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Introduction

Poultry meat and eggs are important food products and the poultry-related industry is an economically
important component of the agro-industry in the EU. The industry however is under pressure and
faces many challenges. Most importantly, there is a demand for eggs and meat of high nutritional
value and free of microbiological and chemical hazards. Unfortunately poultry eggs and meat are one
of the major sources of food borne bacterial infections in humans. In this respect, Salmonella (mainly
Salmonella Enteritidis) and Campylobacter are of particular importance, since these pathogens can
colonize the chicken host without causing discernible illness in the infected chickens. 

In Europe and the USA, Salmonella Enteritidis has become by far the most important egg-associated
pathogen resulting in a pandemic of non-typhoidal salmonellosis in humans. Despite the recent
decrease in human Salmonella Enteritidis infections due to the introduction of control measures in
layer flocks, Salmonella still is one of the most important bacterial foodborne infections in the world.
Serotypes other than Enteritidis are not decreasing in prevalence to the same magnitude as Enteritidis. 

While some serotypes, such as Derby and Typhimurium, can be traced back to porcine meat, other
serotypes, such as Virchow, Infantis, Hadar and again Typhimurium, can be traced back to poultry
meat. Since poultry meat will, due to EU legislation, not be brought as fresh poultry meat on the
market from 12/12/2010 if Salmonella is detected, the broiler industry needs to take measures to
decrease the colonization of the animals and their environment. 

These include pre-harvest, harvest and post-harvest measures. All of these are equally important
and each type of measure has a more or less important effect on reducing the Salmonella incidence,
but no measure is successful on its own. Harvest measures are essentially hygienic measures during
catching and transport, while post-harvest measures include both hygienic measures and the application
of decontaminating treatments on the meat. 

However, all carcass disinfectants are prohibited in the European Union at present, thus decont-
amination is not an option. Therefore, prevention and monitoring/eradication during the live phase
(pre-harvest) are of great importance in Europe. Pre-harvest prevention and control measures start
in dedicated feed mills and on the grandparent farms of primary breeders (MacLeod, 2002) and
include preventive hygienic measures as well as physical and chemical decontamination treatments
of feed, drinking water and the environment of the birds down to the commercial farms of broiler
growers and egg producers. Since antibiotics are not the method of choice to control Salmonella and
since vaccination cannot be applied in broilers due to the short life span of the animals, the use of
feed additives is more and more accepted as a valuable way to combat bacterial gut infections.
Currently however there are numerous products on the market and it is not easy for poultry producers
to objectively choose products with proven activity against Salmonella, since most of the products
are empirically produced. 

The use of organic acids against Salmonella

A) Effects of short-chain fatty acids on survival and virulence of Salmonella in vitro

Medium chain fatty acids (C6 to C12; caproic, caprylic, capric and lauric acid) appear to be much
more effective against Salmonella than the short-chain fatty acids (formic, acetic, propionic and butyric
acid). As little as 25mM C6 to C10 acids were bacteriostatic to a Salmonella Enteritidis strain, while
the same strain tolerated 100mM of short-chain fatty acids (Van Immerseel et al., 2003, 2004a). When
Salmonella Enteritidis and Typhimurium were incubated with low concentrations of monocaprin (5 mM)
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that had been combined with an emulsifier, the bacteria did not survive (Thormar et al., 2006). In
general, these data indicate that medium chain fatty acids have the greatest antibacterial activity
against Salmonella, but large scale studies are lacking. 

Salmonella is an opportunistic intracellular pathogen that has an elaborate set of virulence genes.
These genes enable the bacterium to adapt to the environment and move between various micro-
niches within a host. An early step in the pathogenesis of Salmonella is the penetration of intestinal
epithelium. 

This activity is promoted by invasion genes that are located on a pathogenicity island (SPI-1), but
several pathogenicity islands are required for full virulence. SPI-1 has genes encoding regulatory
proteins, structural components of a needle complex and additional effector proteins. Bacterial effector
proteins facilitate the entry of Salmonella into the cytosol of epithelial cells, by inducing actin
rearrangements that lead to uptake of the bacteria. SPI-1 is in turn activated by HilA, and this latter
protein is environmentally regulated. When Salmonella Typhimurium was pre-incubated in growth
media supplemented with various concentrations of butyrate and propionate, epithelial cell invasion
was suppressed (Van Immerseel et al., 2003). However, if the bacteria were preincubated in media
supplemented with acetate invasion was still observed. 

Similar results were obtained with Salmonella Enteritidis when primary caecal epithelial cells of the
chicken were employed. The effects of organic acids on epithelial invasion can be explained by
changes in SPI-1 expression. When HilA and invF (major activators of SPI-1) expression was measured
in S. Typhimurium after exposure to acetate, butyrate and propionate at pH 6, exposure of the bacteria
to acetate increased the expression of these genes, but similar effects were not observed with
propionate or butyrate (Durant et al., 2000). 

More recently, it was shown that butyrate and propionate, but not acetate led to a decrease in hilA, invF
and sipC expression (Lawhon et al., 2005) DNA microarrays of both Salmonella Typhimurium and
Salmonella. Enteritidis indicated that low doses of butyric acid downregulated SPI-1, but it did not
alter metabolic gene expression (Gantois et al., 2006). The primary target of butyrate in the bacte-
rial cell is still unknown but butyrate could interfere with HilA dependent regulation of SPI1 by altering
the regulation of hilD transcription. These data indicate that short-chain fatty acids can regulate the inva-
sive phenotype of Salmonella. 

B) Effects of short-chain fatty acids in Salmonella control in vivo

The use of acidic compounds to control Salmonella first appeared in the late 1960’s, and mainly
focused on decontamination of bone meal. Evaluation of the efficacy of 32 different acid preparations
to decontaminate bone meal showed that low molecular weight volatile fatty acids were the most
promising (Khan and Katamay, 1969). These results were a basis for the development of non-toxic,
naturally occurring acidic compounds to control Salmonella. More than 35 years later, it is clear that
their thoughts were prophetic. These acids have been added to feed, drinking water, and other
matrices, in order to prevent Salmonella colonization of animal tissue and transmission through the food
chain. 

Poultry feed is a major source for Salmonella introduction to the farm. When chickens are given
artificially contaminated feed, the gut is colonized and Salmonella are shed into the environment. The
original concept of incorporating acids into feed was based on the notion that the acids would
decontaminate the feed itself and prevent Salmonella uptake by the chickens. 

When Iba and Berchieri (1995) inoculated feed with high doses of a S. Typhimurium strain, a commercial
mixture of formic and propionic acid decreased the viability more than 1000-fold over 7 days. When
broiler chicks were given the acid treated feed that had been mixed with either Salmonella Enteritidis,
Typhimurium or Agona, the caecal Salmonella numbers were 7 logs lower than control animals at
day 5 (102 versus 109 cfu/g). Mixtures of formic and propionic acid were also effective when feed
was artificially inoculated with low doses of S. kedougou, and the decrease was most obvious after
several weeks of storage. In a large scale study, the number of Salmonella positive breeder feed
samples decreased from 4.1 to 1.1% after the feed was supplemented with 0.5% formic acid. The
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antibacterial activities of organic acids were dependent on the temperature and moisture. Since the
water content of poultry feed is generally low, the action of the acids is not always optimal, and it is not
clear whether effects of the acids in the feed itself or effects of the acids in the gastrointestinal tract
of the animals were the major reason of protection. 

In the 1980’s, it became clear that the acid concentrations were also increased in the crop, and this
antibacterial action could aid in controlling infection caused by horizontal transmission. Indeed, when
the acid treated feed is eaten by the chickens, it is both warmed and moistened and the activity of
the short chain fatty acids should increase. It appears that supplemental acids are most apt to affect
in the crop and gizzard rather than in the intestine. This point is illustrated in a study of Thompson
and Hinton (1997), who fed laying hens a feed supplemented with a commercial mixture of formic
and propionic acid. In these animals, pH values of the crop, gizzard, jejunum, caecum and colon were
not altered relative to control animals, but formic and propionic acid concentrations in crop and gizzard
were significantly increased. At the same time, the lactic acid concentration in the crop decreased
significantly, suggesting that lactobacilli were either inhibited or killed.

Later in the 1980’s, many studies examined the effects of supplementing acids on Salmonella
colonization of chicken tissues. Mainly the action of formic and propionic acids was tested. In a small-
scale field trial, formic acid controlled shedding and caecal colonization by Salmonella serovars in
naturally infected the animals. Indeed, 50% of all control animals had Salmonella positive cloacal
swabs and caecal content samples, but Salmonella could not be detected in animals that consumed
significant concentrations of formic acid (Hinton et al., 1985). 

In a 3 year study, the cumulative number of infections of newly hatched chicks with Salmonella
decreased after breeder stocks were given formic acid treated feed (Humphrey and Lanning, 1988).
Breeders that received acidified feed shed lower numbers of Salmonella in the litter (4.3 versus 1.4%),
hatchery waste (15.3 versus 1.2%) and insert paper samples (4.6 versus 1.4%). These decreases
were evident from the moment the breeders received acidified feed and illustrate the effects of vertical
transmission. 

The most striking proof of the efficacy of formic and propionic acid as feed additives to control
Salmonella was given by Hinton and Linton (1988). In three independent experiments, only natural
infections were monitored. Formic and acetic acid supplemented feed, given from the day of hatch,
decreased the number of positive faeces and caecal content samples dramatically. The control groups
had 25, 27 and 60% Salmonella positive faecal samples, but the treatment groups were 3, 0 and 0%.
When the formic acid treated feed was given at later age (16 or 32 days), no differences were detected
between control and treated groups. This illustrates that preventing initial colonization of Salmonella
is most important. Once an infection is established, it is very difficult to counteract by using acid treated
feed, at least in the same production round. 

Recently, researchers have attempted to transport the organic acids further down in the gastrointestinal
tract by micro-encapsulation, which should prevent absorption of the acids in the upper tract and
ensure release further down in the gastro-intestinal tract. Van Immerseel et al. (2004b) examined the
effect of microbeads containing formic, acetic, propionic and butyric acid on colonization of S. Enteritidis
in caeca, liver and spleen. Animals were infected (day 5 post-hatch) with 5 x 103 cfu S. Enteritidis
and samples were taken 3 days post-infection. Cecal colonization was significantly increased when
acetic acid was added to the feed, but decreased when butyric acid was added (Table 1). Internal
organ colonization was increased if either formic or acetic acid were added to the feed, and this result
is consistent with the idea that acids can enhance the virulence of Salmonella. 

When powder and coated butyric acid additives (0.63 g/kg butyric acid) were compared using the
same infection protocol, the coated form decreased colonization of the caeca, but the powdered form
did not (Table 2). The inability of the powered form to give a positive response may have been due to
the short time interval between infection and sampling. In an infection study using a seeder model in
which 10 broilers were infected at day 5 post-hatch with 105 cfu S. Enteritidis and housed together
with 40 non-inoculated broilers, 0.63 g/kg coated butyric acid in the feed significantly reduced shed-
ding of S. Enteritidis in broilers until slaughter age (Van Immerseel et al., 2005, (Figure 1)). The effect
of the acids on other members of the microbial community was not determined. 
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Increasing caecal butyrate concentration to control Salmonella: use of pre- and probiotic
approaches?

Feed and drinking water sanitation, and the addition of acids to the crop appears to prevent pathogen
colonization in the live animals, but the type of acid and its concentration can be very important.
Salmonella colonization of the caeca and internal organs is not always affected by these treatments,
especially if the infection pressure is high. Acids from feed or drinking water are not effective further
down in the intestinal tract because Salmonella colonization is mainly in the caeca. Because the
caecum is the main fermentation site, the concentrations of short-chain fatty acids are already higher
there than in other intestinal segments. It has already been shown in various animal species that
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Table 1. Colonization of the caeca at day 8 of life (inoculation with 103 cfu S. Enteritidis
76Sa88 on day 5 and 6) in chickens fed a diet supplemented with formic, acetic,
propionic and butyric acid or no feed additives.

* Number of chickens in a group of 20 that has a given amount of Salmonella bacteria in the caeca.
A,B,C Groups with different superscripts are significantly different.

CTRLA

(n=20)
FORA

(n=20)
ACEB

(n=20)
PROPAC

(n=20)
BUTC

(n=20)

Negative 0* 0 0 0 0

Positive after enrichment 6 1 1 8 11

10² < x < 10³ cfu/g 0 1 1 1 2

103 < x < 104 cfu/g 0 4 0 1 1

104 < x < 105 cfu/g 3 2 0 2 3

105 < x < 106 cfu/g 2 2 2 1 3

106 < x < 107 cfu/g 8 7 3 3 0

More than 107 cfu/g 1 3 13 4 0

Table 2. Colonization of the caeca at day 8 of life (inoculation with 106 cfu S. Enteritidis
76Sa88 on day 5) in chickens fed a diet supplemented with butyric acid in powder
form, coated form, a combination of half doses of powder and coated form (COMBI),
or no feed additives (CTRL). Concentration of the active product butyric acid was
0.63 g/kg feed in each group.

CTRLA

(n=25)
POWDERA

(n=25)
COATEDB

(n=25)
COMBIB

(n=25)

Negative 0* 0 2 1

Positive after enrichment 6 8 12 8

x < 104 cfu/g 2 1 3 2

104 < x < 105 cfu/g 3 1 0 6

105 < x < 106 cfu/g 4 3 4 5

More than 106 cfu/g 10 12 4 3
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Figure 1. Number of positive cloacal swabs over time (age) following infection of 10 chicks
with 105 cfu S. Enteritidis 76Sa88 at day 5 post-hatch and housing them with 40
non-inoculated broilers

Salmonella colonization of the gut is decreased when the bifidobacterial population is increased,
either by administration of bifidobacteria as probiotic strains, or by addition of certain types of
oligosaccharides that stimulate proliferation of these bacteria in the gut (Asahara et al., 2001; Buddington
et al., 2002; Bovee-Oudenhoven et al., 2003; Silva et al., 2004; Thitaram et al., 2005). 

Increases in lactic acid bacterial counts in the gut are correlated with increases in butyric acid
concentrations, and Salmonella colonization is decreased when butyric acid levels in the gut are
increased. Bifidobacteria increase butyric acid concentrations, but these bacteria do not produce
butyric acid themselves. Lactic acid bacteria, such as lactobacilli and bifidobacteria, stimulate proliferation
of butyric acid producing bacteria. This mechanism is called cross-feeding. 

It has been shown that lactic acid, produced in vitro by Bifidobacterium adolescentis with starch as sole
carbon source, is used by Anaerostipes caccae and Eubacterium hallii (in co-culture) for the production
of high concentrations of butyric acid. Another approach would be a direct stimulation of butyric acid
producing bacteria. In human gut samples, butyric acid producers are anaerobic bacteria belonging
to the phylogenetic Clostridium clusters IV and XIVa, and species related to Roseburia, Eubacterium,
Faecalibacterium and Coprococcus can also produce butyrate (Pryde et al., 2002; Duncan et al.,
2004). Many of the butyrate producing microbiota that are identified are net consumers of acetate.
Random cloning and sequencing of 16SrDNA sequences isolated from chicken caeca revealed more
than 85% of the clones belonging to eubacteria and clostridia (Bjerrum et al., 2006). Approximately 10%
of the clones had high similarity with Faecalibacterium prausnitzii, a species that produces butyric
acid in the human gut. 

When butyric acid producing bacteria from poultry caeca were isolated (producing more than 10mM
in culture) in the author’s lab, 16SrDNA sequence analysis showed that these isolates were rather
closely related to the butyrate producing species described for humans. The isolates consumed
acetate and produced butyrate, and are most likely also cross-fed by lactate. These data can open new
opportunities for Salmonella control. Indeed, increasing the concentration of these butyrate producers
in poultry caeca using nutritional strategies and addition of pro- or prebiotics would be an efficient
way to combat Salmonella infections. 

Chances of success are increased, since these bacteria produce butyric acid at the site where
Salmonella is predominantly colonizing and invading. Furthermore, after years of adding feed additives



to poultry feed in an empirical way, the approach could finally be more rational, aiming at an increase
in the butyrate producing flora in chicken caeca, finally providing a way to measure the action of the
additives. The criteria for Salmonella control thus would be: do the additives increase the amount
and distribution of butyrate producing bacteria in chicken caeca? 

Currently tests are being developed to quantify the presence of the key enzyme involved in butyrate
synthesis in the anaerobic butyrate producing flora at the DNA level, in order to produce a simple
and reliable test to evaluate the effect of additives and Salmonella control, even without performing large
scale infection trials. This would enable us to rationally design feed additives in the future.

Summary

Acidification of drinking water and feed has been used for years in poultry to control Salmonella. For
drinking water and powder form feed supplementation, the choice of the acids used is dependent on
its ability to kill bacteria. Currently also coated or impregnated acid products are on the market, aiming
to bring the acids further down in the gastro-intestinal tract. It was shown that supplementation of
acetic acid coated products to the feed increases colonization of the chicken gut by Salmonella, and
that coated propionic and butyric acid products decreases 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. This can be linked with effects of the acids
on Salmonella virulence, since exposure of Salmonella to low concentrations of acetic acid increases
invasion of Salmonella in intestinal epithelial cells, while propionic and butyric acid decrease inva-
sion at non growth inhibitory concentrations. This is due to changes in virulence gene expression of
the genes of the Salmonella Pathogenicity Island I, necessary for invasion. Currently the approach
of increasing butyric acid producing gut microbiota is under research in different institutes. Increasing
the concentration of butyrate producers in poultry caeca using nutritional strategies and addition of
pro- or prebiotics would be an efficient way to combat Salmonella infections. Indeed, these bacteria
produce butyric acid at the site where Salmonella is predominantly colonizing and invading, i.e. the
caeca. Furthermore, after years of adding feed additives to poultry feed in an empirical way, the
approach could finally be more rational, aiming at an increase in the butyrate producing flora in chicken
caeca.

Zusammenfassung

Kontrolle von Salmonella Infektionen durch gezielten Einsatz von organischen Säuren
im Futter

Seit Jahren wird versucht, mit einer Erhöhung des Säuregrades im Trinkwasser oder Futter Salmonella
in den Griff zu bekommen. Für Trinkwasser und Futterzusätze in Pulverform kommt es auf die richtige
Wahl der Säuren nach ihrer bakteriziden Wirksamkeit an. Gegenwärtig sind auch beschichtete bzw.
imprägnierte Produkte auf dem Markt, die die Säure möglichst tief in den Darmtrakt bringen sollen. 

Es konnte gezeigt werden, dass der Futterzusätze mit beschichteter Essigsäure die Darmbesiedlung
von Broilern mit Salmonella fördert, während der Zusatz von Produkten mit Propionsäure und
Buttersäure die Besiedlung hemmt. Weiterhin konnte nachgewiesen werden, dass der Zusatz von
geschützter Buttersäure nach gezielter Infektion die Ausscheidung von Salmonella im Kot während
der gesamten Mastdauer bis zur Schlachtung signifikant verringerte. 
Das kann damit zusammenhängen, dass verschiedene Säuren die Virulenz von Salmonella
unterschiedlich beeinflussen, denn geringe Konzentration von Essigsäure fördert das Eindringen von
Salmonella in die Epithelzellen des Darms, während Propionsäure und Butttersäure in nicht
wachstumshemmender Konzentration die Besiedlung hemmt. Dies erklärt sich aus Veränderungen der
Virulenzexpression der Gene der Salmonella Pathogenitätsinsel I, die für die Invasion notwendig
sind. 

Gegenwärtig beschäftigen sich verschiedene Institute mit der Frage, wie die Produktion von Buttersäure
in der Darmflora erhöht werden kann. Wenn es gelänge, durch Futterzusätze von Pro- bzw. Praebiotica
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die Konzentration von Buttersäure produzierenden Bakterien im Blinddarm zu erhöhen, dann wäre
das ein effizienter Beitrag werden, um Salmonella Infectionen über das Futter zu bekämpfen. Diese
Bakterien produzieren Buttersäure da, wo Salmonella überwiegend kolonisieren and eindringen,
nämlich im Blinddarm. Nachdem jahrelang Futterzusätze empirisch verabreicht wurden, könnte sich
die gezielte Vermehrung von Buttersäure produzierenden Bakterien im Blinddarm von Hühnern als
rationeller erweisen. 
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