance is often
challenged, with the assertion that the pathogen will evolve in the face of the
changing host population. Pathogen evolution is of course a risk, but the risks
are not easily quantified. More relevant is the question of whether pathogen
evolution is more likely when genetic strategies are used than when other
strategies are used. This question is addressed in detail by Gibson and Bishop
(2005).

In summary, pathogen evolution risks are probably less than, and certainly
not greater than, the risks imposed by other disease control strategies such as
chemical control or vaccination. Resistance will pose greater selection pressure
than tolerance, where the pathogen can complete its life cycle unhindered, but
this advantage of tolerance has to be balanced against the possible
disadvantages described above. A general conclusion is that to minimize
pathogen evolution risks, the breeding strategy should be combined with other
disease control approaches, thus lessening the overall risks and presenting a
greater challenge to the pathogen. Such an approach will increase the effective
lifespan of all the control strategies.

Into practice

Despite the large number of well-documented examples of genetic variation in
resistance, there are surprisingly few cases of structured commercial breeding
programmes for disease resistance in any species. The best-known examples
are for nematode resistance in sheep, mastitis in dairy cattle and sheep and for
Marek’s disease.

For nematode resistance there are breeding programmes underway in New
Zealand, Australia and the UK; mastitis resistance, either in terms of clinical
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cases of mastitis or reduced somatic counts, is incorporated into many dairy
cow and sheep breeding programmes; and aspects of Marek’s disease
resistance are a feature of modern chicken breeding. Breeding for resistance to
post-weaning E. coli diarrhoea in pigs, where the causal mutation or closely
linked markers are known, has begun in some selection programmes.
Additionally, scrapie resistance selection is now underway in several countries
in Western Europe, although arguably this is imposed upon breeders rather
than applied by choice.

The reasons for the relative lack of convincing examples of breeding
schemes for disease resistance are many and varied. They probably include:

1. A belief by many practitioners — veterinarians, scientists and animal
producers — in the adequacy of existing disease control strategies, even when
these are failing.

2. The lack of awareness of the opportunities. This is partly a function of the
interdisciplinary nature of the skills required to exploit these opportunities,
requiring animal health experts to be familiar with genetics, and geneticists to
be familiar with animal health issues.

3. The lack of infrastructure and tools to exploit the genetic opportunities.
Exploitation often requires considerable information, infrastructure (technology),
cooperation and will. Breeding for resistance to diseases that are absent from
production units will require genetic markers; it is a daunting task to find
unambiguous genetic markers that are in sufficiently close linkage disequilibrium
with the causative mutation for use across populations. Likewise, breeding for
resistance to an endemic disease requires considerable effort in terms of data
collection protocols and database structures.

However, the opportunities are now becoming widely recognized and the
tools to tackle many of the diseases of importance are becoming available.
Success still requires effort and cooperation between geneticists and animal
health specialists. Clearly, the simplest situation occurs in structured breeding
industries such as those seen in the poultry industry, where specific markers or
alleles can be fixed within breeding lines, and then propagated down through the
breeding pyramid. As described above, resolving these genetic markers to the
extent where they can be easily used is a large undertaking and, as described by
Cheng (2005), this will often require a combination of genomics approaches,
including both gene mapping and gene expression studies. Additionally, several
genetic markers will most probably be required, as each polymorphic gene is
likely to explain only a proportion of the genetic variation between host animals
in their resistance. The approach of Nath et al. (2004) will help choose
appropriate genetic markers from amongst a panel of candidates.

Finally, having implemented a breeding programme, it is necessary to
regularly monitor and appraise the success of that programme. It is critical that
a breeding programme for disease resistance is regularly assessed in terms of
whether or not it is meeting its objectives of helping to improve animal health
or control the targeted disease problem, and therefore whether or not it is
contributing to sustainable disease control and livestock production.
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The EU perspective on the monitoring of
zoonoses and zoonotic agents

S. Idei

European Commission Health and Consumer Protection Directorate,
Brussels; e-mail: Sarolta.ldei @cec.eu.int

ABSTRACT

The mission statement of the Directorate General of Health and Consumer
Protection (DG SANCO) is to ensure a high level of protection of consumer
health and safety.

The monitoring of zoonoses along the entire food chain and in humans is
necessary to assess related risks. Zoonoses present, particularly at the level of
primary production, must be adequately controlled.

The Commission’s objective is to recast the existing Community legislation
in order to better harmonize the monitoring of zoonoses and to broaden the
scope of control measures of zoonoses, starting with the reduction of
Salmonella occurence in different animal populations.

INTRODUCTION

Objective of the monitoring of zoonoses and zoonotic agents
The protection of human health against diseases and infections transmissible
between animals and humans is of paramount importance. Zoonoses can be
transmitted through food, contact with domestic and wild animals and pet
animal populations. Zoonoses may cause not only severe human suffering but
also economic losses to food business operators.

A brief history

Council Directive 92/117/EEC (1992) laid down compulsory monitoring for
four pathogens.
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Monitoring was mostly based on national systems. Monitoring according to
this Directive included the collection of data on animals, food, feed and on
human cases of zoonoses, while control meant rules on Salmonella control in
breeding flocks of Gallus gallus. Member States were required to submit to the
Commission the national measures that they had taken to achieve the
objectives of the Directive, and to draw up plans for the control of Salmonella
in poultry flocks. Detailed Community minimum measures to eradicate S.
Enteritidis and S. Typhimurium in breeding flocks of poultry were established.
These two serotypes of Salmonella account for over 70% of the total
Salmonella serotypes isolated from humans.

According to Council Directive 92/117/EEC (1992), the Commission
approved a number of programmes in Member States to control Salmonella in
poultry. Within those approved programmes, the eradication of some
Salmonella serotypes (S. Enteritidis and S. Typhimurium) from fowl breeding
flocks (Gallus gallus) is co-financed by the Community.

A number of other control and eradication programmes, covering
diseases/infections which may be transmitted directly or indirectly to humans,
are also co-financed by the Community, in particular brucellosis in large and
small ruminants, as well as tuberculosis in cattle.

THE ZOONOSES REPORT

The Annual Report on Zoonoses provides the basis for evaluation of the
current situation on zoonoses in the Community as a whole. However, since
the data collection is not harmonized, the comparison between Member States
is not always possible. In general, many cases of zoonoses in humans remain
unreported and, therefore, the data collected do not give the entire picture of
the current situation. On the other hand, trends can be assessed and, probably
because of control measures, a decreasing trend of human cases of
salmonellosis is observed.

The Directive required the Member States to collect, evaluate and report to
the Commission each year data on specific zoonoses and zoonotic agents. The
Annual Community Report on Trends and Sources of Zoonoses and Zoonotic
Agents in Animals, Feedingstuffs, Food and Man in the EU and Norway was
prepared on the basis of national reports and provides the basis for evaluation
of the current situation on zoonoses in the Community as a whole.

This data collection covered tuberculosis due to Mycobacterium bouvis,
brucellosis, salmonellosis and trichinellosis, but the Directive also foresaw that
the collection could be extended to certain additional zoonoses. The Council
Directive 92/117/EC (1992) appointed the Institut fir Veterinarmedizin in
Berlin (currently Bundesinstitut flir Risikobewertung) as a Community
Reference Laboratory for the Epidemiology of Zoonoses (CRL-E). This
legislation provided the legal basis for data collection, both on zoonoses
already targeted by the Community surveillance and control programmes
and on other zoonoses, in order to assess the priorities for Community
actions.
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The European Commission could follow the development of the
epidemiological situation in order to be able to propose appropriate measures
when necessary.

During recent years the Commission, in collaboration with CRL-E and the
Member States, has further improved the zoonoses monitoring and reporting
system based on Council Directive 92/117/EEC (1992) and this system,
together with the Annual Community Summary Report, have gradually
improved. By 2004, the reporting system had progressed to covering 11
zoonoses, as well as covering antimicrobial resistance in certain zoonotic
agents, foodborne outbreaks and some demographic data. However, not all
Member States delivered data in all these areas.

As a consequence, the Scientific Committee on Veterinary Measures
relating to Public Health (SCVPH) recommended, in its opinion on zoonoses of
12 April 2000, to improve in particular the measures in place to monitor and
control foodborne zoonoses, with special emphasis being placed on zoonotic
agents of public health priority (Directive 2003/99 EC, 2003).

THE STATE OF PLAY

Council Directive 92/117/EEC (1992) was repealed and replaced — with effect
from 12 June 2004 - by Directive 2003/99/EC (2003) on the monitoring of
zoonoses and zoonotic agents and by Regulation (EC) No. 2160/2003/EC (2003)
on the control of Salmonella and other specified foodborne zoonotic agents.

The Directive on the monitoring on zoonoses and zoonotic agents

Directive 2003/99/EC (2003) of the European Parliament and of the Council
on the monitoring of zoonoses and zoonotic agents lays down obligations for
Member States as well as duties for food business operators, and requires the
collection of data on the occurrence of zoonoses and zoonotic agents in
animals, food, feed and humans in order to obtain comparable data to
evaluate related risks and determine the trends and sources of zoonoses.

Food business operators should: (i) keep the results and arrange for the
preservation of any relevant isolate for a period to be specified by the
competent authority; and (ii) communicate the results or provide isolate to the
competent authority on request.

The monitoring is mandatory for eight zoonoses (brucellosis, campylo-
bacteriosis, echinococcosis, listeriosis, salmonellosis, trichinellosis, tuberculosis
due to Mycobacterium bovis and verotoxigenic Escherichia coli — later referred
to as A-list zoonoses), whilst other zoonoses should be included in the
monitoring and reporting according to the epidemiological situation in each
Member State (later referred to as B-list zoonoses). Foodborne outbreaks and
antimicrobial resistance in Salmonella and Campylobacter are also to be
reported on a mandatory basis. The epidemiological investigation of foodborne
outbreaks is also required.
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The system used is based on that of the Member State, and in a few cases
it is harmonized to the extent that the results from the monitoring are
comparable between the Member States. The objective is to collect relevant
and comparable data to support risk assessment activities. It provides the legal
basis for: (i) harmonization of monitoring schemes; (ii) measurement of the
burden of the disease and its attribution to different sources; (iii) assessment of
exposure and trends; and (iv) identification of the need for measures or
evaluation of the effects of those measures.

Risk-based management requires many data. The Directive on monitoring
is intended to be a tool for collection of relevant and comparable data.

If data collected through routine monitoring are not sufficient, coordinated
monitoring programmes concerning one or more zoonoses and/or zoonotic
agents may be established, especially when specific needs are identified, to
assess risks or to establish baseline values related to zoonoses or zoonotic
agents at the level of Member States or/at Community level.

The European Food Safety Authority

From the start of 2005, the national reports on monitoring of zoonoses and
zoonotic agents during 2004, prepared by Member States, have been
transmitted to the European Food Safety Authority (hereinafter the EFSA),
which assesses them and provides a Community summary report on trends
and sources of zoonoses. The EFSA was legally created from the European
Parliament and Council Regulation No 178/2002 of 28 January 2002 (2002).
The core activity of the EFSA is to provide independent scientific advice on
food safety issues throughout the food chain and to issue scientific opinion
upon request from, e.g. the European Commission.

From 2005, the EFSA has been entrusted to prepare the yearly European
Union (EU) Summary Report. The first report prepared by the EFSA, covering
the data from 2004, was due by November 2005. The Commission has
established a mandate to the EFSA concerning the monitoring of zoonoses.
The prioritization on monitoring schemes will be decided by the Commission
and Member States.

Reporting of data on zoonotic cases in humans

The new Directive (Directive 2003/99/EC, 2003) on monitoring highlights the
importance of cooperation at national level between authorities in
animal/feed/food/human health sectors and the continuous need for the
interpretation of data on zoonoses and zoonotic agents at national level for
yearly reporting.

Results from the investigations of foodborne outbreaks will be reported
under the zoonoses Directive, while data on zoonotic cases in humans will be
collected through the Community Legislation on Communicable Diseases
(Decision 2119/98/EC of the European Parliament, 1998), and the Council has
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established a network for epidemiological surveillance and control of
communicable disease in the Community managed by the Commission.

Decision No 2119/98/EC (1998) gives the legal basis for setting up the
European Network for the Epidemiological Surveillance and Control of
Communicable Diseases in humans in the European Community. The purpose
of establishing such a network is to promote the collaboration between different
Member States to strengthen the coordination on infectious diseases.

In future, this network will be coordinated by the European Centre for
Disease Prevention and Control (ECDC) (Regulation (EC) No. 851/2004,
2004). The ECDC is a new EU agency that has been created to help strengthen
Europe’s defences against infectious diseases and, furthermore, provides the
framework for coordination at EU as well as international level. It will work in
partnership with national health protection bodies across Europe to strengthen
and develop continent-wide disease surveillance and early warning systems.

The mission of the ECDC is defined in Regulation (EC) No 851/2004
(2004) of the European Parliament and of the Council of 21 April 2004. The
Centre shall identify, assess and communicate current and emerging threats to
human health from communicable diseases. In the case of other outbreaks of
illness of unknown origin, which may spread within or to the Community, the
Centre shall act on its own initiative until the source of the outbreak is known.
In the case of an outbreak, which clearly is not caused by a communicable
disease, the Centre shall act only in cooperation with the competent authority
upon request from that authority.

Reference laboratories

Guidance and assistance for analyses and testing is given by reference
laboratories.

To assist the Commission and Member States in the efficient detection and
monitoring of biological hazards present in food, especially of animal origin, six
Community Reference Laboratories (hereinafter CRLs) have been designated
in the area of biological risks to coordinate the work of the National Reference
Laboratories (hereinafter NRLs).

At present there are 