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ABSTRACT

The antibacterial activity of formic and propionic acids, and their salts, against

strains of Salmonella, Escherichia coli and Campylobacter was investigated in

vitro and in vivo.

Incubation of bacteria with formic or propionic acid (50mM) at pH 5.0 did

not damage the outer membrane of S. Ophimurium sufficiently to prevent invasion

of Vero cells, but the bacteria were less able to grow on selective media and were

more sensitive to osmotic shock. A higher concentration (500mM) caused

plasmolysis and aggregation of nuclear material.

'Bio-Add', a commercial product consisting of formic and propionic acid,

or calcium formate, in the feed favoured the early establishment of a low pH in the

crop of young chicks. A reduction in the concentration of lactic acid indicated

that lactic acid bacteria in the crop were also affected, and this suggests that the

administration of these acids may be contraindicated once the normal crop

microflora has become established. The pH of the crop contents and alimentary

tract of hens was not affected by 'Bio-Add' (1.2%) in the feed. Less than a tenth

of formic and propionic acids in feed reached the gizzard, suggesting antibacterial

activity was confined to the crop. This was confirmed experimentally by

inoculating chicks with salmonellas via the oral and cloaca] routes.

Hens, inoculated with salmonellas via the cloaca laid more contaminated

eggs and had higher levels of antisalmonella IgG and IgM antibodies in blood, as

measured in serum, and eggs, than hens inoculated orally.

The inclusion of formic and propionic acids in poultry feed protected

against feed-borne infection, but not infection by other routes. Formic and

propionic acids have a subtle effect on the bacterial cell and they have a part to

play in salmonella control, particularly when these organisms are present in the

feed given to young chicks.
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GENERAL INTRODUCTION
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1.1. INTRODUCTION

In 1992 the Public Health Laboratory Service (PHLS) confirmed 31,352 cases of

human salmonellosis in England and Wales, an increase of 150% since 1982. This

was mainly due to an increase in Salmonella serotype Enteritidis phage type 4

(PT4) (see section 1.2.2. for details on nomenclature), which by 1992 was

responsible for just over half of reported cases, the other serotype of major

importance being Typhimurium (Fig. 1.1.). Enteritidis PT4 is primarily associated

with egg products and poultry (e.g. Humphrey et al. 1988; Cowden et al. 1989),

and those outbreaks that have been investigated show that food containing poultry

or egg was often suspected as the vehicle of infection (Fig. 1.2.). The link

between the consumption of eggs and poultry meat, and outbreaks of infection has

been confirmed by plasmid analysis (Alterlcruse et al. 1993; Dorn et al. 1993;

Threlfall et al. 1994). The increase in Enteritidis infections has occurred

throughout the world, although in the USA the serotypes involved are PT8 and

PT13 (WHO 1989).

Enteritidis PT4 has been associated with an epidemic in the UK., and is a

major public health concern. In humans the symptoms include diarrhoea,

abdominal cramps, fever, nausea and vomiting. These symptoms usually appear

12-36 hours after infection, increasing in severity in the young or elderly. In 1988

there was considerable publicity about Enteritidis contamination of eggs, which

resulted in new legislation and the updating of existing Orders to try and control

the introduction of Enteritidis and Typhimurium into the human food chain.

Imported and domestically produced animal proteins used in animal feeds have to

be tested for salmonella (Processed Animal Protein Order 1989), and isolations of

salmonella from animals or carcasses have to be reported (Zoonoses Order 1989).

In addition, the Poultry Breeding Flocks and Hatcheries (Registration and Testing)

Order (1989) empowered the authorities to destroy flocks contaminated with

salmonella. The introduction of these measures was followed by a decline in the

numbers of large laying flocks infected with Enteritidis, although it is not possible

to assess what part this legislation had in this change in incidence. In 1993, on the

recommendation of the Advisory Committee on the Microbiological Safety of

Food (ACMSF), the legislation requiring compulsory slaughter of infected laying

flocks was revoked. Despite the decline in the numbers of infected flocks, reports

of human salmonellosis due to Enteritidis PT4 continued to increase in 1993 (Fig.
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1.1.). However, the number of cases reported to PHLS for the first half of 1994

was lower than for 1993 (4617 compared to 5901), and the expected increase in

the summer months was low considering that the summer of 1994 was warmer

than the summer of 1993.

The economic cost of human and animal salmonellosis is extremely

difficult to estimate. For every reported case of human salmonellosis there may be

as many as 30 or more that go undiagnosed (Hauschild & Bryan 1980). A

salmonellosis outbreak in Cumbria in 1985 (76 cases, 1 infant death) caused by

contaminated milk powder resulted in an estimated loss to the manufacturing

company of £22 million, and over 100 jobs were lost (Waites 1990). Costs

include loss of earnings, diagnosis and investigation, and perhaps the recall and

destruction of the contaminated food. Tangible costs, such as absence from work,

have resulted in an estimate of £800 per case of salmonellosis, which would mean

that the cost of reported identifications in 1988 would have been over £18 million

(Sockett & Roberts 1991). Costs more difficult to quantify are those resulting

from loss of confidence in a product, as a result of adverse publicity. After the

1964 outbreak of typhoid in Aberdeen, which was associated with contaminated

corned beef, it took 20 years for sales to return to their previous levels. The drop

in the sale of eggs that occurred after the publicity about Enteritidis in eggs in

1988 resulted in £7 million being made available by the British government to

support the egg industry. Since the introduction of the 1989 Poultry Breeding

Flocks and Hatcheries (Registration and Testing) Order until the end of June

1993, over 2 million birds in 372 poultry flocks were compulsory slaughtered, the

majority of which were caged layers (Fig. 1.3.). The majority of flocks in which

Enteritidis has been confirmed belonged to small poultry farmers with flocks of

less than 1000 birds, resulting in many of them facing financial hardship. The

socio-economic cost of human and animal salmonellosis is high, and although

Government measures to control Salmonella has resulted in fewer large laying

flocks being infected, the number of cases of human salmonellosis is still high.

The aetiology of salmonellosis is complex (Fig. 1.4.), and more research is

required to identify the optimum place in the food chain to ensure the effective

control of the disease. One approach is the concept of longitudinally integrated

safety assurance (LISA), which concentrates on the identification and elimination

of food borne pathogens during the retailing and consumption of food as well as

the production and processing of the food (Mossel & Struijk 1992). This involves

3



monitoring critical control points, not only on the poultry farm, but also in

subsequent processing, storing and food handling operations.

This thesis reports on studies which deal with a small part of the whole

concept of LISA, namely the production of salmonella-free poultry (see section

1.7.). The rest of this chapter deals with:

1) The pathogenesis and epidemiology of salmonella infections in poultry.

2) Methods of controlling the spread of salmonella infections in the poultry

industry.

3) The chemistry of formic and propionic acids.

4) The accumulation and metabolism of formic and propionic acids by the

bacterial cell.

5) Possible mechanisms by which formic and propionic acids are bactericidal,

and their use in the food industry.

1.2. SALMONELLAS AND THEIR NOMENCLATURE

1.2.1. Salmonella

The genus Salmonella is a group of rod-shaped, non spore-forming Gram-

negative bacteria belonging to the family Enterobacteriaceae. Most strains are

motile, having peritrichous flagella, and possess fimbriae. Salmonellas are

facultative anaerobes. With the notable exceptions of Salmonella serotype Typhi,

and Pullorum strains of serotype Gallinarum-Pullorum, the majority of serotypes

produce acid and gas from glucose and use citrate as a carbon source. The

Enterobacteriaceae are enteric organisms and many form part of the normal flora

of the intestinal tract, although they may also be pathogens. Salmonellae are of

particular importance since they cause disease in both man and animals (Linton &

Hinton 1988).

1.2.2. Nomenclature

For historical reasons the nomenclature of salmonellas is complicated. Early

names intended to convey the type of disease caused or the animal host involved,

e.g. Bacillus gallinarum caused fowl typhoid in hens. When it later became clear

that not all salmonellas were host specific the Kauffmann-White scheme was

introduced (Kauffmann 1954).
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The Kauffmann-White scheme distinguishes between salmonellae on the

basis of their differing somatic (0), flagellar (H) and capsular (Vi) antigens. 0

antigens are heat stable polysaccharides that form part of the cell wall. As some

of the structural components of the 0 antigens are found in all Enterobacteria,

cross reactions are common. The heat-labile H antigens are specific to the genus

Salmonella and may exist in two phases, H1 and H2, with the frequency of

transition from one flagellar type to the other being dependant on the strain. Only

a few serotypes, such as Typhi, produce Vi antigen, a surface polysaccharide. The

antigenic formula of each serotype of salmonella is obtained by agglutination

reactions with absorbed sera. Rather than being described by their antigenic

formula, salmonella serotypes were usually referred to by descriptive names which

were accorded species status. In order to limit the number of new 'species' (there

are currently 2200 serotypes) an attempt was made to put all serotypes into one of

three species (Ewing 1972), namely, S. choleraesuis, S. Ophi and S. enteritidis.

This led to some confusion as choleraesuis and enteritidis were the names of both

a species and a serotype.

Recently less emphasis has been placed on antigenic structure and more

attention paid to biochemical characters. On the basis of biochemical tests all

serotypes of salmonella belong to a single species which can be divided into seven

subspecies (Le Minor et al. 1982a, b). The validity of this proposal has been

confirmed by DNA-reassociation studies (Crosa eta!. 1973). Strictly speaking the

single species of salmonella should be named S. choleraesius, but as this name had

previously been used for a serotype, the name of S. enterica was suggested (Le

Minor & Popoff 1987). At the same time, a name for each of the seven subspecies

was proposed, with that of subspecies 1 also being enterica. As subspecies 1

includes the typhoid and paratyphoid bacilli, as well as most of the serotypes that

are pathogens of birds and mammals, it would make sense to retain the familiar

names previously given to these serotypes. Serotypes from the other subspecies,

associated particularly with cold-blooded animals or the environment, would be

known by their antigenic formulae. Old (1992) has pointed out that to use this

system in its entirety would prove to be very cumbersome, e.g. S. enterica

subspecies enter/ca serotype Enteritidis. A simplification would be to shorten the

name to Salmonella serotype Enteritidis, Salmonella Enteritidis or just Enteritidis.

Using this system, naming the serotype implies that the subspecies is enterica and

in this thesis just the name of the serotype will be used.
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1.3. SALMONELLAS AND THE POULTRY INDUSTRY

1.3.1. Anatomy and physiology of the alimentary and reproductive tracts of

the hen

The alimentary and reproductive tracts of the hen are linked, as they both enter the

cloaca (Fig. 1.5.). Colonisation of the alimentary tract with salmonella can

therefore result in an infection of the reproductive tract, even if the salmonella is a

non-invasive serotype. An understanding of how the structure of the alimentary

and reproductive tracts affects the pathogenesis and epidemiology of salmonella

infections is essential in order to develop in vitro models. This section gives a

brief description of the structure and function of both tracts, with an emphasis on

features known to be of importance to the establishment and spread of salmonella

infections.

Alimentary tract Chickens do not possess teeth and feed is swallowed

without mastication. This is aided by the presence of saliva, peristalsis, and the

mucous lining of the oesophagus. Just cranial to the entrance to the thoracic

cavity, on the ventral surface of the muscular oesophagus, is a thin walled storage

pouch, or crop. The crop does not possess a mucous lining, and is capable of

distending in order to store feed. The length of time feed is stored therein depends

on several factors, but moist finely ground feed will leave the crop faster than

coarse dry feed. Besides acting as a storage organ the crop is the site of

hydrolysis of starch to sugars. The crop has prominent blood vessels, and up to

27% of digestible carbohydrates are absorbed here either as sugars or fermentation

products e.g. carboxylic acids (Bolton 1965). The crop acquires a microflora

which includes lactobacilli which adhere to the epithelium, and ferment sugars to

lactic, acetic, propionic, formic and butyric acids (Bolton & Dewar 1964; Bolton

1965; Fuller 1977). Contractions of the crop propel feed down the tract to the

glandular stomach, or proventriculus, and the muscular gizzard. If the gizzard is

empty, feed may bypass the crop completely.

Feed is ground into small particles in the gizzard. This is aided by a

keratinised lining and the presence of grit. The resulting chyme then enters the

intestine where the process of digestion is completed. The large intestine

comprises a pair of caeca, the colon and cloaca. The caeca are blind tubular sacs,

and in the adult chicken each is about 15-18cm long, with a narrow neck which

opens from the ileo-caeco-colic junction. The role of the caeca has been reviewed
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by McNab (1973), and includes water absorption, carbohydrate digestion and

protein digestion. Microbial fermentation causes caecal contents to contain

relatively high concentrations of carboxylic acids (>100p.mol/g), including acetic,

propionic, butyric and formic acids (Annison et al. 1968; Barnes et al. 1979).

Periodically the caeca evacuate into the colon which leads into the cloaca. The

cloaca opens to the exterior at the vent.

Reproductive tract The single left ovary is attached to the dorsal wall near the

kidneys and consists of many ova at different stages of development. Mature

oocytes develop into ovarian follicles at the periphery of the ovary which can

contain ova as large as 4cm. Deposition of yolk continues until just before

ovulation, and yolks are usually released at daily intervals in clutches of 4-6. The

ovum is released into the peritoneal cavity following rupture of the mature follicle,

and enters the funnel-shaped anterior end of the oviduct. The oviduct extends

from the ovary to the cloaca, and is between 40 and 80 cm long. Whilst travelling

down the oviduct albumen is secreted, the shell membranes synthesised and the

shell deposited.

1.3.2. Pathogenesis of salmonella infection in chickens

Salmonellas can be divided into three categories a) host adapted invasive

serotypes, b) non-host adapted invasive serotypes, and c) non-host adapted non-

invasive serotypes. The avian host adapted serotypes Gallinarum (fowl typhoid)

and Pullorum (pullorum disease) were once of economic significance, but have

now been virtually eradicated from the U.K. as a result of culling infected birds.

The invasive serotypes, e.g. Enteritidis and Typhimurium, may cause salmonellosis

whilst the non-invasive serotypes, e.g. Kedougou, are rarely associated with

clinical illness in the bird.

The main site for colonisation with salmonellas is the caecum (Brownell et

al. 1969; Fanelli eta!. 1971; Xu eta!. 1988). Non-invasive serotypes are confined

to the alimentary tract. Invasive serotypes are able to cross the intestinal mucosa

and move into the blood stream, possibly being transported across the lamina

propria in host macrophages, to cause systemic infection (Turnbull and Richmond

1978; Popiel & Turnbull 1985). Survival within lysosomes and macrophages is

essential for virulence (Popiel & Turnbull 1985; Fields et al. 1986). Enteritidis

and Typhimurium may cause a bacteraemic infection resulting in pericarditis and
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necrotic foci in the liver. Salmonellas can be isolated from the body tissues

including the yolk sac, liver, spleen, oviduct, ovules and the peritoneal cavity

(O'Brien 1988; Xu et al. 1988; Timoney et al. 1989; Shivaprasad et al. 1990).

Although some birds may die as a result of systemic infection, others will appear

clinically normal. Egg production in hens may be unimpaired (Timoney et al.

1989).

1.3.3. Epidemiology of salmonella infection in chickens

Feed is a source of salmonellas for birds. Salmonellas have been isolated from

both the processed animal protein and vegetable constituents of feed. Salmonellas

can spread rapidly throughout a flock as a result of contamination of feed, water

and bedding caused by shedding in the faeces (Timoney et al. 1988). Salmonellas

may persist in buildings and on equipment, and rodents and other wild animals

may act as a reservoir of the organism. In addition to the oral route, birds may

become infected via the conjunctiva, inhalation and the cloaca. Susceptibility to

infection can be correlated with the age of the bird and the size of the inoculum,

with older birds requiring a larger inoculum to establish infection (Sadler et al.

1969; Gast & Beard 1989). Young birds are particularly susceptible to

colonisation, and may become infected at the hatchery as a result of contamination

of egg fragments, hatchery dust, conveyor belts and the paper used to line delivery

trays (Cox eta!. 1990a; Cox et al. 1992).

Vertical transmission of salmonellas from infected breeding stock may

occur. Enteritidis has been found in the ovaries of commercial laying flocks and

broiler breeders (Hopper & Mawer 1988; Lister 1988). However, findings that

the albumen of eggs can be infected without the yolk being positive suggests that

some eggs may become infected whilst travelling down the oviduct (Timoney et

al. 1989; Shivaprasad eta!. 1990). Infection of eggs may also occur as a result of

faecal contamination of the eggshell. Typhimurium has been shown to penetrate

eggshell rapidly, aided by moisture, and the negative pressure caused by the

cooling of the egg (Padron 1990). Salmonella infections appear to be self-limiting

although broilers may still remain infected when slaughtered at 6-7 weeks of age

(Sadler eta!. 1969; Linton eta!. 1985; Cornish et al. 1994).
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1.3.4. Control of salmonella infection in the poultry industry

There are many routes by which salmonella may infect poultry (section 1.3.3.) and

effective control of the disease requires intervention at several different places in

the production chain. Since the introduction of legislation for the control of

salmonellas in 1989 (section 1.1.) there has been a reduction in the number of egg

laying birds slaughtered, and infection is found in fewer of the larger flocks.

Salmonellas can spread rapidly either through lateral or vertical transmission

(section 1.3.3.). Carcasses may become contaminated by cross-infection at the

processing plant (e.g. Mead 1989; Rampling et al. 1989). The trend towards

integrated poultry companies with large flocks, and processing plants which can

deal with over a million broilers a week, means that any infection could spread

widely in the community via poultry meat and eggs. The structure and size of the

poultry and egg industry is shown in Fig. 1.6.

A great deal of research has been done on preventing contamination of

feed. Heat-processing and pelleting of feed reduces salmonella contamination but

does not eliminate it completely (Cox et al. 1983). Irradiation is effective but

prohibitively expensive (Hinton & Bale 1989). Neither of these treatments

prevents recontamination of feed, but the addition of formic and propionic acids

to poultry feed has been shown to protect chicks consuming contaminated feed

and to protect the feed against recontamination from the environment (Hinton &

Linton 1988). Formic and propionic acids in the feed also reduce the prevalence

of vertical transmission of salmonella infections in commercial hatcheries

(Humphrey & Lanning 1988). Several products containing mixtures of short-

chain carboxylic acids, or their salts, which are less volatile, are being marketed as

feed additives e.g. 'Bio-Add' (BP [Chemicals] International), 'Salkil' (Algil Ltd.),

'Stacidem' (SmithKline Beecham Ltd.) and 'Salcurb' (Kemin Ltd.). These are

palatable to the chicks at the concentrations used, and in addition do not leave

harmful residues or select for resistant strains.

Another approach to reduce the prevalence of salmonella infections is to

orally dose newly hatched chicks with cultures of the intestinal contents of

pathogen free adult birds. This establishes a microflora in the chicks intestines

which will competitively exclude other bacteria, and may confer resistance to

colonisation by non-host adapted serotypes of salmonella (Nurmi & Rantala 1973;

Pivnick & Nurmi 1982; Mead & Impey 1987). The addition of sugars to the diet

has also been investigated.	 Lactose in the diet reduces the carriage of
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Typhimurium in chicks, probably because it acts as a substrate for the growth of

other organisms, and the increased carboxylic acid production in the caeca

combined with a reduction in pH is inhibitory for Typhimurium (Cornier et al.

1990; Hollister et aL 1994b; Nisbet et al. 1994). However, after removal of

lactose from the diet chicks were susceptible to colonisation, and it is not clear

what the effect of feeding lactose to a bird with an existing salmonella infection

might be. Mannose has been shown to reduce the adherence of Typhimurium to

chick small intestine cells in vitro, and consequently this may affect the ability of

salmonellas to invade the intestinal tissues in the live bird (Oyofo et a/.1989).

The use of immunisation to control salmonella infections in poultry has

been reviewed by Mead & Barrow (1990). Live attenuated vaccines are more

effective than killed bacterins at reducing the shedding of salmonella, but do not

influence colonisation with non-invasive serotypes. The use of attenuated live

vaccines is more effective if a booster dose is given, but the labour costs involved

means that this method will probably not be cost effective for use with layers or

broilers, but may have some application for breeding flocks (Barrow et al. 1990;

Cooper et al. 1993).

It is generally agreed that it is preferable to prevent salmonellas from

entering processing plants, than to rely on decontaminating the carcass either by

the use of topical applications of antibacterial agents such as acids and phosphates,

or ionising radiation. It is also essential that correct food handling practices are

employed in the kitchen, as cross-contamination from raw meat, and incorrect

storage temperatures for eggs can result in outbreaks of salmonellosis (e.g.

Linton eta!. 1977; Humphrey 1990a, b).

A key factor in preventing the transmission of salmonellas is to start with

salmonella-free stock and feed, and to prevent subsequent contamination from

feed, water, buildings and other animals. A critical point is to prevent the

contamination of eggs. This could be achieved by vaccinating breeders and

chemical treatment of eggs. Both adult birds and chicks can be protected by acid-

and heat- treatment of feed. The use of competitive exclusion has been shown to

reduce salmonella colonisation in chicks, but it is essential that bacterial cultures

are administered as soon as possible after hatching since this method of control

will have little effect on salmonella infections contracted in the hatchery.
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1.4. CARBOXYLIC ACIDS

1.4.1. Nomenclature of carboxylic acids

Formic and propionic acids have a functional carboxyl group -COOH, and are

therefore carboxylic acids. As a group, carboxylic acids are also called organic or

weak acids. Formic and propionic acids are also called volatile fatty, fatty or

lipophilic acids. The International Union of Pure and Applied Chemistry (IUPAC)

rules allow several different systems of nomenclature depending on the complexity

of the organic group attached. A straight chain acid derived from an alkane is

named by replacing the final -e of the corresponding alkane with the suffix -oic

acid (Table 1.1.). Alkanes are named according to the number of carbon atoms

they contain, although up to C4 trivial names are used. Above C4 the first part of

the name indicates the number of carbon atoms. When the chain is branched, then

the name is derived from the longest carbon chain present. Under IUPAC rules

compounds can also be named using the suffix -carboxylic acid.

Many carboxylic acids have trivial names which are unrelated to their

structure. These refer to the source of the compound, e.g. formic acid is found in

ants (Latin formica), or are descriptive, e.g. caproic acid contributes towards the

smell of goats (Latin caper). In this thesis trivial names will be used. Saturated

straight-chain monocarboxylic acids are also grouped by their carbon chain length.

Acids containing C 1 -C6 are called short-chain fatty acids (SCFAs) and include

formic and propionic acids (Table 1.1.). Medium-chain fatty acids (MCFAs)

contain C 7-C 11 and long-chain fatty acids (LCFAs) C 12 and above.

1.4.2. Chemistry of carboxylic acids

Carboxylic acids are strongly associated because of intermolecular hydrogen

bonding and generally exist as dimers:

0
1'

R— C

H
\ o
LR

o,
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The hydrogen atom of the carboxyl group is labile and easily removed

giving the molecule its acidic qualities. The anion is stabilised by the fact that the

negative charge is spread out over both oxygen atoms:

0	 0	 0.
/	 /

R—C	 __	 /\ R—C 	  R—C +H+
\	 \	 ‘

0—H	 CI	 0

The SCFAs are liquid at room temperature and soluble in water. MCFAs

and LCFAs are not miscible with water but form salts with alkali metals which,

because of their ionic nature, are very water-soluble. Carboxylic acids are

considered to be weak acids because they are not fully dissociated in water to give

H+ and the carboxylate anion RC00-. Conventionally this is represented as:

Eqn. 1.1.
+HA	 H	 AC

acid	 proton	 anion

At any given hydrogen ion concentration [H +], the ratio between the

undissociated acid [HA] and the products of dissociation [H +] and [A-] remains

constant [KJ This can be expressed as:

Eqn. 1.2.

[11 ÷ ]= K 
[HA] 

Ka
 [A]

Taking the negative logarithm of both sides of the equation, and since by

definition pH = -log [H+] and pK= -log Ka, the Henderson-Hasselbalch equation

can be derived:

Eqn. 1.3.
[A]

pH = pK„ + 1 og [H A]
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It can be seen from equation 1.3. that if [A-] and [HA] are equal then the

log of the ratio is zero and pH = pKa. The pKa gives an indication of the strength

of an acid, with strong acids having a lower pKa than weak acids. Values for pKa

of some organic acids (Table 1.1.) show that formic acid (pKa 3.7) is a stronger

acid than propionic (pKa 4.87). At a given pH there will be a smaller proportion

of undissociated formic acid than propionic acid (Fig. 1.7.). To establish the

relationship between the proportion of undissociated acid in a solution, pH and

pKa, equation 1.3. can be written as:

Eqn. 1.4.

[Al 
[HA] 

= antilog [pH - pKa ]

If the ratio between undissociated acid and total acid in a solution is called

a, then:

Eqn. 1.5.

_  [HA ]  _ 	 1 a— 
[A- ]+ [HA] [ATHAP-1

The proportion of undissociated acid can be calculated by introducing the

expression from equation 1.4. into equation 1.5. (Eklund 1983):

Eqn. 1.6.
1

a = .	 ,	 +1
antilog [pH - pKa ]

The pKa of carboxylic acids shows a wide range and is influenced by the

nature of the group attached to the carboxyl group. Highly electronegative

groups such as the halogens will stabilise the carboxylate anion and increase

acidity; acetic acid (pKa 4.72), for example, is a weaker acid than trichloroacetic
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acid (pKa 0.64). This effect is related to the proximity of the group to the

carboxylate anion, and will diminish with increasing chain length. Electron-

donating groups decrease acidity by destabilising the carboxylate anion. Although

formic and propionic acids are saturated straight-chain carboxylic acids (Table

1.1.), much research has been done on derivatives (Table 1.2.), in particular

multicarboxylic (citric, succinic), unsaturated (sorbic), hydroxylic (citric, lactic),

phenolic (benzoic) and phenolic ester (propyl p-hydroxybenzoic).

1.5. THE ACCUMULATION AND METABOLISM OF FATTY ACIDS

BY THE BACTERIAL CELL

Organic acids can be used by Gram-negative bacteria as an energy and carbon

source, but they may exert an antimicrobial effect if acid molecules enter the

bacteria faster than they can be metabolised. The intracellular concentration of

acid is dependent on the external concentration of acid, the rate at which it enters

the cell and the presence of enzymes necessary for catabolism. The ease with

which fatty acids enter bacteria is determined by the properties of the cell wall and

the length of the carbon chain. Gram-negative bacteria are only sensitive to acids

with less than 8 carbon atoms (Goepfert & Hicks 1969; Sheu & Freese 1973),

probably because of the 'screening' properties of the outer membrane. In contrast,

Gram-positive bacteria show more sensitivity to fatty acids as chain length

increases (Sheu & Freese 1972) and the molecule becomes more lipophilic. This

section describes the properties of the outer membrane of Gram-negative bacteria

that enables it to protect the organism from LCFAs, the role of the inner

cytoplasmic membrane and its importance as a target for antimicrobial action, and

finally the ability of Gram-negative bacteria to accumulate and metabolise SCFAs.

1.5.1. Structure and function of the outer membrane of Grant-negative

bacteria

The structure of the cell wall of Gram-negative bacteria is more complex than that

of Gram-positive bacteria. Electron microscopy reveals that Gram-negative

bacteria have two external membranes whereas Gram-positive bacteria have only

one (Costerton et al. 1974). The region between the two membranes is called the

periplasm, and this space contains proteins, some of which transport nutrients into

the cell (Fig. 1.8.), and polysaccharides. The periplasm is iso-osmolar with the
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cytoplasm and helps to protect the cell from rapid changes in the external

environment. The outer membrane gives the cell its' shape, and protects the

cytoplasmic membrane from rupturing as a result of the turgor pressure of the

cytosol. Attached may be pili, flagellae or a capsule. The outer membrane

contains lipopolysaccharides and phospholipids as well as proteins, and, like the

cytoplasmic membrane, has a bilayered structure (Fig. 1.8.).

The lipopolysaccharides are unique to outer membranes, and consist of

three components. The hydrophobic lipid component designated Lipid A is

embedded in the membrane bilayer. Projecting into the external environment is a

hydrophilic polysaccharide that forms the 0 antigen. Connecting the Lipid A

region and the 0 antigen is a core polysaccharide which contains many negatively

charged groups. Loss of the core polysaccharide, particularly near the Lipid A

end, results in reduced resistance to hydrophobic compounds such as bile salts

(Nikaido 1976).

The phospholipid of the outer membrane is similar to that of the

cytoplasmic membrane, but the membranes vary in their protein content. The

main protein of the outer membrane is Braun's lipoprotein, and this is bound

covalently to a peptidoglycan layer which confers strength to the cell wall (Fig.

1.8.). The peptidoglycan layer is not attached to the cytoplasmic membrane.

Other proteins found in the outer membrane are porins, which provide channels

through which hydrophilic molecules smaller than 600 daltons can pass (Nakae

1976). These channels are non-specific, but the permeability of the membrane is

affected by the size, electrical charge and hydrophobicity of the molecule (Nikaido

and Vaara 1985). In E. coil porins are the ompF, ompC and phoE proteins, and in

Typhimurium the ompF, ompC and ompD proteins. The outer membrane also

contains specific transport proteins for molecules such as maltose and vitamin B12.

The outer membranes of E. coil and Typhimurium are resistant to many

hydrophobic compounds despite the fact that phospholipid bilayers are normally

very permeable to these substances (Stein 1967). It is probable that the bilayer is

asymmetrical, with the lipopolysaccharides on the outer surface. The polyanionic

polysaccharides are stabilised by links with divalent cations such as magnesium

and calcium. The strong bonding between the lipopolysaccharide molecules and

divalent cations would prevent lipophilic molecules from entering the membrane

(Fig. 1.9.). Evidence for this theory is provided by the fact that bacteria treated

with the chelating agent ethylenediamine tetraacetic acid (EDTA) become more
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permeable to hydrophobic dyes and detergents (Leive 1965; Leive 1974), and

magnesium has been found to reduce the leakage of periplasmic proteins from

lipopolysaccharide deficient Typhimurium (Chatterjee et al. 1976).

In summary, the asymmetrical arrangement of lipopolysaccharides in the

outer membrane of Gram-negative bacteria means that it is an atypical and

specialised membrane. Its structure confers resistance to organic acids with more

than 8 carbon atoms. Disruption of the stability of the membrane, for example,

treatment with a chelating agent such as citric acid, results in a significant amount

of lipopolysaccharide being released from the cell wall, and the gram-negative cell

will then be affected by organic acids in a similar manner to Gram-positive cells

(Kato & Shibasalci 1975, 1976).

1.5.2. Structure and function of the cytoplasmic membrane

The cytoplasmic membrane is the innermost of the two membranes possessed by

Gram-negative bacteria (see section 1.5.1.), and surrounds the cytoplasm. It is

composed of phospholipids and proteins, with the phospholipids arranged as a

bilayer. As the polar groups are on the outside of the membrane (Fig. 1.9.), a

hydrophobic barrier between the cytoplasm and the external medium is formed.

The selective permeability of the cytoplasmic membrane allows a concentration

gradient of small molecules and proteins to develop between the cytoplasm and

the surrounding medium. The membrane proteins are either enzymes or carrier

proteins, the former performing biosynthetic and bioenergetic reactions, and the

latter mediating the specific transport of nutrients and ions across the membrane.

Salmonellas are facultative anaerobes, and energy can be generated by

aerobic electron transport or by anaerobic electron transfer to other acceptors and

substrate level phosphorylation. Under anaerobic conditions electron transport

proteins are induced in the cytoplasmic membrane. Although the gut is an

anaerobic environment, salmonella adhering to epithelial cells would be likely to

obtain oxygen by diffusion from the blood. The cytoplasmic membrane is the site

of energy transduction and oxidative phosphorylation. During metabolism the

passage of electrons along the electron-transfer chain embedded in the membrane,

and the oxidation of the terminal acceptor of the respiratory chain, results in the

production of protons that are extruded from the cell. Because the membrane is

relatively impermeable to charged species, a transmembranous gradient of protons

is formed ep known as the proton-motive force (pmf). The exterior of the cell is
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acidified and positively charged relative to the interior. The pmf is composed of a

chemical component, the transmembrane pH difference (ApH), and an electrical

component, the transmembrane potential difference (Ay), caused by the

distribution of the positively charged protons across the membrane. The pmf is

expressed in millivolts as follows:-

Eqn. 1.7	 Ap = Ay - ZpH

where	 Z = 2.303 RT/F

R = gas constant in J-K-1

T = temperature 01C

F = Faraday constant

It is generally accepted that the chemiosmotic theory of Mitchell (1973)

explains how the pmf effects solute transport, ATP generation and flagellar

movement. There is debate, however, about whether bulk aqueous phases on

either side of the membrane, or localised proton gradients situated within or along

the membrane, are important (Ferguson 1985). The chemiosmotic theory explains

how metabolic energy can be used to power solute accumulation without there

being any direct coupling of the reactions. Instead, the coupling is indirect by

means of the ions being extruded (Fig. 1.10.), with reactions classified as either

primary or secondary. Primary reactions are those where the movement of ions is

associated with a chemical transformation, such as ATP hydrolysis by the

membrane-bound enzyme H+-translocating ArPase (BF0F 1), ATPase catalyses a

reversible reaction: the hydrolysis of intracellular ATP setting up a pmf, or the

synthesis of ATP from ADP and inorganic phosphate. Movement of solutes

across the membrane as a result of the prnf are secondary. If movement is

dependent on a coupling ion, it is classified as being symport when two or more

substrates move in the same direction, and antiport when the movement of

substrates is in opposite directions (Fig, 1 10 ). Symports have been identified for

many amino acids, carbohydrates and organic acids (Matin et al 1973„ Ariraku

1978, Wright eta!. 1985) Not all transport is dependent on H-, hoasel,er e g the

symport of proline in Typhimurium is linked to Na* (Carney eta! 19 ) ai , the

antiport exchange of phosphenolpyruvate with H21PO4.- (Sailer eta! 1974)

The maintenance of a constant internal pH (pit) (B v s I h 1985) iiirn ol. es the

maintenance of transmembrane gradients of ions ‘,13, solutes An substance
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causing the movement of protons or ions across the membrane will affect the cells'

ability to maintain ApH and Ay, prevent the accumulation of essential nutrients,

the synthesis of ATP, and ultimately the cell will not be able to control

1.5.3. Accumulation offatty acids by bacteria

Typhimurium has the ability to migrate towards some carboxylic acids, such as

citric acid which it can use as a carbon source (Kilhara & MacNab 1979). It is

also attracted to divalent ions probably because of the chelating ability of citrate

(Ingolia & Koshland 1979). E. coli, however, cannot transport citrate and does

not exhibit this chemotactic response. Weak acids able to permeate the

membrane, such as acetic acid, have been shown to act as repellents to E. coli by

lowering pH; (Kilhara & MacNab 1981; Repaske & Adler 1981). It would

appear, therefore, that a balance is struck between obtaining organic acids that can

be metabolised and avoiding acidification of the cytoplasm. Symports for the

accumulation of organic acids, particularly for those that are intermediate products

of the tricarboxylic acid (TCA) cycle such as lactate and succinate, exist in E. coli

(Matin et al. 1973). The outer membrane protects the cell from the toxic effects

of substances such as bile salts and high concentrations of LCFAs present in the

environment of enteric organisms (section 1.5.1.). Fatty acids can be used as an

energy source or incorporated into cell lipids.

LCFAs Although several laboratories have demonstrated that LCFAs enter

the cell by means of an active carrier protein (Overath et al. 1967; Frerman &

Bennett 1973), the mechanism is not yet clear. E. coli can use LCFAs as a sole

carbon source concomitant with the induction of the enzymes of fatty acid

oxidation (FAD). The length of the carbon chain required to induce the FAO

enzymes varies with the strain of bacteria, with a minimum length of C 14 being

required for E. coli SR258 (Weeks et al. 1969), and C 12 for E. coli K12 (Overath

et al. 1969). Mutants that could use C 10 as a carbon source were found to

contain constitutive FAO enzymes. Transport and metabolism of LCFAs is a

tightly coupled process (Klein et al. 1971) and it could be the inability of C4-C10

fatty acids to induce the enzymes of fatty acid degradation that prevents them

serving as a carbon source (Overath et al. 1967).

LCFAs are translocated into E. coli by a process that requires the fadD

gene product acyl-CoA synthetase (Klein et al. 1971; Frerman & Bennett 1973).

18



Most acyl-CoA synthetase is found in the cytoplasm, although some may be bound

to the membrane (Kameda & Nunn 1981). The rate of uptake limits the milisati

of exogenous LCFAs, and requires the protein encoded by the fadL, gene (FLP) in

addition to acyl-CoA synthetase (Nunn et at 1985) FIT is located on the outer

membrane and acts in an unknown manner to deliver LCFAs to enzymes

responsible for its activation, and subsequent metabolism by FAO enzymes in

cytosol (Black eta!. 1987, Nunn 1987).

MCFAs Strains defective in the outer membrane proteins autpC and ompF

(section 1.5.1.) have a reduced ability to transport LCFAs and MCFAs, which

suggests the existence of a non-specific mechanism that allows fatty acids to cross

the outer membrane and which is not dependent on FLP (Maloy et at 1981)

Work on MCFAs has shown that FLP is not essential for transit trt across the

outer membrane, as there is transport by diffusion (Maloy et at 1981) The

MCFA is then activated by acyl-CoA synthetase. It is possible that LCFAs require

FLP to cross the outer membrane as they are less able to diffuse through porins

which will exclude large hydrophobic compounds (section L5 1 ), whereas smaller

fatty acids diffuse through the porin channels more easily A hypothetical model

of the transport of fatty acids is illustrated in Fig 111

SCFAs The mechanism by which SCFAs are transported into the micr•bial

cell is not yet established. It is assumed that there is non-specific diffitsion of

undissociated SCFA molecules across the outer membrane (Salmond et at 1984),

perhaps crossing the membrane through porins (section 1_5 1) as there is no

evidence for an outer membrane transport protein equivalent to FLP. As the

undissociated molecule is lipophilic, the cytoplasmic membrane presents no

barrier. It has been shown that pH gradients across vesicle membranes affect the

accumulation and concentration of carboxylic acids inside membrane vesicles„ with

a lower external pH value driving the more lipid soluble undissociatedl acid into

the vesicle (Cramer & Prestegard 1977). Formate transport in two methylotrophic

bacteria has been shown to depend on the pH difference across the cell membrane

(Chu et al. 1987). However, in order for butyrate and valerate to be used as

carbon sources, E. coil strains have to be able to synthesise the FAO enzymes and

a SCFA uptake system (Vanderwinkel et at 1968, Salanitro & Wegener 1971a,

b). Uptake of butyrate requires the presence of two enzymes responsible for
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SCFA degradation (ATO), acetoacetyl-CoA transferase is encoded by the atoA

and atoD genes and 3-ketoacyl-CoA thiolase 11 by the atoB gene (Pauli &

Overath 1972). The ATO enzymes are induced by acetoacetate but not butyrate

(Frerman 1973). The uptake of benzoic acid by Saccharomyces cerevisiae is also

contingent on compounds of a protein nature (Macris 1975).

The SCFA uptake system is not competitively inhibited by LCFAs or

MCFAs, and does not induce the FAO enzymes, therefore, it would appear to be a

similar, but completely separate system, to that already described for the transport

of LCFAs and MCFAs into the cell (Salanitro & Wegener 1971b). Mutations to

the atoB and fad genes results in reduced SCFA transport (Nunn 1987),

suggesting that SCFA metabolism is necessary for uptake (Fig 1.12.).

1.5.4. Metabolism offatty acids by bacteria

Having entered the cell, fatty acids are either incorporated into lipids or

catabolised. The transport, acylation and subsequent degradation of LCFAs and

MCFAs by the 13-oxidation pathway is controlled by the FAO enzymes (see

section 1.5.3.). If SCFAs are the energy source, then in addition to the FAO

enzymes, the short-chain fatty acid oxidative ATO enzymes are also necessary

(Fig 1.12.).

LCFAs and MCFAs LCFAs and MCFAs crossing into the cell are activated by

acyl-CoA synthetase, and this then enters the cyclic 0-oxidation pathway. The

fatty acyl-CoA loses 2 carbon atoms with each cycle in the form of acetyl-CoA.

The shortened fatty acyl-CoA remaining then undergoes the same series of

reactions without requiring further activation, until the carbon chain has been

converted completely to acetyl-CoA. The acetyl-CoA produced is then

catabolised by the TCA cycle as shown in Fig. 1.13. Most naturally occurring

LCFAs and MCFAs have an even number of carbon atoms and, therefore, can be

metabolised completely into molecules of acetyl-CoA which contains two carbon

atoms. E. colt produces fatty acids of unusual composition when grown in the

presence of propionate (Ingram 1977). The synthesis of 15-carbon and 17-carbon

saturated acids as well as a 17-carbon unsaturated acid could result from the use

of propionyl-CoA synthetase as a primer for fatty acid synthesis instead of acetyl-

CoA synthetase.
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SCFAs The means by which SCFAs are metabolised has not been

completely established, although it is known that the ATO enzymes are required

to activate acetoacetate, butyrate and valerate (Vanderwinkel et al. 1968; Frerman

1973). The acylated acetoacetate and butyrate are then converted to acetyl-CoA

(Fig 1.12.) which enters the TCA cycle. The degradation of SCFAs with odd

numbers of carbon atoms, i.e. valerate (C 5) and propionate (C3), requires the

ability to metabolise propionate. Two possible routes for this have been identified,

1) conversion to acetate by oxidation through pyruvate, or 2) conversion to

succinate via the hydroxyglutarate pathway (Fig 1.14.). The acetate and succinate

produced by these pathways then enter the TCA cycle (Kay 1972).

Formic acid is produced in E. coil as a result of anaerobic fermentation,

and is converted to CO2 and H2 by the formate hydrogen lyase complex (FHL).

FHL consists of a formate dehydrogenase, together with a hydrogenase and at

least two other components as yet uncharacterised, and is induced anaerobically

by formate and decreased pH (Clark 1989). As this process consumes an

intracellular proton, a proton gradient is created across the cell membrane (Lin &

Kuritzkes 1987). Formate can also be oxidised via a respiratory route where

electrons are passed to the quinone pool, and protons translocated across the cell

membrane creating a pmf (see section 1.4.2.). There are various oxidants that can

be used for this process including oxygen, nitrate and fumarate (Poole & Ingledew

1987). There may be two different formate dehydrogenase enzymes: the

fermentative form FGH H which forms part of the FHL complex and is repressed

by nitrate, and the aerobic form which is associated with nitrate reduction, FDHN,

and is induced by nitrate (Lin & Kuritzkes 1987). FDH N consists of three

subunits, a, f3 and 7, and also contains a cytochrome b555 and iron sulphur

centres. The development of FDHN also requires a molybdenum cofactor and

covalently bound selenium.

The TCA cycle produces precursor metabolites for biosynthesis, and so the

cycle is not closed in a growing organism, but requires an input of oxaloacetic

acid. Cells using fatty acids as their substrate generate oxaloacetate by the

oxidation of succinate and malate. This anaplerotic pathway is known as the

glyoxylate cycle, as two carbons are converted to glyoxylate instead of being lost

as CO2 . Growth on fatty acids requires the enzymes of the glyoxylate bypass,

isocitrate lyase and malate synthase, as well as phosphoenolpyruvate

carboxykinase in order to generate phosphoenolpyruvate (Fig 1.13.).
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1.6. FORMIC AND PROPIONIC ACIDS AS ANTIMICROBIAL

AGENTS

Antimicrobial agents may interact with susceptible targets within bacteria. They

either inhibit growth or cause the death of the bacterium, and the same agent may

be bacteriostatic or bactericidal depending on the concentration. Binding to the

cell surface is followed by penetration to the target site. There may be more than

one target site, and secondary changes may also contribute to antimicrobial

activity, making it difficult to distinguish between primary and secondary effects.

Growth inhibition could result from the destruction of a single target site, although

the sensitivity of different sub-cellular targets to fatty acids has not been

systematically investigated. The main targets for antibacterial agents include the

cell wall, the cell membrane and the cytosol. The cytosol contains DNA, RNA

and the protein synthesis system, metabolic enzymes and macromolecular

precursors, all of which are essential for growth. The following sections contain a

brief review of the mode of action of carboxylic acids, with particular reference to

formic and propionic acids, and summarises their use in the food industry.

1.6.1. Factors affecting the antimicrobial activity of fatty acids

The antimicrobial activity of fatty acids is affected by many factors, and, given the

lack of a standard protocol, an understanding of these is essential when attempting

to extrapolate results from experiments performed under different conditions. In

particular, results from some experiments must be viewed with caution, as the

purity of the acids being tested was frequently not stated, and there may have been

other substances in the broth now known to either neutralise (Tween 80, bovine

serum albumen) or potentiate (EDTA) their action (Galbraith & Miller 1973b;

Leive 1968; Coleman & Leive 1979).

As discussed in section 1.5.1., the outer membrane of Gram-negative

bacteria protects them from the effect of MCFAs and LCFAs. There are

differences between strains of bacteria, and also between intact cells, and

spheroplasts or protoplasts (cells partially or completely devoid of cell wall), with

the former being more acid resistant (Sheu et al. 1972; Galbraith & Miller 1973b).

Many experiments involved the use of acid salts (generally referred to by the

anion, e.g. formate and propionate) rather than the acid, and it may be that these

have a different mode of action since the cation may influence the antimicrobial

activity in some way. The nature of the physical environment, the condition of the
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organism, i.e. is it actively growing, and the means by which viability of the cells is

assessed are all important.

Physical environment The most important single factor influencing the

antibacterial activity of weak acids is the external pH (pH o) of the medium. In

general, bacterial growth is inhibited when the pH value of the growth medium is

low (<4.5), however, it is not the pH alone which is important since it has been

demonstrated with many different organisms that weak carboxylic acids are more

effective as antimicrobial agents than strong inorganic acids at the same pH

(Hentges 1967; Goepfert & Hicks 1969; Eklund 1983). Because a reduction in

pH is associated with an increase in the proportion of undissociated acid

molecules (section 1.4.2.) it is assumed that the undissociated lipophilic fatty acid

permeates the cytoplasmic membrane and causes death of the cell (Cramer &

Prestegard 1977).

Many earlier experiments expressed results in terms of concentration and

pH of the acid, but the relationship between pH and bactericidal activity suggests

that it may be more appropriate to give the concentration of undissociated acid

present. This point is demonstrated by studies involving Listeria monocytogenes.

At equimolar undissociated values outside the cell the efficacy was in the order

citric > lactic > acetic acid and this could have been predicted on the basis of pKa

values. When the acids were compared on an equimolar basis at the same pH the

order was reversed (Young & Foegeding 1993). The pH0 affects the growth of

micro-organisms in several ways. In addition to the increased proportion of

undissociated acid molecules at low pH, there is an effect due to the increased

concentration of H+, which the cell has to pump out in order to maintain pfli.

Because the pH scale is logarithmic, small changes in the pH value result in large

changes in H+, as a one unit decrease represents a ten-fold increase in the number

of H. The effect of pH0 is also complicated by the fact that with some acids, e.g.

sorbic, it is clear that the anion also has an inhibitory effect (Eklund 1983; Statham

& McMeekin 1988).

As for all biocides, the rate at which fatty acids kill bacteria depends on the

time of exposure, the concentration of the acid and the particular acid used. Fatty

acids are more effective at killing Enteritidis at higher temperatures (Perales &

Garcia 1990), and chilling E. coli makes them more susceptible to bactericidal

action, although demonstration of this effect depends on the media used for
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culturing the organism. Preincubation in succinic minimal medium gave no

diminution in viability, whereas nutrient broth did (Fay & Farias 1976). The water

activity (aw) of the environment is important. Salmonella require a minimum a w of

0.95 for growth, although survival of salmonellas in dry food cannot be predicted

on the basis of aw alone (Juven et al. 1984). The addition of propionic acid to

custard pies increased the minimum a w required for growth of Staphylococcus

aureus (Preonas et al. 1969) and acetate reduced the survival time of

Typhimurium, particularly as aw values reached the lower limit required for growth

(Meyer et al. 1981).

The presence of organic matter might be expected to influence the activity

of fatty acids, not only because proteins would buffer the medium from changes in

pH, but also because they could combine with the acids and render them inactive.

However, evidence is contradictory, since blood, milk and serum did not greatly

affect the activity of formic and propionic acids against Kedougou, while yeast

extract offered some protection (Cherrington et al. 1992). The effect of aeration

on the efficacy of acids is also not clear, with reports of salmonella being more

tolerant of low pH when aerated (Chung & Goepfert 1970), and the minimum

inhibitory concentration (MIC) of undissociated acid being lower under anaerobic

conditions for acetic and lactic acids, but not formic (Ostling & Lindgren 1993).

Growth conditions Salmonellas are less sensitive to fatty acids when there are

large numbers of cells present (Chung & Goepfert 1970) and stationary phase cells

are more susceptible than those in exponential growth (Fay & Farias 1975, 1976).

Assessment of viability If an accurate count of surviving bacteria is

required, then it is important that the acid is neutralised before the cells are

cultured, e.g. with bovine serum albumen (Galbraith & Miller 1973b) or NaOH, or

diluted to an extent where the acid is no longer bacteriostatic or bactericidal. In

addition, the media employed must not be too inhibitory otherwise sub-lethally

damaged cells will not recover. For instance, the death rate of E. colt appeared

faster when violet red bile agar was used as the culture medium than it did with

nutrient agar (Roth & Keenan 1971). In addition, damaged cells may have

specific requirements for growth. After exposure to acetic acid Bareilly grew

better in medium supplemented with amino acids or peptones (Blankenship 1981).

If death or non-culturability of the cell is considered to be a result of an
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accumulation of stresses, then it is obvious that recovery conditions should be

optimal. Salmonella may be viable but non-culturable and therefore cannot be

enumerated on solid medium. Such bacteria can be detected by comparing plate

counts with direct counting techniques such as the use of fluorescent antibodies or

enzyme-linked immunosorbent assays (Turpin et al. 1993). Possible mechanisms

for the antibactericidal action of carboxylic acids are discussed in the subsequent

sections.

1.6.2. The outer membrane as a target for formic and propionic acids

The outer membrane of E. colt and Salmonella acts as a permeability barrier to

hydrophobic antibiotics and dyes as well as detergents, MCFAs and LCFAs

(section 1.5.1.). The screening properties of the LPS allow survival in the gut

where detergents (bile salts) and fatty acids are found. Damage to the outer

membrane would allow such substances to come into contact with the cell

membrane. In addition the cell would not be protected from changes in osmotic

pressure and would be more prone to lysis.

Enteric bacteria exposed to acetic acid are less likely to grow on violet red

bile agar than on nutrient agar (Roth & Keenan 1971; Blankenship 1981).

Exposure of E. colt to 0.3M acetate resulted in 99% of cells having damage to the

outer membrane, assessed by comparing growth on trypticase soy agar with that

on violet red bile agar (Przybylslci & Witter 1979), and sorbate has been shown to

damage the outer membrane in Alteromonas putrifaciens (Statham & McMeekin

1988). This could be a result of an effect on the LPS in the outer membrane, as

damage by chelating agents such as EDTA have also been shown to increase

passive permeability to substances such as crystal violet and bile salts (Leive 1968;

Coleman & Leive 1979). The fact that rough mutants of salmonella, with shorter

LPS chains, are more sensitive to crystal violet is further evidence of the

importance of LPS as a barrier (Laub eta!. 1989).

Any change to the outer membrane structure has the potential to affect its

screening properties, and colicinogenic plasmids may potentiate the effect of acids

in enteric bacteria by this means (Cooper & Rowbury 1986). Recently, it has been

found that E. colt can become habituated to hydrochloric acid (Goodson &

Rowbury 1989; Raja eta!. 1991a; Rowbury et al. 1992). The porin gene ompC is

induced by growth at low pH (Heyde & Portalier 1987), but mutants lacking the

ompC protein are still able to induce acid resistance (Rowbury et al. 1992).
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However, phoE deletion mutants have difficulty in becoming habituated, and are

acid-resistant, whereas strains derepressed for phoE show increased sensitivity to

acids (Rowbury et al. 1992). Habituation was not prevented by acetate,

suggesting that it was not dependant on the maintenance of pfl i , and it is not

triggered by an increase in ApH or a decrease in A. Protein synthesis is required

for acid resistance and it may be that the genes responsible for adaptation alter the

structure of the outer membrane.

1.6.3. The cytoplasmic membrane as a target for formic and propionic acids

The cytoplasmic membrane controls the movement of solutes in and out of the

cell, and is associated with many enzymes including those needed for transport,

bioenergetic and biosynthetic reactions (section 1.5.2.). Damage to the membrane

can be detected by interference with permeability leading to leakage of

intracellular contents and eventual lysis, dissipation of Ap and inhibition of

membrane associated enzyme activity.

Membrane damage Fatty acids in an aqueous solution dissociate into a large

anion and a proton (section 1.4.2.), and it is the anion that has the ability to

interact with the protein components of the cytoplasmic membrane. Because of

this, fatty acids are considered to be anionic surfactants, and can induce lysis

preceded by leakage of proteins (absorbed at 260nm) and ions (1{ ± followed by

PO43-) from the cell. Gram-positive cells are more sensitive to this effect

(Galbraith & Miller 1973b; Greenway & Dyke 1979) with only slight leakage

being detected in E. coil or Bareilly (Przybylski & Witter 1979; Blankenship

1981). Lysis has been reported with protoplasts of Micrococcus lysodeikticus and

Bacillus megaterium and membrane vesicles in Bacillus subtilis (Galbraith &

Miller 1973b; Freese et al. 1973), while treatment of the Gram-negative bacterium

Alteramonas putrefaciens with sorbate did not produce lysis until lysozyme was

added (Statham & McMeekin 1988).

Dissipation of the proton motive force Solute accumulation and maintenance

of a constant pfli requires the existence of an electrochemical potential called the

pmf or Ap (section 1.5.2.). Ap is dependent on the membrane being poorly

permeable to both cations and anions in order to prevent equilibration of ions

across the membrane and consequent dissipation of the pmf. This can be caused
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by membrane damage as mentioned above, or by compounds known as

uncouplers. The term uncoupler derives from the fact that they uncouple

respiration and the electron transport system from oxidative phosphorylation and

substrate transport. Uncouplers are highly lipophilic compounds, e.g.

dinitrophenol, which are soluble in the cytoplasmic membrane in both the

undissociated and dissociated state. On reaching the more alkaline interior of the

cell the uncoupler dissociates, releasing a proton and an anion. The proton has to

be pumped out of the cell by membrane bound ATPase to maintain pH i, and this

eventually deenergises the cell. The anion, which is lipophilic, is driven to the

external surface of the cell by Ay where it is protonated again (Fig. 1.15.). This

cycle will continue with protons being shuttled across the membrane until Ap is

dissipated. Lipid soluble bases will also act as uncouplers by translocating 011-

across the membrane.

For many years fatty acids have been considered to act as uncouplers,

primarily because it appeared that the undissociated molecule exerted an effect,

and also because the transport of many amino acids was inhibited (Borst et al.

1962; Sheu et al. 1975; Hueting & Tempest 1977; Baronofslcy et al. 1984;

Salmond et al. 1984). This theory has recently been challenged by Russell (1992).

An uncoupler must be lipophilic in both the undissociated and dissociated form.

However, the ionised groups of fatty acids interact strongly with water, and they

are less fat soluble than the unionised molecule. This means that the anion will

diffuse across the cell membrane considerably slower than the undissociated

molecule, and may be further impeded by interaction with charged groups at the

protein surfaces. Indeed, the fact that anions of weak acids accumulate inside the

cell when the pfli is more alkaline than pH° has provided the basis for intracellular

pH measurements for over twenty years, and has been reviewed by Kashket

(1985). Assuming the membrane is impermeable to the anion, the accumulation of

anion inside the cell is dependant on the pIC of the weak acid, the concentration of

the acid, pH0 and the size of ApH, and can be calculated from the following

equation (Kroll & Patchett 1991):

Eqn. 1.8.

APh = 1og10RAR)(1+10PK.-PH.)-10PK.-PH0]

Where AR = accumulation ratio of intracellular to extracellular weak acid
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If the pH„, is higher than pKa then acid will accumulate, but if the pH0 is

lower than the pKa of the acid, then the molecule will dissociate upon reaching the

more alkaline cell interior. Acetate, benzoate, propionate and sorbate have been

reported to inhibit the uptake of amino and oxo acids (e.g. glutamic acid, leucine,

serine) as a result of dissipating Ap (Freese et al. 1973; Hunter & Segal 1973;

Sheu et al. 1972). Eldund (1980, 1985a, b) investigated the effect of fatty acids

on the two components of Ap, and concluded that weak acids would eliminate A

pH but not Akv, and the remaining Aav is enough to drive the uptake of several

substances (Ramos & Kaback 1977a, b). A decrease in ApH of Clostridium

thermoacetium caused by acetate was partially compensated for by a rise in Akv

(B aro nofsky et al. 1984).

Although there is a correlation between amino acid uptake and growth

inhibition in membrane vesicles (Sheu et al. 1972; Eklund 1980) in whole cells the

inhibition of growth cannot be attributed to this alone and substrate transport is

not the primary target of fatty acids (Salmond et al. 1984; Eklund 1985a, b).

Sorbate, with a pKa of 4.8, inhibits E. coli and yeasts above pH 6.0, which

indicates that the anion is responsible. Russell (1992) has proposed that weak

acids inhibit growth as a result of anion accumulation rather than uncoupling, and

it has been shown that there is a specific effect of the acid in addition to causing

acidification of the cytoplasm (Young & Foegeding 1993).

Inhibition of enzyme activity The possible role of carboxylic acids in

uncoupling the membrane bound electron transport chain from oxidative

phosphorylation and active transport of substrates has been discussed. The

membrane is rich in enzymes and any perturbation will affect activity. Carboxylic

acids cause non-selective damage to the cell envelope of Thiobacillus

ferrooxidans, affecting the membrane associated enzymes and resulting in

inhibition of sulphur and iron oxidation (Tuttle & Dugan 1976).

1.6.4. The cytosol as a target for formic and propionic acids

The cytosol contains genetic material and metabolic enzymes, and is the site of

protein synthesis, all of which are potential targets for carboxylic acids. The

cytoplasmic pH is maintained within certain limits otherwise there would be

structural changes in proteins and eventual denaturation. Inhibition of growth by
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formic and propionic acids could be the result of acidification of the cytoplasm, or

a more specific effect of the acid on the synthesis of DNA, RNA or nucleic acids.

Cytoplasmic pH The regulation of cytoplasmic pH values in bacteria has

been reviewed by Booth (1985). E. coli and salmonella are neutrophilic bacteria,

with a pfli between 7.5 and 8.0. Possible homeostatic mechanisms to resist

acidification of the cytoplasm include: buffering by the amino acid side chains of

proteins, production of OH' from metabolism and the active transport of 1I + from

the cell. It is generally accepted that the principal systems resisting cytoplasmic

acidification are the potassium-proton antiport and the sodium-proton antiport

(Booth 1985). Because biological membranes exhibit low permeability to protons,

large changes in pH0 result in relatively small changes in pH i unless the reduction

in pH„, is caused by a weak acid or uncoupler which can dissipate Ap (section

1.6.3.). The ability of a weak acid to acidify the cytoplasm is dependent on the

cells' ability to extrude protons, the external concentration of the acid, the pH0

relative to the pfli , and the pKa of the acid. Weak acids that are potent inhibitors

of growth have a greater effect on pH; than other acids with a similar pKa and

there is a correlation between pH; and growth inhibition (Salmond et al. 1984,

Young & Foegeding 1993).

A drop in pfli directly affects the function of some enzymes, e.g. lactate-

and glucose-6-phosphate dehydrogenase (Blankenship 1981), and although most

bacteria can adopt alternative metabolic pathways, this would act as a stressor for

the cell and hence might affect repair and recovery. Recovery of Barielly after

acidification of the cytoplasm with acetate requires protein synthesis (Blankenship

1981) and resistance of E. coli to hydrochloric acid is also dependent on the

synthesis of protein and RNA (Raja et al. 1991a). Some bacteria may resist the

effect of weak acids by possessing an inducible energy requiring system which

transports the anion from the cell (Warth 1977, Boenigk et al. 1989). Other

bacteria, e.g. Streptococcus bovis, prevent the accumulation of potentially toxic

anions by allowing plli to decline when pH0 is reduced, thus keeping a constant A

pH across the membrane (Russell 1991a, b). The ability of the cell to recover

from acidification of the cytoplasm will depend on the size of the change in pfli

and the time of exposure to the acid. Exposure to 0.2N acetic acid resulted in

extensive denaturation of protein in Bareilly (Blankenship 1981), and clumping of

the cytoplasm constituents was obseved in transmission electron micrographs of
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E. coil grown in 500mM propionic and formic acids after 4hrs and 24hrs exposure

respectively (Cherrington et al. 1991b).

DNA, RNA and protein synthesis The effect of carboxylic acids on genetic

material and protein synthesis has been investigated by measuring the

incorporation of radioactive precursors. Using this technique, Cherrington et aL

(1990) showed that in E. coil DNA was particularly sensitive to formic and

propionic acids, and the synthesis of RNA and protein was also reduced. There is

a problem with interpretation of results from such experiments as the acids may

interfere with the transport of precursors across the bacterial membrane (Eklund

1989). Using E. coil and Bacillus subtilis cells, whose membrane had been made

more permeable with toluene, propionic and benzoic acids inhibited DNA but not

RNA synthesis, whereas no effect was seen with sorbic (Eklund & Nes 1991).

However, these experiments did not differentiate between DNA replication and

DNA repair. In order to study DNA replication strains deficient in DNA

polymerase 1 should be chosen. An increased sensitivity of E. coil to acetic and

lactic acids in strains lacking DNA polymerase activity has been noted (Sinha

1986) although Cherrington et aL (1991a) did not find any increased sensitivity to

formic and propionic acids, which suggests that the anion may interfere with the

conformation of the DNA molecule. The synthesis of protein is required for acid

resistance to occur (Raja et al. 1991a; Rowbury et aL 1992).

1.6.5. Use of carboxylic acids in the food industty

Many carboxylic acids exist naturally in foods and spices. Citric acid is found in

citrus fruits, benzoic acid in cranberries and lactic acid in animal tissue (Chichester

& Tanner 1972). Micro-organisms have a limited pH range for growth and the

use of acidulants to limit proliferation is widespread, e.g. acetic acid for pickling.

Acids or their salts may be added to food, or controlled fermentations of milk,

meat or vegetables allowed to occur, resulting in the production of weak organic

acids which add flavour as well as delaying spoilage, e.g. yoghurt, salami and

sauerkraut. The use of traditional fermented foods in developing countries

reduces the risk of transmitting bacterial enteric pathogens, for instance,

salmonella survive less than 4hrs in fermented porridge (Simago & Rulcure 1992).

The presence of a fermentable sugar and light salting favours a lactic acid

fermentation, whereas fruits give an alcohol fermentation. Besides having a
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preservative effect, the use of carboxylic acids has the additional advantage of

reducing the heat resistance of micro-organisms (Goepfert & Hicks 1969; Perales

& Garcia 1990) allowing the food industry to process foods at lower temperatures

for shorter exposure times, thus avoiding the production of off-flavours.

Use of carboxylic acids in food is restricted by legislation, and the practical

constraints of solubility and taste mean that the acids most commonly used include

acetic, benzoic, citric, propionic and sorbic. Some acids, such as formic, citric and

lactic, are used as flavour adjuncts rather than acidulants. Table 1.3. shows the

range of foods in which carboxylic acids are commonly used. Most foods are

slightly acidic (pH 4.5-6.5), although egg white is alkaline. As weak acids have a

high pKa most of them will be undissociated at the pH of the majority of foods.

Carboxylic acids may also be used to decontaminate the surfaces of meat. This

topic has been reviewed by Cherrington et al. (1991c), and although the

application of acids to carcasses does reduce bacterial counts there are

unacceptable changes to the colour and texture of the meat.

1.7 PURPOSE OF STUDIES DESCRIBED IN THIS THESIS

The concept of LISA recognises that control of a food borne pathogen requires a

multifaceted approach, because any strategy will involve intervention at several

stages in the production process, including processing, storage, handling and

cooking (Mossel & Struijk 1992). Recommendations to improve the way eggs are

handled and stored were made by ACMSF during 1993, and may be partially

responsible for the reduction in the number of cases reported to the PHLS during

the first half of 1994. In addition, the number of chicken flocks contaminated by

salmonellas has been reduced since 1988. However, it is preferable to eliminate

infection at the start of the food chain, than to try and eradicate it later on, not

only because cross-contamination can occur, but also because the opportunity

exists for the organisms to multiply, and the severity of human salmonellosis

depends on the size of the ingested dose (Glynn & Bradley 1992; Mintz et al.

1994). Ideally, all salmonellas should be absent from food offered for human

consumption. The aim of this project was to investigate some aspects of reducing

the prevalence of salmonella infections in poultry meat and eggs, namely the

inclusion of SCFAs in the feed of chicks and hens. The effect of SCFAs on

Campylobacter jejuni was also investigated. Campylobacters are found in the
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intestines of birds, and carcasses may become contaminated as a result of

processing (Park et al. 1991). Campylobacter enteritis in humans is associated

with eating poultry meat (Sockett & Pearson 1988).

The preceding review of the literature demonstrates that SCFAs and their

salts are bactericidal for salmonellas in vitro, and that they may have a use as feed

'disinfectants'. The antibacterial activity of SCFAs is affected by many factors in

vitro e.g. pH, the addition of cations and the presence of organic matter, and

although SCFAs are already marketed as feed additives, relatively little is known

about how these factors may influence antibacterial activity in vivo. The following

experiments were set up to investigate the effect of the physical environment on

the antibacterial activity of SCFAs in vitro, and to attempt to relate these factors

to conditions found in the hen. In the process, various techniques were developed

in order to obtain quantitative data about the antibacterial activity of SCFAs in the

crop and caecum. The application of these models for establishing the site of

activity of other antibacterials was also investigated. No attempt was made to

identify the bacterial target sites of individual acids, although suggestions for

further investigations in this area are given in the final discussion. Instead, the

purpose of these investigations was to identify some of the factors which might

influence antibacterial activity in vivo, e.g. age-related changes in the pH of the

crop contents, and how these could be manipulated in order to achieve the

optimum conditions that would enable the bird to resist colonisation with

salmonellas, with minimum damage to protective microflora. The experiments

presented are divided into three principal areas:

1) Laboratory based experiments (Chapters 3-5).

2) Experiments using a tissue culture model (Chapter 6).

3) Investigations using chicks and hens (Chapters 7-8).
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Table 1.1. Nomenclature and pKa of short-chain fatty acids.

Formula Common Name Systematic Name piff,

C1 HCOOH Formic Methanoic 3.7

C2 CH3 COOH Acetic Ethanoic 4.8

C3 CH3 CH2COOH Propionic Propanoic 4.9

C4 CH3 (CH2 )2COOH Butyric Butanoic 4.9

C5 CH3 (CH2 )3COOH Valeric Pentanoic 4.9

C6 CH3 (CH2 )4COOH Caproic Hexanoic 4.9

Table 1.2. Formulae and pKa of organic acids and esters commonly used in food
preservation.

Formula	 Common Name	 plf.

CH3-CH(OH)-COOH	 Lactic	 3.1

CH2COOH-C(OH)COOH-CH2COOH	 Citric	 3.1

C6H5-COOH	 Benzoic	 4.2

CH3 CH=CHCH=CH-COOH	 Sorbic	 4.8

HO-C6H5 -C3116-COOH	 Propyl p-hydroxybenzoic	 8.5
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Table 1.3. Examples of foods in which organic acids, their salts, or their esters
are used. Permitted concentrations vary in different countries, but concentrations
in food would generally be measured in mg/kg, although acetic, citric and lactic
acid concentrations may be expressed as per cent.

Acid or ester	 Food uses

Formic*

Acetic

Propionic

Lactic*

Citric*

Benzoic

Sorbic

Fruit juice concentrates
Pickles
Partially preserved fish products

Pickles
Salad creams & mayonnaise
Vinegars

Bread & farinaceous confectionery
Jam
Tomato purée

Fermented meat & dairy products
Carbonated drinks
Salad dressings
Pickled vegetables

Fruit squash & carbonated drinks
Jams & jellies
Canned vegetables
Cheese

Partially preserved fish products
Canned drinks
Pickles & preserves
Sugar & farinaceous confectionery

Partially preserved fish products
Processed fruit & vegetables
Emulsified & non-emulsified sauces
Bakery products

Para-Hydroxybenzoate Fruit fillings & jams
esters	 Emulsified & non-emulsified sauces

Beer
Sugar & farinaceous confectionery

*Used for flavouring in addition to acidulant properties
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Fig. 1.1. Laboratory reports of faecal isolates of salmonella from humans in
England and Wales 1982-1993 (PHLS).
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Fig. 1.2. Suspected foods reported for Enteritidis outbreaks July-Sept 1992
(represents 24 outbreaks [64% of total] where a suspect food was reported,
source: PHLS).

Fig. 1.3. Poultry flocks compulsorily slaughtered in England, Wales and Scotland
under the 1989 Poultry Breeding Flocks and Hatcheries (Registration and Testing)
Order (March 1989-July 1993). [The order was repealed July 1993.]
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Fig. 1.5. The alimentary and reproductive tracts of a young hen. The crop is not
included, and is anterior to the gizzard. The ovary does not contain mature ova as
found in a laying hen (Fig. 8.1.), and has some kidney tissue attached.
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Fig. 1.7. The relationship between pH and the proportion of undissociated
molecules of formic and propionic acids, calculated from Eqn. 1.6. (see section
1.4.2.).
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Fig. 1.8.	 The cell envelope of a Gram-negative bacterium (adapted from
Hancock & Poxton 1988). This does not include any cellular appendages.
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B

Fig. 1.9. Hypothetical structure of the outer membrane of a Gram-negative
bacterium (modified from Nikaido & Vaara 1985). (A) The outer surface of the
membrane is composed almost entirely of lipopolysaccharides (LPS) and proteins.
Hydrophobic (lipophilic) molecules cannot enter the bilayer because of the strong
lateral interaction between LPS molecules, stabilised by divalent cations.
(B) Bacteria treated with ethylenediamine tetraacetic acid (EDTA), a chelating
agent, lose LPS from the outer surface, and hydrophobic molecules are able to
penetrate the phospholipid bilayer.

., 
ovp,,

/44x
 /O

k	 k k k k
oVolloli•	 5)110VolloVoll oil

A

42



\ +1-----
% H +	 +	 +

I	

H

\ /

S i H	 i- N

LEAK

+	 +	 if- --- If ,
+	 H N a	 N a	 0 2H	 IF—

+
H

ATP

1

+

43

...." -- ......
/

Fig. 1.10. A chemiosmotic cycle (modified from Maloney 1987). H + extrusion
by the bacterial proton-translocating ATPase (BF 0F 1 ) establishes an
electrochemical proton gradient across the cytoplamic membrane. Protons re-
enter by either a non-specific (leak) pathway, or by a specific reaction in which
reentry is coupled to transport of a solute, S. Other circulations may be linked
indirectly to that of protons.
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Fig. 1.11.	 Model of fatty acid transport (modified from Nunn 1987). Long-
chain (C 12-C 18) and medium-chain (C7-C 11) fatty acids traverse the outer
membrane via porins (omp proteins, section 1.5.1.). The fatty acids bind with the
fadL protein located in the outer membrane, and transverse the inner membrane
concurrently with activation by acyl-CoA synthetase (fadD gene product).
Medium-chain fatty acids also traverse the inner membrane by diffusion. Fatty
acids then enter the cyclic 13-oxidation pathway or are used for the biosynthesis of
cell membrane components.
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Fig. 1.12. Pathways of short-chain fatty acid degradation. The mechanism of
transport across the membrane is not established, and it is assumed that there is
non-specific diffusion across the outer membrane, perhaps through porins (section
1.5.3.). Growth on fatty acids C 4-C6 requires the enzymes of fatty acid oxidation,
and two additional degradative enzymes encoded by the atoD, atoA and atoB
genes. The acylated acids are converted to acetyl-CoA which then enters the
tricarboxylic acid cycle (Fig. 1.13.). Degradation of short-chain fatty acids with
odd numbers of carbon atoms requires the ability to metabolise propionate
(section 1.5.4.). The metabolism of formic acid is described in section 1.5.4.
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Fig. 1.13. The tricarboxylic acid cycle (—) and glyoxylate shunt (----). The
enzymes of the glyoxylate shunt are induced by growth on fatty acids, and allow
carbon, that would otherwise be lost as CO 2, to be retained for cellular
biosynthesis.
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Fig. 1.14. The degradation of short-chain fatty acids with odd numbers of carbon
atoms, e.g. valerate (C 5) and propionate (C 3), requires the ability to metabolise
propionate. The two possible routes for this are (1) conversion to acetate by
oxidation through pyruvate, and (2) conversion to succinnate via the
hydroxyglutarate pathway.
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n 	

Fig. 1.15. A schematic representation of the action of an uncoupler. Uncouplers
are highly lipophilic compounds, soluble in the cytoplasmic membrane in both the
undissociated (COOH) and dissociated (XC00-) state. On reaching the more
alkaline interior of the cell the uncoupler dissociates yielding a proton and an
anion. Intracellular protons are expelled by membrane bound ATPases, in order
to maintain the internal pH. The anion is driven to the external surface by the
transmembrane potential difference (Ay), where it is protonated again. Protons
are shuttled across the membrane resulting in the dissipation of the transmembrane
pH difference (ApH) and eventually the proton-motive force (adapted from
Russell 1992).
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CHAPTER 2

MATERIALS AND METHODS
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MATERIALS

2.1. CHEMICALS
Chemicals were purchased from either BDH Laboratory Chemicals Ltd. or from

Sigma Chemical Co., both located in Poole, Dorset.

'Bio-add' was a gift from BP (Chemicals)) International, Hull, Humberside.

Chicken feed was purchased from BP Nutrition (UK) Ltd.

2.2. BACTERIA

2.2.1. Campylobacter strains

The campylobacter strain used was obtained by Mr W Hudson from the caecal

contents of a broiler chicken at a commercial abattoir. The initial isolation was

made on campylobacter blood free selective agar supplemented with CCDA

supplement (CCDA-Preston plates). Plates were incubated at 42.9C for 48h in a

microaerophilic atmosphere (5% oxygen, 10% carbon dioxide and 85% nitrogen).

Genus was confirmed by morphology, Gram reaction, characteristic motility and

oxidase reaction. The grey, moist, flat spreading colonies suggested the strain was

Campylobacter jejuni.

2.2.2. Escherichia coli strains

Abbotstown	 nalR	 (B. Miller, pig isolate, 1984)

C47	 nalR	 (M. Hinton, calf isolate, 1986)

ECO 80	 nalR (M. Hinton, chicken litter isolate,

1986)

UB1139	 nalR (Saunders 1973)

2.2.3. Salmonella strains

Agona	 nalR (B. Rowe, CPHL, Colindale Av.,

London).

Enteritidis PT4 (P125588)	 nalR (B. Rowe, CPHL, Colindale Av.,

London).

Kedougou 131a/1	 nalR (Impey et al. 1987)

Typhimurium DT49A	 nalR (J. K. O'Brien, Veterinary Research

Laboratory, Stormont).
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2.3. MEDIA

All media were made up according to the manufacturers instructions using

deionised water.

Lab M nutrient agar	 London Analytical Co., Bury, Lancs.

(Lab 8)

Lab M Sodium biselenite	 II	 II

(Lab 446)

Lab M Selenite broth	 II	 II

(Lab 442)

Brilliant green agar (modified) 	 Oxoid Ltd., Basingstoke, Hants.

(CM329)

Campylobacter blood-free selective agar base	 II	 II

(Oxoid CM739)

CCDA Selective supplement	 II	 II

(Oxoid SR155)

Brain heart infusion broth 	 Difco Ltd., West Molsey, Surrey.

(Lab 49)

Bacto-peptone	 II

(0118.01.8)

Nalidixic acid	 Sigma Chemicals Co., Poole, Dorset.

N-8878)

Nutrient agar (NA).

NA was used for routine culturing of E. coli and Salmonella strains. Plates were

stored at 4°C for up to 2 weeks.

Brilliant green phenol red agar (BG).

BG, with the addition of 30pig/m1 nalidixic acid (BGNA), was used to select

nalidixic resistant (nal R) strains of salmonella. Three ml of a 5000 pig/m1 stock

solution of nalidixic acid in sterile water (filtered through a 0.21..tm filter) was

added to 500m1 agar. Plates were stored at room temperature for up to 2 weeks.
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CCDA-Preston agar
CCDA-Preston agar was used for the isolation of campylobacter strains (section

2.2.1.). Plates were stored at 4°C and used within 2 days.

Selenite broth

Selenite broth was stored at 4°C for up to 3 weeks.

Brain heart infusion broth (BHI)

BHI was stored at room temperature for up to 2 weeks.

Supplemented minimal medium (SMM) (g/1).

KC1 (13.4); citric acid (10.2); K 2HPO4 (17.9); sodium citrate (0.5); MgSO4.7H20

(0.1); (NH4)2 S 04 (1.0); yeast extract (1.0).

Adjusted to pH 5.0 prior to autoclaving (101b/30min).

Stored at 4°C for up to 2 weeks.

Immediately before use 1% glucose was added.

pH 5.0 buffer (CPB).

0.1M citric acid/phosphate buffer (Cruikshank et al. 1965).

Dispensed into containers and autoclaved (101b/30min).

Stored at 4°C for up to 4 weeks.

Modified citrate buffer (MCB).

Citric acid/K2HPO4 buffer (Cruikshank et al. 1965) was made up to give a pH

range 3.5-8.0. The buffer was supplemented with 1% peptone and 0.5% NaCl. If

a pH higher than 8.0 was required then NaOH was used to adjust. MCB was

dispensed into containers and autoclaved (101b/30min), then stored at 4°C for up

to 2 weeks. Immediately before use 1% glucose was added.

Peptone saline (PS)

lg peptone and 8.5g NaC1 were added to 1L distilled water.

Adjusted to pH 6.9-7.1 using NaOH.

Dispensed into containers and autoclaved (151b/15min).

Stored at room temperature for 1 week.
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Chloride salts

2M stock solutions of chloride salts of various cations were made in distilled

water. These were filtered (0.4tm), and stored at 4°C. Prior to use, the stock

was warmed to room temperature, and lml added to 9m1 of MCB to give a final

concentration of 0.2M.

2.4. MAINTENANCE OF BACTERIAL STRAINS

Strains of E. coli and Salmonella were maintained on nutrient agar slopes in bijoux

bottles at room temperature. After phenotypic characterisation, sub-cultures were

prepared on either NA or BGNA as appropriate. The campylobacter strain

isolated from a chicken (section 2.2.1.) was prepared in liquid medium by heavily

inoculating BHI broth and incubating at 43°C for 48h under microaerophilic

conditions.

METHODS - IN VITRO STUDIES

2.5. GROWTH OF BACTERIA IN SMM OR MCB

Bacteria were routinely cultured overnight in BM. If bacteria in stationary phase

were required, then cells were precipitated by centrifugation (Mistral MSE

Centrifuge 2000, 3K/10min for volumes over lml; MSE Micro Centaur high

speed/5min for volumes less than 1m1). Bacteria were resuspended in CPB and

then used to inoculate the medium. Bacteria in exponential growth phase were

obtained by inoculating 20m1 of SMM with 0.1m1 overnight culture, and

incubating aerobically in an orbital shaker (Aquatron water bath, HT Infors Ltd) at

37°C for 3-4h, until the absorbance of the culture was 0.1 (560nm). If the

experiment was done in SMM then the additional compounds, e.g. acids, would be

added to the culture. Otherwise, the cells would be precipitated by centrifugation

and resuspended in the growth medium used.

Culture of bacteria, unless stated otherwise, was aerobic in an incubator at

37°C. Where anaerobic conditions were required, then cultures were placed in a

GasPak jar with a disposable hydrogen and carbon dioxide generating envelope

(BBL GasPak, Becton Dickinson Microbiology Systems ).
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2.6 ADDITION OF ACID TO CULTURES

Concentrated solutions of formic and propionic acids were kept in darkened

bottles at 4°C. Freshly prepared stock solutions, to provide a range of acid

concentrations from 0.005-1M, were added to cultures in the ratio of 1:5 after

warming to 37°C. Unless stated otherwise, the concentrated acid solutions were

first adjusted to pH 5.0 with 5M NaOH, and the diluent was CPB. Controls

contained CPB only.

2.7. EFFECT OF ACIDS ON CELL GROWTH

2.7.1. Viable counts

1 ml of culture was serially diluted (decimal) in PS and sub-cultured onto

appropriate agar (Miles eta!. 1938). Plates were incubated overnight at 37°C and

the number of colony forming units (cfu) counted. The absence of viable

salmonella was confirmed if, following enrichment of the culture in Selenite broth

at 42°C for 18h, sub-culture onto BGNA was negative.

2.7.2. Culture absorbance

Absorbance of cultures was measured at 560nm in a Jenway 6100

spectrophotometer, using disposable 1 ml plastic cuvettes (Sarstedt). The blank

was the appropriate medium without bacteria. For experiment 4.2.4. a Bioscreen

automated optical density monitoring system was used (Multiplate Analyser

Bioscreen, Labsystems U.K. Ltd, Uxbridge, Middlesex). Bioscreen measured the

optical density of 100 cultures in disposable multiwell plates (4000, by means of

a vertical pathway photometer, with the data being recorded on an IBM computer.

The measurement parameters set were: wavelength 540nm, measurement period

10min, incubation temperature 37°C and the plates were shaken for 60s prior to

reading.

2.7.3. Doubling time and D-value calculations

The doubling time refers to the time taken for the number of cfu/ml or for the

absorbance (560nm) to increase by a factor of two, and was calculated by

regression analysis (Minitab) on the data. The cfu/rnl were plotted log 10 as this

gave a linear relationship for cells in exponential growth phase. The doubling time

was then calculated by substitution of log102 (0.301) into the regression equation.

The concentration of formic or propionic acid required to inhibit growth by 50%
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(i.e. increase the doubling time by a factor of two) for any particular length of

incubation was calculated by regressing the doubling time against molarity.

D refers to the time taken for a 90% reduction in the number of cfu/ml,

and was determined from regression on linear plots of log 10 cell numbers

(Minitab).

2.7.4. pH measurements

pH of cultures was measured using a Corning 240 pH meter with a general

purpose combination electrode. The pH of feed samples and gut contents was

established by diluting samples 1:10 w/w with double distilled water, and stirring

with a magnetic flea for 10min prior to measurement.

2.8. TRANSMISSION ELECTRON MICROSCOPY

Procedures in this section were carried out by Andrew Skuse of the Department of

Pathology, University of Bristol.

2.8.1. Fixation of samples

Tissue was fixed in 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer (SCB,

pH 7.2) at 4 0C for a minimum of 4h. Tissues were first cut into lmm cubes on a

sheet of dental wax using a razor blade. These were placed in freshly prepared

fixative made by adding 1 ml of 25% glutaraldehyde stock to 9m1 of buffer.

Cultures of bacteria were centrifuged and the resulting cell pellet was placed in

fixative, with care being taken not to disturb the pellet.

2.8.2. Embedding

Fixed tissue or cell pellets were washed in 0.1M SCB twice for lh. The following

steps took place on a rotating mixer. The fixative was replaced with 1% osmium

tetroxide in 0.2M SCB (equal quantities of 2% aqueous osmium tetroxide and

0.4M SCB used immediately) for lh. The osmium tetroxide was removed by two

5min washes in 0.2M SCB,

The specimens were dehydrated by sequential immersion in ethanol (see

below) followed by two 10min washes in propylene oxide (1.2 epoxypropane).

The propylene oxide was replaced by a 50:50 propylene oxide epoxy resin mixture

(see below). After lh this mixture was replaced with epoxy resin, and the samples

left overnight, at room temperature, with caps removed from vials in order to

55



allow any remaining propylene oxide to evaporate. Samples were then embedded

in fresh resin in polythene capsules and incubated at 60°C for 48h to polymerise

the resin.

Dehydration:

Ethanol 70% 2 x 20min

90% 2 x 20min

100% 2 x 20min

Epoxy Resin:

The following chemicals were obtained from Emscope Laboratories, Ashford:

24g Agar 100 resin

13g Dodecyl succinate anhydride (E.M. grade)

13g Methyl nadic anhydride (E.M. grade)

lml Benzyl dimethylamine

They were mixed thoroughly in a disposable beaker using a wooden spatula.

2.8.3. Sectioning of specimens

Ultrathin sections of specimens were cut using a Reichert OMU3 ultramicrotome

with a Diatome diamond knife.

2.8.4. Staining of specimens

Sections were stained with 1% uranyl acetate in methanol for 10min and Reynolds

lead citrate (see below) for 5min using the drop method.

Reynold's lead citrate:

1.33g Lead nitrate

1.76g Sodium citrate

30m1 Distilled water

Stand with intermittent shaking for 30min

8m1 1M NaOH

Dilute to 50 ml with distilled water

Adjust pH to 12

56



2.8.5. Observation of specimens

Sections were examined on 300 mesh, thin bar copper grids, using a Philips 201

electron microscope and photographed using Kodak EM4489 film.

2.9. NEGATIVE STAINING

Fixed and unfixed samples were used. Bacteria were fixed by centrifugation and

replacement of the supernatant with 2.5% glutaraldehyde in 0.1M sodium

cacodylate buffer (section 2.8.1.). Unfixed samples were centrifuged and

resuspended in distilled water to avoid contamination of the grids with salt. A

drop of the cell suspension was applied to a Formvar grid (grids were coated with

Formvar film made from 0.7% Formvar in chloroform). After drying, the grid was

washed by touching it three times to the surface of a drop of distilled water.

Excess water was removed by touching the grid to filter paper. A small drop of

1% ammonium molybdate was applied to the grid. After 10 seconds the excess

stain was removed by touching the grid to filter paper. The grid was dried at

room temperature and viewed using an electron microscope (EM, section 2.8.5.).

2.10. IMAGE ANALYSIS

The length, width and shape of bacteria was measured using image analysis, with

the assistance of Dr Simon Bale, Department of Geology, Bristol University. The

image analyser was a Quantimet Q520 (Cambridge Instruments Ltd, Cambridge).

Bacteria were viewed using a Zeiss Axioplan microscope, with a differential

interference contrast objective lens linked to a video camera, and the threshold

adjusted until the outline of the bacteria was detected. The whole system was

interfaced through an Opus 11 computer. A minimum of 100 bacteria were

measured. For reasons of safety, as well as to prevent growth and motility,

bacteria were fixed with 10% neutral buffered formaldehyde.

Neutral buffered formaldehyde:

100m1 Formalin	 (40% aqueous solution formaldehyde)

4g	 Sodium dihydrogen orthophosphate

6.5g	 Disodium hydrogen orthophosphate

100m1	 Distilled water
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2.11. MAINTENANCE OF VERO CELL LINE

Vero cells (African green monkey kidney, intermediate cells), a continuous cell

line, were obtained from Dr D. A. Harbour, Department of Clinical Veterinary

Science, Bristol University. Vero cells were cultured in 25m1 growth medium

(GM) in 75 cm3 flasks (Corning). Incubation was at 37°C in air, and twice a week

the confluent layer of cells was washed in warm trypsin-versene solution (TV),

and the monolayer of cells removed by incubation in 10m1 TV at 37°C for 5min.

The cells were then seeded into warmed GM in a ratio of about 1:6 depending on

confluence. 24h before the Vero cells were used for an experiment, the GM was

removed and replaced with GM without antibiotics or foetal calf serum. This was

to prevent antibiotics affecting the salmonellas, and because the foetal calf serum

may have interfered with the bactericidal action of formic and propionic acids

(section 1.6.1.).

Vero cell growth medium

100m1	 199 Medium (Modified) (Flow Laboratories)

900m1	 Sterile distilled water

20m1	 7.5% Sodium bicarbonate

10m1	 L-Glutamine (200mM in 20m1, Flow Laboratories)

2m1	 Antibiotics (see below)

50m1	 Foetal calf serum (Gibco)

Antibiotics

600mg	 Benzyl Penicillin Sodium BP (Crystapen, Glaxo)

1.0g	 Streptomycin sulphate BP (Glaxo)

500,000 I.U. Polymbdn B sulphate BP (Aerosporin, Wellcome)

Made up to 10m1 in sterile distilled water.

Trypsin-Versene

For 100 x concentrated stock solution:

2.0g	 Ethlene diamine tetraacetic acid

2.0g	 Trypsin (Difco)

200m1	 Distilled water

3.2m1	 1% Phenol red solution

This was filtered through a 0.22 m filter (millipore) and stored at -20°C. When

required, the stock was diluted 1:100 with phosphate buffered saline.
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Phosphate buffered saline, pH 7.4 (PBS)

For 10 x concentrated stock solution:

80.0g	 Sodium chloride

2.0g	 Potassium chloride

11.5g	 Disodium hydrogen orthophosphate

2.0g	 Potassium dihydrogen orthophosphate

Made up to 1 litre with distilled deionised water, and autoclaved at 121°C for

30min.

2.12. ANALYSIS OF RESULTS

Analysis of results (one-way analysis of variance [ANOVA], two-way ANOVA

and calculations of correlation coefficients), was done using a computer with

'Minitab' software.

METHODS - IN VIVO STUDIES

2.13.	 BIRDS

2.13.1.	 Rearing of chicks

Chicks (male and female) were purchased as 'day-olds' from a commercial

hatchery, and were screened for 'wild salmonellas, on arrival, by sampling the

shredded newspaper from the bottom of the transit boxes. This was incubated

overnight in selenite broth at 42°C, and sub-cultured onto BG. Chicks were kept

in cardboard boxes with wood chippings as bedding. Feed and water were given

ad libitum unless stated otherwise in the experimental protocol. Infra-red lamps

were placed over each box to provide warmth. Chicks were fed mash obtained

from BP Nutrition (UK ) Ltd containing (by weight %) ground wheat (66.9),

soya meal (14.0), fish meal (7.5), full fat soya (5.0), oil (3.8), vitamin/mineral

supplements (1.25), di-calcium phosphate (1.0), limestone (0.3), methionine (0.1)

and lysine (0.15).

2.13.2.	 Management of hens

Unless stated otherwise in the experimental protocol, laying hens were kept in

individual metal cages as found in a commercial battery, with feed and water

provided ad libitum. Eggs when laid rolled out of reach of the birds, and were

collected daily. Hens were fed a commercial layers pellet.
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2.13.3.	 Addition of acids to feed

'Bio-Add', was obtained from BP (Chemicals) International, consists of 68%

formic acid and 20% propionic acid. The volume of 'Bioadd', to give the required

final concentration in the feed (0.68-1.2%), was diluted 1:9 with water. This

solution was then sprayed onto the feed using a pressurised garden spray, whilst

the feed was mixed in a cement mixer. Calcium formate (0.8%) was also mixed

into feed using the cement mixer. Feed was stored in paper sacks until used.

2.13.4.	 Addition of antibiotics to water

A stock solution of sulphadiazine (sodium salt, Sigma S-6387) was made by

dissolving lg in 10m1 water. This was stored at 4°C, and lml added to 11 of

drinking water to give a final concentration of 100 parts per million (ppm). A

stock solution of trimethoprim (Sigma T-7883) was made by dissolving 0.1g in

20m1 methanol. This was stored at 4°C, and 2m1 added to 11 of drinking water to

give a final concentration of 20ppm.

2.14.	 INOCULATION OF BIRDS

2.14.1.	 Oral inoculation

Overnight cultures of salmonella were centrifuged, and the cells resuspended in PS

to the required concentration (see experimental protocols). Chicks were

inoculated with 0.05m1 and hens with 0.2ml of culture, using a 1 ml syringe

inserted into the back of the oral cavity.

2.14.2.	 Cloacal inoculation

Overnight cultures of salmonella were centrifuged, and the cells resuspended in PS

to the required concentration (see experimental protocols). Chicks were

inoculated with 0.05m1 of culture, using a lml syringe. The chick was held with

the cloaca uppermost, and the culture dropped onto the cloaca. The liquid was

rapidly taken up by the alimentary tract (< lmin). If the chick defaecated during

this process, the procedure was repeated. Hens were inoculated with 0.2ml of

culture, using a 2m1 syringe. The hen was held cloaca uppermost, and the syringe

inserted about 3cm into the cloaca.
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2.14.3.	 Contamination offeed

Infection by feed was achieved by mixing contaminated coconut with chick mash

(adapted from Hinton 1988). Overnight cultures of salmonella were centrifuged,

and the cells resuspended in PS to the required concentration (see experimental

protocols). The broth was then added to desiccated coconut in the ratio 1:10 v/w,

and thoroughly shaken in a screw topped jar. The contaminated coconut was

mixed into the chick mash in the ratio 1:50 w/w by shaking in a paper sack.

Contaminated feed was prepared fresh for each experiment.

2.15.	 POST MORTEM TECHNIQUES

2.15.1.	 Recovery of salmonellas from chicks

Chicks were killed by cervical dislocation, and the skin pulled back from the crop

and abdomen. Organs were dissected aseptically. If the counting of cfu were

required, then the organs were removed and weighed accurately. Caecal and crop

contents were transferred directly into PS, and shaken with sterile glass beads

before being diluted and sub-cultured onto agar (section 2.7.1.). Liver was

macerated in sterile plastic bags using a stomacher prior to serial decimal dilution

in PS. Organs cultured for salmonellas were opened using sterile scalpels, and

sampled using sterile cotton wool swabs. These were used first to inoculate

BGNA, and placed in selenite broth for enrichment. The broth was sub-cultured

onto BGNA if no colonies were obtained from the initial BGNA plate.

2.15.2.	 Recovery of salmonellas from hens

Hens were killed by an intravenous injection of 'Euthatal' into a wing vein.

Procedures were as in section 2.15.1., except that the ovary and oviduct were

dissected in addition. The recovery of salmonella from ova is described in section

2.17.3. The ovary was weighed, cut into small pieces using a scalpel, macerated

using a stomacher and cultured for salmonellas. The oviduct was irrigated with

10m1 of sterile PS, and the liquid cultured.

2.15.3. Obtaining samples for high-performance liquid chromatography

Chicks and hens were killed (sections 2.15.1. & 2.15.2.), and placed ventral side

uppermost on the table. The crop was exposed by removing the skin, an incision

made, and the contents emptied into a glass 'universal' bottle. The rest of the

alimentary tract, the gizzard, small intestine, caeca and colon, was dissected out.
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The gizzard was cut in half and the contents scraped out. The jejunum was

isolated and the contents of a 10cm length expressed. The contents of both caeca,

and any material in the colon was also removed. All samples were stored at -20°C

in screw capped glass 'universal' bottles.

2.15.4.	 Measuring the pH of the alimentary tract

pH measurements were taken 'in situ' using a 'pH Boy' meter (Camlab Ltd.,

Cambridge) with an ion sensitive field effect transistor electrode. This meter had

the advantage of being small and portable, and was capable of measuring very

small amounts (111) by dropping samples onto the sensor. The meter was

calibrated using the two-point procedure recommended by the manufacturer. In

addition measurements were checked using the method described in section 2.7.4.

Samples were obtained (section 2.15.3.) and crop measurements taken by

inserting the electrode into the incision in the crop before the contents were

removed. The pH of the gizzard contents was also measured before removal.

Measurements from the rest of the alimentary tract were taken after the contents

had been transferred into glass bottles. The pH of the caeca can vary along their

length, and colon contents are affected by the presence of uric acid, so these

samples were mixed thoroughly before measurement.

2.15.5.	 Determination of dry matter and ash content of samples

Samples were weighed into pre-weighed silica crucibles and dried to constant

weight in a laboratory oven at 100°C, cooled under desiccation for 15min and

weighed. The loss in weight in the oven represented the moisture content in the

originally weighed sample. The dried and weighed samples were then ashed for

4h in a muffle furnace at 550°C, allowing an extra hour for the furnace to reach

this temperature. When the furnace had cooled sufficiently, samples were

removed and cooled in a desiccator prior to weighing. Organic matter was

represented by the weight loss on ashing, and ash by the weight remaining.

2.16.	 HISTOLOGICAL TECHNIQUES

Procedures in this section were carried out by Sheila Jones of the Department of

Pathology, University of Bristol.
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2.16.1.	 Haematoxylin and eosin

Wax was removed from the tissue section with Histoclear, and the slide rinsed in

alcohol, followed by water. Slides were stained with Harris' Haematoxylin for

10min, and rinsed for 1 min in running tap water, or until the section turned blue.

Haematoxylin was removed from the tissue, with the exception of the nuclei, by

rinsing in 1% HC1 in 70% alcohol for lOsec. The section was then washed in

running tap water for 5min, and stained with eosin for 4min, before washing again.

The stained section was then dehydrated with alcohol, and the alcohol removed

with Histoclear. The section was mounted and covered with a glass coverslip.

2.16.2.	 Peroxidase-anti-peroxidase (PAP) technique

1. Tissue sections (mounted on glass slides treated previously with poly-L

lysine, Sigma) were dewaxed and transferred to 100% alcohol for 10s.

2. Slides were immersed in 0.5% hydrogen peroxide in methanol for 30min,

to block endogenous peroxidase activity, and then washed twice with distilled

water, and once with tris buffered saline (TBS) pH 7.8.

3. When trypsinised, the sections were treated with 0.1% trypsin in tris-saline

buffer pH 7.8 containing 0.1% calcium chloride at 37°C for 60min, and then

washed and equilibrated in TBS at 20°C.

4. Each slide was covered with porcine serum in TBS (1:5 dilution) for

30min at room temperature in a humid chamber, and then washed twice with TBS.

5. Control sections were incubated with rabbit anti-salmonella somatic serum,

either for Enteritidis (0-9, Wellcome), or for Typhimurium (0-4, Wellcome)

diluted 1:40 with TBS, for 30min in a humidity chamber at room temperature.

'Control' sections were incubated either with normal rabbit serum at 1:40 dilution,

or in TB S as before.

6. After washing with TBS, the sections were treated with the secondary

antibody (anti-primary host-IgG), swine anti-rabbit (Dakopatts) diluted 1:40 with

TBS, and incubated for 30min as before.

7. After washing with TBS, the sections were treated with PAP (peroxidase

anti-horseradish peroxidase, Dakopatts), diluted 1:40 with TBS, and incubated for

30min as before..

8. The sections were rinsed in TBS, and then treated with a solution of the

peroxidase substrate, 3,3'-diaminobenzidine (DAB, 6mg DAB in 10m1 TBS with
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100111 3% hydrogen peroxide). Sections were incubated until the positive control

had a visible brown colour, about 2min.

9. The sections were then rinsed in distilled water, counter-stained with

Mayer's haematoxylin for 30sec, and immersed in running tap water to 'blue'.

10. Sections were dehydrated, immersed in histoclear and mounted.

2.16.3.	 Immuno-fluorescent staining

1. Tissue sections were dewaxed and rehydrated through transferring them

through 100% alcohol, 60% alcohol, water and then PBS.

2. Each slide was covered with goat serum in PBS (1:5 dilution) for 30min at

room temperature in a humid chamber, and then washed twice with PBS.

3. After washing in PBS, the sections were incubated with rabbit anti-

salmonella somatic serum for Enteritidis (0-9, Wellcome), diluted 1:40 with PBS,

for 30min in a humidity chamber at room temperature.

4. Sections were washed with PBS and then treated with goat anti-rabbit IgG

fluorescein isothiocyanate conjugate (Sigma F-9262), diluted 1:10 in PBS, for

30min.

5. After washing in PBS, sections were mounted in glycerol and

photographed using a Leitz Diavert fluorescence microscope.

2.16.4.	 Photography of stained sections

Stained tissue sections were photographed using a Zeiss Ultraphot 111B

photomicroscope. The 12 volt 100 watt halogen lamp was set at 3200°K. The

film was Fujichrome 64T rated at 124 ISI and the process was uprated 1 stop to

increase contrast and speed.

2.17.	 BACTERIOLOGICAL TECHNIQUES

2.17.1.	 Enumeration of salmonellas

Samples from chicks and hens were obtained (sections 2.15.1. & 2.15.2.) and the

number of cfu determined (section 2.7.1.). For some experiments swabs were

taken, and cultured directly onto BGNA. The growth of salmonellas was scored

from 0-4. These scores had been calibrated using broth cultures, and

corresponded, approximately, to <10 1 , 102-103, 104-10 5 , 106-107 and >108 cfu/ml

respectively. Examples of growth scores are given in Fig. 2.1.
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2.17.2.	 Cloacal swabs

Swabs of cloacal faeces were taken from live birds in order to confirm infection.

Sterile swabs were inserted into the coprodeum and the head of the swab rotated

in order to obtain a representative sample. The swab was used to inoculate

BGNA for marked strains, and BG for 'wild' strains. Swabs were also enriched

overnight in Selenite broth (section 2.7.1.), and then sub-cultured if the direct

cultures proved negative.

2.17.3.	 Recover}, of salmonellas from eggs and ova

The shell of the egg was sterilised with alcohol, cracked, and the contents of the

egg emptied into a sterile petri dish. Using sterile syringes, 2m1 of the egg

albumen, and, after burning a hole in the yolk membrane with a hot wire, 2m1 of

yolk was removed. One ml of each sample was used to inoculate BGNA, whilst

the other lml was incubated overnight in selenite broth (section 2.7.1.). The

remaining albumen and yolk was shaken together in a screw topped jar, and the

resulting melange incubated for 24h at 37°C, after which lml was transferred to

selenite broth, before sub-culture onto BGNA after overnight incubation. Large

ova from post mortem (section 2.15.2.) were treated in the same way as egg yolk.

2.17.4.	 Recovery of salmonellas from feed

Feed was diluted 1:9 w/w in PS, and shaken with sterile glass beads prior to sub-

culture onto BGNA (section 2.7.1.)

2.18.	 HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

The work in this section was done with the help of Mr I Nursey and Ms S

Haddon, of BP (Chemicals) International, Hull, Humberside. All reagents used

were of a quality suitable for high performance liquid chromatography (HPLC).

2.18.1.	 Preparation of samples

Frozen samples (section 2.15.3.) were defrosted at 4°C. Samples were accurately

weighed, diluted with 0.5M sulphuric acid, at a ratio 1:2-1:4 w/w (depending on

the quantity of material), and mixed for 10min using a magnetic stirrer. The

sample was filtered first through Whatman No.1 filter paper, and then, using a

syringe, through a sterile 0.21im filter (Millipore). Samples were loaded for
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analysis on the day they were prepared, although injection onto the column might

be delayed for 18h since the samples were examined in sequence.

2.18.2.	 Preparation of standards

Formic and propionic acids

Using a volumetric flask, 0.075 ± 0.010g sodium formate and 0.025 ± 0.005g

propionic acid were made up to 25m1 with 0.05M sulphuric acid. This gave a

standard solution containing 2000 ppm formic acid and 1000 ppm propionic acid.

Lactic acid

Using a volumetric flask, 0.160g lithium lactate was made up to 100m1 with

0.05M sulphuric acid, to give a standard solution containing 1500 ppm lactic acid.

2.18.3.	 Analysis of samples and standards

The detector, pump and integrator were switched on at least 30min before

samples were loaded, to ensure that the column had stabilised. The integrator was

programmed to give a direct % weight of acid result, using the ratio by which the

sample was diluted, and comparison with external standards. If manual

calculations were required, the following formula was used:

sample peak area  standard conc 
x% weight =

	

	 x 100
standard peak area sample conc

HPLC conditions:

Column:

Detector:

Detector settings:

Sample size:

Pump:

Flow rate:

Mobile phase:

Injector:

Intergrator:

Temperature:

Aminex HPX-87H (300 x 7.8mm) + guard

Spectra 100 UV

210nm wavelength, 0.3s rise time

201,11 (fixed loop injection)

Spectra-Physics Isochrom - 015 Isocratic pump

0.8 ml/min

0.005M sulphuric acid

Rheodyne valve model 7125

Spectra-Physics Chromojet

Formic and propionic acids: 25°C

Lactic acid: 45°C

66



2.19.	 STUDIES ON THE IMMUNE RESPONSE

The immune response of chicks and hens following inoculation with salmonellas

was measured by means of an enzyme-linked immunosorbent assay (ELISA). This

method employs the use of an enzyme-labelled conjugate to detect

immunoglobulins in either serum or egg yolk. To prevent non-specific reactions

between samples and reagents, non-ionic detergents such as Tween 20 are added

to the diluent and washing buffers. Low molecular weight proteins are also

added to prevent non-specific binding, such as bovine serum albumen, or, as in the

method given here, skimmed milk powder. The method used to detect IgG and

IgM specifically was the antibody class capture assay, which is summarised

diagramatically below. The first stage separates the class of globulin to be

assayed, and subsequent stages identify if the captured antibody is specific to the

salmonella serotype used to inoculate the bird.

Antibody class capture assay

Adsorb class-specific

antiglobulin to microtitre plate

-4-
Wash

Add sample; class specific globulin in the sample

attaches to the antiglobulin

0

Wash

AddAdd antigen which attaches to any specific antibody

A
0

Wash

Add enzyme-labelled antibody

V
A
0

Wash

Add enzyme substrate 0

•	 = amount of specific globulin present in sample
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2.19.1.	 The immune response of chicks

The sera of chicks was assayed using ELISA with H antigens to Enteritidis and

Typhimurium prepared by Mr M Baay, Utrecht University, The Netherlands, using

the method of Baay & Huis in't Veld (1992). This was essentially similar to that

described in section 2.19.2., except that the enzyme labelled antibody was

peroxidase-labelled rabbit anti-chicken (Nordic), and the enzyme substrate was

2,2-azino-di(3-ethylbenzothiazoline-b-sulphonate). Control sera from hens

inoculated with Enteritidis and Typhimurium, and from pathogen free hens, were

obtained from the Faculty of Veterinary Medicine, Utrecht University.

2.19.2.	 The immune response of hens.

The analysis of IgM and IgG in serum and egg yolk samples was done using

ELISA, with the help of Dr R Nicholas, Central Veterinary Laboratory,

Addlestone, Surrey.

ELISA for detecting IgG in sera

1. Serum samples were pre-diluted 1/20 in an uncoated microtitre plate with

round bottomed wells. The plates consist of 12 columns, 1-12, and 8 rows, A-H.

2. The antigen was diluted in coating buffer 1/400, and 50p1 dispensed into

each well of a microtitre plate and incubated for lh at 37°C. After incubation, the

plates were washed 5 times in washing solution and were either used immediately,

or dried at room temperature for 2-3h and then stored at -200C.

3. Diluent (5011,1) was added to wells in column 1 of the antigen coated plate.

40p,1 of diluent was placed into each well in columns 3-12, and 101.11 of the 1/20

dilution of sera made in step 1 was added. The diluted control positive sera (5011.1)

was added to wells A2, B2, C2 and D2 and 50p1 of the control negative sera to

wells E2, F2, G2 and H2. Wells Al-H1 were left without sera, but received all

other reagents, to provide a 'blank' for absorbance values.

4. The plate was incubated for 30min at 37°C, and then washed 5 times in

washing solution.

5. Rabbit anti-chicken alkaline phosphatase conjugate, diluted 1/2000 (501,1.1),

was added to all wells.

6. The plate was then incubated for 60min at 37°C and washed 5 times in

washing solution.

68



7. Freshly prepared enzyme substrate (501.11) was added to all wells. The

plates were incubated at 37°C for 30min or until the absorbance (405nm) of the

positive serum reached 1.5; the negative sera should remain below 0.1. The

absorbance values were measured using a Dynatech MR5000 ELISA reader at

405nm. Sera with a mean absorbance greater than 0.2 were considered positive

for salmonella antibody (the cut-off point was determined by the Central

Veterinary Laboratory by screening large numbers of salmonella-free sera. The

mean absorbance value plus 4 standard deviations was the threshold).

ELISA for detecting IgM in sera

The method was as for IgG above, except that an additional stage was included

after the test sera were added (stage 3). A monoclonal antibody to chicken IgM

(mouse anti-chicken IgM obtained from Dr R Nicholas), used at a dilution of

1/100 was added, followed by the conjugate, rabbit anti-mouse alkaline

phosphatase, diluted 1/1000.

ELISA for detecting IgG in egg yolk

1. Eggs were broken and yolk (0.5m1) diluted in 4.5m1 of normal saline.

2. The mixture was homogenised for 5-10sec on a rotamixer.

3. 1/10 dilutions were made by adding 100p,1 of the homogenate to 9001i1 of

serum diluent in deep well microplates (Beckman). The plates were thoroughly

shaken on an automix and centrifuged at 1000rpm for 10min using a Mistral

3000i.

4. 25)3,1 of supernatant from (3) were added to antigen-coated plates

containing 251.1.1 of serum diluent. Plates were incubated for 30min at 37°C.

5. The ELISA was then carried out as for serum samples.

Antigen

Enteritidis PT4 was grown in 10m1 peptone broth incubated at 37°C for 6h. This

was then transferred to 100m1 of peptone broth and incubated for a further 24h at

37°C with agitation. The bacterial cells were precipitated by centrifugation at

1000g for 25min and then resuspended in 50m1 PBS (pH 7.2). This was repeated

with the cells being resuspended in 10m1 PBS, and the bacterial suspension killed

by heating at 65°C for lh in a waterbath with agitation. The supernatant was
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retained after centrifugation at 1000g for 35min. This was repeated and the

resulting supernatant stored at -20°C.

Serum and conjugate diluent

0.05m1	 Tween 20

10g	 Marvel milk powder

Made up to 11 with phosphate buffered saline.

Washing solution

292.2g	 sodium chloride

1.95g	 sodium dihydrogen orthophosphate dihydrate

2. 5m1
	

Tween 20

Made up to 51 with distilled water.

Coating buffer

	1.59g	 sodium carbonate

	

2.93g	 sodium bicarbonate

Made up to 11 with deionised water, and adjusted to pH 9.6 using

NaOH.

Substrate buffer

100g
	

diethanolamine

Made up to 11 with deionised water

Adjust to pH 9.8 using 1M HC1.

Enzyme conjugates

IgG Rabbit anti-chicken IgG conjugated to alkaline phosphatase

(ICN ImmunoBiologicals 612941). Dilute 1/2000 in diluent.

IgM Rabbit anti-mouse IgG conjugated to alkaline phosphatase

(Sigma A-2418). Dilute 1/1000 in diluent.

Enzyme substrate

A 5mg tablet of p-Nitrophenyl phosphate disodium (Sigma)

dissolved in 5m1 substrate buffer.
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Standards

(1) Positive control antiserum was prepared by inoculating 4 week old

pathogen free (SPF) chickens with 10 6 cfu by the intramuscular

route. Birds were bled 4 weeks later and sera pooled.

(2) Negative control serum was obtained from birds of the same age

and type, and at the same time, as for (1).

Infected and uninfected birds were kept in separate negative

pressure isolators.

Equipment used

Microtest 111 PVC plates (Becton Dickinson)

Finnpipette 5-501JJ, 50-2000, 8-channel 5-50p1Multistepper

pipette (Labsystems)

Microshaker (Dynatech)

Reagent reservoirs

pH Meter (Corning Delta)

Automix (Labsystems)

Ultrawash microtest plate washer (Dynatech)

MR5000 ELISA plate reader (Dynatech).
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Fig. 2.1 Examples of growth scores for Enteritidis PT4 sub-cultured onto
brilliant green phenol red agar. Growth was scored from 0-4. These scores had
been calibrated using broth cultures, and corresponded, approximately, to <101,
102-103 , 104-10 5 , 106-107 and >10 ; cfutml respectively. A score of 4 indicated
confluent growth.
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CHAPTER 3

THE EFFECT OF FORMIC AND PROPIONIC ACIDS ON THE

MORPHOLOGY OF ESCHERICHIA COLI AND ENTERITIDIS PT4
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3.1.	 INTRODUCTION

This thesis is primarily concerned with the effect of formic and propionic acids on

the survival of salmonellas in the chicken. Several products containing these

acids, or their salts, are marketed as feed additives (section 1.3.3.). The activity of

these acids in vivo is affected by factors such as pH, the time of exposure and

concentration of the acid (section 1.6.1.), and these experiments, carried out in

vitro, were designed to improve understanding of the mode of action of these

antibacterials agents in the context of animal husbandry. Biocide-induced

structural changes in the bacterial cell may indicate the mode of action of SCFAs.

Experiments reported in this chapter assessed the effect of formic and propionic

acids on the morphology of E. coil and Enteritidis PT4.

The main targets of antibacterial agents include the outer membrane, the

cytoplasmic membrane and the cytosol. Damage to the cytoplasmic membrane of

salmonellas can lead to leakage of cell contents (Blankenship 1981) although lysis

of Gram-negative cells by SCFAs has not been reported. Cell death may result

from dissipation of Ap and inability to maintain pHi (section 1.6.3.) which result in

denaturation of acid-labile protein and DNA. At sub-lethal concentrations formic

and propionic acids inhibit DNA and cell wall synthesis in E. coil (Cherrington et

al. 1990), possibly as a result of anion accumulation and acidification of the

cytoplasm (Russell 1992; Young & Foegeding 1993).

Transmission electron microscope (TEM) micrographs revealed that the

inner and outer membranes of E. coli remained intact after incubation with

bactericidal concentrations (500mM) of formic and propionic acids, although there

was clumping of cytoplasmic constituents (Cherrington et aL 1991b). It has also

been suggested that acid treatment could result in larger cells, possibly as a result

of continued macromolecular synthesis concomitant with reduced DNA synthesis

(Cherrington et al. 1990) although this was not confirmed from measurements of

TEM micrographs (Cherrington et aL 1991a). The experiments reported in this

chapter address the hypothesis that exposure to sub-lethal concentrations of SCFA

results in larger cells, with no damage to the cell wall or cytoplasmic membrane.

An initial experiment involved E. coil, as this organism is known to form filaments

as a response to DNA damage (reviewed by Little & Mount 1982). Measuring

TEM micrographs of longitudinally cut cells was not attempted because

dimensions would depend on the plane of section. Instead, negative staining
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followed by EM (sections 2.8. & 2.9.) and image analysis (section 2.10.) were

chosen as this offered the opportunity to view intact cells. The effect of sub-

lethal, as well as bactericidal concentrations of SCFAs, on the morphology of

Enteritidis PT4 was investigated.

Bacteria were grown in minimal medium supplemented with yeast and

incorporating a citrate buffer (section 2.3.). All experiments were performed at

pH 5.0 because this value is low enough to ensure that a proportion of both formic

acid (5.3%) and propionic acid (44%) molecules are undissociated (section 1.4.2.,

Eqn. 1.6.), but not so low as to inhibit the growth of E. coli and Enteritidis PT4

(Chung & Goepfert 1970).

3.2. METHODS AND RESULTS

Cultures were all incubated in supplemented minimal medium (SMM) adjusted to

pH 5.0. Cells were incubated in an orbital shaker at 37°C unless stated otherwise.

The number of colony forming units (cfu) were determined using nutrient agar

(NA) as the plating medium.

3.2.1. Effect of a sub-lethal concentration of propionic acid and fixation on
cell size of Escherichia coli K12 UB1139

Method

E. coil UB1139, in exponential growth, was incubated for 3h with either 5mM

propionic acid or citric phosphate buffer (CPB). The number of cfu/ml were

determined. After 3h the cells were centrifuged and resuspended either in 1 ml

2.5% glutaraldehyde in 0.1M sodium carcodylate buffer, or in lml SMM, and kept

on ice until prepared for negative staining and EM (sections 2.8. and 2.9.). The

width and length of 25 fully focussed cells, selected by the use of random number

tables, was measured from TEM micrographs (x 27,000 magnification). Results

were analysed using one-way analysis of variance (ANOVA) and two-way

ANOVA.

Results

Cells incubated with 5mM propionic acid had a lag phase of 80min compared to

20min for the controls, and grew at a slightly slower rate. Average size was

influenced by both the fixation process and acid treatment, with the pattern being

similar for both length and width (Fig. 3.1.). Fixation caused shrinkage in both

length and width of the control cells, and the width of acid treated cells (P <
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0.001), with control cells showing a proportionately larger decrease (Fig. 3.2.).

Propionic acid treatment of cells resulted in shorter cells if they were unfixed (P <

0.001), with no difference in width. Fixation of cells treated with propionic acid,

however, caused a non-significant increase in length (P = 0.097) and a significant

increase in width (P <0.001). Two-way ANOVA indicated an interaction between

the effect of propionic acid and fixation for both length and width (P <0.001),

with cells treated with propionic acid being less susceptible to shrinkage by the

fixation process than controls (Fig. 3.1.).

3.2.2. Effect of 10mM formic and 5mM propionic acids on the size of

Enteritidis PT4 over 24h

Method 

Enteritidis PT4, in exponential growth, was incubated with either 10mM formic

acid, 5mM propionic acid or CPB. After 1,2,3,4 and 24h of incubation, 2m1 of the

culture medium was removed. The number of cfu/ml were determined and the

absorbance of the culture measured at 560nm. Neutral buffered formalin was

added to suspensions of cells to give a final concentration of 10%. Fixed cells

were stored overnight in a fridge at 4°C, after which the size of the cells was

measured using image analysis (section 2.10.). Results were analysed using the

Student t test.

Results

Acid treated cells grew less well than control cells (Table 3.1.). Over 24h cells

became narrower and shorter (P <0.001) in both the control and acid treated

groups (Table 3.1.), and the 'shape' factor value was also reduced (the 'shape'

factor indicates how unlike a circle the shape of the bacterium is, i.e. a circle has a

'shape' score of 1 whereas a rod might have a 'shape' score of 2). After 2h

significantly wider cells were observed with formic acid (P <0.01) and propionic

acid (P <0.001). The length increased after 2h with formic acid and 3h with

propionic acid (P <0.5). The size of formic acid treated cells was the same as the

controls after 4h, but the increase in the size of cells treated with propionic acid

persisted (P <0.001), although by 24h there were no differences (Table 3.1.).
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3.2.3. Effect of increasing concentrations of formic and propionic acids on

the size of log phase Enteritidis PT4 after 21:

Method
Enteritidis P14, in exponential growth, was incubated with either formic or

propionic acids at a range of concentrations from 5-200mM, or with CPB. After

2h the number of cfu/ml were determined, and the absorbance of the culture

measured at 560nm. Neutral buffered formalin was added to suspensions of cells

to give a final concentration of 10%. Fixed cells were stored for 2 days at 4°C,

after which the size of the cells was measured using image analysis (section 2.10.).

Results were analysed using the Student t test.

Results

Enteritidis P14 grew in SMM containing both formic and propionic acids at

concentrations up to 50mM, after which bacteriostasis and death occurred (Fig.

3.3.). At 50mM there was a significant increase in the width and length of cells

and the 'shape' factor (P <0.001). Cells incubated with 200mM propionic acid

were narrower (P <0.05) and shorter (P <0.01) than those incubated with 100mM.

3.2.4. Effect offormic and propionic acids on the cell structures of stationary

phase Enteritidis PT4

Method 

1m1 of Enteritidis P14 in stationary phase was centrifuged, and the cells

resuspended in 5m1 SMM containing 50mM or 500mM formic and propionic

acids. The control was CPB. Cells were incubated for 2h, and then the number of

cfuhnl determined and the cells prepared for TEM (section 2.8.).

Results

Growth of Enteritidis P14 occurred at a concentration of 50mM formic and

propionic acids, although neither grew as well as the control. TEMs showed these

cells to have a homogeneous granular cytoplasm, with slight aggregation of

cytoplasmic constituents in cells incubated with 50mM propionic acid. Inner and

outer membranes appeared intact (Fig. 3.4.). At 500mM formic acid was

bacteriostatic, and, although the cell wall appeared intact (Fig. 3.5.), there was

evidence of plasmolysis, with aggregation of nuclear material into filaments and

clumps not found in the controls (Fig. 3.4A.). Electron dense spheres in the

cytoplasm were possibly polyphosphates (Sedar & Burde 1965). 500mM

propionic acid was bactericidal and the cytoplasm of these cells showed more
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pronounced clumping, with densely stained filaments and granules, and extensive

plasmolysis (Fig. 3.6.). There was no evidence of damage to either the cell wall or

cytoplasmic membrane.

3.3. DISCUSSION

Growth of Enteritidis PT4 is inhibited by increasing concentrations of formic and

propionic acids. Concentrations of 5mM propionic (equivalent to 2.2mM

undissociated acid) and 10mM formic (equivalent to 0.53mM undissociated acid)

acids were chosen because at pH 5.0 they have a similar inhibitory effect on

growth rate. At equivalent concentrations at pH 5.0 propionic acid is more

inhibitory because a higher proportion (44%) of acid molecules are undissociated

compared to formic (5.3%) and it is the undissociated lipophilic acid molecule that

permeates the cytoplasmic membrane (section 1.6.1.).

These experiments were performed because of observations that acid-

treated cells showed an increase in turbidity in the absence of cell division, and the

inhibition of DNA was greater than that of other macromolecules, leading to the

hypothesis that there was an increase in cell size (Cherrington et. al. 1990). The

size of cells is determined predominantly by growth rate, with the most important

variable being the medium. Schaechter et al. (1958) demonstrated that fast-

growing Typhimurium contain more DNA, RNA and proteins. In favourable

growth conditions cells will grow faster and lay down reserve materials such as

glycogen and poly-f3-hydroxybutyric acid. Another reason for the increase in size,

is that in a rich growth medium, cells do not require as high a surface to volume

ratio in order to acquire sufficient nutrients. Fast-growing bacteria may also be

protected from the inhibitory effect of SCFAs because the acids have a relatively

shorter time to penetrate the cell wall, and larger cells have a smaller surface area

relative to the volume. This may account for the fact that stationary phase cells

are more sensitive to SCFAs than those in exponential growth (Fay & Farias 1975,

1976). Although cells may be in exponential growth as assessed by viable counts,

other measurements such as absorbance may not increase exponentially and care

must be taken when interpreting the results.

The absorbance of dilute suspensions of rods and cocci is proportional to

the concentration of the dry weight of the bacterial cells, but it may be affected if

the cell size of the bacteria changes (Koch 1961). After the lag phase, the

components of the protein synthesising system increase, resulting in an increase in
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cell size before cell division. It is not suprising, therefore, that Cherrington et al.

(1990) noticed an increase in the turbidity of cells in lag phase immediately after

treatment with formic and propionic acids. This could be predicted in the same

way that a decrease in cell size would be expected if cells in exponential growth

were reaching stationary phase. However, the size of the increase might be

greater than expected from changes in growth rate, and possible changes in the

shape of the cell would also complicate interpretation of results based on turbidity

alone.

Although there are several different ways of estimating cell size, they each

present different problems. EM involves conditions of low water activity and a

vacuum. This could affect the size of cells. Negative staining and measurement of

TEMs gave an average length and width for unfixed E. coil incubated for 3h in

SMM, of 2.5pm and 0.89pm respectively (Fig. 3.1.). This compares with

measurements from TEM sections by Cherrington et al. (1991a) of 2.3611m for

length and 0.81pm for width using the same strain of E. coil (UB1139).

Propionic acid treatment of E. coli resulted in shorter cells, which would be

expected as the growth rate was not as high. Fixation of E. colt in glutaraldehyde

prior to negative staining caused shrinkage, but cells treated with 5mM propionic

acid did not shrink as much as control cells. Growth of E. colt in the presence of

propionate results in the formation of unusual fatty acids, with odd numbers of

carbon atoms, which are incorporated into the cytoplasmic membrane (Ingram

1977). The synthesis of 15-carbon and 17-carbon saturated fatty acids, and 17-

carbon unsaturated fatty acid is probably the result of propionyl-CoA synthetase

being used as a primer instead of acetyl-CoA (section 1.5.4.). It may be that

propionic acid has an effect on the cell wall components that makes the cell more

resistant to shrinkage.

The use of image analysis enabled a large number of cells to be measured

in a short time. Enteritidis PT4 was fixed in 10% neutral buffered formaldehyde

(equivalent to 0.4% formaldehyde) in order to prevent growth and motility. The

length and width of Enteritidis PT4 incubated over 24h decreased, reflecting the

fact that SMiM is not a rich medium. The increase in the size of acid-treated cells

after 2h may be caused by inhibition of DNA whilst other macromolecules (RNA,

proteins, lipids) continue to be synthesised (section 1.6.4.). Alternatively, it may

be that acid-treated cells are less prone to shrinkage as a result of fixation in

neutral buffered formaldehyde in the same way that less shrinkage occurred with
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glutaraldehyde. Storage in 0.2% formaldehyde can cause an initial increase in the

size of bacteria, followed by shrinkage. This can lead to underestimating volumes

of bacteria by as much as 77% (Fry & Davies 1985). If control cells are more

prone to shrinkage than acid-treated cells, then it might appear that the acid-

treated cells were larger. Whatever the cause, differences in size were not evident

after 24h.

Incubation of Enteritidis PT4 with bacteriostatic and bactericidal

concentrations of formic and propionic acids for 2h resulted in larger cells which

were more rod shaped than the controls. This is probably because DNA is

inhibited to a greater extent than other macromolecules, and as cells reached stasis

they continued to grow without dividing. Enteritidis PT4 continued to be

metabolically active, despite extensive damage to cytoplasmic constituents, as

evidenced by the fact that cells were viable after treatment with 500mM formic

acid, although TEM showed plasmolysis and aggregation of nuclear material (Fig.

3.5.). Inhibition of growth by SCFAs is reversible, and treated cells transferred to

fresh medium resume growth (Blankenship 1981; Salmond et. al. 1984).

These experiments supported the hypothesis that incubation with sub-lethal

concentrations of formic or propionic acids for 2-4h results in larger cells.

However, incubation for 24h resulted in no differences in size. Bacteriostatic and

bactericidal concentrations of formic and propionic acids resulted in larger cells.

Treatment with SCFAs may make the cell less susceptible to shrinkage as a result

of fixation, possibly as a result of altered fatty acid and phospholipid composition.

Incubation for 2h at pH 5.0 with 500mM formic and propionic acids caused

extensive damage to the cytosol, with no apparent damage to the cytoplasmic

membrane or the cell wall. Despite plasmolysis and aggregation of nuclear

material, Enteritidis PT4 was still viable after incubation for 2h with 500mM

formic acid.

The failure to observe acid-induced damage to the cytoplasmic membrane

or the cell wall at bactericidal concentrations of formic and propionic acids

suggests that bactericidal activity is likely to be due to an effect on the cytosol, as

discussed in section 1.6.4. However, there may be changes to the screening

properties of the cell membranes at the molecular level undetectable by TEM. The

next chapter investigates some of the factors that affect the inhibitory activity of

formic and propionic acids on the growth of E. colt and salmonellas.
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Table 3.1. The effect of formic acid (10mM) and propionic acid (5mM) at pH
5.0 on the width, length and 'shape' (mean ± SD) of Enteritidis PT4 (Experiment
3.2.2.).

Time	 Abs.	 No of Width	 Length
(h)	 cfu/ml	 560nm cells	 pm	 Inn	 Shape

Control	 0	 3.5x107	 0.084	 104	 2.17±	 2.97±	 1.82±
0.99	 1.37	 0.44

1	 9.5x107	 0.171	 172	 1.74±	 2.27±	 1.66±
0.72	 1.01	 0.41

2	 2.25x108	 0.228	 131	 1.50±	 1.91±	 1.61±
0.54D,G 0.67A	 0.33C

3	 8.15x108	 0.396	 126	 1.47±	 1.86±	 1.54±
0.53H	0.65B	 0.23

4	 9.7x108	 0.501	 136	 1.31±	 1.65±	 1.55±
0.40	 0.62F	 0.25

24	 1.21x109	 0.746	 220	 1.42±	 1.75±	 1.56±
0.55	 0.72	 0.31

Formic	 0	 3.5x107	 0.084	 104	 2.17±	 2.97±	 1.82±
10mM	 0.99	 1.37	 0.44

1	 9.5x107	 0.112	 112	 1.73±	 2.25±	 1.67±
0.75	 0.93	 0.33

2	 1.9x108	 0.164	 116	 1.70±	 2.14±	 1.67±
0.65D	0.78A	 0.39

3	 3.3x108	 0.291	 ND	 ND	 ND	 ND

4	 4.8x108	 0.389	 138	 1.33±	 1.65±	 1.54±

	

0.44K	 0.57E	 0.29
24	 8.85x108	 0.722	 208	 1.44±	 1.83±	 1.57±

	

0.54	 0.64	 0.32
Propionic	 0	 3.5x107	 0.084	 104	 2.17±	 2.97±	 1.82±
5mM	 0.99	 1.37	 0.44

1	 1.0x108	 0.14	 121	 1.69±	 2.24±	 1.69±
0.71	 0.87	 0.41

2	 1.85x108	 0.243	 108	 1.65±	 2.10±	 1.72±
0.60G	0.83	 047C

3	 5.3x108	 0.363	 133	 1.60±	 2.06±	 1.59±
0.50G	0.67B	 0.34

4	 7.3x108	 0.473	 125	 1.63±	 2.03±	 1.62±
0.56J,K	0.70E,F 0.35

24	 6.25x108	 0.693	 219	 1.37±	 1.74±	 1.58±
0.58	 0.75	 0.31

ND --= not done; 'Shape' see section 3.2.2. for definition
10mM formic acid 0.53mM undissociated molecules
5mM propionic acid 2.2mM undissociated acid
For each time, means with the same superscript differ by:
P < 0.05	 A, B, C
P<0.01
P < 0.001	 E, F, G, H, J, K
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Fig. 3.1. The effect of 5mM propionic acid and fixation on the length and width
of Escherichia coil K12 UB1139. Cells were incubated for 3h in supplemented
minimal medium, pH 5.0, and fixed with 2.5% glutaraldehyde in 0.1M sodium
cacodylate buffer. The protocol is described in section 3.2.1.
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A

Fig. 3.2. Transmission electron micrographs (TEM) of negatively stained
Escherichia coil K12 UB1139 incubated for 3h in supplemented minimal medium,
pH 5.0. (A) unfixed prior to processing for TEM, (B) fixed with 2.5% sodium
cacodylate buffer prior to processing for TEM. The black bar represents 1 pm.
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Fig. 3.3. The effect of incubating Enteritidis P14 with formic or propionic acids
on the length, width and 'shape' of the cells. Bacteria were incubated for 2h in
supplemented minimal medium, pH 5.0, and dimensions measured using image
analysis. The protocol is described in section 3.2.3.
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Fig. 3.4. The effect on cell structures of incubating Enteritidis PT4 with 50mM
formic or propionic acids. Bacteria were incubated for 211 in supplemented
minimal medium, pH 5.0. (A) control; (B) 50mM formic acid; (C) 50mM
propionic acid. TEM x 12,150.
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Fig. 3.5. Transmission electron micrographs of Enteritidis PT4 incubated for 2h
in supplemented minimal medium, p1-1 5.0, containing 500mM formic acid.
(A) TEM x 2,500; (B) TEM x 36,000.
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Fig. 3.6. Transmission electron micrographs of Enteritidis PT4 incubated for 2h
in supplemented minimal medium, pH 5.0, containing 500mM propionic acid.
(A) TEM x 12,500; (B) TEM x 36,000.
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CHAPTER 4

FACTORS AFFECTING THE GROWTH OF ESCHERICHIA COLI AND

SALMONELLAS IN THE PRESENCE OF FORMIC AND PROPIONIC

ACIDS
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4.1. INTRODUCTION

Many factors are known to affect the antimicrobial properties of carboxylic acids,

including the phase of growth of the bacteria, the presence of organic matter and

the pH of the growth medium. The means by which viability is assessed can also

affect experimental results (section 1.6.1.). This chapter addresses some of these

factors in more detail.

It has been reported that bacteria in the stationary phase of growth are

more sensitive to carboxylic acids than those growing exponentially (Fay & Farias

1975, 1976). This may be due to the fact that SCFAs have less time to penetrate

the cell wall when bacteria are rapidly dividing. For this reason, experiments were

conducted either with bacteria in exponential growth, or with stationary phase

bacteria that had been diluted sufficiently to give them the potential for growth.

SMM was the growth medium in the initial experiments. Subsequently, modified

citrate buffer (MCB) was used, as this was a less complex medium, and unlike

SMM did not contain yeast extract, which may protect salmonella from the

bactericidal activity of SCFAs (Cherrington et al. 1992). In addition, MCB

contained less salts, making it easier to investigate the effect of added cations on

antibacterial activity, and could be buffered within the range pH 3.5-8.0, which

covers most of the values likely to be encountered in vivo. It is well established

that pHo affects the antibacterial activity of SCFAs, and the mechanism for this is

discussed in section 1.6.1. The pH of the digestive tract of the hen varies, and this

could be expected to affect the antibacterial activity of SCFAs included in the diet.

This aspect was investigated in vivo (see Chapters 7 and 8), while in this chapter

the effect of pH in vitro was studied.

After incubation of cultures with formic or propionic acids, evidence for

antibacterial activity against salmonella was sought by comparison with control

cultures after subculture onto BGNA containing 301.1g/m1 nalidixic acid, and

viability checked by colony counts. This medium had the advantage of selecting

for salmonellas. There is evidence that enteric bacteria are less likely to grow on

more selective media after exposure to SCFAs, e.g. there is a lower recovery on

violet red bile agar than NA (Roth & Keenan 1971; Blankenship 1982), and

trypticase soy agar (Przybylslci & Witter 1979). In experiments where E. coli

were compared with salmonella NA was used as the culture medium. In

experiments where it was only necessary to establish if growth of the culture had

occurred, culture absorbance was used.
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Although no evidence of cell wall damage following incubation with

formic and propionic acids was found using TEM (Chapter 3), the possibility of

sub-lethal damage rendering the bacteria more susceptible to other stressors, e.g.

cations, was investigated, and the results are reported in this chapter. The use of

acid salts rather than acids has operational advantages, as they are less volatile and

easier to handle, but little research has been done on the contribution of the cation

to antibacterial activity. Chicken feed contains added minerals, particularly

calcium, and the ionisation of these minerals in the acid conditions of the digestive

tract could affect the sahnonellicidal activity of any added SCFAs.

The following experiments investigate separate topics, using a number of

different protocols, and consequently the results have been presented as a series of

individual experiments.

4.2. METHODS AND RESULTS

Unless stated otherwise, cells were incubated statically at 37°C, in SMM at pH

5.0. Cells in exponential growth were used as the inoculum, and the number of

salmonellas was determined by colony counts on BGNA.

4.2.1. Effect of sub-lethal doses of formic and propionic acids on the growth

of Escherichia coil and salmonellas.

This experiment generated data about the effect of formic and propionic acids on

the growth rate of rapidly growing strains of E. colt and Salmonella enterica.

Method 

Two strains of E. colt (UB1139, ECO 80) and Salmonella (Kedougou,

Typhimurium 49a) were incubated with either formic or propionic acids (5, 20 and

50mM). Initial numbers of bacteria were between 10 7 and 108/ml. The number of

cfu/ml were determined after 1, 2, 3 and 24h using NA as the culture medium.

Results

Exposure to acid for 3h resulted in a non-significant reduction in the number of

bacteria at all concentrations (Table 4.1.). Growth occurred after 24h at all

concentrations of acid except 50mM. Although there were no differences in

sensitivity to acids between genera, there were differences between strains.

Numbers of Kedougou were significantly reduced when incubated with acids for

3h compared to Typhimurium 49a, and E. colt ECO 80 was more sensitive than
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E. coil UB1139 (P <0.01). However, these two strains did not grow as well as

the other strains in the control medium (Table 4.1.).

Discussion 

The fact that Kedougou and E. coil ECO 80 appeared to be more sensitive to

formic and propionic acids could be that they were not growing as rapidly as the

other strains, and therefore were more susceptible to antibacterial activity (Fay &

Farias 1975, 1976). The results also suggest that some strains of bacteria grow

less well in SMM than others. Enteritidis PT4 was used in further experiments, as

this strain is of interest for public health in this country (section 1.1.).

4.2.2. The effect of formic and propionic acids on the growth rate of

Enteritidis PT4

The use of absorbance measurements to monitor growth of cultures has the

advantage of being less labour intensive than colony-count methods. In this

experiment both methods were used in parallel.

Method 

Enteritidis PT4 (initial inoculum 107/m1) was incubated in an orbital shaker with 5,

10, 20, 50 and 100mM formic or propionic acid. The control was 0.1M citrate

phosphate buffer pH 5.0 (CPB). After 1, 2, 3, 4 and 24h of incubation, 2m1 of the

broth was removed, the absorbance at 560nm measured and the number of cfu/ml

determined. The time for the absorbance and cfu/ml to double was calculated, and

from this the concentration of formic and propionic acids required to inhibit

growth by 50% calculated by regression analysis (section 2.7.3.). Inhibition of

growth, as determined by turbidity, was calculated in two other ways: 1) the time

for turbidity to double in the absence of acid was divided by the doubling time at

each concentration of acid x 100, and 2) the increase in turbidity of the acid

treated cultures was divided by the increase of the control x 100. For both

methods, lack of inhibition equates to 100%. The experiment was repeated three

times.

Results

When either absorbance or log 10 cfu/ml were plotted against time, there was a

linear relationship over the first n. Concentrations above 20mM for propionic

acid and 50mM for formic acid inhibited growth after 24h (Figs. 4.1. & 4.2.).

Absorbance was not sufficiently sensitive to register less than 10 7/m1 cells. The

time for either the absorbance of the culture to double, or for the number of cfu/ml
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to double, at different concentrations of acid, could be calculated for the first 3h

of the incubation, as growth was linear. The absorbance of the cultures took

longer to double than the number of viable cells, with propionic acid being more

effective at inhibiting growth than formic acid (Fig. 4.3.). The concentration of

acid required to inhibit the doubling rate of bacteria by 50% over 3h was

calculated from the number of cfu/ml as being 24.8mM and 13.7mM for formic

and propionic acids respectively. The concentration of acid required to inhibit the

doubling time for absorbance by 50% was 14.3mM for formic acid and 11.9mM

for propionic acid. When absorbance measurements were used to express growth

of Enteritidis PT4 as a percentage of the control growth, results were similar for

both methods used. There was a linear relationship between the percentage

inhibition of turbidity and the molarity of acid over the range 5-20mM (Table

4.2.). The concentration of acid required to inhibit the increase in the absorbance

of cultures by 50% over 3h was estimated using regression analysis as 13.2mM for

formic acid and 12.4mM for propionic acid.

Discussion 

Propionic acid was more effective than formic acid at inhibiting growth of

Enteritidis PT4, which is to be expected if the undissociated molecule is the active

moiety, because, at any given pH there will be more undissociated propionic acid

molecules than formic (Fig. 1.7.). Although absorbance measurements were easier

to obtain than cfu/ml, the use of this technique was limited to cell numbers >

107/ml. Absorbance measurements are related to cell mass (Koch 1961), and

although cfu/ml may be increasing exponentially, cell mass need not, as it is

affected by changes in growth rate, i.e: cells prior to division are larger during

exponential growth, and become smaller prior to entering stationary phase

(section 3.3.). The fact that absorbance of cultures took longer to double than

cfu/ml is difficult to interpret. It may be because the cells were smaller due to

growth rate slowing down. The possibility of changes in cell shape affecting

absorbance cannot be discounted, since exposure to sub-lethal doses of formic and

propionic acids for 2h caused bacteria to be wider and longer (experiment 3.2.2.),

and bacteriostatic concentrations caused bacteria to be more rod shaped

(experiment 3.2.3.). Absorbance varies as the four-thirds power of the volume for

bacteria varying in size but at a constant concentration, and changes in shape from

a sphere to an ellipsoid can decrease turbidity by 15% (Koch 1961). In addition,

absorbance is affected by the presence of dead and non-culturable cells.
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4.2.3. Possible synergism of formic and propionic acids in inhibiting the

growth rate of Enteritidis PT9

Having established the concentration of formic and propionic acids that give a

50% inhibition of growth of Enteritidis PT4 (experiment 4.2.2.), mixtures of the

two acids were used to establish if synergism occurs. Synergism of antibacterial

agents can be considered to occur if 1) a lower concentration of the combined

agents is required to achieve the same inhibition of growth rate, 2) there is greater

inhibition than would be predicted from the additive effects of the individual acids,

or 3) a combination produces an effect not seen when agents are used singly. The

possibility of a lower concentration of acids being required because they act

synergistically is of direct interest to manufacturers of feed additives, since several

products on the market contain mixtures of formic and propionic acids, e.g. 'Bio-

Add' (BP Nutrition) and 'Salkil' (Algil).

Method 

Enteritidis PT4 (initial inoculum 107/m1) was incubated in an orbital shaker, with

combinations of formic and propionic acids or a control of CPB. Stock acid

solutions of 0.25M formic and 0.15M propionic acids, buffered to pH 5.0, were

mixed in various proportions to give a final volume of imi, which was added to a

9m1 suspension of bacterial cells (Fig. 4.4). The final concentrations of formic and

propionic acids, if not mixed, were 25mM and 15mM respectively. These

concentrations had been calculated from experiment 4.2.2. as those which caused

an approximate reduction in growth rate of 50% over 3h. After 3h incubation the

number of cfu/ml was determined. The mean doubling time for the different

combinations of acid was calculated (section 2.7.3.) and expressed as a percentage

of the doubling time of the controls, with a lack of inhibition being 100%. The

experiment was repeated three times with three replicates in each experiment.

After the first experiment, the stock formic acid solution was adjusted to 22mM.

Results

The rate at which the numbers of Enteritidis PT4 doubled when exposed to

formic or propionic acids, as a percentage of the control rate, is shown in Fig. 4.4.

Results plotted are 'smoothed' (Minitab). The inhibition of cultures containing

formic or propionic acid only was expected to be 50% (section 4.2.2.) but in fact

25mM formic acid caused greater inhibition than this, and subsequent experiments

used 22mM. The pure solutions of formic and propionic acids should have given

50% inhibition, according to the previous experiment (section 4.2.2.). The fact
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that this did not happen does not invalidate the results obtained with mixtures,

because if inhibition of growth caused by the acids was additive, the predicted

inhibition would fall on a straight line between the two values obtained by each

acid alone (dotted lines on Fig. 4.4.). If the two acids acted synergistically in their

inhibitory effect, then the decrease in the value, when expressed as a percentage of

the control rate, would fall below the dotted line on Fig. 4.4. A reduction in

inhibition would indicate antagonism, and the values would lie above the dotted

line. The results of the three experiments varied, with the first, in particular,

giving a much greater inhibition. An increase in inhibition with a 50:50 mixture of

formic and propionic acids, suggesting the possibility of synergism, was

demonstrated in all three experiments, however, although this was not statistically

significant.

Discussion 

Synergy is most likely to occur when antibacterials have different target sites,

while agents with the same mode of action would be expected to show an additive

effect (Denyer et al. 1985). SCFAs may, however, have several target sites, and

those affected could depend on the concentration of the individual acid (section

1.6.). Synergism has been reported with propionate and sorbate (Preonas et al.

1969) and lactic with acetic acid (Rubin 1978), while lack of synergism between

lactic and acetic acids has also been reported (Minor & Marth 1970), possibly

because the concentrations of the different acids did not give a similar inhibition of

growth, and the effect of the weaker acid was masked by the stronger. In this

experiment the acids used were buffered to pH 5.0, and the SMM was also

buffered. This is important because apparent synergistic effects could be the result

of a one acid potentiating the other by reducing the pH., as found with acetic and

lactic acids (Adams & Hall 1988). Indeed, one advantage of including both formic

acid and propionic acid in commercial feed additives could be that formic acid is a

'stronger' acid and, therefore, more likely to reduce the pII of the hydrated feed in

the crop of the hen, thus increasing the efficacy of the propionic acid.

The results of this experiment were inconclusive, despite being repeated

nine times, because of the variations in growth between replicates. However, the

pattern was similar in each, suggesting some synergism between formic and

propionic acids. This suggests that either the two acids had different subcellular

targets, or the acids in some way enhanced the uptake of the other by the cell,
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although this may not be the case, as they are both small molecules which could

have the same mechanism of uptake (section 1.5.3.).

4.2.4. The use of an automated, multisample spectrophotometer to investigate

possible synergism offormic and propionic acids

Although there were problems with the interpretation of absorbance

measurements (experiment 4.2.2.), the lack of conclusive results from experiment

4.3.3., and the opportunity to use an automated optical density monitoring system

(section 2.7.2.), resulted in another attempt being made to ascertain whether

mixtures of formic and propionic acids were more effective at inhibiting the

growth rate of Enteritidis PT4 than individual acids.

Method

Enteritidis PT4 (initial inoculum 10 7/m1) was cultured in 4001.11 tnicrowells

containing increasing concentrations of either formic or propionic acids up to

200mM. At 10min intervals the absorbance was measured at 540nm (section

2.7.2.). This experiment was repeated three times. After 3h there were no

significant differences between the absorbance of cultures with formic or propionic

acids (fig. 4.5.), and a concentration of 30mM was chosen as this inhibited the

growth of Enteritidis by approximately 50%. The experiment was repeated, and

the absorbance of cultures grown with combinations of the two acids, totalling

30mM, were compared with cultures treated with single acids. The experiment

was repeated three times.

Results 

The absorbance of cultures grown in the presence of formic or propionic acids is

expressed as a percentage of the control cultures in Fig. 4.6. Cultures grown with

mixtures of acids had a higher absorbance than those grown with single acids (P <

0.001).

Discussion

These results were in complete contrast to those of experiment 4.2.3., where

mixtures of acids appeared to be more effective at inhibiting growth. Increased

turbidity in the presence of mixtures of acids suggests antagonism, and there are

few reports of SCFAs exhibiting this. Bohnhoff et al. (1964) suggested that lactic

acid was antagonistic to acetic acid, but the experimental protocol was

subsequently criticised since no account was taken of the fact that the acids would

have been predominantly in the dissociated form at the pH chosen (Rubin 1978).
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As turbidity is related to cell mass rather than cell numbers (Koch 1961), an

explanation for the difference in the results of experiments 4.2.3. and 4.2.4. is that

the cells exposed to mixtures of formic and propionic acids at the sub-lethal

concentration of 30mM were wider and longer (experiment 3.2.2.).

4.2.5. Sub-lethal damage caused by incubation of Enteritidis PT4 with formic

and propionic acids

The failure to demonstrate obvious damage to the cell membranes of Enteritidis

P14 after exposure to bacteriostatic and bactericidal concentrations of formic and

propionic acids using TEM (experiment 3.2.4.) could reflect the fact that the

injury occurs at the molecular level and is very subtle. Any sub-lethal injury is

likely to render bacteria less able to cope with additional stresses. In the method

below, lactic acid and crop fluid were chosen to simulate the conditions found in

the crop, and sodium chloride because any damage to cell membranes would

render the bacteria less able to withstand osmotic shock.

Method 

lml of a culture of Enteritidis PT4, in stationary phase, was centrifuged and the

cells resuspended in 5m1MCB pH 5.0 containing 0.05M formic or propionic acids

and incubated for 2h. The controls were incubated in CPB. After 2h 0.2m1 of the

cell suspension was used to inoculate 1.8m] of each of the following: 0.7% lactic

acid adjusted to pH 5.0, 20% sodium chloride, crop fluid from hen (filtered

through 0.2p. filter and stored at -20°C prior to use), peptone saline (PS) and

sterile water. After a further 2h incubation the number of cfu/ml were determined.

The experiment was done twice.

Results 

There was little difference between any of the treatments except for 20% sodium

chloride (Fig. 4.7.). Exposure to sodium chloride resulted in a decrease in the

number of viable bacteria when compared to PS (the normal diluent). This was

significant for formic acid treated cells (P <0.01), but not for those treated with

propionic acid (P = 0.057). Although sodium chloride resulted in fewer cfu/ml for

all treatments, the decrease in numbers when incubated with formic acid was

greater than that for either the control or the cells treated with propionic acid (P <

0.01).
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Discussion 
It would seem that formic acid impaired the cell envelope structure to an extent

that Enteritidis PT4 was unable to recover from osmotic shock. Incubation with

mixtures of lactic, propionic and acetic acids have been shown to reduce the

viability of Gram-negative bacteria when subsequently treated with bacteriocins of

lactic acid bacteria (Kalchayanand et al. 1992). As the crop is colonised with

lactic acid bacteria (LAB) it is possible that SCFAs in the feed could render

salmonellas more sensitive to bacteriocins by damaging the cell membranes.

These results do not support this theory, but the crop fluid was filtered and frozen,

and this may have affected the concentration of bacteriocins present. In addition,

in vivo there would be a constant production of antibacterial substances by the

LAB in the crop.

4.2.6. Effect of pH and chick mash on the growth of Kedougou.

Conditions in the crop of the hen vary, depending on the type of diet and transit

times in the crop. The aim of this experiment was to see if the presence of organic

matter affected the growth of salmonellas over the pH range encountered in vivo.

Kedougou was chosen as it is a non-invasive strain, and the experimental protocol

involved vigorous shaking of cultures.

Method 
SMM was adjusted to a pH range 3.5-8.0 using NaOH or HC1, dispensed into

20m1 screw topped containers, and autoclaved. The pH was measured and 5%

w/v chick mash added. The pH was readjusted to the original pH using NaOH or

HC1. The SMM was inoculated with a low dose (< 300 cfu/ml) of Kedougou and

incubated for 24h. The pH of the medium at the end of the incubation was

measured. SMM containing chick mash (5% w/v) was shaken with sterile glass

beads to aid in the removal of bacteria from the feed, and the number of cfu/ml

determined. The experiment was repeated four times.

Results

The pH of the SMM without chick mash altered little after incubation with

Kedougou for 24h (Fig. 4.8.). Growth of Kedougou did not occur below pH 4.1,

with the best growth occurring in the range 5.7-7.8. The presence of chick mash

in the medium had a buffering effect, with the final range of pH being reduced

from 3.5-8.0 to 4.2-7.1. The inclusion of chick mash enabled growth to occur at
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every pH, although the number of cfu/ml recovered from the medium was over a

thousand-fold lower than from medium without chick mash.

Discussion

The presence of proteins, and possibly other organic components in the chick

mash, buffered the medium, and the poor growth of Kedougou, despite the

nutritionally rich environment, may reflect the fact that Kedougou adhered to the

particles of feed. Growth below pH 5.0 was better in the presence of chick mash.

This could be because pH readings were of the liquid medium, whereas if the

Kedougou were adhering to feed particles, the pH of this microenvironment could

have been higher than that of the medium. Because of the difficulties working

with this type of model, further experiments concentrated on the effect of pH

under more defined conditions.

4.2.7. Effect of initial pH on the growth of Enteritidis PT4

The growth of salmonellas is affected by the type of medium as well as pH.

Before assessing the effect of formic and propionic acids on growth, some basic

information on growth in MCB was required. In addition, it was necessary to

ascertain if the buffering ability of MCB was sufficient to maintain the pH

throughout the period of incubation.

Method

Enteritidis PT4 was incubated for 24h in 10m1 MCB adjusted to a pH range 4.0-

11.7 (section 2.3.). The pH of the growth medium was determined immediately

prior to inoculation, and also at the end of the incubation. The inoculum was

0.1m1 of a culture in stationary phase, washed and resuspended in sterile distilled

water to give a final concentration of 10 5/ml. The growth of cultures was

determined by measuring their absorbance at 560nm.

Results

Enteritidis PT4 grew well when the initial pH of the MCB was 5.0-9.5 (Fig. 4.9.).

There were no significant differences between the initial and final pH of the

medium. Growth occurred at pH 4.5, but not at pH 4.0.

Discussion

The pH at which growth is initiated depends on many factors, including the acid

used, aeration and the size of the inoculum. Under ideal conditions, in a

nutritionally favourable medium, growth of Enteritidis is unlikely to occur below

pH 4.05, when either HC1 or citric acid is used as the acidulant, although there
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was some variation between strains (Chung & Goepfert 1970; Ferreira & Lund

1987; Ostling & Lindgren 1993).

4.2.8. Effect of initial pH on the growth of Enteritidis PT4 with formic and

propionic acids

It is well established that the antibacterial activity of SCFAs is affected by the pH

of the growth medium (Hentges 1967; Salmond et al. 1984). The inhibitory

effects of formic and propionic acids are related principally to the concentration of

undissociated acid (Cramer & Prestegard 1977), and this is determined by the pH

of the growth medium and the pIC of the acid (section 1.4.2.). This experiment

was designed to investigate the effect of pH on the concentration of acid required

to inhibit growth of Enteritidis PT4. As formic (pKa 3.7) and propionic (pKa 4.87)

acids have different pKa values, the antibacterial activity of the undissociated acids

was compared.

Method 
The protocol for experiment 4.2.7. was followed, the MCB adjusted to a pH range

4.9-11.7, and formic or propionic acid was added at concentrations ranging from

1.6-200mM. The acids were not buffered, and consequently the pH of the MCB

reduced with increasing concentrations of acid. The pH of every combination of

acid and buffer was recorded at the start and the end of the incubation period.

The minimum inhibitory concentration (MIC) was calculated as being the lowest

concentration of acid that prevented growth, assessed by absorbance at 560nm.

The concentration of acid and the pH of cultures where growth was inhibited was

used to calculate the molarity of undissociated acid present at the MIC (

MICundiss) as described in section 1.4.2. Eqn. 1.6.

Results

The pH of the medium influenced the bactericidal activity of both formic and

propionic acids, with more acid being required to inhibit growth as pH increased.

None of the cultures incubated in MCB plus formic acid at pH 11.7 grew. This

was because the acid was added by doubling dilution from 200mM and the jump

between 200mM and 100mM was too large to pinpoint the MIC. Less propionic

acid was required than formic acid to inhibit growth at the same pH (Fig. 4.10.A.).

However, when expressed as undissociated acid, less formic acid was required

than propionic acid to inhibit growth, and the concentration was relatively

constant regardless of the pH of the medium (Fig. 4.10.B.).

99



Discussion

These results support the hypothesis that it is the undissociated acid that is

primarily responsible for inhibition of bacterial growth. Undissociated formic acid

was more effective than propionic acid, and this could be because it is a smaller

molecule, and can therefore diffuse passively across the bacterial cell wall at a

faster rate.

4.2.9. The Minimum Inhibitory Concentration of formic and propionic acids

for Enteritidis PT4

A wide range of concentrations of acids (1.6-200mM) were used in experiment

4.2.8., and consequently the MIC and MEEC undiss values were approximations. The

aim of this experiment was to obtain a more accurate estimate.

Method 

The protocol for experiment 4.2.8. was followed, except that the MCB used was

pH 5.8. Unbuffered formic and propionic acids were added at a lower

concentration over the narrower range of 2.5-27.5mM. The experiment was done

twice and the MIC and MICundiss calculated (section 4.2.8.).

Results

The average MK over 24h for Enteritidis PT4 grown in MCB was 20mM formic

and 15mM propionic acid. The average MIC undi„ was 0.542mM formic acid and

2.65mM propionic acid (Table 4.3.).

4.2.10. Effect of monovalent and divalent cations on the antibacterial activity

offormic acid

Inhibition of growth as a result of incubation in the presence of SCFAs could be

caused by acidification of the cytoplasm. Homeostatic mechanisms include the

active transport of H+ out of the cell using potassium and sodium dependent

antiports (Booth 1985). The presence of cations in the surrounding medium may

affect the antibacterial activity of formic and propionic acids.

Method 

The protocol for experiment 4.2.9. was followed, with unbuffered formic acid

being added to give a final concentration in the range 0-27.5mM. In addition the

chloride salts of ten cations were added to give a final concentration of 0.2M

(section 2.3.). The addition of these salts changed the pH of the growth medium.

In order for the final pH of the MCB to be in a range suitable for growth of
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Enteritidis PT4, the initial pH of the MCB was 5.4-5.6 for NH, K +, Nat, Lit,

Cs, Rb+, pH 6.6 for Mg2+ and Ca2+ and pH 7.6 for Co2+ and Ni2+. As a control

sterile distilled water was added to MCB instead of a salt solution. In order for a

comparison of the antibacterial activity of formic to be made in the presence of

different salts, and at a different pH, the MIC undiss was calculated (section 4.2.8.).

Evidence for viable bacteria was sought by subculture onto BGNA. The

experiment was performed three times.

Results

The addition of monovalent cations (NH4+, K+, Na+, Li, Cs+ and Rb+) enhanced

the activity of formic acid up to 1.2-fold (Table 4.4.). Growth of Enteritidis PT4

was not affected by the presence of monovalent cations in the absence of acid, but

was by the divalent cations Co 2+, Ni2+ and Ca2+. Enteritidis PT4 was killed by

Co2+ and Ca2+, despite the fact that a pH range of 4.9-5.3 was suitable for growth

(Fig. 4.9.) Death was confirmed by the absence of viable bacteria on BGNA

following enrichment in selenite broth and subculture on BGNA (section 2.7.1.).

The addition of Ni 2+ prevented growth as there was no increase in absorbance,

although the salt can be considered bacteriostatic rather than bactericidal because

growth occurred following subculture directly onto BGNA. Magnesium ions

caused a two-fold reduction in the antibacterial activity of formic acid, although

Enteritidis PT4 grew normally in the presence of the cation.

Discussion 

It is possible that high external concentrations of monovalent cations prevent the

use of antiports as a mechanism to extrude H+ from the bacteria (Fig. 1.10.),

causing acidification of the cytoplasm (section 1.6.4.). There is a relationship

between pH; and inhibition of growth (Salmond et al. 1984; Young & Foegeding

1993). Injury to bacteria is often accompanied by membrane damage, subsequent

loss of internal solutes, and a reduced ability to cope with osmotic shock

(reviewed by Hurst 1977). This would be influenced by the concentration of

external cations. Growth of the controls was inhibited by Co 2+, Ca2+ and Ni2+.

Many heavy metals are toxic to bacteria including Hg 2+, Ag2+, Cd2+, Co2+, Ca2+

and Ni2+, and resistance to some of these metals may be transmitted by plasmids

(reviewed by Chopra 1991). The reduction of antibacterial activity in the presence

of Mg2+ could be due to enhanced stability of the outer cell membrane, which

relies on bonding between lipopolysaccharide molecules and divalent cations to

maintain its integrity (section 1.5.1.). In addition, Mg 2+ in the external medium
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could reduce the leaching of Mg2+ from within the cell, and subsequent ribosome

damage. Magnesium is required for membrane integrity and ribosome functions,

and Typhimurium possesses at least three distinct transport systems (Hmiel 1989),

each of which are inhibited by divalent cations including Co 2+, Ca2+ and Ni2

(Snavely 1989).

4.3. DISCUSSION

The antibacterial activity of formic and propionic acids is inversely related to the

pH of the culture medium. Because inhibition of growth is related to the

concentration of the lipophilic undissociated molecule, which is dependent on the

pH, the antibacterial activity of different SCFAs are best compared by calculating

the MICundiss . Formic acid (MICundiss 0.54mM) was more effective at inhibiting the

growth of Enteritidis PT4 than propionic acid (MIC undiss 2.65mM) (experiment

4.2.9.). Formic acid had an MICundiss of 0.8mM against Typhimurium grown in

nutrient broth (Ostling & Lindgren 1993), but nutrient broth is a richer medium

than MCB, and the composition of the medium can affect the activity of SCFAs

(section 1.6.1.). When MCB was diluted 1:9 with distilled water, the MIC undiss of

formic acid was reduced to 0.47 mM (experiment 4.2.10.), possibly because there

was less protein and other organic compounds present to antagonise the action of

the acid (Cherrington et al. 1992).

Synergy between formic and propionic acids was difficult to demonstrate.

Mixtures of the acids resulted in fewer cfu/ml but turbidity of cultures was

increased. A possible explanation for this apparent paradox was an increase in the

size of bacteria, as demonstrated in Chapter 3. The use of image analysis might

have provided an answer, but the equipment was no longer available. The

demonstration of synergism would suggest that formic and propionic acids have

different modes of action. Formic acid was more effective than propionic acid at

reducing the ability of Enteritidis PT4 to withstand osmotic shock despite the fact

that there was less undissociated acid present (2.65 mM compared to 22.0mM for

propionic acid). There was no evidence that incubation with SCFAs caused

Enteritidis PT4 to be more susceptible to bacteriocins, such as might be produced

by LAB in the crop.

Antibacterial activity of formic acid was stimulated by the addition of the

monovalent cations tested, and antagonised by Mg 2+. These results are similar to

those found with weak acids derived from hop plants against Lactobacillus brevis
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(Simpson & Smith 1992), except that Ca2+ at 200mM killed Enteritidis PT4,

whereas it had little effect against brevis. Some antibiotics, e.g. the

aminoglycosides, are antagonised by Ca 2+ and Mg2+, probably by stabilising the

cell wall or the link between the outer and inner membranes (Zimelis & Jackson

1973). Antagonism of aminoglycosides by divalent cations is found for

Pseudomonas aeruginosa but not E. coil (Ramirez-Ronda et al. 1975). Alkaline

earth metals (1mM) reverse the effects of LCFAs against Bacillus megaterium

(Galbraith & Miller 1973a, c). The inhibition of Clostridium botulinum by the

chelating agent citric acid was reversed by 12mM Ca 2+ and Mg2+, suggesting that

the effect involved the bonding between lipopolysaccharide molecules of the outer

membrane (Graham & Lund 1986). The fungicidal effect of the branched chain

fatty acid iso-tetradecanoic acid was enhanced by Na + and K+, but reduced by

Ca2+ (Larsson et al. 1975). The results presented in experiment 4.2.10. fit in well

with information in the literature, and the failure of Ca2+ to protect Enteritidis PT4

from formic acid could have been due to the relatively high calcium concentration

of 200mM, which was toxic. The mechanism by which Mg 2+ protected Enteritidis

PT4 from the effects of SCFAs is not clear. Damage to the outer membrane

would increase passive permeability to formic and propionic acids, which could be

prevented by Ca2+ and Mg2+ but not by Na+ or K+ (Leive 1968). Such damage,

however, was not visualised using TEM (Chapter 3).

The effect of cations on antibacterial activity demonstrated the difficulty of

comparing experimental results when the medium is not defined. Enhancement of

antibacterial activity as a result of monovalent cations, the protective effect of

Mg2+ and the antibacterial effect of Ca2+ could have practical applications when

choosing acid salts as feed additives, particularly Ca 2+, which is a standard

addition to chicken feed in the form of calcium carbonate. The next chapter

investigates the effect of some of the factors studied in this chapter on bacteria in

stationary phase after logarithmic growth.
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Table 4.1. The effect of sub-lethal doses of formic and propionic acids on the
growth of E. coil and salmonella strains in SNIM at pH 5.0. Results expressed as
proportional log10 change in cfu/ml.

	

Time Conc	 acid	 E. coli	 E. coli	 Kedougou	 Typhimurium
h	 mM	 I1131139	 ECO 80	 49a 

Formic	 1	 0.0	 0.57	 -0.15	 0.03	 0.62
Acid	 5.0	 0.65	 0.07	 0.20	 0.44

	

20.0	 0.68	 0.35	 -0.05	 0.41

	

50.0	 0.30	 0.09	 -0.12	 0.20 
2	 0.0	 0.51	 0.00	 0.16	 0.77

	

5.0	 0.68	 0.05	 0.21	 0.78

	

20.0	 0.79	 -0.23	 -0.10	 0.29

	

50.0	 0.39	 -0.23	 -0.24	 0.48 
3	 0.0	 0.57	 0.29	 0.26	 0.91

	

5.0	 0.35	 0.25	 0.28	 0.86

	

20.0	 0.00	 0.11	 0.10	 0.54

	

50.0	 0.24	 -0.19	 -0.11	 -0.17 
24	 0.0	 1.30	 0.39	 0.49	 1.00

	

5.0	 1.27	 0.15	 0.51	 1.00

	

20.0	 1.11	 0.35	 0.54	 1.00

	

50.0	 -0.13	 0.00	 -0.12	 -0.06

Time Conc acid	 E. coil	 E. coil	 Kedougou	 Typhimurium
h	 mM	 1A31139	 ECO 80	 49a 

Propionic	 1	 0.0	 0.57	 -0.15	 0.03	 0.62
Acid	 5.0	 0.35	 0.17	 -0.67	 0.03

20.0	 0.74	 0.26	 -0.47	 -0.22
50.0	 0.18	 0.20	 -0.72	 -0.13 

2	 0.0	 0.51	 0.00	 0.16	 0.77
5.0	 0.57	 -0.93	 0.18	 0.61

20.0	 0.35	 -0.45	 0.01	 0.33
50.0	 0.30	 0.00	 -0.12	 0.08 

3	 0.0	 0.57	 0.29	 0.26	 0.91
5.0	 0.54	 0.20	 0.22	 0.86

20.0	 0.52	 0.11	 0.16	 0.31
50.0	 0.35	 0.03	 -0.07	 0.49 

24	 0.0	 1.30	 0.39	 0.49	 1.00
5.0	 0.98	 0.43	 0.39	 0.77

20.0	 0.35	 0.18	 0.25	 0.18
50.0	 0.10	 -0.03	 0.18	 0.14
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Table 4.2. The effect of increasing concentrations of formic and propionic acids
on the inhibition of growth of Enteritidis PT4. Bacteria were incubated in SMM
at pH 5.0 for 3h, and growth determined by measuring absorbance at 560nm, as
described in section 4.2.2. Regression analysis was used to determine the time
taken for absorbance to double (section 2.7.3.). Inhibition was calculated either
from the doubling time of acid-treated cultures compared to that of the control, or
by comparing the increase in turbidity of acid-treated cultures with that of the
control. Results are the mean of three experiments.

Doubling	 % inhibition Increase in 	 % inhibition
Molarity Time (h) of	 (doubling	 Absorbance	 (increase in
mM	 Absorbance time)	 560nm±SD	 Absorbance)

Formic	 0	 2.35	 100	 0.382±0.070	 100
Acid	 5	 3.05	 77	 0.297±0.044	 78

10	 4.02	 58	 0.226±0.043	 59

20	 8.43	 27	 0.107±0.024	 28
50	 25.95	 9.1	 0.035±0.034	 9.3
100	 74.69	 3.1	 0.007±0.005	 1.8

Propionic 0	 2.35	 100	 0.382±0.070	 100
Acid	 5	 2.87	 82	 0.315±0.047	 83

10	 4.48	 52	 0.201±0.040	 53
20	 10.20	 23	 0.088±0.028	 23
50	 63.00	 3.7	 0.014±0.002	 3.8
100	 90.30	 2.6	 0.010±0.005	 2.6
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Table 4.3. The effect of increasing concentrations of formic and propionic
acids on the pH of MCB and the growth of Enteritidis PT4 over 24h. The MIC of
the acids (*) is the lowest concentration to inhibit growth, and the MICundiss (*)
was calculated using the molarity of the acid and the pH of the medium (section
1.4.2. Eqn. 1.6.).

Acid conc.
mM

Absorbance
560 nm

pH of
medium

Undissociated
Acid mM

Expt 1 Formic 27.5 0.080 5.19 0.963
Acid 22.5* 0.013 5.28 0.645•

17.5 0.139 5.38 0.400
12.5 0.821 5.55 0.195
7.5 1.013 5.64 0.095
2.5 1.167 5.72 0.026
0.0 1.158 5.80 0.000

Expt 2 27.5 0.021 5.19 0.963
22.5 0.010 5.33 0.577
17.5* 0.028 5.34 0.438*
12.5 0.182 5.54 0.199
7.5 1.037 5,61 0.102
2.5 1.134 5.70 0.028
0.0 1.158 5.80 0.000

Acid conc. Absorbance pH of Undissociated
mM 560 nm medium Acid mM

Expt 1 Propionic 27.5 0.012 5.37 6.607
Acid 22.5 0.012 5.40 5.127

17.5* 0.077 5.48 3.449*
12.5 0.164 5.66 1.744
7.5 0.625 5.78 0.821
2.5 0.981 5.80 0.260
0.0 1.158 5.80 0.000

Expt 2 27.5 0.036 5.29 7.570
22.5 0.045 5.40 5.127
17.5 0.051 5.47 3.513
12.5* 0.071 5.63 1.850*
7.5 0.440 5.75 0.873
2.5 1.065 5.80 0.260
0.0 1.158 5.80 0.000
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Table 4.4. Effect of monovalent and divalent* cations (0.2 M) on the
antibacterial activity of formic acid against Enteritidis PT4 grown in MCB (section
4.2.9.). The MIC was the lowest concentration of formic acid to prevent growth,
and the MICundiss was calculated using the molarity of the acid and the pH of the
medium (section 1.4.2. Eqn. 1.6.).

Addition
pH of

medium
MIC
(mM)

MIC.diss
(LtM)

Mean MICundiss

GLAIL_____-
5.11 12.5 523

none 5.15 10.0 383 466
5.22 15.0 492
5.13 7.5 300

NH4+ 5.01 10.0 521 430
5.16 12.5 468
5.17 7.5 275

K+ 5.09 10.0 437 393
5.35 7.5 470
5.1 7.5 321

Na+ 5.06 7.5 350 380
5.16 12.5 468
5.01 7.5 391

Li+ 4.98 7.5 417 444
5.11 12.5 523
5.17 7.5 275

Rb+ 5.09 10.0 437 374
5.22 12.5 410
5.18 7.5 269

Cs+ 5.12 10.0 409 397
5.2 15.0 514
ND ND ND

Mg2+ 4.8 7.5 614 987
4.99 25.0 1360

*	 Controls with Co2+, Ni2+ and Ca2+ did not grow
ND pH too low for growth of bacteria
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Fig. 4.1. The effect of the concentration of (A) formic, and (B) propionic acids
on the growth rate of Enteritidis PT4 in SMM at pH 5.0, assessed by absorbance

at 560nm.

Acid conc. mM

— 0 +5 *10 -m-20 *50 +100

2	 4	 6	 8 10 12 14 16 18 20 22 24

Time (h)

Time (h)

o
o

108



cfu/ml log10

A	 10

9

7

6

2	 4	 6	 8 10 12 14 16 18 20 22 24

Time (h)

Fig. 4.2. The effect of the concentration of (A) formic, and (B) propionic acids
on the growth rate of Enteritidis PT4 in SMN1 at pH 5.0, assessed by cfu/ml.
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Fig. 4.3. The relationship between the concentration of formic or propionic acids
in SMM at pH 5.0, and the doubling time of Enteritidis PT4 when incubated for
3h. Doubling time was calculated for cfu/ml and absorbance (560mn) as described
in section 4.2.2.
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Fig. 4.4. The effect of mixtures of formic (22mM) and propionic (15mM) acids
on the growth rate of Enteritidis PT4 in SMM at pH 5.0 for 3h. The method is
described in section 4.2.3. Each curve is the mean of three experiments. The
dotted line joining the ends of each curve is the predicted value of mixtures of
acids, if inhibition of growth caused by formic and propionic acids was of an
additive nature.



Fig. 4.5. The relationship between the concentration of formic or propionic acids
in SMM at pH 5.0, and the absorbance (540nm) of Enteritidis P14 after 3h
incubation. The protocol is described in section 4.2.4.
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Fig. 4.6. The effect of mixtures of formic and propionic acids (30mM) on the
absorbance (540nm) of Enteritidis PT4 grown in SM1V1 at pH 5.0 for 3h. The
curve is the mean of three experiments. The dotted line joining the ends of the
curve is the predicted value of mixtures of acids, if inhibition of growth caused by
formic and propionic acids was of an additive nature. The protocol is described in
section 4.2.4.
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Fig. 4.7. The effect of prior incubation with 50mM formic or propionic acid on
the survival of Enteritidis PT4, when subsequently incubated with one of the
following: 0.7% lactic acid, filtered crop fluid, 20% sodium chloride, peptone
saline or sterile distilled water. The protocol is described in section 4.2.5.
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growth of Kedougou over 24h, and the buffering effect of adding 5% w/v chick
mash. The protocol is described in section 4.2.6.
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Fig. 4.9. The effect of initial pH on the growth of Enteritidis PT4 over 24h in
modified citrate buffer.
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Fig. 4.10. The relationship between the initial pH value of MCB and the
antibacterial activity of formic and propionic acids against Enteritidis PT4.
A. Minimum inhibitory concentrations (MIC) were assessed as described in
section 4.2.8.
B. The concentration of undissociated acids required to inhibit growth (MICundiss)
was calculated using Eqn. 1.6. (section 1.4.2.).
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CHAPTER 5

FACTORS AFFECTING THE BACTERICIDAL ACTIVITY OF FORMIC

AND PROPIONIC ACIDS AGAINST ESCHERICHL4 COLI,

SALMONELLAS AND CAMPYLOBACTERS
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5.1. INTRODUCTION

The experiments in Chapter 4 investigated the effect of various factors, such as pH

and cations, on the ability of formic and propionic acids to inhibit the growth rate

of salmonellas and E. coll. The bactericidal effect of these factors were

considered further, using bacteria in stationary growth phase, in experiments

described in this chapter. Bacteria in stationary phase may be more sensitive to

the effect of SCFAs (Fay & Farias 1975, 1976; Cherrington et al. 1991b), possibly

because stationary phase cells are smaller than rapidly growing cells and,

therefore, the ratio of surface to volume is larger, allowing SCFAs to diffuse

across the cell membranes at a faster rate.

The alimentary tract of the hen is likely to be either anaerobic or

microaerobic, and the effect of reduced oxygen tension on the antibacterial activity

of formic and propionic acids was investigated. The MIC undi„ of formic acid for

Enteritidis PT4 in exponential growth is altered by the addition of cations, with

monovalent cations enhancing activity, and with calcium ions being bactericidal

(section 4.2.10.). As salts of formic and propionic acids can easily be added to

chicken feed, and some feed additives containing acid salts are already marketed,

e.g. 'Sallcil' (Algil Ltd.), the antibacterial activity of several different salts was

compared with that of formic and propionic acids.

One advantage of using SCFAs to control salmonellas is that unlike

antibiotics they do not leave harmful residues, or select for resistant strains. There

is, however, the possibility that salmonellas may become habituated to acids,

enabling them to survive at an otherwise lethal pH (Foster & Hall 1990). If the

addition of acids to feed resulted in bacteria which were more resistant to acid-

shock, then survival of the acid conditions found within the phagolysosomes of

macrophages would be more likely, and the virulence of pathogens, such as the

salmonellas, may increase (Popiel & Turnbull 1985; Fields et al. 1986). The

possibility of an adaptive response to SCFAs was investigated. In addition,

salmonellas were 'heat-shocked' to see if the proteins produced offered cross

protection for 'acid-shock'.

Although this thesis is primarily concerned with the effect of formic and

propionic acids on salmonellas, the effect of pH against Campylobacter jejuni,

another Gram-negative bacterium, was investigated. It is difficult to distinguish

campylobacter enteritis in humans from that caused by salmonellas, either

clinically or histologically.	 Although fatalities are rare, the disease can be
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debilitating, and the costs incurred as a result of over 30,000 recorded cases in

England and Wales are conservatively estimated to exceed 10 million per annum

(Sockett & Pearson 1988). Campylobacters are found in the intestines of warm-

blooded mammals and birds, and the processing of chickens can cause

contamination of carcasses (Park et aL 1991).

As in the last chapter, the results of the following experiments have been

presented individually, as they investigated different topics and had different

protocols.

5.2. METHODS AND RESULTS

Unless stated otherwise, cells were incubated statically at 37°C at pH 5.0. The

inoculum was cells in stationary growth phase and the number of salmonellas was

determined using NA as the plating medium. NA was used as it was less likely to

inhibit sub-lethally damaged cells than BGNA. When evidence for acid damage

was sought, then BGNA was used as the plating medium.

5.2.1. The effect of pH on the bactericidal activity of formic and propionic

acids against stationary phase cultures of Enteritidis PT9

Water was used rather than SMM or MCB as the incubation medium, as the aim

was to look at the effect of SCFAs on survival, and the presence of proteins and

ions could influence the antibacterial action of the acids (Chapter 4).

Method

Formic or propionic acid (0.5M) in sterile distilled water was adjusted to a pH

range 3.5-6.0 using HC1 or NaOH, and inoculated with 107m1 Enteritidis PT4.

The controls comprised water whose pH was adjusted with HC1 or NaOH.

Cultures were incubated for 6h, and at intervals 100 volumes were subcultured on

nutrient agar (NA). After 24h incubation the growth on NA was scored on a scale

of 0-4, with 0 being no growth and 4 being confluent growth. The experiment

was repeated three times.

Results 

Enteritidis PT4 survived incubation in water, which was adjusted to pH 3.5-6.0

with HC1, and gave maximum scores (Fig. 5.1.). Enteritidis PT4 incubated with

0.5M formic and propionic acids for 6h survived at pH 6.0 (2.8mM and 43.5mM

undissociated acid respectively, Eqn. 1.6.), but as the pH was reduced there was

an increase in bactericidal activity, with no survival at pH 4.5 after 6h (75.5mM
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and 350mM undissociated acid respectively), and no growth after 30min at pH 3.5

(320mM and 480mM undissociated acid respectively). Propionic acid proved

more bactericidal than formic acid at the same pH (Fig. 5.1.), although when the

concentration of undissociated acid was compared, formic acid was the more

active.

Discussion 

Although Enteritidis PT4 was unable to initiate growth below pH 4.0 (Fig. 4.9.),

exposure to a pH as low as 3.5 did not affect the survival of bacteria in stationary

growth phase when the acidulant was HC1. With formic or propionic acids, on the

other hand, the survival of Enteritidis PT4 was related to pH, as found with

bacteria in exponential growth phase (Chapter 4). Enteritidis PT4 was not killed

at pH 6.0 by concentrations of undissociated formic and propionic acids greater

than those required to inhibit growth in MCB (0.54tnM formic and 2.6mM

propionic, experiment 4.2.9.), despite the fact that water would offer no

protection from the antibacterial activity of SCFAs.

5.2.2. The effect of pH on the rate of kill of formic and propionic acids

against stationary cultures of Enteritidis PT4

One way of comparing the antibacterial activity of acids is to measure the time

taken to kill a set number of bacterial cells.

Method 

The protocol was as for experiment 5.2.1., except that the pH range was 4.0-5.5,

and the number of cfu/ml, instead of growth scores, was determined using NA as

the plating medium. The time taken for a 90% reduction in the number of cfu/ml

at 37°C (D) was calculated (section 2.7.3.). The experiment was repeated twice.

Results

There was no reduction in bacterial numbers in the control cultures during an

incubation period of 6h. Results were similar to experiment 5.2.1., with increasing

bactericidal activity as the pH value was reduced (Table 5.1.). Although propionic

acid showed more bactericidal activity than formic acid at any particular pH, when

expressed as undissociated acid, there was a higher concentration of propionic

acid molecules present, because it has a higher pK a value than formic acid (section

1.4.2.). The D-value increased with decreasing concentrations of undissociated

acids (Table 5.2.).
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Discussion

Cherrington et al. (1991b) found the D-value of 0.5M formic and propionic acids

in SMM at pH 5.0 to be 6.3h and 0.8h respectively for Enteritidis PT4, compared

to 1.3h and 0.8h in this experiment. However, Cherrington et al. figures were

obtained with cultures in early-log phase, and it was noted that stationary phase

cultures of E. coli (D-value 1.8h) were much more sensitive to 0.5M formic acid

than early-log phase (D-value 6.9h), although figures were not presented for

Enteritidis PT4. The protocol used here could not quantify fewer bacteria than 5

x 1021m1, as cultures were diluted 1:9 prior to subculture onto NA. More accurate

results would be obtained by determining cfu/ml more frequently, using the neat

culture, and by incubating with lower concentrations of propionic acid, in order to

directly compare D-values with that of undissociated formic acid.

5.2.3. The bactericidal effect of formic and propionic acid salts against

Escherichia coil and salmonella strains

The effect of cations on the MIC undiss of formic acid was investigated in

experiment 4.2.10. Monovalent cations enhanced antibacterial activity, whereas

0.2M Ca2+ appeared to be bactericidal. Acid salts are less corrosive to equipment

than liquid acids, and not as dangerous to handle since they are less volatile.

Cultures in exponential growth phase were used, since some of the salts may not

have proved to be bactericidal.

Method 

Three strains of E. coli, isolated from a pig (Abbotstown), a calf (C47) and

chicken litter (ECO 80), and three strains of Salmonella (Kedougou,

Typhimurium 49a, Enteritidis PT4), in exponential growth phase, were incubated

in SMM containing 0.5M formic acid, propionic acid or an acid salt (ammonium

formate, potassium formate, sodium formate, hemi-calcium propionate, sodium

propionate). This was achieved as follows: a 5.0M stock solution of salt or acid

was adjusted to pH 5.0 with HC1 or NaOH, and diluted to 3.0M with CB. 1 ml of

3.0M stock solution was added to 5m1 of bacteria in SMM at a concentration of

106-108/ml. The number of surviving bacteria were determined at 4h and 24h on

NA. The experiment was performed three times.

Results

There were no significant differences in growth between strains or genera of

bacteria. After 4h all the treatments were either bactericidal (formic acid,

122



propionic acid, sodium propionate and hemi-calcium propionate) or bacteriostatic

(sodium formate, potassium formate and ammonium formate). Hemi-calcium

propionate was more bactericidal than any other treatment except propionic acid

(P <0.001) and sodium propionate was more effective than sodium formate (P <

0.001). After incubation for 24h the pattern was the same except that all the

treatments were bactericidal (Fig. 5.2.).

Discussion 

All the salts tested were bactericidal over 24h, but if salmonellas are ingested with

the feed, a treatment that will kill bacteria rapidly whilst they are still in the hens'

crop is preferable, as the pH of the lower gut is higher, and will not favour the

undissociated form of the acid. SCFAs can be absorbed from the crop within an

hour of ingestion (Bolton & Dewar 1964; Hume et al. 1993). The addition of

Ca2+ (equivalent to 0.25M) increased the bactericidal activity of formic and

propionic acids over 4h, but the presence of monovalent cations had no effect,

despite an enhancement of the MICundiss (Table 4.4.).

5.2.4. The bactericidal effect of calcium formate and calcium propionate

against Escherichia coli and salmonella strains

Method

The protocol was as for experiment 5.2.3., except the bacteria were incubated

with 0.05M calcium salts (not hemi-calcium as in experiment 5.2.3.) of formic

and propionic acids. As calcium is divalent, the final concentration was equivalent

to 0.1M acid. The experiment was performed once.

Results

As the results for calcium salts of formic and propionic acids were comparable, the

results in Fig. 5.3. are the average for the two salts. The numbers of four of the

six bacterial strains were reduced after incubation with calcium salts for 4h.

Growth of salmonella appeared to be more inhibited by calcium salts than E. coil

after 24h (P <0.001), with a reduction in bacterial numbers in excess of 10,000-

fold, and although the controls of salmonella grew better than those of E. coil, this

was not significant (P = 0.114).

Discussion 

Calcium salts of formic and propionic acids at 0.05M prevented growth of bacteria

over 4h, but they were not sufficiently bactericidal to be considered for inclusion

in feed at this concentration.
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5.2.5. Effect of culture under anaerobic conditions on the bactericidal action

offormic and propionic acids

Conditions in the alimentary tract of the hen favour anaerobic growth, and this

could effect the antibacterial action of formic and propionic acids.

Method 

Enteritidis PT4 and Kedougou were incubated for 24h with either formic or

propionic acids at a range of concentrations between 50-500mM. Initial numbers

of bacteria were between 5 x 106 and 2 x 107/ml. The bacteria were incubated at

370C either aerobically, in a shaking water bath, or anaerobically, in a stationary

gas jar (section 2.5.), in an incubator. The experiment was repeated twice.

Results

There were no significant differences between Kedougou and Enteritidis PT4, and

so the results of both serotypes were averaged. Both formic and propionic acids

were more bactericidal under anaerobic conditions (Fig. 5.4.), although the

difference was not significant (P = 0.091). There was also a. noa-sig,cdkcank.

decrease (P = 0.116) in the growth of control bacteria under anaerobic conditions.

Propionic acid was more bactericidal than formic, and although the difference was

not significant under aerobic conditions, it was under anaerobic conditions (P <

0.05).

Discussion 

The growth of facultative anaerobes such as salmonellas is likely to be faster in the

presence of oxygen than in its absence (Meynell 1963), possibly because the

generation of ATP is more efficient. The increase in sensitivity to SCFAs under

anaerobic conditions could be because the bacteria did not grow as well, and

stationary phase cells are more sensitive to formic and propionic acids 4Fay

Farias 1975, 1976). Ostling and Lindgren (1993) found anaerobic conditions

made no difference to the MIC undiss of formic acid against stationary phase

Typhimurium, although the MIC diss of lactic and acetic acids was reduced under

anaerobic conditions.

5.2.6. The effect of prior incubation at pH 5.0 on the ability of Enteritidis PT4

to survive incubation at pH 3.0

Salmonella is able to survive exposure to acid environments such as the crop and

stomach (Foster & Hall 1990). If salmonellas can adapt to acidic conditions, then
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this will enhance the ability of the organism to survive. The ability to withstand

'acid-shock' could also depend on the growth medium used.

Method 

An Enteritidis PT4 culture was washed and lml resuspended in 5m1 of one of the

following: brain heart infusion (BHI) pH 7.4, BHI pH 5.0, BHI pH 5.0 containing

50mM formic acid, MCB pH 7.4, MCB pH 5.0 (adjusted from pH 7.4 with HC1),

MCB pH 5.0 containing 50mM formic acid. Any final adjustment of pH was done

using HC1 or NaOH. The inoculated broths were incubated at 37°C for 3h, and

then subcultured onto BGNA. Each broth (0.2m1) was then used to inoculate 5m1

BHI adjusted to pH 3.0 with HC1. After 7min incubation at room temperature,

the number of cfu/ml were determined on BGNA, and the percentage survival

calculated. The experiment was repeated twice.

Results

Survival after exposure to a lethal pH of 3.0 was influenced both by the type of

medium the bacteria were previously incubated in, and the pH of the medium (Fig.

5.5). Prior incubation at pH 5.0 with 50mM formic acid was more protective if

the medium was MCB than BHI (P = 0.052). There were no significant

differences between survival of Enteritidis PT4 incubated in Bill at pH 7.4 or pH

5.0, although cells incubated at pH 5.0, with HC1 as the acidulant, survived better

than both the control culture (P = 0.074) and the culture incubated with formic

acid (P <0.05). Enteritidis PT4 grown in MCB survived 'acid-shock' better if

previously incubated at pH 5.0 (P <0.05), although there was no significant

difference between MCB with or without 50mM formic acid.

Discussion 

These results support the hypothesis that Enteritidis PT4 can adapt to acid

conditions. Exposure to pH 5.0 in nutrient broth acidified with HC1 habituates E.

colt (Goodson & Rowbury 1989), and acid resistance of Enteritidis PT4

developed within 5min of being inoculated into Lemco broth (Oxoid) pH 4.0

(Humphrey et al 1993b). E. colt has been shown to develop acid resistance in

30-60min when grown in glucose minimal medium, compared to 10min when

grown in nutrient broth (Raja et al 1991a). As there was a 3h incubation prior to

'acid-shock', there would have been sufficient time for the bacteria to adapt. Non-

habituated organisms grown in minimal media are more acid resistant than those

grown in nutrient broth (Raja et al. 1991a), but the results presented here did not

support this, as the percentage colony formation (the proportion of colonies
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surviving 'acid-shock' assessed by colony formation on BGNA) was higher for

BHI than MCB (Fig. 5.5.). Foster & Hall (1990) have identified a modulon in

Typhimurium, comprising 18 proteins, that are acid-regulated, and play a role in

acid tolerance. Raja et al. (1991a) also found that proteins were induced by 'acid-

shock', and suggested that one of them could be the same as that generated by

'heat-shock'.

5.2.7. The effect of prior incubation at 42°C on the ability of Enteritidis PT4

to survive incubation at pH 5.0

The results from experiment 5.2.6. suggest that Enteritidis PT4 can become

tolerant of acid conditions. If this is the result of protein synthesis, then the

proteins may be similar to those synthesised by Typhimurium when exposed to

heat-shock (Mackey & Derrick 1990). If this is so, then bacteria grown at higher

temperatures should be more acid resistant.

Method

An Enteritidis PT4 culture was washed and 1 ml resuspended in 5m1 BHI at pH

7.4, and incubated at either 37°C or 42°C. After 1 h, the number of cfu was

determined, and 0.1m1 from each culture added to 5m1 MCB pH 5.0, with and

without 100mM formic acid. Any final adjustment of pH was done with HC1 or

NaOH. The broths were incubated at 37°C, and subcultured onto BGNA after

10min and 30min. The experiment was repeated twice.

Results

Incubation at pH 5.0 after an initial incubation at pH 7.4 resulted in a proportion

of Enteritidis PT4 being killed, although more survived if they had been previously

incubated at 42°C rather than 37°C (P <0.005) (Fig. 5.6.). The presence of formic

acid made no significant difference to the survival of bacteria incubated at 37°C.

Incubation at 42°C increased the number of bacteria surviving 'acid-shock' for

both the control (P <0.05) and formic acid (P = 0.054). However, for bacteria

previously incubated at 42°C, survival was better in the absence of formic acid,

although this was not significant (P = 0.056). Despite the temperature of

incubation, survival of cells after 30min was better in those cultures without

formic acid, although this was not significant (P = 0.088 for 37°C, P = 0.078 for

42°C).
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Discussion 

Although incubation at a higher temperature seemed to offer some protection

from the effect of mild 'acid-shock', this appeared to be less effective when formic

acid was present. Growth occurred between 10min and 30min incubation in the

control broths incubated initially at both 37°C (P <0.05) and 42°C (P <0.05), but

not in MCB containing 0.1M formic acid (Fig. 5.6.), suggesting that the heat-

shock proteins may have enabled more bacteria to survive initial exposure to a

lower pH, but did not protect Enteritidis PT4 from the antibactericidal activity of

formic acid, or that the protective effect did not persist. Thermotolerance in

Typhimurium, acquired as a result of incubation at 48°C for 1 h, was lost

completely after about lh, depending on the growth medium used (Mackey &

Derrick 1990). Growth would normally occur at pH 5.0 (Fig. 4.9.).

5.2.8. The effect of 50mM formic and propionic acids on the survival of

Campylobacter jejuni

Campylobacters, like salmonellas, are associated with poultry. The aim of this

experiment was to determine how sensitive campylobacters were to formic and

propionic acids.

Method 

1m1 of a stationary phase culture of Campylobacter jejuni (section 2.2.1.) in BHI

was added to 9m1 PS containing either formic or propionic acid at a concentration

of 50mM. Before the addition of bacteria, the PS had been adjusted to either pH

5.0 or 6.0, and the pH values measured after the campylobacters were added were

6.4 and 7.0 for formic acid, giving a concentration of 0.11mM or less of

undissociated acid molecules, and 5.2 or 6.3 for propionic acid, giving 15.9mM

undissociated acid or less. The control was PS at pH 4.5 (adjusted with HC1) and

7.1. The cultures were incubated for 4h at 37°C, and 2 x lOvtl removed every

1/2h and subcultured onto CCDA-Preston agar and incubated at 43°C for 2 days

in a microaerophilic atmosphere (section 2.2.1.). Growth of the campylobacters

was determined by scoring on a scale of 0-4, with 4 being confluent growth.

Results

The campylobacters had maximum growth scores (4) with all the formic and

propionic acid treatments. The control at pH 7.1 also had growth scores of 4.

However, the control adjusted to pH 4.5 with HC1 gave a mean score of 3 after

1/2h, with no growth by 3.5h.
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Discussion 

The reduction in growth scores with HCI at pH 4.5 suggested that campylobacters

are sensitive to low pH, and the lack of inhibition with formic and propionic acids

was either because the pH was not low enough, or the concentration of the acids

was not high enough to provide sufficient undissociated acid molecules to be

bactericidal.

5.2.9. The effect of pH on the bactericidal activity of formic and propionic

acids against Campylobacter jejuni

In this experiment, the campylobacters were centrifuged and the cell pellet

resuspended in MCB, thus avoiding the change in pH that occurred in experiment

5.2.8. In addition, the pH was reduced and the concentration of acid increased, in

order to give more undissociated acid molecules.

Method 

lml of a stationary phase culture of Campylobacter jejuni was centrifuged, and

the cells resuspended in 5m1 MCB containing either 50mM or 500mM formic or

propionic acids, and adjusted to either pH 4.5 or 5.0. Controls were adjusted to

pH 4.5 or 5.0 with HCI. Cultures were incubated at 37°C for 5h, and at lh

intervals 1 Optl was subcultured onto CCDA-Preston agar, and incubated at 43°C

for 2 days in a microaerophilic atmosphere (section 2.2.1.). The growth was

scored on a scale 0-4, with 4 being confluent growth.

Results

There was no recovery of campylobacters incubated with 500mM formic and

propionic acid at pH 4.5, but an increase in pH to 5.0 allowed some survival with

formic acid for 2h (26mM undissociated acid). Within 2h of incubation with

50mM formic acid at pH 4.5 (7.5mM undissociated acid) there was no survival.

Cells survived in the presence of 50mM propionic acid at pH 4.5 (35mM

undissociated acid) for up to 311. An increase in the pH to 5.0 made a considerable

difference to the ability of the organism to survive, with the campylobacters

surviving at a concentration of 50mM formic acid (2.65mM undissociated acid)

and propionic acid (22mM undissociated acid). Controls survived at both pH 4.5

and 5.0, and although the growth scores fell during the incubation of 5h, growth

scores from cultures incubated with acid were lower (Fig. 5.7.).
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Discussion
At pH 5.0, the controls survived well after 3h incubation, whilst the presence of

26mM undissociated formic and 220mM undissociated propionic acid molecules

(500mM) prevented any growth when subcultured on CCDA-Preston. Enteritidis

PT4 survived incubation under similar conditions (experiment 5.2.1.), except that

water was used instead of MCB. These results indicate that campylobacters are

more sensitive to formic and propionic acids than Enteritidis PT4.

5.3. DISCUSSION

Experiments presented in this chapter were concerned with the killing of bacteria,

rather than the inhibition of their growth, as in Chapter 4. The antibacterial action

of formic and propionic acids was inversely related to pH, as found for

experiments in Chapter 4, but higher concentrations of undissociated acid

molecules were required in order to be bactericidal rather than bacteriostatic,

suggesting that Enteritidis PT4 has the capacity to maintain homeostasis over a

range of acid concentrations.

All the acid salts tested were bactericidal for salmonellas, although only

the calcium salts were more effective than formic or propionic acids, and non-

calcium salts were less effective. Salts, which are solids, are easier to mix in

animal feed than liquid acid, and calcium formate is relatively cheap, as it is a by-

product of paint manufacture. Results of trials in vivo have varied, with levels of

calcium formate above 1% reducing body weight and feed utilisation in broilers,

and not always reducing the prevalence of salmonella infection (Patten &

Waldroup 1988; Izat et al. 1990). The use of calcium propionate at

concentrations above 0.8% resulted in a reduced voluntary feed intake of chicks,

and a reduction in abdominal fat (Pinchasov & Jensen 1989). Generally calcium is

not added to broiler feed, but the feed of layers is supplemented with

approximately 7.5% limestone or oystershell of which about 38% is calcium. A

proportion of the calcium requirements for layers could be provided in the form of

calcium formate, which contains approximately 35% calcium, thus reducing the

risk of vertical transmission of salmonellas.

Anaerobic conditions appeared to enhance bactericidal activity of formic

and propionic acids, but this may have been as a result of the slower growth rate

of the bacteria. There may be differences between acids, as the MIC undiss of lactic

and acetic acids against Typhimurium was reduced under anaerobic conditions,
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although that of formic acid was not affected (Ostling & Lindgren 1993).

Aeration of salmonella cultures enables them to survive at a lower pH (Chung &

Goepfert 1970), and salmonellas are less likely to multiply under conditions of low

oxygen-reduction potential (Meynell 1963).

Prior incubation at a low pH resulted in more Enteritidis PT4 surviving

'acid-shock', although HC1 was more effective than formic acid at inducing an

adaptive response. Raja et al. (1991a) found that acetic and lactic acids were not

as effective as HC1 at inducing adaptation in E. coli. The ability to mount an

adaptive response would affect the survival of these bacteria if there were pH

fluctuations in the environment, and could enable Enteritidis PT4 to endure acid

conditions in the crop and subsequent ingestion by macrophages. The habituation

process requires protein and RNA synthesis, while habituated cells are more able

to repair acid-damaged plasmid DNA (Foster & Hall 1990; Raja et al. 1991a, b;

Humphrey et al. 1993b). Habituation allows organisms to survive damage or

killing at a pH value which is normally lethal, but does not allow growth at a lower

pH. The proteins induced by 'acid-shock' could bind to denatured proteins, thus

preventing either inappropriate protein-protein interactions, or denaturing or

modification of proteins. The Mg 2+ dependent proton-translocating ATPase FoFi

(section 1.5.2.) plays a role in acid tolerance (Foster & Hall 1990) and this could

account, in part, for the protective effect of Mg2+ against formic acid (section

4.2.10.). Habituation to acid has also been demonstrated with Gram-positive

Listeria monocytogenes (Kroll & Patchett 1992). Tolerance to a stress such as

acid or alkaline conditions can alter the response of bacteria to other stressors;

tolerance induced by HC1 may confer increased heat resistance, although acetic

and lactic acid did not induce thermotolerance (Farber & Pagotto 1992).

Exposure to an alkaline pH resulted in Enteritidis PT4 becoming more resistant to

heating (Humphrey et al. 1991a; 1993a), and the induction of acid sensitivity in E.

coli (Rowbury et al. 1993). It may be that proteins produced as a response to

changes in pH are similar to 'heat-shock' proteins (Mackey & Derrick 1990; Raja

et al. 1991a). Bacteria habituated to acid show less DNA damage when exposed

to pH 3.0 than non-habituated cells, and it may be that proteins produced protect

the acid-susceptible regions of the DNA (Raja et al. 1991a, b). Results presented

in this chapter did not confirm that thermotolerance protected Enteritidis PT4

from the antibactericidal effects of formic acid, although survival at pH 5.0 in the

absence of formic acid was improved. Foster & Hall (1990) found no cross
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protection between 'acid-shock' and 'heat-shock' in Typhimurium, but at least one

acid-induced protein in E. coil has a similar molecular weight to a 'heat-shock'

protease, the function of which is to destroy damaged proteins (Raja et al. 1991a).

An alternative explanation for the relationship between acid adaptation and 'heat-

shock' may be that the temperature of incubation affects the composition and

fluidity of the outer membrane of Gram-negative bacteria (Katsui et aL 1982),

thus affecting the rate at which SCFAs diffuse across the membrane.

Campylobacters were more sensitive to formic and propionic acids than

Enteritidis PT4, and inclusion of these acids, or their salts, in chicken feed at levels

high enough to control salmonellas should result in fewer campylobacters.

However, campylobacters are adapted to grow in birds by their optimum growth

temperature of 42°C, and as there are so many sources of infection e.g. wild birds,

the rearing of campylobacter-free flocks is not feasible.

These experiments have confirmed the difficulty encountered when

interpreting results conducted under different conditions, as it is clear that the

MIC of SCFAs can be affected by the type of growth medium, presence of cations

and the stage of growth of the culture, as well as pH (section 1.6.1.). A standard

protocol should be introduced in order to compare the efficacy of different feed

additives comprising organic acids or their salts. Formic and propionic acids will

kill salmonellas if present at a high enough concentration and in contact with the

bacteria for long enough. In vivo the acids are absorbed and metabolised in the

foregut (Bolton & Dewar 1964; Hume et al 1993), and it is likely that conditions

in the crop determine whether enough salmonellas will survive to infect the hen.

This topic is considered in future chapters. It may be that in addition to their

antibacterial action, SCFAs protect the bird from infection by affecting the ability

of viable salmonellas to invade tissue. The next chapter investigates this

possibility using Typhimurium, which is an invasive serotype, and a tissue culture

model.
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Table 5.1. The effect of pH on the antibactericidal activity of 0.5M formic and
propionic acids on stationary cultures Enteritidis PT4 in water as described in
section 5.2.2. Cell numbers (log 10) are the mean of two experiments.

Incubation Time (h)
pH	 0	 2.5	 4.0	 6.0 

Formic	 4.0	 7.86 <2.70 <2.70 <2.70
Acid	 4.5	 7.86	 6.37	 5.18	 2.80

5.0	 7.86	 4.20	 3.74	 3.12
5.5.	 7.86	 7.00	 5.48	 7.10

Incubation Time (h) 
0	 0.5	 1.0	 3.0 

Propionic	 4.0	 7.86 <2.70 <2.70 <2.70
Acid	 4.5	 7.86	 7.10	 5.20 <2.70

5.0	 7.86	 7.59	 7.00	 4.25
5.5.	 7.86	 7.86	 6.76	 4.35

Table 5.2. The effect of pH on the decimal reduction time (D-value =-- predicted
time per log reduction in bacterial survivors at 37°C) of 0.5M formic and
propionic acids. D-value calculated as described in section 2.7.3. using data from
Table 5.1. Undissociated acid present was calculated using Eqn. 1.6.

PH
	

Undissociated D (h)
acid (mM)

Formic	 4.0	 180.0	 <0.48
Acid	 4.5	 75.5	 1.20

	

5.0	 25.0	 1.28

	

5.5	 8.5	 1.75

	

Propionic 4.0	 442.5	 <0.10
Acid	 4.5	 350.0	 0.51

	

5.0	 220.0	 0.83

	

5.5	 90.0	 0.89
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pH 4.0 pH 4.5

pH 5.0 pH 5.5

Time (h)

Fig. 5.1. The effect of pH on the bactericidal activity of 0.5M formic and
propionic acids against stationary phase cells of Enteritidis PT4 suspended in
water.
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04h incubation 024h incubation

Fig. 5.2. The proportion log 10 change in cfu/ml of Escherichia coli and
salmonella after incubation in SMM at pH 5.0 with 0.5M formic or propionic acid
salts. Results are the mean of six bacterial strains as described in section 5.2.3.

1. Control
2. Formic acid
3. Sodium formate
4. Potassium formate
5. Ammonium formate
6. Propionic acid
7. Sodium propionate
8. Hemi-calcium propionate

Prop log 10 change

1	 2	 3	 4	 5	 6	 7	 8

Treatment
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1=1 Pig E. coil	 Calf E. cofi

	Kedougou	 EITyphimurium 49a

[2 Poultry E. coil
r• 

Enteritidis PT4

-6 .

Fig. 5.3. The effect of incubation with 0.05M calcium salts of formic and
propionic acids on the proportion log 10 change in cfu/ml for strains of Escherichia
coli and salmonella. Results are the mean for formic and propionic salts as
described in section 5.2.4.

4h incubation

Prop log 10 change

Controls
	

Calcium salts

24h incubation

Prop log 10 change

Controls	 Calcium salts
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Fig. 5.4. The effect of incubation under anaerobic conditions on the bactericidal
action of formic and propionic acids against salmonellas. Results for Kedougou
and Enteritidis PT4 were averaged as described in section 5.2.5.

MolaritY	 O	 0.05 LIIOi El 0.2	 0.3
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Prop 109 10 change
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Anaerobic
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BHI MCB

Fig. 5.5. The effect of prior incubation at pH 5.0, in either BHI or MCB, on the
ability of Enteritidis PT4 to survive incubation at BH1 at pH 3.0. The pH was
adjusted with either HC1 or formic acid. The protocol is described in section
5.2.6.

Growth medium

El pH 7.4 (control)

F pH 5.0 (HCI)

pH 5.0 (Formic acid)

Colony formation (%)

100

90

Incubation buffer
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-0.5

-1.5

-0.5

-1.5

Fig. 5.6. The effect of prior incubation at 37°C and 42°C at pH 7.4 for lh on the
ability of Enteritidis PT4 to survive transfer to pH 5.0. The protocol is described
in section 5.2.7.
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Temperature (°C) of initial incubation
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Control 0.5M Formic acid
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Fig. 5.7. The effect of pH on the bactericidal activity of formic and propionic
acids against stationary cultures of Campylobacter jejuni in MCB.



CHAPTER 6

THE EFFECT OF FORMIC AND PROPIONIC ACIDS ON THE ABILITY

OF TYPHINIURIUM 49a TO INVADE VERO CELLS
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6.1 INTRODUCTION

Results presented in preceding chapters have demonstrated that formic and

propionic acids can be bacteriostatic and bactericidal. The mode of action is not

clear, although the results presented agree with the hypothesis that antibacterial

activity is related to the concentration of the lipophilic undissociated acid

molecule, which may be able to diffuse across the cell membrane (section 1.5.3.),

causing the death of the cell. The means by which this could occur is reviewed in

section 1.6. Even if salmonellas are viable, as determined by subculture onto NA

or BGNA, exposure to formic and propionic acids might affect their ability to

invade the host animal, thus altering the virulence of the organism.

The energy expended to maintain homeostasis, or to compensate for

damage to the outer membrane, could influence the ability of salmonellas to

penetrate the epithelium, thus reducing their ability to invade. The entry of

salmonellas into epithelial cells has been reported to resemble endocytosis, which

may be receptor-mediated, and possibly also involves features of phagocytosis

(Popiel & Turnbull 1985; Finlay & Falkow 1988). First the organisms have to

penetrate any mucus to become closely associated with the cell surface; and

changes to the bacterial cell envelope, or the epithelial cell membrane, could,

possibly, influence the ability of salmonellas to do this. If invasion is an endocytic

process, then changes to the physiochemical surface properties of the bacterium

could affect the positioning of the organism relative to the epithelium, resulting in

a failure of the epithelial cells to induce the RNA and protein synthesis in

salmonellas which is necessary for adhesion and invasion to take place (Scheimann

et al. 1987; Finlay et al. 1989). During intracellular passage from the apical side

to the basal side of the epithelial cell, salmonellas survive attack by lysosomes, and

may get into the bloodstream within host macrophages, where they also appear to

survive exposure to lysosomes (Turnbull & Richmond 1978; Carrol et al. 1979;

Popiel & Turnbull 1985; Foster & Hall 1990).

The effect of formic and propionic acids on the ability of Typhimurium 49a

to invade mammalian cells was investigated using a tissue culture model. An in

vitro model using Vero cells (African green monkey kidney, intermediate cells)

and Typhimurium 49a was developed. Typhimurium was chosen, as it is more

invasive than Enteritidis (Kyriazidou 1991), and is also the serotype most

commonly isolated from man and animals world wide. The effect of SCFAs on

somatic 0 and flagellar H antigens was also investigated, as changes to these
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would indicate alterations to the cell envelope that could affect adhesion of the

bacteria to the epithelium, and subsequent invasion of tissue.

6.2. METHODS AND RESULTS

The maintenance of the Vero cell line is described in section 2.11.

6.2.1. The effect of prior incubation with formic and propionic acids on the

ability of Typhimurium 49a to invade Vero cells

The purpose of this experiment was to determine if incubation with SCFAs altered

the invasiveness of salmonellas. Formic and propionic acids were not present in

the tissue culture media, to avoid possible effects that SCFAs might have on the

cytoplasmic membrane of the Vero cells.

Method 

lml of a stationary growth phase culture of Typhimurium 49a was centrifuged and

the cells added to 5m1 of MCB, or MCB containing either 50mM formic or

propionic acids, buffered to pH 5.0. After incubating the cultures for 2h, their

absorbance was measured (560nm). All cultures were then diluted with MCB

until the absorbance was equal to that of the culture with the lowest absorbance,

which was the culture containing 50mM propionic acid (A = 0.426). 2m1 of each

culture was then centrifuged and resuspended in 10m1 growth medium (GM) at

pH 7.4. lml was used to determine the number of cfu. The GM from three flasks

of Vero cells was removed, replaced with 9m1 of the Typhimurium 49a cultures,

and the flasks incubated for 2.5h. The medium was then removed, and lml

retained for the determination of viable bacterial numbers. The Vero cells were

rinsed with trypsin-versene (TV), and then 5m1 of TV was added to the cell

monolayer, and the flask left for about 5min until the cells had loosened. The

flasks were then shaken to remove all adhering cells. The Vero cells were

precipitated by centrifugation and the cell pellet fixed with glutaraldehyde and

cacodylate before processing for TEM (section 2.8.). Photographs were printed

at magnification x 5,400, and 100 cells examined.
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Results
Typhimurium 49a previously incubated with formic acid and propionic acids

invaded 66% and 79% of cells respectively, compared to 54% for the control.

There were, however, slightly fewer viable cells present at the start of the test in

the control culture (control, 1.45 x 108/m1; formic, 3.5 x 108/m1 and propionic,

1.95 x 10 8/m1). At the end of the incubation period, cultures containing

salmonella treated with propionic acid had nearly twice as many cfu/ml in the

supernatant as those treated with formic acid or the controls (control, 8.45 x

108/m1; formic, 8.35 x 108/m1 and propionic, 1.5 x 109/m1). In all treatments,

Typhimurium 49a were found throughout the cytoplasm, either in direct contact,

or within membrane bound vacuoles (Fig. 6.1.). The cell membranes of the Vero

cells were clearly defined, with small cytoplasmic projections, which appeared to

engulf extracellular bacteria (Fig. 6.1.). The cytoplasm appeared homogeneous

except for a few vacuoles and mitochondria. The nuclear membrane of the Vero

cells showed clearly, and the nucleoplasm was finely granular with a dense

nucleolus.

6.2.2. The effect of heating Typhimurium 49a on its ability to invade Vero

cells

The presence of dead Typhimurium 49a inside Vero cells would suggest a

phagocytic mechanism of invasion.

Method

Typhimurium 49a was incubated with 50mM formic or propionic acids in the same

way as in section 6.2.1., except that at the end of the incubation the cultures were

adjusted to have an absorbance of 0.26 (560nm) by dilution with MCB. Six 0.2m1

samples of the Typhimurium 49a broth were centrifuged, and the supernatant

removed. One cell pellet from each treatment was placed in a fridge at 4°C, whilst

the other three were heated for 20min in a water bath at 60°C. The GM from

50% confluent Vero cells grown in 6 x 5m1 multiwells (Nunc) was removed and

replaced with the treated Typhimurium 49a resuspended in 2m1 GM at pH 7.4.

The Vero cells were incubated, harvested and processed for TEM, and the

percentage of Vero cells invaded by Typhimurium 49a calculated as in section

6.2.1. The cfu/ml in the GM at the end of the incubation was determined.
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Results
Heating Typhimurium 49a to 60 0C for 20min completely prevented invasion of

Vero cells by the untreated and the formic acid treated bacteria, whilst propionic

acid treated bacteria were present in only 3% of Vero cells (possibly as a

consequence of phagocytosis since the bacteria would be non-viable).

Typhimurium 49a that were not heat-treated invaded 13%, 33% and 65% of Vero

cells for the control, formic and propionic acid treated bacteria respectively. The

number of cfu/ml in the supernatant at the end of the incubation were similar

(control, 7.35 x 10 8/m1; formic, 8 x 10 8/m1 and propionic, 8.25 x 108/m1). None

of the heated salmonellas formed colonies when subcultured onto NA. The results

for salmonella that were not heat-treated were averaged with those from

experiment 5.3.1. as the method was identical except the volumes were smaller.

Although both experiments gave similar results, the difference in invasion between

Typhimurium 49a treated with SCFAs and the control was not significant. The

correlation coefficient between the percentage invasion and cfu/ml in the

supernatant was 0.686, which was not statistically significant.

6.2.3. The effect of incubation in the presence of formic and propionic acids

in physiological saline on the ability of Typhimurium 49a to invade Vero cells

SCFAs in the alimentary tract would be in contact with both the epithelial tissue

and salmonellas, which was modelled in this experiment. Glucose saline was

chosen as the incubation medium, as it is less complex than GM and, therefore,

less likely to interfere with the action of SCFAs.

Method 

6 x 2m1 of a stationary growth phase culture of Typhimurium 49a were

centrifuged, and the cell pellets resuspended either in 10m1 glucose saline (GS, 1%

glucose, 0.9% NaC1, pH 7.4) with 50mM formic or propionic acids, readjusted to

pH 7.4, or in GS with 50mM formic or propionic acids adjusted to pH 5.0. The

controls comprised Typhimurium 49a in GS at pH 7.4, or GS adjusted to pH 5.0

with HC1. The GM from six flasks of 100% confluent Vero cells was removed,

and after rinsing the cells with GS, 9m1 of the Typhimurium 49a cultures were

added to each Vero cell flask, the remaining 1 ml being used to determine the

cfu/ml. The Vero cells were incubated for 30min. At the end of the incubation,

1 ml of GS was retained for determination of cfu/ml. The Vero cells were
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harvested and processed for TEM, and the percentage of Vero cells invaded by

Typhimurium 49a calculated as in section 6.2.1.

Results

There was no invasion of any of the Vero cells by Typhimurium 49a. Vero cells

cultured at pH 5.0 did not look healthy, with blebbing of the plasma membrane in

the controls (Fig. 6.2.). There was apparent coagulation of the cytoplasm and

nucleoplasm in cells cultured with either formic or propionic acids, and the

cytoplasm was shrunken and vacuolated, with few mitochondria (Figs. 6.3. and

6.4.). Culturing at pH 7.4 resulted in 'healthier' looking cells (Fig. 6.5.), although

the plasma membrane was more ragged than that of cells cultured in GM (Fig.

6.1.). There were no differences between those cells cultured in the presence of

formic and propionic acids at pH 7.4 and the controls. The number of cfu/ml of

Typhimurium 49a in the GM at the beginning and end of the culture period were

similar (3 x 10 8/m1), with bacteria grown at pH 5.0 showing a non-significant

decrease in bacterial numbers.

6.2.4. The effect of pH on the ability of Typhimurium 49a to invade Vero cells

in the presence of formic and propionic acids

As Vero cells did not appear to survive well in GS, even for an incubation period

of 30min, and there was no invasion of cells by salmonellas, GM was used for this

experiment, and a longer incubation period in order to increase the chances of

invasion occurring.

Method 

9 x 0.2m1 of a stationary growth phase culture of Typhimurium 49a were

centrifuged, and the cell pellets resuspended in 10m1 GM with 50mM formic or

propionic acids adjusted to pH 7.4, 6.3 or 5.0. The controls comprised

Typhimurium 49a in GM at pH 7.4, or adjusted to pH 6.3 and 5.0 with HC1. The

GM from 50% confluent Vero cells grown in 9 x 5m1 multiwells (Nunc) was

removed and replaced with the Typhimurium 49a cultures. The Vero cells were

incubated for 2.5h, harvested and processed for TEM, and the percentage of Vero

cells invaded by Typhimurium 49a calculated as in section 6.2.1. The cfu/ml in the

GM at the end of the incubation was determined. The correlation between

percentage invasion of Vero cells, the pH of the GM and number of cfu/ml was

calculated.
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Results 
The results are given in Table 6.1. There was a non-significant decrease in cfu/ml

in the GM as pH was reduced (P = 0.086). The correlation coefficient between

the percentage of Vero cells invaded and pH was -0.809 (P <0.05). The

correlation coefficient between percentage invasion and the number of cfu/ml in

the GM at the end of incubation was 0.8 (P <0.05), irrespective of treatment with

acid. The Vero cells incubated at pH 5.0 were not healthy (Fig. 6.6.), and,

although it was clear that control cells were invaded, it was impossible to count

the number of invaded cells, as the cytoplasmic membranes were not distinct.

Although there was less invasion of Vero cells incubated in the presence of formic

and propionic acids, there were also fewer cfu/m1 in these cultures (Table 6.1.).

6.2.5. Effect of incubation with formic and propionic acids on the

agglutination titre of Typhimurium 49a with 0 antiserum

If SCFAs affected the cell wall of salmonellas, then the polysaccharides forming

the somatic antigens might be altered, thus affecting the agglutination titre.

Method 

3 x lml of Typhimurium 49a culture in stationary phase was washed with MCB

and resuspended in 5m1 MCB containing 50mM formic or propionic acid. The

control comprised Typhimurium 49a in MCB without the acids. After incubating

for 2h, the bacteria were centrifuged and resuspended in GS adjusted to give an

absorbance (560nm) of 0.55, equivalent to about 1.0 x 109/m1 cells. The bacteria

were killed by placing the vials containing the cultures in boiling water for 10min.

Doubling dilutions of 0-4 antiserum (Wellcome Diagnostics) in physiological

saline (0.9% NaC1) were made 1/10-1/320. The control was physiological saline.

The Typhimurium 49a were mixed thoroughly, and 0.5m1 of the antigen

suspension added to 0.5ml volumes of antiserum in plastic tubes. After mixing,

the antigen/antiserum mixtures were incubated at 37°C for 3h, and then stored at

4°C for 18h. The tubes were then inspected for agglutination in a bright light

against a dark background. The experiment was repeated, with the absorbance

(560nm) of the Typhimurium 49a antigen being 0.34, equivalent to about 108/m1

cells.

Results

The agglutination titre was not affected by prior incubation of Typhimurium 49a

with formic or propionic acid. In the first experiment there was agglutination in
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the first three tubes, equivalent to a final dilution of antiserum of 1/20-1/80. The

second experiment had a slightly lower concentration of antigen, and there was

agglutination down to a dilution of 1/40. There was no agglutination of the

control.

6.2.6. Effect of formic and propionic acids on the flagellar al) antigen phase

of Typhimurium 49a

The flagellar H antigens may exist in two phases. Typhimurium produces flagella

of specificity i in phase 1, and specificity 1, 2 in phase 2. The frequency of

transition from one phase to the other could possibly be affected by the presence

of SCFAs.

Method 

Typhimurium 49a were incubated with 50mM formic and propionic acids in the

same way as for experiment 6.2.5. The salmonellas were resuspended in 0.5%

formol saline, and the cultures adjusted to have the same absorbance (560nm) of

0.22. Serial 0.5ml doubling dilutions from 1/25-1/800 of Hi and H 1,2 antisera

(Wellcome Diagnostics) in formol saline were prepared. The control was formol

saline. The Typhimurium 49a suspension was shaken, and 0.5m1 of the antigen

suspension added to each tube of antiserum and mixed thoroughly. The

antigen/antiserum mixtures were incubated at 50°C for 2h, and the tubes examined

in a bright light for evidence of flocculation. The experiment was repeated twice.

Results 

The agglutination titre for the 1 1,2 antherum was idtc\kical Cot knztetia. tteated

with SCFAs and the control, and there was flocculation down to a final dilution of

1/200. There was no flocculation of the control. There was no reaction with the

Hi antiserum.

6.3 DISCUSSION

Prior incubation of Typhimurium 49a cells with formic or propionic acids did not

affect their ability to invade Vero cells, and neither did the presence of SCFAs in

the GM. The proportion of Vero cells invaded by salmonellas seemed to be

related to the numbers of viable bacteria in the GM. Typhimurium 49a did not

invade Vero cells after incubation for 30min in GS, and Vero cells did not survive

well in GS. Invasion of Vero cells by Typhimurium had been reported after 30min

incubation in L15 medium (Sigma Ltd.) supplemented with 1% foetal calf serum
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(Kyriazidou 1991). Kyriazidou (1991) also used salmonella in stationary phase as

the inoculum, but growth of salmonellas would occur in the more nutritious L15

broth, whereas in saline the bacteria are likely to stay in lag phase. In addition, the

presence of foetal calf serum can have an effect on the morphology of cells, and

their ability to adhere to surfaces (Seeds et aL 1970).

The concentration of 50mM formic and propionic acids was chosen

because the growth of Typhimurium 49a would be inhibited at pH 5.0, but the

bacterium would not be killed (experiments 4.2.1. & 4.2.2.). It has been reported

that the concentration of propionate and butyrate required to inhibit HeLa cells

(human cervical adenocarcinoma epithelial cells) was less than that required to

inhibit Bacillus subtilis and E. coli (Sheu et al. 1975). In addition, although most

of the human cell lines investigated were equally susceptible to the 29 lipophilic

acids and related compounds tested, cell lines seemed to be particularly sensitive

to propionate. Cell processes were induced by fatty acids having less than six

carbon atoms. This suggests a different mechanism of growth inhibition to

LCFAs. Growth inhibition of human cell lines was not caused by reduced ATP

production or amino acid uptake (Sheu et al. 1975), as reported for bacteria (Sheu

et al. 1972; Freese et al. 1973; Hunter & Segal 1973). The sensitivity of human

epithelium-type cell lines to SCFAs was confirmed by Ginsburg et al. (1973), who

found that concentrations of propionate as low as 10mM caused, after 24h

incubation, morphological changes to the cells, in particular ragged outlines,

which were independent of changes in osmolarity of the growth medium. These

morphological changes required RNA and protein synthesis to occur (Ginsburg et

al. 1973). Vero cells, when incubated with 50mM formic and propionic acids at

pH 7.4 for 2.5h, showed no evidence of morphological changes. However, at pH

5.0 there was a shrinkage and vacuolation of the cytoplasm, together with

aggregation of the nucleoplasm and a breakdown of the cytoplasmic membrane.

These results support the hypothesis that the Vero cells are more sensitive to

SCFAs than the salmonellas. Very few heat-treated salmonellas were found in the

cytoplasm of Vero cells, which suggests a receptor-mediated endocytosis,

although the possibility of phagocytosis cannot be excluded. The failure of formic

and propionic acids to have any effect on the agglutination titre of both somatic

and flagellar antigens adds no support to the hypothesis that the cell wall of

salmonellas, or its appendages, are affected by incubation with SCFAs.
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Although the Vero cells were obviously sensitive to SCFAs, it was

impossible to determine from these experiments if this affected the invasiveness of

Typhimurium 49a, since the cytoplasmic membranes of the Vero cells were too

damaged at pH 5.0 to count accurately the proportion of cells invaded. The

relationship between pH and growth of the salmonellas, combined with the direct

effect on the Vero cells of SCFAs, would necessitate an experimental protocol

which involves several sources of variation, e.g. pH, temperature and length of

incubation, and which could be analysed by ANOVA, and was outside the scope

of this project. The results from experiments in this chapter did raise the question,

however, of whether the addition of SCFAs to feed at sufficient concentrations to

be bactericidal could damage epithelial tissue. In vivo, the epithelial tissue would

be protected by a layer of mucus, and the concentration of SCFAs in the

environment rapidly reduced as the acids are absorbed and metabolised (Bolton &
Dewar 1964; Hume et aL 1993). Experiments in the following chapters address
these issues in vivo.
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Table 6.1. The effect of 0.05M formic and propionic acids in the growth medium
on the ability of Typhimurium 49a to invade Vero cells. The protocol is described
in section 6.2.4.

PH Treatment Final cfu/ml

% Vero cells
invaded by
salmonellas

Control 1.73 x 109 81
7.4 Formic acid 8.35 x 108 41

Propionic acid 1.10 x 109 63

Control 1.69 x 109 60
6.3 Formic acid 1.54 x 109 32

Propionic acid 5.55 x 108 46

Control 8.45 x 108 ND
5.0 Formic acid 2.55 x 108 17*

Propionic acid 1.50 x 108 14*

ND	 Vero cell membranes too damaged to allow differentiation of individual
cells, although many invaded

*	 Vero cell membranes damaged
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Fig. 6.1. Vero cells incubated for 2.5h with Typhimurium 49a in growth medium
at p1-I 7.4. Typhimurium 49a are present in the cytoplasm and within membrane
bound vacuoles. Small cytoplasmic projections appear to engulf an extracellular
bacterium (arrowhead). TEM x 5,400.
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Fig. 6.2. Vero cells incubated for 0.5h with Typhimurium 49a in physiological
saline at pH 5.0. The cell membranes show some blebbing, (arrowhead) and the
nucleoplasm appears more granular than that of cells incubated in growth medium
pH 7.4 (Fig. 6.1.). Intracellular Typhimurium 49a are not found. TEM x 5,400.
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Fig. 6.3. Vero cells incubated for 0.5h with Typhimurium 49a in physiological
saline containing 50inM formic acid at pH 5.0. The cytoplasm is shrunken with
few mitochondria, and there is vesiculation and pyknosis of the nucleus.
Intracellular Typhimurium 49a are not found. TEM x 5,400.
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Fig. 6.4. Vero cells incubated for 0.511 with Typhitnurium 49a in physiological
saline containing 50mM propionic acid at pH 5.0. The cytoplasm is extensively
vacuolated with few mitochondria, and the cell membranes are not well defined.
The nucleoplasm shows coagulation (arrowhead). Intracellular Typhimurium 49a
are not found. TEM x 5,400.
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Fig. 6.5. Vero cells incubated for 0.5h with Typhimurium 49a in physiological
saline pH 7.4. The cytoplasmic membranes are well defined although they show
some blebbing (arrowhead). The nucleoplasm appears more granular than that of
cells incubated in growth medium pH 7.4 (Fig. 6.1.). Intracellular Typhimurium
49a are not found. TEM x 5,400.



Fig. 6.6. Vero cells incubated for 2.5h with Typhirnurium 49a in growth medium
at pH 5.0. The cytoplasmic and nuclear membranes are not distinct. The
cytoplasm is granular with few mitochondria. There are large numbers of
intracellular and extracellular Typhimurium 49a. TEM x 5,400.
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CHAPTER 7

THE EFFECT OF FORMIC AND PROPIONIC ACIDS ON THE CROP

AND THE LOWER INTESTINAL TRACT
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7.1. INTRODUCTION
Preceding chapters have established that formic and propionic acids are

bacteriostatic and bactericidal in vitro if there are sufficient undissociated acid

molecules present, and if they are in contact with the bacteria for long enough.

When used as feed additives, the antibacterial activity of SCFAs will depend on

their concentration in the feed and subsequently in the digestive tract. In addition,

the pH of the digestive tract will affect the proportion of undissociated acid

molecules present (section 1.4.2. Eqn. 1.6.). The structure of the alimentary tract

is described in section 1.3.1., and illustrated in Fig. 1.5.

It is generally recognised that the majority of salmonella infections in

chicken are established following ingestion, hence the crop is the first place that

salmonellas can become established. The role of crop is to act as a food reservoir.

The hen has a high metabolic rate, and the crop ensures a constant supply of food

to the gizzard under the intermittent feeding conditions encountered in the wild.

When birds are offered feed ad libitum, feeding occurs in bursts, with a diurnal

periodicity, although feed intake can be influenced by stresses such as fright or

disease. Water balance and crop distension may also affect feeding (reviewed by

Sykes 1983). The digestive tract of chicks may become colonised with bacteria

within a few hours of hatching as a result of ingestion, although there is a

possibility that bacteria can be drawn though the pores of the egg shell as the egg

cools after being laid (Coates & Fuller 1977). The crop develops a microflora that

consists principally of lactobacilli which adhere to the stratified squamous

epithelial cells, and persist after feed has left the crop, although under conditions

of starvation they disappear, probably as a result of the normal sloughing of the

epithelium (Fuller & Turvey 1971; Fuller 1973). The position of the crop, anterior

to the rest of the gastro-intestinal tract, allows it to influence the composition of

the intestinal flora of the host. The microflora of the crop, small intestine and

colon are similar, whereas the caeca has fewer Bacillus and Gram-positive cocci,

but more Bacteroides species (Annison et al. 1968). Some lactobacilli are

bacteriostatic or bactericidal against coliforms, partly due to the production of

lactic acid. When lactobacilli in the crop are eliminated by penicillin, then there is

an increase in the number of coliforms, so lactobacilli are capable of influencing

the balance of crop microflora (Fuller 1973). An inverse relationship between

numbers of coliforms in the gut and lactobacilli in the crop has been demonstrated

in the crop of gnotobiotic chicks (Fuller 1977). A delay in the colonisation of the
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crop by lactobacilli could, therefore, result in chicks being more susceptible to

infection with pathogens.

The importance of the rapid development of the chicks' microflora as a

means of resisting enteric infection has been demonstrated by the Nurmi concept

of competitive exclusion, whereby salmonella infections in young chicks may be

prevented by administering intestinal flora in the form of cultured faeces or caecal

contents from salmonella-free chickens (Nurmi & Rantala 1973). Other groups of

research workers have demonstrated that caecal or faecal bacteria from adult hens

protect chicks from salmonella infections, possibly by competing for sites of

adhesion and nutrients. Adhesion of bacteria to the crop epithelia is not apparent

when the tissues are fixed and stained conventionally. However, the use of

cationic dyes has demonstrated that a layer of carbohydrate rich material makes

direct contact with both the bacterial cell and the crop epithelia (Brooker & Fuller

1975). Typhimurium adheres to the small intestine of chicks, with adhesion being

dependent on having a metabolically active host cell (Oyofo et al. 1989). Soerjadi

et al. (1981) found that native gut flora adhered to the epithelial surface in the

caeca of young chicks, and that the crop and caeca were the major sites for

salmonella colonisation. Bacteria with adherent properties are better at

establishing as a protective microflora. This has been demonstrated using bacteria

from washed caeca as the inoculum, and could be responsible for the fact that

maximum protection after inoculation takes up to 30h to develop fully, although

some protection is seen after 1/2h (Soerjadi et al. 1982; Stavric et aL 1987;

Stavric et al. 1991). It has also been observed that at least 6h should elapse after

administration of protective cultures to chicks before dietary SCFAs are

introduced, if maximum protection is to be achieved (Hinton et al. 1991).

Although the caeca are the preferred site of colonisation for salmonellas (Brownell

et al. 1969; Fanelli et al. 1971; Xu et al. 1988), the crop can act as a reservoir for

salmonellas, and the administration of caecal contents of chickens to young chicks

results in fewer salmonella-positive crops, as well as reducing colonisation of the

caeca (Impey & Mead 1989).

The administration of a mature caecal flora protects chicks from

colonisation with salmonellas by the occupation of receptor sites and the

production of SCFAs, which have antibacterial activity. Chicks become less

susceptible to Typhimurium infections as they grow older, carriage does not

persist as long, and older chicks have fewer Typhimurium adhering to epithelial
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cells (Gast & Beard 1989). This reduces the numbers of salmonella passing

though the mucosa and thus gaining access to circulating blood and causing a

systemic infection (Popiel & Turnbull 1985). The newly hatched chick has a

relatively high pH in the caeca due to the absence of anaerobes that produce

SCFAs, and the caecal flora normally takes up to 6 weeks to become fully

established, although a rapid increase in the concentration of SCFAs and decrease

in pH occurs during the first week (Barnes et al. 1972; Mead & Adams 1975;

Barnes et al. 1979). The introduction of caecal flora to the intestines of young

chicks would hasten the production of SCFAs by anaerobic bacteria, thus reducing

the pH of the caeca, and protecting the chick from colonisation by salmonellas. In

addition, the presence of facultative anaerobes such as Enterococcus faecalis may

remove oxygen from the caecum, lowering the oxygen-reduction potential, and

increasing the antibacterial activity of SCFAs (Meynell 1963; Ostling & Lindgren

1993).

The crop is a potential site for infection by salmonellas (Nurmi & Rantala

1973; Impey & Mead 1989) and, therefore, the elimination of salmonellas from the

lower digestive tract by competitive exclusion would not prevent reinfection of the

caeca by salmonellas. The inclusion of SCFAs in the feed has been shown to

prevent recontamination, and to reduce the prevalence of salmonella infections in

commercial poultry flocks, laying hens and their progeny (Humphrey & Lanning

1988), and also in young chicks given contaminated feed (Hinton & Linton 1988).

If the concentration is high enough, formic acid may be bactericidal in a feed

slurry, similar to the mixture that would occur in the crop after feed had been

moistened with water, saliva and mucus from the oesophagus (Impey & Mead

1989). The antibacterial activity of dietary SCFAs depends on their concentration

and the pH. The concentration of dietary SCFAs is likely to diminish down the

digestive tract as a result of absorption and metabolism (Hume et al. 1993), and

although SCFA concentrations in the caeca are high as a result of anaerobic

fermentation, the high pH of the caecal contents, typically 6.5-7.5 (Jayne-Williams

& Fuller 1971), favours the dissociated ion of the acid. The addition of SCFAs to

the feed may result in the digestive tract having a lower pH, particularly if dietary

SCFAs favoured a more rapid establishment of the gut microflora. Experiments

performed in which the pH conditions of the digestive tract were simulated in

vitro, have confirmed that most salmonellas are killed in pH conditions

corresponding to the foregut (Cox et al. 1972).
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The young chick is very susceptible to infection with salmonellas, and this

makes it particularly important that the chick is protected during the first week

after hatching, when it has little protective microflora in the intestinal tract. The

purpose of experiments in this chapter was to test the hypothesis that the feeding

of diets containing free SCFAs favours the establishment of a low and stable pH in

the crop, and by inference, an optimum gut microflora, thus the birds would be

more able to resist feed-borne and environmental challenge by salmonellas. The

relationship between the pH of the crop and age of the broiler bird was

established, as was the effect on this of including 'Bio-Add' (BP [Chemicals]

International) or calcium formate as a feed additive (section 1.3.4.). 'Bio-Add'

consists of 68% formic acid and 20% propionic acid, and the recommended

application rate is 0.68% w/w. For comparison, 0.8% w/w calcium formate was

used, as this contains an equivalent number of acid molecules. Calcium formate,

as a free flowing powder, is easier to mix with feed, and is less volatile thax‘ tk‘e

liquid 'Bio-Add'. Calcium formate and the presence of Ca2+ ions have been shown

to be bactericidal in vitro (sections 4.2.10 and 5.2.4.). The concentration of

dietary SCFAs in the crop and gizzard were measured using high-performance

liquid chromatography (HPLC). SCFAs in the rest of the tract were not

measured, as both formic and propionic acids are produced by anaerobic

fermentation, and the pH of the lower alimentary tract in the experiments

presented here was greater than 5.7, which will result in only a very small

proportion of the acid molecules being in the undissociated bactericidaJ form (Fig.

1.7.). As the crop of the chick has the capacity for only a small amount of feed, a

protocol was developed to ensure that the crops were full, in order for the samples

to be large enough to analyse. Lactate concentration was also measured, as this is

an indirect way of monitoring the numbers of LAB (Jayne-Williams & Fuller

1971). SCFAs can damage Vero cells (sections 6.2.3 and 6.2.4.), and as the crop

epithelium does not produce mucus, although some may be obtained from the

oesophagus, the inclusion of SCFAs in the feed might damage the epithelium.

Butyrate and propionate have been reported to cause erosions of the crop (Bolton

& Dewar 1964), and consequently crops from chicks consuming 'Bio-Add' and

calcium formate were processed for histological examination.
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7.2 METHODS AND RESULTS

Day-old chicks were purchased from a commercial hatchery and reared in

cardboard boxes (section 2.13.1.). Hens were reared as described in section

2.13.2. unless stated otherwise.

7.2.1. Changes in the pH of the crop of chicks with age

The purpose of this experiment was to establish the relationship between the pH

of the crop contents and the age of the chick, and whether this relationship was

affected by the inclusion of SCFAs in the feed. Measurements were taken with

both empty and full crops.

Method 

Chicks from two different flocks were placed in three rooms, with four pairs of

boxes in each room and 27 chicks to a box. Water was given ad libitum, but no

food. Four chicks from each flock were killed on the day of arrival and the pH of

the crop measured in situ using a 'pH Boy' (section 2.15.4.). The morning after

their arrival, four chicks from each flock in each room were killed by cervical

dislocation, and the pH of the crops measured. The remaining chicks were then

offered one of three diets, chick mash, mash containing 0.68% w/w 'Bio-Add', or

mash containing 0.8% w/w calcium formate. Two hours after being offered feed,

four chicks from each flock on each treatment were killed, the pH of the crops

measured, and the individual crop contents removed and frozen. At night the feed

was withdrawn. This sequence was repeated at intervals over 3 weeks. At 3

weeks old, two chicks from each flock and each treatment were killed. In addition

to the pH of the crops, the pH of the three diets was measured following the

addition of lg of feed to 9m1 of double distilled water and stirring for 10min

(section 2.7.4.).

Results

The results are illustrated in Fig. 7.1. Regardless of diet, the pH of empty crops

dropped significantly after three days, and that of full crops after the first exposure

to feed (P <0.001). After seven days, the average pH of the empty crop of birds

given feed containing 'Bio-Add' was lower than that of the controls (P <0.01)

while in those given feed with calcium formate the reduction in the average pH

value was not significant, (P = 0.087). On the other hand, calcium formate in the

feed reduced significantly the pH of the contents of the crop when full, compared

to that of the control (P <0.01). The addition of 'Bio-Add' caused the pH of full
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crops to be lower than that of chicks given the control diet and that containing

calcium formate (P <0.001). The pH of the three diets, when mixed with water,

was 6.2, 5.3 and 5.9 for the control feed, feed with 0.68% 'Bio-Add' and 0.8 %

calcium formate respectively.

7.2.2. The concentration of SCFAs found in the crop of chicks on different
diets

In order to establish if the concentration of undissociated SCFA molecules in the

crop of chicks fed diets containing acids or thier salts is sufficient to be

bactericidal, both the pH of the crop contents and the concentration of the acids in

the crop are required. 'Bio-Add' comprises 68% formic acid and 20% propionic

acid, and when applied to feed at a concentration of 0.68% w/w the final

concentration of formic and propionic acids in the feed an 0.4e/o and '0.14%

respectively. This concentration of 'Bio-Add' was chosen as it is the application

rate recommended by the manufacturer. A concentration of 0.8% w/w calcium

formate was chosen as this amount contains an equivalent number of acid

molecules.

Method 

The crop contents of individual chicks from experiment 7.2.1. were stored in a

freezer at -20°C. The concentration of formic, propionic and lactic acids, in both

the feed and crop contents, was established by HPLC as described in section 2.18.

The concentration of undissociated acid molecules in the crop of each bird was

calculated using the pH measurements from experiment 7.2.1. (section 1.4.2. Eqn.

1.6.).

Results

The percentage formic acid in the crop was higher in chicks consuming feed

containing 0.8% calcium formate than it was for those given feed with 0.68%

'Bio-Add' or the control feed (P <0.001). The inclusion of 'Bio-Add' in the feed

resulted in higher levels of formic acid in the crops than the control feed (P <

0.001), and more propionic acid than the other two diets (P <0.001). Trace

amounts of propionic acid were found in the control feed. Examples of traces

from the HPLC recorder are given in Fig. 7.2. Although the percentage of formic

and propionic acids in the crops varied considerably with the age of the chick (Fig.

7.3.), the differences were not statistically significant, except for day sixteen, when

chicks fed calcium formate had higher levels of formic acid (P <0.001). The
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concentration of lactic acid in the crop of the control birds increased significantly

during the first seven days, and over the first four days for those given diets

containing SCFAs (P <0.001). However, the concentration of lactic acid in the

crop dropped for chicks on all diets by day twenty-one (P <0.001).

When SCFAs were expressed as undissociated molecules, the levels of

formic acid were affected by the decrease in crop pH between days three and

seven (Fig. 7.4.), with the concentration of undissociated formic acid being

significantly higher by day four for feed supplemented with 'Bio-Add' (P <0.001)

and by day seven for that containing calcium formate (P <0.001). There was a

significant decrease in the concentration of undissociated propionic acid in the

crop contents between seven and sixteen days of age, for chicks consuming feed

with 'Bio-Add' (P <0.001), and although propionic acid levels appeared to

increase by day twenty-one (Fig. 7.4.), the increase was not significant. Generally

speaking, the concentration of undissociated formic and propionic acids in the

crop increased rapidly during the first seven days, and then gradually reduced

during the next two weeks (Fig. 7.4.), with a similar pattern being seen for lactic

acid (pK. 3.1).

7.2.3. The effect of chick age on the dry matter content of crops

Variations in the concentration of formic and propionic acids in the crop of chicks

(experiment 7.2.2.) could be influenced by age-related changes in the dry matter

(DM) of crop contents. Day old chicks may not consume much dry feed since

they continue to be nourished by the yolk sac, and they may not be as efficient as

older birds at consuming sufficient feed to fill their crops during the 2h they were

offered feed.

Method

Samples of feed from experiments 7.2.1. and 7.2.2. and the pooled crop contents

of chicks 2, 3 and 21 days old were analysed for DM and ash (section 2.15.5.).

Results

The DM of the feed was 88%, 86.9% and 88.3% for the control feed, and the feed

containing 0.68% 'Bio-Add' and 0.8% calcium formate respectively. The DM of

crop contents increased slightly with age, averaging 26.8%, 28% and 29.4% for

chicks aged 2, 3 and 21 days old respectively. Ash, expressed as a percentage of

DM was 5.7% for the control feed, 6.1% for 0.68% added 'Bio-Add' and 6.6% for

feed containing 0.8% calcium formate. The crop contents contained 5.2% ash as
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a percent of the DM, regardless of the age of the chick. The reduced percentage

of formic and propionic acids found in the crop contents of chicks offered feed

containing SCFAs at 3 and 21 days old (experiment 7.2.2.), compared to the

concentration in the feed, could be accounted for by the dilution of the feed by

water, saliva and mucus, and the consequent reduction in DM, suggesting that no

absorption had occurred.

7.2.4. The effect of formic and propionic acids on the morphology of the

chick crop

The presence of SCFAs in the feed could conceivably damage the crop epithelium

since Vero cells showed evidence of membrane damage when incubated with

formic and propionic acids (experiments 6.2.3. and 6.2.4.).

Method 

The empty crops of four chicks fed chick mash, or mash containing either 0.68 %

'Bio-Add' or 0.8 % calcium formate for ten days and three weeks (experiment

7.1.1.) were placed in 10% neutral buffered formalin for one week. Sections of

the tissue were stained with haematoxylin and eosin (section 2.16.1.) and viewed

with a light microscope.

Results

There were no differences discernible between the crops of chicks on the control

diet, and those fed SCFAs (Fig. 7.5.). The thickness of the stratisfied squamous

keratinised epithelial layer varied in different areas of the crop, but was not

affected by the diet. No lesions of the epithelia were noted.

7.2.5. The effect of different diets on the pH of the intestinal tract of hens

The inclusion of SCFAs in the feed of chicks resulted in a lower pH of the crop

contents and, therefore, a higher proportion of the acid molecules were

undissociated (experiments 7.2.1. and 7.2.2.). This experiment investigated the

effect of including 'Bio-Add' in the diet on the pH of the gastro-intestinal tract of

hens. SCFAs are produced by bacteria colonising the caeca, the preferred site of

colonisation for salmonellas (Brownell et al. 1969; Fanelli et al. 1971; Xu et al.

1988). A reduction in the pH of caecal contents and the accompanying increase in

undissociated SCFA molecules would, therefore, make it less likely that

salmonellas could become established.
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Experiment 1.

Method 
Laying hens aged 1 year were given one of three diets; a proprietary hen feed, hen

feed containing 0.68 % w/w 'Bio-Add' or 1.2 % w/w 'Bio-Add'. Eight hens were

kept in individual cardboard boxes, with wood shavings as litter. Feed and water

was given ad libitum. The water container was raised up on a polystyrene block in

order to avoid fouling the litter. After one week, the hens were killed with an

intravenous injection of 'Euthatal'. The contents of the crop, gizzard, jejunum,

caeca and colon were collected and stored at -20°C for three months. After

defrosting, the pH of the samples was established by diluting the sample 1:10 w/w

with double distilled water, and stirring for 10min prior to reading the pH (section

2.7.4.). The rest of the sample was retained for analysis of SCFA concentrations

using HPLC.

Results 

On removal of the crop contents, it was clear that the hens had consumed the

wood shavings present in the litter, as well as 'chunks' of polystyrene. In addition,

several birds also had large pieces of egg shell in their crop as a consequence of

eating their own eggs. The pH of these samples were higher than others by

approximately 0.4. Although samples from all areas of the gut were stored at

-20°C, the validity of the results may be questioned, as they may have been

influenced by the acid wood shavings and alkaline egg shells that had been

consumed. The pH of the gut contents, together with the results of HPLC

analysis (experiment 7.2.6.), would provide information about the concentration of

undissociated SCFAs in the gut. As HPLC is an expensive and time consuming

procedure, it was decided to restrict analysis of these samples to the crop and

gizzard, in order to determine whether this experiment was worth repeating. The

average pH (± SD) of the crop contents for birds on the control diet, and the diet

containing either 0.68 % 'Bio-Add' or 1.2 % 'Bio-Add' diets was 4.55 ± 0.30, 4.37

± 0.26 and 4.37 ± 0.50 respectively, and that of the gizzard contents 4.24 ±0.66,

4.0 ± 0.66 and 4.0 ±0.39 respectively. Although the addition of 'Bio-Add' did not

significantly alter the pH of the crop or gizzard, possibly because of the variation

resulting from ingesting wood shavings and egg shell, the pH of the crop and

gizzard contents of birds on the control diet was higher than for birds on diets

with added SCFAs. It was decided, therefore, to repeat this experiment, taking

appropriate precautions to prevent the ingestion of litter or eggs.
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Experiment 2.

Method 

Hens were offered one of the three diets used in experiment 1, with eight hens in

each group, half of which were one year old, and half being 5 months old and at

point-of-lay. These hens were kept in individual cages on sloping metal slats, as in

a commercial battery, where the eggs roll out of reach of the bird. Feed and water

were offered ad libitum, with fresh feed being given every day. After one week,

the hens were killed with an intravenous injection of 'Euthatal'. The alimentary

tract was dissected out, and the pH of the crop, gizzard, jejunum, caecum and

colon measured in situ using a 'pH Boy' (section 2.15.4.). Samples from each area

were stored at -20°C for subsequent analysis of SCFA concentrations using

HPLC. The pH of the three diets was measured after adding lg of feed to 9m1 of

double distilled water and stirring for 10min (section 2.7.4.).

Results 

There were no significant differences between the young and the old hens, and the

results were averaged. The pH of the alimentary tract of hens on the three diets is

illustrated in Fig. 7.6. There were no significant differences as a result of diet,

although the pH of the gizzard was lower when feed contained added SCFAs (P

= 0.065). Regardless of diet, the pH of the crop and gizzard was lower than it

was at other levels of the gastro-intestinal tract (P <0.001), with the small intestine

having a higher pH than the caeca, but lower than that of the colon (P <0.001).

The pH of the three diets, when mixed with water, was 6.0, 5.35 and 5.0 for the

control feed, and feed with 0.68% and 1.2% 'Bio-Add' respectively. As all crops

had a pH < 5.0, the increased acidity must be due to lactic acid produced in the

crop.

7.2.6. The concentration of SCFAs in the crop and gizzard of hens on

different diets

The pH of the intestinal tract below the gizzard, at 5.7 or higher (experiment

7.2.5.), is too alkaline for formic and propionic acids to be in the undissociated

form (Fig. 1.7.). In addition, formic and propionic acids are readily metabolised,

and little dietary formic or propionic acid reaches the lower digestive tract (Hume

et al. 1993). As HPLC is expensive, it was decided to restrict analysis of gut

contents to the crop and gizzard, because it had already been shown that the pH of

these areas was low enough to favour the undissociated acid molecule (experiment
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7.2.5.), and levels of dietary formic and propionic acids therein are likely to be

higher. Samples of crop and gizzard contents were also used to analyse the

percentage DM and ash, to ascertain if changes in SCFA concentration was due to

either dilution with water or saliva, or absorption.

Experiment 1.

Method 

Samples of crop and gizzard contents acquired from experiment 1 in section 7.2.5.

above were defrosted, prepared for HPLC and the concentration of SCFAs

determined (section 2.18.). The feed was also analysed. The concentration of

undissociated SCFA molecules in the crop and gizzard was calculated (section

1.4.2. Eqn. 1.6.) using the pH measurements from experiment 7.2.5.

Results

The results are summarised in Fig. 7.7. Feed with added 'Bio-Add' contained

either 0.32% or 0.55% formic acid, equivalent to a concentration of 0.48% and

0.8% 'Bio-Add', which was lower than the concentration of 0.68% and 1.2%

intended. This may have been due to the fact that feed was given to individual

hens in sufficient quantity to last several days, and there may have been

evaporation of these volatile acids. The percentage of formic and propionic acids

in the crop contents was higher in the hens consuming feed containing 'Bio-Add',

with the amount of formic acid being significantly higher in birds fed 0.8% 'Bio-

Add' (P <0.05). Hens fed 0.8% 'Bio-Add' had less lactic acid in their crops than

controls (P <0.05). No propionic acid was found in the gizzard, and only trace

amounts of formic acid. The concentration of undissociated formic and propionic

acid molecules in the crop was greater in hens fed 'Bio-Add', but this was not

statistically significant.

Experiment 2.

Method 

Samples of crop and gizzard contents from the birds used in experiment 2 (section

7.2.5.) were defrosted and prepared for HPLC in order to determine the

concentration of SCFAs (section 2.18.). The feed was also analysed. The

concentration of undissociated SCFA molecules was calculated (section 1.4.2.

Eqn. 1.6.) using the pH measurements from section 7.2.5. Samples of feed, crop

and gizzard contents were analysed for DM and ash content (section 2.15.5.).
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Results

Examples of HF'LC traces are given in Fig. 7.8., and the results are summarised in

Fig. 7.9. Analysis of the feed showed the percentage of formic acid added was

either 0.43 or 0.86, equivalent to 0.64% and 1.27% 'Bio-Add' respectively. The

addition of 'Bio-Add' to the feed caused the concentration of both formic and

propionic acids in the crop to increase (P <0.001), whilst there was a non-

significant decrease in lactic acid (Fig. 7.9.). Addition of 1.2% 'Bio-Add' to the

feed was associated with an increased concentration of formic acid, and decreased

concentration of lactic acid, in the gizzard (P <0.05). Levels of undissociated

formic and propionic acid in the crop increased when 'Bio-Add' was included in

the feed (P <0.001), whilst undissociated lactic acid decreased (P <0.05); a

similar pattern was also demonstrated in the gizzard (Fig. 7.10.). There were no

differences in DM and ash between the different diets, or the crop and gizzard

contents of hens on the different diets. The gizzard contents predictably contained

a high proportion of inorganic material, and so formic and propionic acids were

expressed as a percentage of organic matter (OM). After allowing for the dilution

of feed with water, saliva and mucus, it was clear that either absorption of both

formic and propionic acids had occurred from the crop, the acids had been

metabolised, or they had leached out to the proventriculus, with less than 12% of

the dietary intake being recovered from the gizzard (Table 7.1.). The figure for

propionic acid may be an underestimate, as the concentration was so low as to be

only just detectable by HPLC. The proportion of ash in the DM of the gizzard

contents was higher than the crop, indicating that grit had accumulated therein,

and some digestion and absorption of OM had probably occurred.

7.2.7. The antibacterial activity of combinations of acids in vitro simulating

those found in the crop in vivo

The aim of this experiment was to simulate, in vitro, the conditions found in the

crop of hens given a diet containing SCFAs, and to determine if these conditions

were bactericidal for salmonellas. Using the results from experiments 7.2.5. and

7.2.6., a pH of 4.5 was chosen, and concentrations of formic, propionic and lactic

acids simulated the acid concentrations found in the crop contents of hens on

unsupplemented feed, or feed supplemented with either 0.68% w/w or 1.2% w/w

'Bio-Add'. The bactericidal effect of the acid combinations on Enteritidis PT4 was
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assessed by sub-culture onto both NA and BGNA, in order to determine if there

were differences in recovery of acid damaged bacteria.

Method 

Concentrated acid stock solutions were made, and adjusted to pH 4.5 with NaOH.

These were then added to MCB pH 4.5, to give a final concentration in 10m1 to

simulate conditions in the crop when fed either a) unsupplemented feed (0.7%w/w

lactic acid), b) feed supplemented with 0.68% 'Bio-Add' (0.5% w/w lactic acid,

0.01% w/w propionic acid and 0.1% w/w formic acid) or c) feed supplemented

with 1.2% 'Bio-Add' (0.2% w/w lactic acid, 0.03% w/w propionic acid and 0.15%

w/w formic acid). The control was MCB pH 4.5. After adding the inoculum of

0.1m1 of an overnight culture of Enteritidis PT4, the broth was incubated for 2h at

37°C prior to sub-culture on both NA and BGNA. The experiment was done

twice.

Results

The results are illustrated in Fig. 7.11. There was no growth in the control

bacteria. All three acid treatments reduced the numbers of cfu/ml compared to the

control. When NA was used as the recovery medium, the reduction was not

statistically significant (P = 0.145), whereas with BGNA the difference was more

marked (P <0.05). Fewer cfu/ml were recovered when acid treated bacteria were

subcultured onto BGNA compared to NA (P <0.01), although there were no

differences in recovery of the control cells. With BGNA there was an apparently

increasing bactericidal effect as the concentration of formic and pmpionic, ac.,ids

increased (Fig. 7.11.). On the other hand, when NA was used as the recovery

medium there was little difference in the bactericidal effect between the three sets

of conditions. This implies that 'Bio-Add' had a sub-lethal effect on the

salmonellas during the 2h incubation, since they were able to grow on the non-

selective medium.

7.3. DISCUSSION

The inclusion of SCFAs in the feed was associated with a reduction in the pH

value of the crop contents of chicks 2h after feeding, with the effect being

particularly noticeable during the first week. The pH of the crop contents tended

to increase slightly after feeding, once the chicks were one week old, regardless of

diet, and this could be as a result of the chicks eating larger meals, which would

have a greater buffering effect on the lactic acid in the crop. This could also
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explain the reduction in the concentration of lactic acid found in crop contents

after one week (Fig. 7.3.). The rapid increase in the lactic acid concentration of

crop contents during the first week was accompanied by a decrease in the pH of

the empty crop, suggesting the establishment of a lactobacillary microflora. There

was a great deal of variation in the lactic acid concentration in crop contents, since

both the amount of feed consumed, and the time elapsed since the last feed, would

affect directly the dilution of lactic acid produced in the crop. The presence of

dietary SCFAs did not significantly affect the concentration of lactic acid in the

crop contents, but it did result in a reduction in the pH of the crop when empty,

suggesting that the inclusion of SCFAs in the feed may have favoured the

establishment of LAB in the crop.

As the adult hen has a lower pH in the crop than the chick, due to the

established microflora, the additional effect of dietary SCFAs on the pH would be

less apparent. The inclusion of SCFAs in chick mash, either in the form of 0.68%

'Bio-Add' or 0.8% calcium formate, resulted in a reduction of pH in the crop

contents of hungry chicks 2h after being given access to feed. However, the

addition of 0.68% and 1.2% 'Bio-Add' to the feed of laying hens did not

significantly lower the pH of the crop contents. This was probably because the

hens were fed ad libitum, and the crop contents would always be more acidic,

since the lactic acid in the crop was not diluted excessively or buffered as much by

the small amounts of feed consumed at any one time. Smith (1965) noted that the

pH of the crop could vary from 6.1 soon after feeding to 4.9 7h after feeding. The

pH of the crop contents will depend to some extent on when the bird had its' last

feed, and on the type of feed, since this may vary in its' buffering capacity. In

addition, its' composition may influence the microflora of the crop (Smith 1965).

This could account for the wide variation of crop pH measurements, 4.0-7.0, in

healthy birds (Jayne-Williams & Fuller 1971; Snoeyenbos et al. 1982). In cases of

'sour-crop' the pH can be as low as 3.7 (Bolton 1965).

The MICundiss of formic and propionic acids against Enteritidis PT4 is

0.54mM and 2.65mM respectively (section 4.2.9.). The inclusion of either 0.68%

'Bio-Add' or 0.8% calcium formate in chick mash resulted in sufficient

undissociated molecules of formic acid in the crop to prevent the growth of

salmonellas. However, the concentrations of formic acid (approximately 0.2% or

43mM) and propionic acid (approximately 0.03% or 4mM) found in the chick

crop contents (Fig. 7.3.) was not bactericidal in vitro at pH 5.0 (Figs. 4.1. and
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4.2.). As the crop contents had a higher pH than this, the addition of 0.68% 'Bio-

Add' or 0.8% calcium formate to the feed of chicks on this feeding regime resulted

in concentrations of SCFAs in the crop that are bacteriostatic, rather than

bactericidal. If there was synergism between formic, propionic and lactic acids,

then the combination of acids present may be bactericidal, but no conclusive

evidence for synergism was found (sections 4.2.3. and 4.2.4), although synergy

between propionate and sorbate (Preonas et al. 1969) and lactate and acetate

(Rubin 1978) have been reported. The presence of Ca 2+ from the calcium formate

may also enhance the activity of SCFAs (section 4.2.10.). In the commercial

rearing of chicks, feed is offered ad libitum, and this would probably result in a

lower crop pH, and therefore an increase in the concentration of undissociated

SCFA molecules in the crop.

In hens fed ad libitum, the inclusion of 'Bio-Add' in the feed at 0.68% and

1.2% resulted in bacteriostatic concentrations of undissociated SCFAs in the crop

and gizzard contents (Fig. 7.10.). Even the highest concentration of formic

(0.15% or 32m1'vl) or propionic (0.025% or 3.4mM) acids found in the crop of

adult hens would not be sufficiently bactericidal at the pH values measured (4.3-

4.5) to kill salmonella in the time the feed remained in the crop. The time that

feed is retained in the crop depends on many factors including the type of feed, its

moisture level and how hungry the bird is. The high metabolic rate of the hen

requires it to eat frequently and, therefore, there is a high turnover of crop

contents. Salmonellas can be detected in the caeca of chicks 1h after oral

inoculation (Impey & Mead 1989, and see Chapter 8), suggesting that a D-value

of < 1 h would be preferable if dietary SCFAs were required to protect against a

low challenge of salmonella. To achieve this concentration in the crop there

would have to be > 75mM undissociated formic or propionic acid molecules

(Table 5.2.). With a crop pH of 4.5, these concentrations could be achieved by

having formic or propionic acids at 0.5M. As there is a two-fold dilution of the

feed with water and saliva in the crop (Table 7.1.), and considering that some acid

will be absorbed and metabolised, the concentration of 'Bio-Add' (68% formic

acid, 20% propionic acid) in the feed would have to be greater than 10%. Even at

this concentration, 'Bio-Add" would not necessarily protect against a large dose of

salmonella. There is evidence that salmonellas may survive at a lower pH in the

presence of feed, possibly because the microenvironment of salmonellas attached

to feed particles could be higher than that of the surrounding medium (section
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4.2.6.). Formic and propionic acids at 0.5M took over 3h to kill 10 7 salmonellas

at pH 4.5 (Fig. 5.1.), suggesting that, if present in high numbers, salmonellas

would survive dietary acids in the crop. The incorporation of 1% formic acid into

a feed slurry containing salmonellas and lactobacilli at pH 4.0 resulted in the death

of all organisms (Impey & Mead 1989). 1% formic acid at pH 4.0 would give

75mM undissociated acid molecules, which agrees with the results presented in

this chapter. However, the fact that the lactobacilli were also killed, raises the

question of the desirability of incorporating dietary SCFAs at these levels. The

importance of maintaining the lactobacilli crop flora has already been discussed

(section 7.1.). Incorporation of 1% SCFAs, or their calcium salts, in feed

depresses the appetite of chicks, and this could be useful in controlling growth and

preventing the deposition of body fat (Cave 1984; Pinchasov & Jensen 1989).

The DM of crop contents increased slightly with age of the chick, possibly

because the young chick does not eat so much, as it receives nutrients from the

yolk sac whilst acquiring feeding skills, although it still has a high requirement for

water. Little absorption of SCFAs appeared to occur from the crops of previously

starved chicks (section 7.2.3.), in contrast to the absorption of formic and

propionic acids that took place from the crops of adult birds fed ad libitum

(section 7.2.6.). The lack of absorption from the chick crops could be because

they were so full as a result of the chicks being hungry (personal observation), and

there was less surface area of epithelium for absorption compared to the volume

of feed. Also, hunger may have reduced the time of storage of feed in the crop

before it passed down to the proventricus and gizzard, allowing less time for

absorption to take place. In contrast, the crops of hens were rarely full, and the

concentration of both formic and propionic acids was lower in the crop than in the

feed. These results agree with those of others working with hens, who concluded

that acetic, butyric and propionic acids were completely absorbed in the foregut,

and in particular, only 40% of ingested propionic acid could be recovered from the

crop (Bolton & Dewar 1964). Hume et al. 1993 found that although 83% of

radiolabelled propionic acid remained unchanged in the crop of chicks for 15min,

little reached the lower digestive tract and caeca, with the propionic acid being

absorbed in the foregut, and being used predominantly as an energy source, with

some being converted into other fatty acids. Some digestion and absorption of

OM also occurred in the crop, confirming the findings of Bolton (1965) that the
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crop is not just a storage organ, but has a digestive role, with the hydrolysis of

starches to sugars, and the conversion of sugars to acids.

One practical problem encountered with feeding SCFAs was that the

volatility of liquid acids resulted in reduced dietary levels. This effect has been

noted by others (Pinchasov & Jensen 1989), and has implications for the storage

of treated feed and the frequency of feeding. Erosion of the crop has been noted

in hens after two weeks on a diet containing 2.5% of the propionate ion (Bolton &

Dewar 1964). Lesions were not observed in the crops of chicks fed 0.8% calcium

formate (equivalent to 0.55% formate ions) or 0.68% 'Bio-Add' (equivalent to

0.46% formic and 0.14% propionic acids) for 3 weeks.

Experiments presented in this chapter confirm the hypothesis that the

feeding of dietary SCFAs results in the establishment of a lower pH in the crop of

chicks, with evidence of increased lactic acid concentrations, suggesting the

establishment of lactic acid producing bacteria. The inclusion of SCFAs in the

form of 'Bio-Add' to the feed of hens made no difference to the pH of the

intestinal tract, but there was evidence that 'Bio-Add' at 1.2% may reduce the

number of lactic acid producing bacteria in the crop and, therefore, the inclusion

of SCFAs in the feed at higher concentrations could be counterproductive.

Although inclusion of SCFAs in feed resulted in concentrations of undissociated

SCFA molecules that were bacteriostatic in vitro, the ability of dietary SCFAs to

kill salmonellas in the crop depends on many factors, including the pH of the crop,

the concentration of acid, the size of the salmonella challenge, and the time feed

remains in the crop. Conditions encountered in vivo are difficult to simulate in

vitro, as the pH of the crop will vary with the frequency of feeding and the

concentration of SCFAs will also vary as they are absorbed and metabolised. In

the next chapter, the in vivo crop model used in sections 7.2.1. and 7.2.2. was

further developed to assess the effect of SCFAs and other antibacterials on the

survival of salmonellas in the crop. In addition, a cloacal model to establish the

effectiveness of antibacterials in the hind-gut was developed. By using both these

models, the site of action of SCFAs in the intestinal tract of birds could be

established.
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Table 7.1. The concentration of formic and propionic acids found in the crop
and gizzards of hens given feed containing 'Bio-Add'. Dry matter (DM) and ash
measurements were used to calculate the percentage formic and propionic acids in
the organic matter (OM). The protocol is described in section 7.2.6. experiment
2.

%	 %	 % Formic
Bio-Add	 %	 % % Ash %	 Formic	 remaining
in Feed	 Sample	 Formic DM in DM OM	 in OM	 in OM 

Feed	 0.43	 88.0	 14.3	 75.42	 0.57

0.68	 Crop contents	 0.091	 30.5	 13.5	 26.40	 0.34	 59.6

Gizzard contents	 0.0108	 47.5	 44.5	 26.36	 0.04	 7.0

Feed	 0.86	 88.0	 14.3	 75.42	 1.14

1.2	 Crop contents	 0.147	 30.5	 13.5	 26.40	 0.56	 49.1

Gizzard contents	 0.0364	 47.5	 44.5	 26.36	 0.14	 12.3

0/0	 %	 % Propionic
Bio-Add	 0/0	 % % Ash	 % Propionic remaining
in Feed	 Sample	 Propionic DM in DM OM	 in OM	 in OM 

Feed	 0.124	 88.0	 14.3	 75,42	 0.16

0.68	 Crop contents	 0.0115	 30.5	 13.5	 26.40	 0,04	 25.0

Gizzard contents	 0.0015	 47.5	 44.5	 26.36	 0.006	 3.7

Feed	 0.245	 88.0	 14.3	 75.42	 0.32

1.2	 Crop contents	 0.0249	 30.5	 13.5	 26.40	 0.08	 25.0

Gizzard contents	 0.00125	 47.5	 44.5	 26.36	 0.005	 1.6
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Fig. 7.1. The effect of adding 0.68% w/w 'Bio-Add' or 0.8% w/w calcium
formate to chick mash on the pH of the chick crop during the first three weeks
after hatching. The values are 'smoothed' (Minitab). The protocol is described in
section 7.2.1.
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Fig. 7.2. Examples of results from high-performance liquid chromatography of
chick crop contents after chicks were fed on (A) unsupplemented feed; (B) feed
supplemented with 0.8% w/w calcium formate. The concentration of formic acid
was calculated from the area under the peak after 11.11min (arrow).
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Fig. 7.3. The effect of adding 0.68% 'Bio-Add i or 0.8% calcium formate to chick
mash on the concentration of formic, propionic and lactic acid molecules found in
the crop of chicks. The protocol is described in section 7.2.3.
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Fig. 7.4. The effect of adding 0.68% 'Bio-Add' or 0.8% calcium formate to
chick mash on the concentration of undissociated formic and propionic acids
found in the crop of chicks. The protocol is described in section 7.2.3.
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Fig. 7.5. The crops of three week old chicks (A) fed on unsupplemented mash;
(B) fed on mash supplemented with 0.68% 'Bio-Add'. Sections were stained with
haematoxylin and eosin (section 2.16.1.), and revealed no damage to the
epithelium (arrow). Magnification x 75.
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Fig. 7.6. The effect of adding 0.68% or 1.2% 'Bio-Add' to the feed on the pH of
the alimentary tract of hens.
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Fig. 7.7. The effect of adding 0.48 % or 0.8% 'Bio-Add' to feed on the
concentration of formic, propionic and lactic acids found in the crop of hens. The
protocol is found in section 7.2.6.
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Fig. 7.8. Examples of results from high-performance liquid chromatography of
hen feed (A) unsupplemented feed; (B) feed supplemented with 1.2% w/w 'Bio-
Add'. The concentration of formic and propionic acids was calculated from the
area under the peaks after 10.9min (formic acid) and 14.31min (propionic acid).
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Fig. 7.9. The effect of adding 0.68 % or 1.2% 'Bio-Add' to feed on the
concentration of formic, propionic and lactic acids found in the crop of hens. The
protocol is described in section 7.2.6.

Acids in the feed

Control
	

0.68 % Bloadd
	

1.2% Bioadd

Diet

184



10

8

6

4

2

0

•

ln-nn •nnn 	 • 
Control
	

0.68 % Bioadd
	

1.2% Bioadd

10

8

6

4

2

Fig. 7.10. The effect of adding 0.68% or 1.2% 'Bio-Add' to hen feed on the
concentration of undissociated formic, propionic and lactic acid molecules found
in the crop and gizzard of hens. The protocol is described in section 7.2.6.
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Fig. 7.11. The effect of incubating Enteritidis PT4 with different
concentrations (% w/w) of acids in modified citrate buffer pH 4.5. Bacteria were
incubated at 37°C for 2h, and the cfu/ml assessed on either nutrient agar (NA) or
brilliant green phenol red agar (BGNA). The protocol is described in section
7.2.7.

A. Control
B. 0.7% lactic acid
C. 0.5% lactic acid, 0.1% formic acid, 0.01% propionic acid
D. 0.2% lactic acid, 0.15% formic acid, 0.03% propionic acid
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CHAPTER 8

THE EXPERIMENTAL INOCULATION OF BIRDS WA THE CLOACA
AND OTHER ROUTES
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8.1. INTRODUCTION

The routes by which bacteria gain entry into a host include ingestion, inhalation,

and through the skin surface or mucous membranes. Most studies on the

epidemiology of salmonella infections in poultry have mimicked infection via the

digestive tract, and have involved inoculation via the oral route, either with

naturally contaminated feed (Linton et al. 1985), artificially contaminated feed

(Hinton 1986, Xu et al. 1988), or gavage using a broth (Timoney et al. 1989;

Gast & Beard 1990; Humphrey et al. 1991c). Relatively little research has been

performed to investigate infection of the digestive tract via the cloacal route (Cox

1990b; Ziprin et al. 1990; Shivaprasad et al. 1990), despite the proximity of the

cloaca to the caeca, the favoured habitat. Other routes of infection investigated

include intravenous inoculation (Sadler 1969; Shivaprasad et al. 1990; Cooper et

al. 1993), inoculation by aerosols (Baskerville et al. 1991; Chart et al. 1992) or

onto the conjunctiva (Chart et aL 1992).

When salmonellas are ingested, the crop is the first part of the digestive

tract where there is the opportunity to multiply. The presence of water, warmth

and feed, may enable a very small inoculum to reach a concentration sufficient to

cause infection. The young chick has little gut microflora to resist colonisation

(Barnes et al. 1972; Mead & Adams 1975; Barnes et al. 1979) and, therefore, the

prevention of ingested salmonellas surviving, and subsequently multiplying in the

crop, can be considered to be a critical control point. Results of experiments

using a crop model, described in chapter 7, supported the hypothesis that the

feeding of diets containing free SCFAs favours the establishment of a low and

stable pH in the crop of newly hatched chicks. This in turn could favour the

acquisition of a LAB microflora in the crop, thus enabling the birds to be more

resistant to feed-borne and environmental challenge. Furthermore, HPLC analysis

of the crop contents confirmed that the concentration of SCFAs was sufficient to

be bacteriostatic and possibly bactericidal for salmonellas in vitro. The possibility

exists that SCFAs in the crop at these levels could also be bactericidal for LAB.

Indirect evidence for this was the reduction in lactic acid found in the crop of hens

fed SCFAs (section 7.2.6.). There are various protective mechanisms of host

origin which resist colonisation with salmonellas, including the presence of a

mucus layer, the secretion of antibodies and lysozyme, and cell desquamation. In

addition, there are mechanical forces such as ciliary movement and peristalsis. In

the digestive tract, the resident microflora plays a role in excluding salmonellas
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(section 7.1.) and, therefore, any treatment altering gut microflora might affect the

ability of salmonellas to colonise.

The concentration of undissociated SCFA molecules in the crop in vivo

will vary considerably because these acids are rapidly absorbed and metabolised

(Bolton & Dewar 1964; Hume et al. 1993), and also because the pH of the crop is

influenced by the frequency of feeding (Smith 1965). Certain combinations of

feed and microflora will result in the production of SCFAs in the crop as a result

of fermentation (Bolton 1965). The ability of salmonellas to survive and multiply

in the crop in vivo depends on a complex interaction between existing microflora,

the concentration of undissociated SCFAs and the time of exposure.

Experiments described in this chapter were designed to test the hypothesis

that SCFAs are active in the crop in vivo and have extended the crop model used

in sections 7.2.1. and 7.2.2. in order to assess the effectiveness of antibacterials in

the crop in vivo. In addition to 'Bio-Add" (BP [Chemicals] International; 68%

w/w formic acid, 20% w/w propionic acid) and calcium formate, the antibiotics

trimethoprim and sulphadiazine were also used for comparison. Combinations of

these antibiotics have been shown to reduce Typhimurium infections in chickens

(William Smith & Tucker 1975) causing a sequential blockade of bacterial folic

acid synthesis. An alternative explanation for their antibacterial synergy is that

they mutually enhance uptake as a result of damage to the outer membrane and

peptidoglycan layer of bacteria (Richards et al. 1993). Concentrations of

antibiotics were chosen to be the same as that found in the commercially marketed

product Tribrissen (Wellcome). Antibacterial activity against infection via the oral

route was also tested by the simulation of 'naturally' acquired infections, using

artificially contaminated feed and infected 'seeder' birds.

Biochemical evidence (Chapter 7) suggested that dietary SCFAs were

absorbed or metabolised by the time feed reached the gizzard, and therefore would

not be active against salmonellas colonising the lower gut. A method of

demonstrating this in vivo was developed, by giving the antibacterials via the oral

route, whilst inoculating the birds via the cloaca. This cloacal model was also

used to evaluate the effectiveness of antibacterials in the caeca. If antibacterials

and salmonella are both given orally, then there is no means of ascertaining the site

of antibacterial activity. If antibacterials in drinking water protect against infection

from salmonellas introduced into the cloaca, then it can be assumed that they are

active in the hind gut.

189



Having developed the cloacal model in order to ascertain whether

antibacterials were active in the hind gut, other aspects of the cloacal model were

investigated, as relatively little research has been done on the response of hens to

infection via the cloacal route. The cloaca can be divided into three areas, the

coprodeum, urodeum and proctodeum, divided by flaps of mucosa. The

coprodeum is a large chamber which acts as a reservoir for faeces and urine, and is

continuous with the colon. The oviduct and ureters open into the urodeum, which

is in contact with the vent via the narrow proctodeum. On the dorsal wall of the

urodeum is the bursa of Fabricius. The structure and function of this mass of

lymphoid tissue has been reviewed by Tizard (1979), and has been described as "a

central organ providing for contact between the lymphoid system and intestinal

contents" (Schaffner 1974). The bursa is connected by a short duct to the cloaca,

and is composed of folds containing numerous lymphoid follicles. In addition to

being the site of bursal lymphocyte (B cells) differentiation, the bursa acts as an

organ designed to permit gene conversion to occur, thus resulting in an increase in

the immunological repertoire (Paramithiotis & Ratcliffe 1994). The bursa is able

to aspirate antigen solutions into its lumen by antiperistalstic reflex action

(Schaffner 1974; Tizard 1979). This reflex has been used to selectively label B

cells and to demonstrate that 1% of B cells emigrate from the bursa, to the blood

and spleen, each hour (Paramithiotis & Ratcliffe 1993). Lymphocytes may be able

to transfer environmentally derived antigens such as salmonellas from the bursal

lumen to the follicular medulla. As salmonellas are able to survive within

phagolysosomes (Turnbull & Richmond 1978; Carrol et al. 1979; Popiel &

Turnbull 1985; Foster & Hall 1990), an intracloacal inoculation, with its proximity

to the bursa of Fabricius, could even facilitate entry of salmonellas into the

circulation, resulting in a systemic invasion. As initial experiments revealed there

were differences in sensitivity to inoculation with salmonellas via the oral and

cloacal routes, the immune response of chicks and hens was also investigated by

determining the relative concentrations of circulating IgG and IgM.

The anatomical relationship between the digestive and reproductive tracts

is illustrated in Figs. 1.5. and 8.1. Intracloacal inoculation of salmonellas would

result in the organisms being deposited close to the oviduct. The means by which

eggs are contaminated by salmonellas, particularly Enteritidis PT4, has not been

conclusively determined, but as salmonellas are motile, it is possible that eggs

become infected by an ascending infection of the oviduct, before the shell is
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deposited. Alternatively, a systemic infection could result in ovarian transmission

via the ova, or salmonellas could penetrate the shell as a result of faecal

contamination. If infection of eggs occurred whilst travelling down the oviduct,

then a large cloacal inoculation of salmonellas might be expected to produce an

increased proportion of contaminated egg whites. The cloacal model was

extended to laying hens, in order to test this hypothesis. Hens were inoculated

orally and intracloacally, and egg whites and yolks cultured for salmonellas. The

reproductive tract of hens laying infected eggs was examined for the presence of

salmonellas using various histological techniques. The opportunity was also taken

to compare the concentrations of IgG in egg yolks.

This chapter is relatively long compared to others in this thesis, but these

experiments have been presented together because they were all concerned with

the development and subsequent application of the crop and cloacal models of

infection. The chapter has been organised so that the initial experiments are

concerned with the oral route of infection, with subsequent experiments

investigating the cloacal route. Finally, the immune response of birds challenged

by both oral and cloaca] routes was compared. The results of each experiment are

discussed individually in order to maintain clarity.

There is an apparent paradox in the results presented in some of the

following experiments, in that an intracloacal inoculum of < 1 cfu/chick of

salmonella resulted in colonisation. Chicks were reared in groups of nine, and it is

possible that infection spread through the group following the infection of a single

bird. In some experiments, the number of cfu/nine chicks was < 1 cfu, a finding

which suggests that the counting method used underestimated the number of

salmonellas in the inoculum. This possibility was not investigated, however,

owing to lack of time. It is unlikely that underestimation was caused by operator

error, as serial decimal dilutions were always done on stationary cultures, and

these are consistently about 1.0 x 10 9 cfu/ml. These experiments were repeated

several times, with similar results, and it may be that there was some clumping of

salmonella organisms, and when broths were diluted the salmonellas were not

evenly distributed.
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8.2. METHODS AND RESULTS

Day-old chicks were purchased from a commercial hatchery and reared in

cardboard boxes (section 2.13.1.). Hens were managed as described in section

2.13.2.

8.2.1. Ability of dietary SCFAs to protect chicks from lateral infection with

salmonellas

This experiment used 'seeder' birds inoculated via the cloaca to model a natural

source of infection, in order to determine if the inclusion of SCFAs in the feed

would reduce lateral spread of infection. For comparison, potentiated

sulphonamide was included in the drinking water of a control group of birds.

Experiment 1

Method

Day-old chicks from 2 breeding flocks were divided into 8 groups (n = 10). Four

groups were fed unsupplemented mash, and the other four mash supplemented

with either 0.68% w/w 'Bio-Add' or 0.8% w/w calcium formate (section 2.13.3.).

Two of the groups on unsupplemented mash were given trimethoprim 20ppm and

sulphadiazine 100ppm in the drinking water (section 2.13.4.). On the day of

arrival, 16 chicks were inoculated via the cloaca with 1.0 x 107 cfu Enteritidis

PT4, and marked with a coloured pen. After inoculation the 'seeder' chicks were

kept in a separate room for 24h, and then two 'seeder' chicks were put in with

each group of 10 chicks. After 7 days in contact with the 'seeder' birds, all the

chicks were killed and the numbers of salmonellas in the caecal contents

determined (section 2.15.1.). Absence of salmonellas in the caeca was confirmed

by overnight incubation at 42°C in selenite broth and sub-culture onto BGNA.

Results

Three out of 4 'seeders' in the control groups died within a week of being

inoculated, compared with 2/4 in the groups given diets supplemented with

SCFAs, and 1/4 in the groups given antibiotics in the water. The average numbers

of salmonella/g in the caecal contents (including dead birds) was lower in those on

antibiotics (approx. 1.0 x 10 6), although this difference was not significant (P =

0.09). None of the other chicks died, and chicks in all groups were colonised by

Enteritidis PT4 in the caeca. The inclusion of SCFAs in the feed made no

difference to the number of salmonellas/g caecal contents, but birds drinking
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potentiated sulphonamide had fewer bacteria in the caeca than other groups (1.0 x

106/g compared to 1.0 x 10 5/g)(P <0.005).

Discussion 

None of the treatments reduced the proportion of infected chicks, and although

antibiotics reduced the numbers of salmonellas in the caeca, the chicks were still

heavily colonised. The seeder birds were heavily infected„ however, and SCFAs

in the feed might offer protection from being infected by 'seeders' shedding fewer

salmonellas. The next experiment investigated this possibility.

Experiment 2

Method 

The protocol was essentially the same as for experiment 1, with the following

modifications. Seeder' birds were inoculated orally with 1.0 x 10 5 cfu Enteritidis

PT4 on the day of arrival, and infection checked 2 days later using cloacal swabs.

On the third day after arrival, when the chicks were 4 days old, the 'seeder' birds,

also 4 days old, were put in with the groups. The birds were given either

unsupplemented mash, or mash supplemented either with 1.2% w/w 'Bio-Add' or

1.4% w/w calcium formate.

Results 

The 'seeder' birds were all colonised with salmonellas when introduced to the

experimental groups. None of the chicks died, and after 7 days there were no

significant differences in caecal colonisation (approx. 1.0 x 10 5/cfu/g caecal

contents) between birds fed on unsupplemented mash, and those given SCFAs in

the feed.

Discussion 

The inclusion of 0.68% w/w 'Bio-Add' in feed had been shown to prevent

colonisation in chicks when challenged with feed contaminated with 47

Kedougou/g, but not 1.5 x 10 4/g (Hinton & Linton 1988). Infection was not

prevented in experiments presented here, even though the inclusion rate of 'Bio-

Add' was higher, suggesting that infected 'seeder' birds present a greater risk of

infection to young chicks than low levels of contamination in the feed. Possible

explanations for this include the fact that organisms in feed will be consumed

together with SCFAs and will, therefore, be subjected immediately to their

antibacterial activity, whilst salmonellas acquired through pecking at faeces, or by

the cloaca contacting contaminated bedding, may not be affected by antibacterials
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in the feed. Inclusion of SCFAs in feed at the concentrations used in these

experiments will not protect chicks from infection by lateral transmission from an

infected bird. However, the speed at which 'seeder' birds infected a whole group,

meant that it was worth investigating the ability of SCFAs in the feed to protect a

group of young chicks from low levels of feed-borne salmonellas. The inclusion

of SCFAs in the feed of chicks resulted in a reduction of the pH of the empty

crop, suggesting that the presence of SCFAs may have favoured the establishment

of a LAB microflora (section 7.2.1.). If this hypothesis is correct, a reduction in

the time required for an optimum crop microflora to become established could

result in chicks being more resistant to a feed-borne challenge of salmonella, as

suggested by the competitive exclusion theory (Nurmi & Rama\ a 1913). The next

experiment investigated the effect of including SCFAs in the feed on the ability of

the chick to resist a feed-borne challenge.

8.2.2. The ability of dietary SCFAs to protect chicks from a feed-borne

challenge of salmonella

The application rate of 'Bio-Add' to feed recommended by the manufacturer is

0.68% w/w. This concentration was not sufficient to prevent infection of chicks

by lateral spread, but infection could have been acquired either through eating

infected food or faeces, or via the cloaca from contaminated bedding (section

8.2.1.). In this experiment chicks were challenged with artificially contaminated

feed, which simulated a natural mode of infection whilst allowing the size of the

inoculum to be controlled. Preliminary experiments demonstrated that not all the

salmonellas used to inoculate feed were recoverable. This phenomenon was also

observed by Hinton (1986), and is due either to the death of a proportion of the

inoculum, or less efficient recovery of salmonellas from feed than from broth.

There is also the possibility that salmonellas have the ability to adhere to the

coconut, as had been noted previously with mash (section 4.2.6.). As the young

chick is particularly susceptible to colonisation, the use of higher application rates

of 'Bio-Add' in the feed during the first week was investigated.

Experiment 1

Method 

Day-old chicks from 2 breeding flocks were reared in groups (n = 16) and given

feed artificially contaminated (section 2.14.3.) with Kedougou for the first week
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(27, 137, 67 and 333 cfu/g feed for the 4 replicates). The feed in the first week

comprised one of three diets, unsupplemented mash, or mash supplemented with

either 1% w/w or 0.68% w/w 'Bio-Add'. For the following 3 weeks the feed was

either unsupplemented, or supplemented with 0.68% w/w or 0.34% w/w 'Bio-

Add'. Four birds in each group were killed each week, and swabs of the caecal

contents taken. Caecal swabs were used to inoculate BGNA, and the growth

scored on a scale of 0-4. The experiment was done twice.

Results

Inclusion of 'Bio-Add' in feed at 1% in the first week reduced the proportion of

birds colonised with salmonellas, and if 0.68% was included in the feed thereafter,

12.5% of chicks were infected in total, compared to 94% of chicks given

unsupplemented mash (Table 8.1.). Regression analysis indicated that the

salmonellas growth scores were significantly influenced by both the acid

concentration used during the first week (P <0.001), and the age of the bird (P <

0.05), but not the acid concentration used from the second week onwards (P>

0.05). The average growth scores for birds fed none, 0.68% or 1.0% 'Bio-Add'

during the first week are summarised in Table 8.2.

Discussion 

The inclusion of 1% 'Bio-Add' in the feed for the first week offered some

protection against a feed-borne source of infection. In the following 3 weeks,

there was some variation in the proportion of birds colonised between replicates,

and to some extent this reflects the fact that if only 1 bird became infected, then

SCFAs in the feed would not prevent lateral spread to the rest of the group

(section 8.2.1.). A higher inclusion rate for a longer period may be justified,

particularly if chicks are reared in large groups.

8.2.3. Use of the crop model to evaluate the anti-salmonella activity of 'Bio-

Add', calcium formate, trimethoprim and sulphadiazine in the crop of chicks

Dietary SCFAs did not reach the caeca of hens in vivo, and even if they had done,

the pH of the caeca was too high for SCFAs to be in the undissociated

antibacterial form (Chapter 7). A reduction in the proportion of chicks becoming

colonised with salmonellas after consuming contaminated feed containing 'Bio-

Add' has been demonstrated experimentally (Hinton & Linton 1988), while

commercially, SCFA treatment of feed reduced vertical transmission of

salmonellas from the hens to their chicks (Humphrey & Lanning 1988).
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Protection from ingested salmonellas was provided by SCFAs in the feed because

they were active in the crop (Chapter 7). Experiments in Chapter 7 involved

developing a crop model, in order to gain information about the concentration of

SCFAs in the crop in vivo, when SCFAs were incorporated into the feed.

Antibacterial activity was predicted by using pH measurements to calculate the

concentration of undissociated SCFA molecules present in the crop, and

comparison with results from in vitro studies in Chapters 4 and 5. The

antibacterial activity of SCFAs depends on contact time with the bacteria, and this

will vary in vivo depending on the type of feed, the rate at which SCFAs are

absorbed from the crop, the time feed remains in the crop and the volume of feed

ingested. Some of these factors will be influenced by how hungry the bird is. The

next series of experiments have extended the crop model, and used it to determine

the activity of various antibacterial agents in the crop. A 'natural' route of

infection was simulated, by adding contaminated desiccated coconut to the chick

mash.

Experiment 1

The purpose of this experiment was to determine the optimum concentration of

salmonella contamination for the chick mash. Levels of contamination had to be

high enough for salmonellas to be recovered with accuracy, but not so high as to

mask antibacterial activity.

Method 

Day-old chicks from 2 breeding flocks were divided into 4 groups (n = 10) and

given unsupplemented feed for 2 days. The feed was then withdrawn overnight,

and the next day they were given feed contaminated artificially with Enteritidis

PT4 (section 2.14.3.) to give a final concentration of either 6.3 x 10 1 or 6.3 x 103

cfu/g feed. After 2h the birds were killed and the numbers of salmonellas in the

crop contents determined (section 2.15.1.). Absence of salmonellas in the crop

contents was confirmed by overnight incubation at 42°C in selenite broth and sub-

culture onto BGNA.

Results 

Salmonellas incorporated in feed at 6.3 x 10 1 cfu/g were detected in 3/20 chicks

and but only after enrichment in selenite broth. Salmonellas were recovered from

the crops of 15/20 chicks challenged with feed containing 6.3 x 10 3 cfu/g.
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Discussion 

Contamination of the feed with 6.3 x 10 1 cfu/g was not high enough to be counted

accurately. The experiment was repeated at a higher level of contamination. In

addition, a slurry of contaminated feed and PS was incubated at 37°C, in order to

determine if there were differences in recovery of salmonellas from the slurry and

the crop contents of chicks.

Experiment 2

Method

Two groups of day-old chicks (n = 10) from 2 breeding flocks were kept in each

of 2 separate rooms. The birds in the first room were given unsupplemented feed

for 2 days. The feed was then withdrawn overnight, and the next day they were

given feed contaminated artificially with Enteritidis PT4 (section 2.14.3.) to give a

final concentration of either 2.0 x 103 or 2.0 x 105 cfii/g feed. After 2h the birds

were killed and the numbers of salmonellas in the crop contents determined

(section 2.15.1.). Absence of salmonellas in the crop contents was confirmed by

overnight incubation at 42°C in selenite broth and sub-culture onto BGNA. The

birds in the second room were given unsupplemented mash for 9 days before they

were challenged with feed containing either 2.0 x 103 or 2.0 x 105 cfu/g of

Enteritidis PT4. Samples of contaminated feed were mixed 1:1 w/v with PS to

give a final weight of 10g, and incubated at 37°C for 2h, after which the cfu/g

were determined as for crop contents. Otherwise the protocol was the same as for

the other room. The proportion of salmonellas recovered from crop contents and

feed slurry, compared to the number inoculated into the feed was calculated, using

data from section 7.2.3. to allow for the dilution factor (DM of feed = 88%, DM

of crop contents = 28%).

Results 

The average number of salmonellas recovered from the feed slurry, expressed as a

proportion (%) of the inoculating dose, was 139% and 58% for feed containing

2.0 x 103 and 2.0 x 105 cfu/g of Enteritidis PT4 respectively, indicating that growth

of salmonellas had occurred during the period of incubation in the feed with the

least contamination. There were no significant differences in the proportion of

salmonellas recovered for the two levels of contamination from the crop of chicks

3 days of age (Fig. 8.2.), but there was a lower proportion of salmonellas

197



recovered from birds aged 9 days given feed contaminated at the higher level (P <

0.05).

Discussion 

Preliminary experiments (results not shown) demonstrated that recovery of

salmonellas from artificially contaminated mash was 50-70% of the inoculating

dose, and therefore, recovery in the order of 100% probably denotes growth of

the salmonellas whilst in the crop. Salmonellas in feed contaminated at the higher

level did not grow as well in 9 day old chicks as in 3 day old chicks. The

combination of higher levels of contamination, with less potential for growth, and

the lower pH found in the crop as a result of older chicks acquiring an LAB

microflora may be responsible. Alternatively, the inoculum of Enteritidis PT4 may

have been lower than the 2.0 x 10 5 cfu/g intended. As there was a possibility of

age related differences in the recovery of salmonellas, this experiment was

repeated using the feed contaminated at the higher level including antibacterials in

the feed or water.

Experiment 3

Method 

Four groups of day-old chicks (n = 20) from 2 breeding flocks were kept in each

of 2 separate rooms. The birds in the first room were given unsupplemented feed

for 2 days. The feed was then withdrawn overnight and the next day they were

given one of three diets, all of which were contaminated artificially with Enteritidis

PT4 (section 2.14.3.) to give a final concentration of 5.9 x 105 cfu/g feed. The

diets comprised unsupplemented mash, which was given to 2 groups of birds, and

mash containing either 0.68% w/w 'Bio-Add" or 0.8% w/w calcium formate

(section 2.13.3.). One of the groups given unsupplemented mash was given water

containing 2Oppm trimethoprim and 100ppm sulphadiazine (section 2.13.4.).

After 2h the birds were killed and the number of salmonellas in the crop contents

determined (section 2.151). Absence of salmonellas in the crop contents was

confirmed by overnight incubation at 42°C in selenite broth and sub-culture onto

BGNA. The birds in the second room were given unsupplemented mash for 9

days before they were challenged with Enteritidis PT4. Otherwise the procedure

was the same as for the other room. The proportion of salmonellas recovered

from the crop contents was calculated as for experiment 2.
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Results 

All three treatments significantly reduced the numbers of salmonellas found in the

crop (P <0.01). When the chicks were 3 days old, the acid and salt treatments

were more effective than the antibiotics (P <0.01), but at 10 days of age there was

no difference between the treatments (Fig. 8.3.). A higher proportion of

salmonellas was recovered from chicks on the unsupplemented mash when three

days old (P <0.05).

Discussion 

The incorporation of "Bio-Add' or calcium formate in the feed, and potentiated

sulphonamide in the drinking water, inhibited growth of Enteritidis PT4 in the

crop, demonstrating that they are all active in this region of the digestive tract.

The recovery of salmonellas from unsupplemented mash in older birds was lower,

as noted in Experiment 2, suggesting that changes in the crop environment are

responsible, and that younger birds are at greater risk of being infected. Although

the inclusion of antibacterials in the diet reduced the numbers of salmonellas in the

crop, chicks were not sufficiently protected from a challenge of this size, as all

were infected. The next experiment investigated the ability of an antibacterial to

prevent colonisation of the crop after a smaller challenge of Enteritidis PT4.

Experiment 4

Method 

The method was as for experiment 3, except that the challenge dose of Enteritidis

PT4 was 1.0 x 103 cfu/g feed, and all the birds were 10 days of age.

Results

With one of the flocks used, salmonellas were not recovered from the crop of

chicks given unsupplemented feed, but recovery was high when the birds were

given antibiotics in the water. Colonies were sub-cultured from BGNA for

serotyping and testing for antibiotic resistance. This flock of chicks was infected

with a 'wild' strain of Enteritidis, which was resistant to trimethoprim and

sulphadiazine, in addition to nalidixic acid. Salmonellas were recovered from the

uninfected flock on all treatments, and although inclusion of 'Bio-Add' in the feed

reduced the numbers, the difference in cfu/ml was not statistically significant.

Discussion

The fact that infection in one flock was not detected by the usual means on arrival,

suggested that the prevalence was low, or else the salmonellas were acquired

199



during the rearing period. As several other flocks of day-old chicks from this

hatchery were found to be colonised with 'wild' salmonellas, the most probable

explanation is that there was a level of infection in the flock too low to be detected

on the day of arrival, but during the 9 days the chicks were reared before this

experiment, the infection became apparent. The failure of the 'marked' strain of

Enteritidis PT4 to colonise the crop in chicks already infected demonstrates the

importance of the chicks microflora in the establishment of infection. Recovery

from the uninfected flock was lower when birds were fed 'Bio-Add', and possibly

the inclusion of SCFAs would protect birds from a low challenge of Enteritidis

PT4. This experiment was repeated, but with some modifications.

Experiment 5

As recovery of salmonellas from older chicks was lower (Fig. 8.3.), it was decided

to concentrate on investigating the effect of antibacterials in the younger, more

vulnerable chick. The concentration of 'Bio-Add' in the feed was increased to

1.2%, as the inclusion of higher levels of SCFAs in feed might be justified as a

prophylactic measure during the first few days after hatching (section 8.2.2.).

Method 

The method was as for experiment 3, except that the challenge dose of Enteritidis

PT4 was 3.0 x 102 cfu/g feed, and all the birds were 3 days of age. After the

chicks had had access to the feed for 2h, it was withdrawn, and 0.5h elapsed

before the chicks were killed, in order to allow the antibacterials time to exert their

effect. The pH of the crop contents was also measured using a 'pH Boy' (section

2.15.4.).

Results

On the day that this experiment was performed, flock A was shown to be infected

with 'wild' Enteritidis (the screening process took 2 days). Consequently, results

from the 2 flocks are presented separately (Fig. 8.4.). Salmonellas could not be

recovered from 20% of birds given feed containing 'Bio-Add', and 10% of chicks

given antibiotics in the drinking water. The proportion of salmonellas recovered

from chicks fed unsupplemented feed was significantly reduced in flock A, which

was infected with 'wild' salmonellas (P <0.001). Flock B gave results that were

similar to those found in Experiment 3 (Fig. 8.3.), with all three antibacterials

significantly reducing the numbers of salmonellas in the crop contents (P <0.001),

although the higher concentration of 'Bio-Add" was now more effective in the
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crop than the calcium formate or antibiotics (P <0.05). The pH of the crop

contents was significantly affected by the feed (P <0.001), with 1.2% 'Bio-Add'

causing a decrease, and the inclusion of antibiotics an increase (Fig. 8.5.).

Discussion 

All three antibacterials were active in the crop. The inclusion of 1.2% 'Bio-Add'

protected 20% of chicks from colonisation of the crop 2.5h after an Enteritidis

PT4 challenge of 3.0 x 102 cfu/g feed, and was more effective at reducing the

numbers of salmonellas in the crop than either 0.8% calcium formate or a

combination of 20ppm trimethoprim and 100ppm sulphadiazine in the water. The

results for the pH of crop contents were similar to those found previously when

SCFAs were included in the feed (section 7.2.1.). The increase in crop pH when

antibiotics were included in the drinking water, although small (0.2), was

statistically significant, and could be because of reduced lactic acid concentrations

as a result of LAB in the crop being killed by the antibiotics. Having

demonstrated that these antibacterials were all active in the crop, a cloacal model

was developed in order to find out if antibacterial activity extended to the hind

gut.

8.2.4. Ability of 'Rio-Add' to protect chicks from cloacal challenge with

salmonellas

The purpose of this experiment was to establish how susceptible the chick was to

infection via the cloacal route in the first week after hatching, since it was

proposed to inoculate birds via this route in order to assess the activity of

antibacterial agents in the lower gut. In addition, the protective effect of including

'Bio-Add' in the feed was evaluated. The recommended concentration of 'Bio-

Add' in feed is 0.68%, but for these experiments 1.2% was used in order to

increase the chances of preventing infection establishing. Several groups of chicks

used for these experiments were subsequently found to be positive for 'wild'

salmonellas on arrival (section 2.13.1.). The results for these flocks are not

presented.

Experiment 1

Method 

Two groups of 1 day old birds from two breeding flocks were each divided into

twenty treatment groups each containing 9 chicks. Ten of the groups were fed
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mash, and ten given feed supplemented with 1.2% 'Bio-Add'. Chicks were

inoculated intracloacally (section 2.14.2.) with 0.05m1 Enteritidis PT4 broth either

on the day of arrival, when 3 days old, or when 1 week of age, as shown in the

table below.

Dose cfu
Mash

Flock A	 Flock B
Mash +1.2% Bio-Add

Flock A	 Flock B

Inoculated 1.0 x 109 + + + +
day I	 1.0 x 107 + + + +

1.0 x 105 + + + +
1.0 x 103 + + + +

Inoculated 2.6 x 108 + + + +
day 3	 2.6 x 106 + + + +

2.6 x 104 + + + +
2.6 x 102 + + + +

Inoculated 3.8 x 10 3 + + + +
day 7	 3.8 x 10 1 + + + +

Three chicks from each group were killed either 1,4 or 7 days after inoculation,

and swabs of the caecal contents and liver parenchyma cultured for Enteritidis

P14 (section 2.15.1.). The growth of salmonellas was scored on a scale of 0-4.

Swabs of crop contents, and the liver swabs were also placed into selenite broth,

which was sub-cultured onto BGNA after overnight incubation at 42°C. The

results from the two flocks were averaged.

Results

The presence of 1.2% 'Bio-Add' in the feed did not affect either the proportion of

birds infected or the growth of Enteritidis PT4 (Tables 8.3. & 8.4.). All chicks

inoculated at 1 day of age had positive caeca 1 day after inoculation, and all

groups had livers positive for Enteritidis P14. The liver of chicks inoculated at 3

days of age took longer to become colonised, and had lower growth scores than

those of birds inoculated at 1 day of age. The inocula used at 7 days of age were

lower than those used previously, as nearly all birds became colonised with the

higher inocula and, therefore, any protective effect of 'Bio-Add' would be less

obvious. The caeca of chicks in all groups inoculated with Enteritidis PT4 were

colonised by day 4, but 7 days after inoculation the proportion of birds with

infected livers was lower for birds inoculated aged 7 days then for those
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inoculated with 10 3 or 102 Enteritidis PT4 when aged 1 and 3 days. Chicks

inoculated at 1 day of age had the highest proportion of positive crop swabs.

As the majority of chicks inoculated became colonised with salmonellas,

this experiment was repeated using a much smaller inoculum, in order to assess

how sensitive the chick was to infection via the cloaca! route.

Experiment 2

Method 

The experimental protocol was the same as for experiment 1, except that chicks

were inoculated, at one day of age only, with either 6.0 or 0.6 cfu Enteritidis PT4.

Results

The presence of 1.2% 'Bio-Add' in the feed did not affect either the proportion of

birds infected or the salmonella growth scores (Table 8.5.). All groups of chicks

were colonised by salmonellas in the caeca and the crop. The proportion of livers

colonised increased with time after inoculation. Because most chicks were

infected by an average of less than 1cfu, the experiment was repeated using even

smaller inocula.

Experiment 3

Method

The experimental protocol was as for experiment 1, with chicks being inoculated

at 1 and 3 days of age. Two concentration of inocula/bird were used: Day 1. 1.2

and 0.12 cfu, and Day 3. 2.0 and 0.2 cfu.

Results

The presence of 1.2% 'Bio-Add' in the feed did not affect either the proportion of

birds infected or the salmonella growth scores (Table 8.6.). All groups of chicks

inoculated at 1 day of age were colonised in the caeca and had salmonellas in the

liver 4 days after inoculation (Table 8.6.). Chicks inoculated at 3 days of age with

2.0 cfu had salmonella in the caeca of all groups, but the livers were negative at 1

day after inoculation, and some wer positive at 4 days. A ten-fold reduction in the

inoculum, to an average of 2cfu/group of nine chicks 3 days of age, resulted in

chicks that were not colonised in the crop, caecum or liver. Experiment 3 was

subsequently repeated using a 'non-invasive' serotype, Kedougou.

203



Experiment 4

Method 
The experimental protocol was as for experiment 1, except the chicks were

inoculated at 1, 3 and 7 days of age with Kedougou, and the concentrations of

inocula/bird were : Day 1. 0.8 and 0.08 cfu Day 3. 0.9 and 0.09 cfu, and Day 7.

0.55 and 0.055 cfii. The crop contents were not cultured.

Results

The presence of 1.2% 'Bio-Add' in the feed affected neither the proportion of birds

infected nor the salmonella growth scores (Tables 8.7. & 8.8.). All groups of

chicks inoculated aged 1 or 3 days were colonised with salmonella. Chicks

inoculated at 1 day old had positive livers in each group, although the proportion

of birds infected 7 days after inoculation was low, and generally only detected

following enrichment in selenite broth. Chicks inoculated at 3 days of age had no

salmonellas in their livers until 4 days after inoculation, and also only detected

after enrichment. Chicks in all groups inoculated at 7 days of age became

colonised in the caeca. With an average inoculum of 0.055cfu/bird, caecal swabs

were negative after 1 day. Although Kedougou was detected in the livers of

chicks 4 days after inoculation with an average of 0.55cfu, this was only after

enrichment in selenite broth. Inoculation with an average of 0.055cfu at 7 days of

age resulted in no invasion of the liver, except in one group after 7 days. This was

detected after enrichment in selenite broth.

Discussion 

It is clear that chicks were extremely susceptible to infection by the cloacal route.

Although there was some variation between replicates in the proportion of chicks

colonised with salmonellas, possibly due to the fact that different flocks were

used. An intracloacal inoculation < 1 cfu/chick resulted in colonisation of both the

caeca and the livers in birds inoculated at 1 day of age, and also in birds inoculated

at 3 and 7 days of age, although the prevalence of infection was lower. Chicks

were reared in groups of nine, and colonisation occurred even when the estimated

concentration of the inocula was < 1 cfit/box. Possible reasons for this were

discussed at the end of the introduction to this chapter, but it may be that

determination of cfil/m1 by sub-culturing onto BGNA underestimates the numbers

of salmonellas that are viable when inoculated into a chick. BGNA is a selective

medium, and may inhibit the growth of damaged cells (section 1.6.1.). Once

inoculated into the cloaca, the salmonellas grow rapidly, as evidenced by caecal
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scores of 4 (> 108 cfu/ml) after 24h. The high proportion of crop swabs positive

24h after cloacal inoculation demonstrated the rapidity with which salmonellas

colonised the crop, and suggested that infection followed ingestion. This would

also explain why the proportion of chicks with caecal colonisation increased

during the week following inoculation with a small number of salmonellas (Tables

8.7. & 8.8.). 'Bio-Add' in the feed did not protect chicks from infection by the

oral route. Kedougou appeared to be more successful at colonising the caeca

than Enteritidis PT4 (Tables 8.6., 8.7. & 8.8.). Kedougou also colonised the liver,

although it is normally thought of as being a non-invasive serotype when infection

occurs by the oral route (Xu et al. 1988). The growth scores in the liver were

low, however, compared to those found with Enteritidis PT4 when the caeca was

heavily colonised. Caecal colonisation always preceded liver colonisation, and

took place within 24h of cloacal inoculation.

8.2.5. Speed of colonisation of chicks following oral and cloacal inoculation

with salmonellas

The caeca and livers of chicks inoculated intracloacally with <1 cfu/chick of

Enteritidis PT4 on arrival from the hatchery were colonised after 24h, while older

chicks were more resistant to colonisation (section 8.2.4.). Experiments in this

section investigated the time taken for salmonellas to colonise the caeca after

cloacal or oral inoculation, and the effect that the age of the chick had on

colonisation. Histological and bacteriological methods were used to confirm

colonisation of organs.

Experiment 1

Method 

Two flocks of chicks were inoculated intracloacally (section 2.14.2.) with

Enteritidis PT4 at one day (8.5 x 102 cfu/ml), three days (5.6 x 103 cfu/ml) and six

days (1.4 x 104 cfu/ml) of age. Two chicks from each flock were killed at intervals

2-8h after inoculation, and swabs of the caeca, liver parenchyma and crop contents

taken. Caecal swabs were used to inoculate BGNA, and scored on a scale of 0-4.

Swabs from both the caeca, crop contents and liver parenchyma were incubated

overnight in selenite broth at 42°C and then sub-cultured onto BGNA. The results

from the two flocks were averaged.
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Results
Enteritidis PT4 was detected in the caeca 2h after cloaca] inoculation of chicks of

all ages, but swabs from those inoculated at 3 and 6 days of age required

enrichment in selenite broth in order to isolate the salmonellas (Table 8.9.).

Salmonellas were not recovered from swabs of crop contents from chicks

inoculated at 1 day of age, and salmonellas were not found in the livers within 8 h

of inoculation.

Discussion 

Enteritidis PT4 was detected in the caecum of day-old chicks 2h after cloacal

inoculation. The size of the inoculum was relatively large (10 2-104), and a growth

score of 1.0 (Table 8.9.) corresponds approximately to this number of cells

(section 2.17.1.), therefore, growth of the inoculated bacteria was not established

until about 5h after inoculation, when growth scores increased. A very low

inoculum was used in the next experiment in order to establish whether

salmonellas were colonising the caeca, or just 'passing through'.

Experiment 2

Method 

Day-old chicks from two flocks were inoculated either by gavage or intracloacally

(sections 2.14.1. & 2.14.2.) with an average of 3.25 cfiilchick. At regular

intervals after inoculation (4, 8, 24, 48 and 72h) two chicks from each flock on

each treatment were killed, and swabs of the caecal contents and liver parenchyma

used to inoculate BGNA. The growth was scored on a scale of 0-4. Absence of

colonisation was confirmed by incubating the swabs overnight in selenite broth at

42°C, prior to sub-culture onto BGNA.

Results

Salmonellas were not isolated from any bird after 4h, but after 8h the caeca of half

of the chicks on both treatments were positive, with an average growth score of

1.0, increasing to 2.0 after 24h. At 48h after inoculation all chicks inoculated via

the cloaca had salmonellas in their caeca (average growth score of 2.5), compared

to 50% (average growth score of 4.0) of chicks inoculated by gavage. After 72h,

all chicks on both regimes had maximum growth scores of 4.0. The only positive

livers were identified 72h after oral inoculation following enrichment in selenite

broth.
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Discussion 

In order to obtain a growth score of 1.0 in the caecum, the inoculated Enteritidis

PT4 had multiplied to approximately 102-103/g of contents in a proportion of

chicks (section 2.17.1.), thus demonstrating its ability to colonise the caeca.

There were no obvious differences between cloacal and oral inoculations, but the

4h gap between sampling may have been too large to detect any differences. The

next experiment investigated the colonisation of chicks for 8h after inoculation,

and also the effect of the age of the chick, since the results from experiment 1

suggested that older chicks were more resistant to becoming colonised.

Experiment 3

Method 

Two flocks of chicks were inoculated either by gavage or intracloacally (sections

2.14.1. & 2.14.2.) with Enteritidis PT4 at two days (flock A: 5.95 x 10 2 cfu, flock

B: 4.6 x 102 cfii), three days (flock A: 2.6 x 10 2 cfu, flock B: 2.6 x 10 2 cfu) and six

days (flock A: 5.0 x 102 cfu, flock B: 2.0 x 103 cfu) of age. Two chicks from each

flock were killed at 1 h intervals up to 8h after inoculation, and swabs of the

contents of both caeca incubated overnight in selenite broth at 42°C. The broths

were then sub-cultured onto BGNA. Both caeca were dissected 24h after

inoculation, weighed, and then homogenised with sterile glass beads in 10m1 PS,

before sub-culture onto BONA. Lack of colonisation was confirmed by failure to

culture salmonellas after overnight incubation in selenite broth at 42°C and sub-

culture onto BGNA. The results from the two flocks were not averaged, as flock

B was found to be infected with 'wild' salmonellas (section 2.13.1.).

Results 

Salmonellas were detected in the caecal contents of chicks, regardless of age at

the time of inoculation, 2h after cloacal inoculation for flock A, but not for flock B

(Table 8.10.). The prevalence of infection was higher for birds inoculated

cloacally rather than by gavage, and in chicks inoculated at 2 days of age. A few

birds from flock B had positive caeca 6-8h after inoculation. Total caecal counts

24h after inoculation were negative for all birds inoculated by gavage. The highest

numbers of salmonella in the caeca were found in chicks inoculated intracloacally

at 2 days of age (flock A: 4.1 x 105 & 1.45 x 107, flock B: 2.85 x 105 & 1.35 x

107). All flock B birds were negative when inoculated at 3 days of age (flock A:
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4.8 x 105 & 2.0 x 103). The only chick positive for salmonellas following

inoculation at 6 days of age was from flock A (flock A: 1.2 x 102).

Discussion 

There were differences between the prevalence of colonisation in the birds from

the two flocks, with flock B birds showing no colonisation of the caeca 24h after

inoculation. This was possibly due to the fact that these chicks were already

colonised by 'wild' salmonellas, and there was natural 'competitive exclusion'

(section 7.1.). Chicks were colonised more readily following cloacal inoculation,

especially younger chicks, in which multiplication of the salmonellas in the caecum

was demonstrated. Some chicks inoculated at 6 days of age failed to become

colonised with salmonellas, despite being reared in the same box with birds that

were infected. In addition, caecal contents of birds inoculated at 6 days of age

were positive for salmonellas 2h after cloacal inoculation, suggesting that

salmonellas were able to reach the caeca although they had not yet multiplied.

Experiment 4

This experiment investigated the effect of a large cloaca] inoculum of

Typhimurium 49a on day-old chicks. Typhimurium 49a is a highly invasive strain.

The large inoculum was used in order to determine how soon after inoculation

salmonellas become closely associated with the caecal epithelium, a process

necessary before invasion of the tissues, and systemic infection, can occur (Popiel

& Turnbull 1984; Finlay & Falkow 1988). The use of a large inoculum also

increased the chances of finding histological evidence of Typhimurium 49a

penetrating the caecal epithelium.

Method

Day-old chicks from two flocks were inoculated either by gavage or intracloacally

(sections 2.14.1. & 2.14.2.) with 1.0 x 10 8 Typhimurium 49a. Two chicks from

each flock, one from each treatment, were killed at 1 h intervals up to 5h after

inoculation, and also after 20h and 26h Swabs of caecal contents were used to

inoculate BGNA, and the salmonella growth scored on a scale of 0-4. The

absence of colonisation was confirmed by failing to isolate salmonellas after

incubating the swabs overnight in selenite broth at 42°C and then sub-culturing

onto BGNA. The caeca and small intestine were dissected and placed in neutral

buffered formalin. At 26h after inoculation the liver parenchyma was swabbed,
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and after overnight incubation in selenite broth at 42 0C, sub-cultured onto BGNA.

The results from the two flocks were averaged.

The dissected caeca and small intestines were fixed in 10% neutral

buffered formalin. Sections were prepared and stained by haematoxylin and eosin

(section 2.16.1.) or peroxidase-anti-peroxidase (PAP, section 2.16.2.), and viewed

using a light microscope. Two different procedures were attempted for PAP, one

of which involved a preliminary digestion with trypsin (section 2.16.2.), and

photographs of stained sections were taken (section 2.16.4.). Typhimurium 49a

and E. con organisms from broth cultures were stained by the PAP method as

positive and negative controls. In all instances Typhimurium 49a stained brown

and the E. coil did not. Selected sections were further processed for EM, after

dewaxing (section 2.16.1.).

Results

All chicks were positive for salmonellas lh after inoculation, with growth scores

being higher, on average, for chicks inoculated cloacally (Table 8.11). At 26h

after inoculation, caecal growth scores were at a maximum of 4.0, and both of the

chicks inoculated cloacally were colonised in the liver, compared to only one of

those inoculated by gavage.

Sections of haematoxylin and eosin stained small intestine and caeca

examined lh after inoculation, regardless of route of inoculation, revealed rod

shaped bacteria both in the lumen of the small intestine, associated with the brush

border, and also in the lumen of the caeca. In order to confirm that these bacteria

were Typhimurium 49a, PAP stained sections were examined. The morphology of

the tissue after PAP staining was better if the sections were not trypsinised,

despite the PAP stain being more visible in trypsinised sections. Brown staining

bacteria were visible in the lumen of the small intestine and caeca 1h after cloacal

inoculation, and 3h after oral inoculation (Figs. 8.6.A & 8.7.). 2h after cloacal

inoculation, salmonellas appeared to be in the tissue, although interpretation of

these slides was difficult (Fig. 8.6.B.). Sections of this tissue were processed for

EM, but no salmonellas were found.

Discussion 

When a large inoculum was used, Typhimurium 49a could be detected, using

bacteriological methods, in the lumen of the caeca and small intestine 1 h after

cloacal and oral inoculation, although inoculation via the cloacal route resulted in

larger numbers of bacteria being present. Although light microscopy revealed rod
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shaped bacteria in the gut lumen, there were some difficulties in proving that these

were salmonellas, and not other bacterial genera or material staining non-

specifically with PAP. The 1 day old chick has little intestinal microflora (Mead &

Adams 1975), and hence the large numbers of rod shaped bacteria seen in the

caecal lumen of chicks 1 h after cloacal inoculation compared with those

inoculated by gavage is suggestive that these are the inoculated strain. However,

there were two problems in proving that this was the case. Firstly, there are

probably only a few salmonella penetrating tissue in any section, and secondly, the

tissue has to be trypsinised in order to allow the PAP stain access to the

salmonellas, and this treatment may result in the production of artefacts. The

bacteria in the gut lumen stained brown with and without trypsin treatment, and

had a characteristic shape, although positive staining in the tissue was difficult to

interpret, because the characteristic rod shape was not apparent (Fig. 8.6.B).

8.2.6. Use of the cloacal model to evaluate the anti-salmonella activity of

trimethoprim and sulphadiazine in the caecum of chicks

Salmonellas colonise the caecum preferentially (Brownell et al. 1969; Fanelli et

al. 1971; Xu et aL 1988) and colonisation occurs readily following inoculation via

the cloaca (section 8.2.4.). By giving antibacterial agents orally, but inoculating

salmonellas via the cloaca, the activity of antibacterials in the caecum can be

established.

Method

Chicks from 4 breeding flocks were obtained. Three days after purchase the birds

were given water that contained either 2Oppm trimethoprim or a mixture of 20

ppm trimethoprim and 100ppm sulphadiazine (section 2.13.4.). After a further 3

days, the birds, then aged 7 days, were inoculated either by gavage or

intracloacally with 1.0 x 104 Enteritidis PT4 (sections 2.14.1. & 2.14.2.). Three

birds were killed from each group 1, 4 and 7 days after inoculation and the

numbers of salmonellas in the caecal contents determined (section 2.15.1.).

Absence of salmonellas in the caecal contents was confirmed by overnight

incubation at 42°C in selenite broth and sub-culture onto BGNA. The results from

the four flocks were averaged.
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Results 

Trimethoprim in the water reduced the number of birds infected by gavage, but

not as effectively as the mixture of trimethoprim and sulphadiazine, which cleared

the infection after 4 days (Fig. 8.8A.). A similar pattern was seen with birds

inoculated via the cloaca, except that a proportion of birds remained infected, and

the average cfu/g caecal contents was not significantly lower than that of the

controls (Fig. 8.8B.). A significantly higher level of infection was found in the

control birds infected via the cloaca 1 day (P <0.001) and 4 days (P <0.005) after

inoculation, but not at 7 days, when there was no difference.

Discussion 

The incorporation of potentiated sulphonamide in the drinking water was effective

in reducing the proportion of chicks infected with Enteritidis PT4 after inoculation

by both gavage and cloaca, demonstrating that this combination of antibiotics was

active in the caecum. The antibiotics were more active when the route of

inoculation was gavage. This could be because the antibiotics reduce numbers of

salmonellas in the crop (section 8.2.1.), resulting in fewer bacteria surviving to

colonise the caeca. In addition, the initial infection as a result of cloacal

inoculation was more severe, reflecting the increased sensitivity of the chick to this

route of infection compared to gavage.

8.2.7. Cloacal inoculation of hens

Eggs are an important source of Enteritidis for humans (Coyle et al. 1988; de

Louvois 1993). Infected eggs may also result in vertical transmission of the

infection to chicks, and Enteritidis PT4 has been isolated from the ovaries of

commercial flocks of both layers and broiler breeders (Hopper & Mawer 1988;

O'Brien 1988; Lister 1988). Reports of albumen being infected without the yolk

being positive suggest that infection of eggs may occur either whilst travelling

down the oviduct, or by penetration of the eggshell after oviposition (Timoney et

al. 1989; Shivaprasad et al. 1990). The oviduct opens into the cloaca (Fig. 8.1.),

and if infection of eggs occurs as a result of bacteria ascending the oviduct, then

an intracloacal inoculation of salmonellas should result in a high proportion of

infected eggs. The purpose of the following experiments was to attempt to obtain

a large number of eggs infected with Enteritidis PT4, by means of cloacal

inoculation. Bacteriological and histochemical methods were then used to

ascertain in which compartment of the egg the organism was localised, and thus
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determine whether infection of eggs is transovarian, or acquired by other means.

An initial experiment was performed to see if colonisation of the caeca was dose

dependent.

Experiment 1

Method

Eighteen broiler breeders � 1.5 years old were housed in pairs in boxes with deep

litter. Birds were inoculated cloacally with either 109, 107 or 105 cfu Enteritidis

PT4 (section 2.14.2.). Two birds from each group were killed 3, 7 and 10 days

after inoculation, and samples from the caecal contents, liver, ovary, ovules and

oviduct cultured for salmonellas (sections 2.15.1. & 2.17.3.). Absence of

colonisation was confirmed by incubation overnight in selenite broth at 42 0C, and

sub-culturing onto BGNA. Any eggs laid were cultured for salmonellas (section

2.17.3.).

Samples from the dissected caeca, liver, small intestine, oviduct and ovary

were stored in 10% neutral buffered formalin for one month. Tissue sections were

prepared from samples if the hen had either an oviduct or ovary that had cultured

positive for Enteritidis PT4. These were stained by haematoxylin and eosin

(section 2.16.1.) or PAP (section 2.16.2.), and viewed using a light microscope.

Two different procedures were attempted for PAP, one of which involved a

preliminary digestion with trypsin (section 2.16.2.), and photographs of stained

sections taken (section 2.16.4.). Enteritidis PT4 and E. coil organisms from

broths were stained by the PAP method as positive and negative controls.

Selected sections of tissue from heavily colonised birds were also stained using an

immuno-fluorescent technique (section 2.16.3.).

Results

The average weight of the birds at post mortem was 4.1kg. The caeca showed

decreased colonisation with time for all concentrations of inocula, but birds with

higher inocula had more salmonellas after 10 days. Colonisation in other organs

was found 3 days after inoculation, but not later, and the infected livers were from

birds given the highest inocula (Fig. 8.9.). The mean egg production was 0.28

eggs/hen/day, and out of 34 eggs laid, 4 (12%) had a positive melange (a mixture

of yolk and albumen) after enrichment, although none of the yolks or whites were

positive. Examination of sections of PAP stained tissue revealed Enteritidis PT4

in the lumen of the caeca and small intestine, with thickening of the lamina propria
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(Fig. 8.10.) such as observed by Brito (1994). Enteritidis PT4 was not observed

in either oviducts or ovaries. Sections from two birds (killed 3 days after an

inoculum of 109 cfu), which had been shown by bacteriological methods to be

colonised in the ovaries, were stained using the immuno-fluorescent method.

Fluorescing particles that may have been Enteritidis PT4 showed up clearly in the

gut lumen, although on the photographs taken the outlines of the caeca are not

very clear (Fig. 8.11.A). There was a small amount of fluorescence with the E.

coli control broth, but the reaction with Enteritidis PT4 was much brighter.

Examination of the ovary showed large numbers of fluorescent particles

surrounding the ovules, but none within the ovules (Fig. 8.11.B).

Discussion 

Persistence of salmonella colonisation of the caeca appeared to be dependent on

the size of the inoculum. The fact that positive ovaries or oviducts were only

found 3 days after inoculation, despite the fact that the caeca remained positive,

suggested either an ascending infection of the oviduct as a result of the inoculum,

or a very short systemic infection. A correlation between the size of the inoculum

and contamination of the eggs could not be made, as eggs were not individually

labelled, because these were broiler hens and not many eggs were expected.

However, the proportion of positive eggs (12%) was high. Immuno-fluorescent

labelling of ovaries positive for Enteritidis PT4 on culture, demonstrated that they

were colonised with fluorescing particles, which may have been bacteria. These

may not have been Enteritidis PT4, but it was apparent that the ovule did not

stain, and it may be that the theca and developing inner vitelline membrane acted

as a barrier to invading bacteria. Electron microscopy studies have shown that the

developing inner layer of the vitelline membrane is present in the form of fibres

adhering to the oocyte when it has a diameter of 8nun, and as the oocyte grows,

the spaces between the fibres are filled with a fine granular matrix (Bain & Hall

1969). The completed 31.1m thick inner layer of the vitelline membrane can be

observed by light microscope at ovulation (Doran & Mueller 1961). The

formation of the inner vitelline membrane around the developing oocyte may

protect the yolk from colonisation with salmonellas, even if the follicle, which is

highly vascularised, is infected. This could explain reports of infected yolk

membranes in the absence of infected yolks (Gast & Beard 1990).

If inoculated Enteritidis PT4 organisms were able to ascend the oviduct

and infect eggs before the shell formation, then a higher proportion of positive

213



eggs would be expected immediately after inoculation, and also there might be a

dose response. The next experiment investigated this, using younger laying hens

in order to obtain larger numbers of eggs. The immuno-fluorescent staining

method for tissue was not used as it was lengthy, and the possible cross reactivity

with E. coil meant it was difficult to interpret the results.

Experiment 2

Method 

The experimental protocol was the same as for experiment 1, except that laying

hens � 1 year old were housed in individual metal cages (section 2.13.2.), 4 birds

were in each group, and eggs were collected daily and cultured for salmonellas.

Infection was monitored daily by cloacal swabs, and lack of colonisation was

confirmed by incubation overnight in selenite broth at 42°C, and sub-culture onto

BGNA.

Results

The majority of hens were colonised in the caeca (34/36) and liver (32/36), with a

lower proportion of birds colonised in the ovary, oviduct, ova or eggs (Fig. 8.12.).

The number of salmonellas in caecal contents or liver tissue diminished with time

(Fig. 8.13.), and birds inoculated with 109 cfu were more heavily colonised 10

days after inoculation than birds inoculated with fewer organisms (P = < 0.05).

Although the proportion of birds with infected ovaries was lower in birds given a

smaller inoculum (Table 8.12.), the number of salmonellas in infected tissue

seemed unaffected by the size of the inoculum after 7 days, although by 10 days

colonisation in both ovarian tissue and the oviduct was lower in birds given fewer

organisms.

The average weight of the birds at post mortem was 1.9kg. None of the

birds showed signs of clinical illness, and there were no significant differences in

numbers of eggs laid by the different groups. The mean egg production was 0.42

eggs/hen/day, and in total, 100 eggs were cultured for salmonellas, including two

that were found with shells in the oviduct post mortem. Six eggs had a positive

melange after enrichment in selenite, one of which had positive albumen. Four of

these eggs came from hens which had either a positive ovary or oviduct (Table

8.12.), and the other 2 were from birds that cultured negative for the reproductive

tract, but were heavily colonised by salmonellas in the caeca and liver (10 6 and 102

cfu/g respectively). Only 2 birds had positive ovules; these were both recovered 7

214



days after they received 109 cfu Enteritidis PT4. These birds had previously laid a

total of 6 negative eggs.

Although 34 birds were colonised in the caeca at post mortem, the use of

cloacal swabs was not an accurate guide, as 20 of these birds gave occasional

negative results when swabbed directly onto BGNA, and even after enrichment in

selenite, the swabs of 9/34 colonised birds were intermittently negative. PAP

staining of tissue sections revealed salmonellas in the gut lumen, but no positive

identification of salmonellas in the liver, ovary or oviduct was possible.

Discussion 

Cloacal inoculation with 1.0 x 10 5-109 cfu Enteritidis PT4 resulted in most hens

having a systemic infection, with a gradual decline in prevalence during the 10

days of the experiment. Systemic infection in the older, larger broiler hens used in

experiment 1 did not persist as long as in the laying hens used in experiment 2.

Age has been shown to affect the immune response, with less antibodies being

produced in older birds, possibly as a consequence of the stress of egg laying, thus

increasing the chances of a bacteraemia (Humphrey et al. 1991c). Ageing of the

bird also affects the thickness of the egg shell, and the high proportion of eggs

infected in experiment 1 may reflect this. Typhimurium is able to penetrate egg

shells in 10min, and the rate of penetration is enhanced by moisture (Padron

1990), which would be available during oviposition, and for some time after if the

egg was covered in faeces. Penetration of the egg shell is greater at the blunt end,

and may be aided by the negative pressure which develops within the egg as a

result of cooling after oviposition, causing contraction of the air cell (Vadehra et

al. 1970). Increased colonisation of eggs with thinner shells could indicate that

salmonellas were penetrating the egg shell after the egg is formed, rather than

infecting eggs via the transovarian route. Small stresses can cause abnormal egg

shells to be formed (reviewed by Hughes et al. 1986), and it is possible that,

although the birds appeared clinically normal, the stress of the initial systemic

infection noted in these experiments resulted in some abnormality in the egg shells,

increasing the likelihood of penetration by salmonellas.

The differences in colonisation between the two flocks used in these

experiments highlight some of the problems encountered when comparing results

with the work of others. There are wide variations in the proportion of salmonella

infected eggs reported, for example, 71% of the eggs laid by 62 week old specific

pathogen free (SPF) hens had salmonellas in the albumen after oral inoculation
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with 109 cfu Enteritidis PT13a (Gast & Beard 1990) compared with 10% laid by

30 week old hens inoculated orally with 106 cfu Enteritidis PT4 (Timoney et al.

1989). The storage time elapsing before bacteriological culture may also affect

the proportion of infected eggs that are detected. Besides the fact that bacteria on

the shell as a result of faecal contamination have longer to penetrate the egg shell,

there are chemical changes that occur to the egg contents as a result of ageing.

These include reductions in the viscosity of thick egg white and yolk, a breakdown

of the vitelline membrane, and an increase in pH of the albumen. Decreases in

viscosity could allow bacteria penetrating the egg shell, or acquired in the oviduct,

to reach the nutrient rich yolk more easily. It has been demonstrated that the rate

of penetration of egg shell by salmonellas increases as the albumen becomes more

alkaline (Sauter et al. 1979). Enteritidis grows more rapidly in older eggs

(Humphrey et al. 1991b, Humphrey & Whitehead 1993), and as a result, the

detection rate of salmonella infection in older eggs might be higher. All eggs that

cultured positive in these experiments required a prior enrichment stage,

suggesting that numbers were low.

In these experiments salmonellas were not detected in egg yolks, but they

were found in the albumen and melange. This would suggest that the salmonellas

were acquired in the peritoneum or oviduct, particularly as some of the positive

eggs were laid only 2-3 days after inoculation. Deposition of yolk ceases 24h

before ovulation, and after ovulation the egg takes approximately 24h to be

formed. Others have reported salmonellas in both the yolk and white (Timoney et

al. 1989; Shivaprasad et aL 1990; Humphrey et al. 1991b), or in the yolk

membranes but not the yolk contents (Gast & Beard 1990; Padron 1990). In the

experiments reported here, 2 ovules were found to be infected, both from hens

that had been inoculated cloacally with 10 9 cfu 7 days earlier. All birds from this

group killed after 3 days had colonised ovaries, and it is possible that an acute

bacteraemia, whilst the oocytes were in a stage of rapid yolk deposition, resulted

in the ova being infected. Alternatively, the possibility of yolk contents becoming

contaminated from the yolk membrane whist sampling, cannot be discounted.

Considering that several studies on infected eggs have involved storage for several

days prior to culturing, either at 4°C (Shivaprasad et al. 1990), or at 25°C (Gast &

Beard 1990), and given that the yolk is formed 24h before the egg is laid, and

there is normally some delay before eggs are collected, it is surprising that the

concentrations of Enteritidis PT4 found in the nutritious yolk are so low that an

216



enrichment stage is required before the bacteria can be detected. Small numbers

of Enteritidis PT4 have been demonstrated in the follicular epithelium of the

ovary, and within the tuberine glands of the oviduct using the PAP staining

technique (Hoop & Pospischil 1993), but it was noted that immunohistochemical

labelling was less sensitive than bacteriological culturing, which is consistent with

the data presented here.

The infection of egg melange, accompanied by inability to detect

salmonellas in the yolk, favours the hypothesis that bacteria were obtained either

from the oviduct or faecal contamination of the egg shell. Bacteriological

evidence for colonisation of the oviduct and ovary could not be confirmed

histologically, but as the numbers of bacteria was low, this was not surprising.

The oviduct opens into the peritoneal cavity, and the possibility of superficial

contamination of the ovary by this route cannot be discounted, as the ovary is

rather diffuse with a large surface area (Figs. 8.1. & 8.14.) Acute bacteraemia can

result in ovarian infection as determined by bacteriological culture and

pathological lesions. Such birds have been reported to have misshapen, shrunken,

discoloured ova, and egg peritonitis, and it is likely that the ovaries would have

rapidly become inactive (Hopper & Mawer 1988; Lister 1988). It is possible that

infections can be acquired both as a result of an acute systemic infection via the

transovarian route, or by ascending infections of the oviduct, and the evidence

presented here suggests that the latter route is more frequent.

8.2.8. Failure of chicks, with evidence of persistent maternal salmonella

antibodies, to develop an immune response following inoculation with

salmonellas at three days of age

The use of an ELISA to detect whether birds have been infected with salmonellas

may be more sensitive than bacteriological testing. The rapid increase in serum

immunoglobulins, particularly IgM, after the oral inoculation of 4 day old chicks

with Typhimurium (Hassan et al. 1990; Barrow 1992a), suggested that monitoring

immunoglobulin production might be a way of detecting differences in chick

response following oral or cloacal inoculation. The concentration of antigen must

be a major factor in the regulation of an immune response and, therefore, the use

of ELISA might provide serological evidence for the invasion of body organs

noted after cloacal inoculation with the non-invasive serotype Kedougou (section

8.2.1., experiment 4). This experiment was done in collaboration with Mr M Baay

217



of Utrecht University, who developed an ELISA for IgM and IgG using the

flagella H antigen. In order to determine the specificity of the ELISA, serotypes

were selected so that two pairs had some H antigens in common, and others were

antigenically different, e.g. Typhimurium 49a (i:1, 2), Enteritidis PT4 (g, m),

Agona (f, g, s) and Kedougou (i: I, w).

Method

Chicks were inoculated at 3 days old, by gavage and via the cloaca, with 5 x 102

cfu of either Typhimurium 49a, Enteritidis PT4, Agona or Kedougou (sections

2.14.1. & 2.14.2.). Control chicks, and chicks inoculated with different serotypes

were housed in separate rooms. At 6, 11, 15 and 22 days after inoculation, 5

chicks from each treatment were anaesthetised with chloroform, and

exsanguinated. The blood was stored at 4°C overnight, centrifuged (MSE Micro

Centaur high speed for 10min) and the serum removed by pipette prior to storage

at -20°C. The IgM and IgG concentrations in the sera were measured using

ELISA, and the flagella antigens i and g, m prepared by Mr M Baay (section

2.19.1.). Swabs of the caecal contents and liver parenchyma were inoculated onto

BGNA. The liver swabs from chicks in the same group were incubated together

overnight in selenite broth at 42°C, and the broth sub-cultured onto BGNA.

Random colonies, and any looking unusual, were picked off and their identity

confirmed as salmonellas using the slide agglutination test.

Results

Bacteriological

Swabs for control chicks were negative for the duration of the experiment. Six

days after inoculation all groups of chicks had positive caecal swabs, except for

those inoculated by gavage with Typhimurium 49a. Chicks inoculated

intracloacally with Kedougou, Agona and Enteritidis PT4 had positive livers.

Those inoculated by gavage with Enteritidis PT4 were also positive. Eleven days

after inoculation, all caeca were colonised, and salmonellas were detected in the

livers of all groups after enrichment. Fifteen days after inoculation, all caecal

swabs were positive, but the liver swabs were all negative even after enrichment.

Caecal swabs remained positive 22 days after inoculation, and selenite enrichment

resulted in positive liver swabs for chicks inoculated cloacally with Agona and

Enteritidis PT4, and chicks inoculate by gavage with Enteritidis PT4 and

Typhimurium 49a. Chicks inoculated with Kedougou also had positive livers, but

serotyping revealed that the salmonellas were Enteritidis P14 and Typhimurium

218



49a for chicks inoculated cloacally and by gavage respectively. As chicks were

kept in separate rooms, the most likely explanation for cross-contamination was a

failure to decontaminate adequately after feeding the chicks.

Serological

Sera tested for IgM showed non-specific binding to both the i and g, m antigens,

with no relationship between absorbance at 405nm, and the dilution of the sera.

Binding for IgG using the g, m antigen was also non-specific, resulting in the same

absorbance values regardless of treatment group or age when killed. The i antigen

for IgG was specific, giving a positive reaction with a reference sample, but none

with the sera from pathogen free hens. All groups of chicks showed a pattern

similar to that of the control chicks (Fig. 8.15.), with the concentration of IgG, as

measured by absorbance, being higher 6 days after inoculation than at 22 days,

although this difference was not always statistically significant (control P <0.05,

Typhimurium 49a oral P <0.05, Kedougou oral P = 0.057, cloacal P <0.05).

Values for chicks inoculated intracloacally with Typhimurium 49a showed a small

increase between 11 and 22 days after inoculation (P = 0.058), with the

absorbance values 22 days after inoculation higher those that of the control birds,

although not significantly so (P = 0.092). The range of values measured 6 days

after inoculation was much wider than those obtained subsequently, except for

chicks inoculated by gavage, when a large range of values was recorded 11 days

after inoculation. Although the difference between the mean titres was not

statistically significant, chicks inoculated by gavage with Typhimurium 49a had

higher concentrations of IgG after 11 days than either those inoculated cloacally

(P = 0.055) or the controls (P = 0.11).

Discussion

The results of this experiment were unexpected and disappointing, but the ELISA

was still in the development stage, and, with the exception of the i antigen for IgG,

was not specific, demonstrating the problem of preventing non-specific binding

when assaying a complex sample such as serum. The results of the IgG assay

were a surprise, as it is well established that inoculation of chickens with

salmonella results in the production of detectable levels of IgG reaching a peak 2-

4 weeks after inoculation (Nicholas & Cullen 1991; Cooper et al. 1993). An

immune response following oral inoculation with Typhimurium has been

demonstrated in chicks inoculated at 4 days of age, but these were salmonella-free

chicks reared specifically for laboratory use, although not SPF (Hassan et al.
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1990; Barrow 1992a). The chicks used in this experiment were obtained from a

commercial hatchery, and although they tested negative for 'wild' salmonellas on

arrival, the immune status of the parent hens was not known. The high initial

levels of IgG, and the subsequent reduction in absorbance values over the 22 days

of this experiment, suggests that the IgG measured was of maternal origin rather

than a response of the chick. The immunoglobulins of the egg, embryo and chick

have been reviewed by Rose & Orlans (1981). IgG is passively transferred from

the maternal circulation to the ovum, and the albumen acquires IgM and IgA

whilst in the oviduct These immunoglobulins protect the chick until it becomes

immunocompetent. After hatching, the yolk sac continues to provide IgG for at

least 48h. Levels of maternal IgG fall to about 20% of the original value 2 weeks

after hatching. Levels of IgG synthesised by the chick then rise, although the

chick is not fully immunocompetent until 6 weeks of age.

The presence of maternal IgG would explain the drop in the absorbance

values with time noted in this experiment. By day 15, the average value was 34%

of the value measured 6 days after inoculation. Levels of IgG did start to increase

22 days after inoculating chicks intracloacally with Typhimurium 49a, and it may

be that this was the start of a primary response. The large differences between

the absorbance values in individual chicks 6 days after inoculation probably reflect

the variation inherent in chicks obtained from a commercial hatchery. There are

several explanations for this variation. Some flocks of chicks used for previous

experiments had tested positive for 'wild' salmonellas (sections 8.2.3. & 8.2.5.).

These infections might have been acquired vertically, as Enteritidis has been found

in the ovaries of commercial laying flocks and broiler breeders (Hopper & Mawer

1988; Lister 1988). Alternatively, eggs might have become infected whilst

travelling down the oviduct (Timoney et al. 1989; Shivaprasad et al. 1990). The

high levels of IgG transmitted to the yolk by infected or recently infected hens

would account for the high levels found in the serum of some chicks 6 days after

inoculation, i.e. when 9 days of age. The very low absorbance values found at 9

days of age could be because the hens had not been infected with salmonellas, and

therefore had little circulating IgG to transmit to the yolk sac. Another

explanation for the apparent lack of synthesis of IgG by the chicks could be that

they were exposed to the antigen whilst still in the embryonic stage of

development. It is a recognised phenomenon that exposure of a neonate to an

antigen suppresses any response to that antigen when immunological maturity has
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been reached.	 This explanation, however, assumes that salmonellas were

prevalent in the breeding flocks.

In retrospect, a clearer result might have been obtained if SPF chicks had

been inoculated when 2 weeks of age. The duration of the experiment should

have been extended to 4 weeks, and in the first week after inoculation, sera should

have been obtained every day in order to detect potentially subtle differences in

response following oral and cloacal inoculation. The next experiment investigated

the immune response of laying hens following inoculation with salmonellas by both

oral and cloacal routes.

8.2.9. The immune response of hens following either oral or cloaca'

inoculation with Enteritidis PT4

The immune response of chicks to inoculation with salmonellas was affected by

the persistence of maternal IgG (section 8.2.8.). The purpose of this experiment

was to determine if the immune response of laying hens differed in those

inoculated by the cloacal route and the oral route. Serum IgG and IgM salmonella

antibodies were monitored using an ELISA, as in section 8.2.8., but this time the

test was performed at the Central Veterinary Laboratory, Weybridge. In addition,

IgG in egg yolk was measured, and eggs were cultured for salmonellas.

Methods 

Twenty-four 1 year old laying hens were tested for salmonella infection by

culturing swabs of cloacal faeces (section 2.17.2.), and also by the rapid slide test

on serum samples using the stained Pullorum antigen (Central Veterinary

Laboratory, Weybridge), with agglutination of serum within 10min being

considered a positive response. Twenty birds were negative, and the next day half

were inoculated by gavage, and the rest cloacally with 107 cfu Enteritidis PT4

(sections 2.14.1. & 2.14.2.). Birds were bled from a wing vein (1m1) weekly for 7

weeks after inoculation. At the same time as the birds were bled, cloacal swabs

were taken for testing for salmonellas. The blood was stored at 4°C overnight,

centrifuged (MSE Micro Centaur high speed for 10min) and the serum removed

by pipette. The serum was monitored for the presence of antibodies to Enteritidis

PT4 using 2 antigens (polyvalent 0 groups A-G antisera, Welcome Diagnostics; 0

antigen group D, Cambridge Biomedicals), with agglutination of serum within

10min being considered a positive response. The rest of the serum was stored at
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-20°C, prior to determining the concentration of IgG and IgM using an ELISA

(section 2.19.2.).

Eggs were collected daily for 8 weeks from the day before inoculation, and

individually labelled with the date and the hen's number. Eggs were collected at

the end of each week, and then stored at 4 0C. Seven weeks after inoculation, one

egg was selected from each bird, laid as close as possible to the day when the birds

were bled. These eggs were used to determine the concentration of IgG in the

egg yolk using an ELISA (section 2.19.2.). The yolk and albumen of the

remaining eggs laid 1-7 weeks after inoculation were individually mixed, and the

resulting melange cultured for salmonellas (section 2.17.3.) 9 weeks after the start

of the experiment. The hens were killed 12 weeks after inoculation with

Enteritidis PT4, and the caecal contents, liver and ovary cultured for salmonellas

(section 2.15.2.).

Results 

The results of ELISA for immunoglobulins in serum and egg yolk are presented in

Fig. 8.16. Results from three birds (4, 9 and B), were not used as sera from these

birds taken before inoculation had a mean absorbance greater than 0.2 for IgG,

suggesting a previous immune response (section 2.19.2.). Absorbance values

were higher for hens inoculated via the cloacal route than by gavage. IgG and

IgM antibodies in sera, as measured by absorbance, were higher in hens inoculated

cloacally after 1 (P <0.005) and 2 (P = 0.056) weeks respectively, than for those

inoculated by gavage, and these differences in response persisted for the 7 weeks

of the experiment (P <0.005 and P <0.05 respectively). The synthesis of IgG

increased 2 weeks after cloacal inoculation and remained high for the duration of

the experiment (P <0.01), whereas there was no significant antibody response

following oral inoculation. The increase in levels of IgM 2 weeks after cloacal

inoculation persisted for 7 weeks (P <0.01 and P <0.05 respectively). IgM in

serum increased 2 weeks after oral inoculation (P <0.005), but the increase did not

persist. The concentration of IgG found in egg yolk was higher both 3 and 7

weeks after cloaca] inoculation than for oral inoculation (P <0.05). The

concentration of IgG in egg yolk was significantly increased for birds inoculated

via the cloacal route after 3 and 7 weeks (P <0.05), but there were no statistically

significant increases for birds inoculated via the oral route.

The egg laying record of each hen, together with results of agglutination

tests on sera, and results of the culture of cloaca( faeces, are presented in Tables
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8.13. and 8.14. Weekly bleeding did not appear to affect egg laying, and although

fewer eggs were laid by hens inoculated cloacally, this was mainly due to one hen

(no 10). Salmonellas were cultured from the cloacal faeces of only a very few

birds, and there was no correlation between those that laid salmonella positive

eggs, and those that had sera that agglutinated with antisera. Of the eggs cultured

for salmonellas, 7/374 (1.9%) and 9/344 (2.6%), for oral and cloacal inoculation

respectively, had a positive melange. This difference was not significant (P ---- 0.5).

Out of 20 birds, 9 produced eggs containing salmonellas, and some birds laid

several intermittently (hen H, Table 8.13.; hen 11, Table 8.14.),. Salmonellas were

found in eggs throughout the period that eggs were tested (week 2 - week 7

inclusive). None of the birds were highly colonised with salmonellas 12 weeks

after inoculation, as all direct cultures of caecal contents onto BGNA were

negative.

Discussion

These results confirmed the results of others who found that the ELISA was more

sensitive than either the rapid slide agglutination test, or bacteriological

monitoring by means of cloacal swabs, at detecting salmonella infected hens

(Hassan et al. 1990; Nicholas & Cullen 1991). Circulating IgG and IgM

salmonella antibodies were higher in birds inoculated via the cloaca, and this was

also reflected in levels of IgG found in egg yolk. The lower immune response to

oral inoculation could be as a result of fewer organisms reaching the lower gut,

because of the acidity of the crop, proventriculus and gizzard. When pH levels in

the digestive tract of the hen were simulated in vitro, assuming a transit time in the

laying hen of 4h, 10 6 cfu/ml salmonella organisms were reduced to 10 1 cfu/ml

(Cox et al. 1972). On this basis, only 100 cfu from the inoculum of 10 7 cfu

Enteritidis PT4 would survive to reach the lower digestive tract, and although in

vivo many other factors would influence survival, it is possible that the lower

immune response after oral inoculation was the result of a smaller number of

salmonella organisms reaching the preferred site of colonisation, the caeca

(Brownell et al. 1969; Fanelli et al. 1971; Xu et al. 1988). If salmonellas had

colonised the caeca rapidly, then perhaps differences in the immune response

would have been less obvious, however, if colonisation occurred, it was not at a

high level, because most caecal swabs were negative, and at post mortem none of

the birds were found to be infected. Despite levels of colonisation being too low

for regular detection by cloacal swabbing, a number of salmonella positive eggs

223



were laid. Incidence of positive eggs in the week after cloaca' inoculation was

similar to that in later weeks, which would suggest an ascending infection of the

oviducts. Unfortunately, eggs laid during the period 5 days after inoculation were

disposed of in error, and so could not be cultured.

The increase in IgG in egg yolk after inoculation with salmonellas was

similar to that found in serum, with a delay of approximately 1 week to allow for

the maturation of the egg. The range of IgG antibody levels in egg yolks was

greater than that found for sera, although the highest concentrations were found in

the same birds. The variation in yolk IgG antibody levels may be as a result of

sampling only 0.5m1 (section 2.19.2.). Egg yolk is not homogeneous, since it is

comprised of concentric layers of different coloured yolk, and it is possible that

IgG is not evenly dispersed throughout the yolk. In order to eliminate this

problem, the entire yolk should have been homogenised prior to sampling. Large

variations in the standard deviation of the mean IgG titre in egg yolk was also

found by Barrow (1992a), who attributed it to variations in the rapidity of

response to infection. The variation in concentration of yolk IgG, both between

individual birds, and with time after inoculation, could explain the large range of

values found in the serum of chicks (section 8.2.8.), as maternal IgG persists in the

chick for more than 2 weeks (Rose & Orlans 1981). Circulating IgG may persist

for more than 15 weeks after inoculation (Hassan et al. 1990), and so even a low

prevalence of infection in a flock could result in a wide range of IgG

concentrations in egg yolk. Higher levels of antibody have been reported in egg

yolks than in sera (Dadrast et al. 1990), but that was not found in this experiment.

Although titres of IgG in egg yolk may be lower than found in serum, the analysis

of yolk IgG may be more sensitive than bacteriological investigations for

determining if flocks have been exposed to salmonella infection, and is less

invasive than bleeding birds.

8.3. DISCUSSION

Studies on the site of action of antibacterials in vivo, using a combination of crop

and cloaca] models, have supported the hypothesis that SCFAs are active in the

crop, but not the caecum. In addition, it was established that potentiated

sulphonamide in drinking water was active against Enteritidis PT4 in both the crop

and the caecum, demonstrating that sufficient antibiotic either survives binding to

food particles or inactivation by intestinal enzymes and bacteria. The inclusion of
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'Bio-Add' in chick mash protected against a feed-borne challenge by Enteritidis

PT4, and may also protect against subsequent recontamination of feed (Hinton &

Linton 1988). However, in order to be effective the application rate had to be

twice that recommended by the manufacturer (0.68% w/w), and the chicks had to

be given the feed on the day of hatch, to reduce the chances of a single chick

becoming infected, as dietary SCFAs did not prevent lateral spread of infection.

The use of the crop model also demonstrated that fewer salmonellas were

retrieved from the crops of older chicks, indicating that the environment of the

normal crop may be bacteriostatic, and possibly bactericidal. Conditions in the

crop depend on the type of feed consumed and the nature of the resident LAB.

The microflora in the crop will ferment carbohydrates, producing a mixture of

alcohols, lactic acid and acetic acid, with trace amounts of butyric and propionic

acids. This results in a reduction in crop pH (Bolton & Dewar 1964). It is

possible that inclusion of SCFAs in the feed may adversely affect LAB in the crop,

in particular the dominant species of lactobacilli (Fowler & Turvey 1971; Fuller

1973, 1977), since a reduction in the concentration of lactic acid was noted in the

crops of hens (Chapter 7). It has bees reported that LAB, and lactobacilli in

particular, can survive and grow well at pH 4.0 (Fuller 1977; Fernandez &

Simpson 1993), and that some strains can grow if the pH <3.5 (Juven 1976). In

contrast, salmonellas only just survive at pH 3.8-4.0 (Chung & Goepfert 1970;

Ferreira & Lund 1987), and in experiments presented in this thesis, it was

observed that Kedougou and Enteritidis PT4 did not grow in SMM or MCB at pH

4.0 or below. On the basis of pH alone, LAB might be expected to be able to

survive at a lower pH than salmonellas, and consequently may have a selective

advantage over salmonellas if dietary SCFAs reduce the pH of crop contents.

However, LAB may not be more resistant than other bacterial species to weak

organic acids, which are more effective antibacterial agents than strong inorganic

acids (Hentges 1967; Goepfert & Hicks 1969; Eklund 1983). As weak acids are

the metabolic end products of LAB, it may be that only a small increase in their

concentration will inhibit growth, even though LAB may be resistant to II+. The

importance of LAB for maintenance of a low pH in the crop was illustrated when

chicks were given potentiated sulphonamide. Not only was the recovery of

salmonellas reduced, but the pH of the crop contents increased significantly,

indicating that LAB were also killed.
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The combination of acids found in the crops of hens given 'Bio-Add' in the

feed was more bactericidal in vitro for salmonellas than that of hens on

unsupplemented mash, despite the reduction in lactic acid concentration (section

7.2.7.). However, it would be an oversimplification to assume that this would be

the case in vivo, as it is well established that some LAB are capable of producing

inhibitory substances, such as bacteriocins, which are active against salmonellas

(Kalchayanand et al. 1992; Vignolo et al. 1993; Brink et al. 1994; Vaughan eta!.

1994). Bacteriocins act by dissipating the electrochemical gradient across the cell

membrane by pore formation (Klaenhammer 1993). Antibacterial activity of some

lactobacilli against Gram-negative organisms cannot be accounted for by pH

alone, and is not due to lactic acid (Fuller 1977).

The use of the crop model in chicks demonstrated that when they were

given feed artificially contaminated with Enteritidis PT4 and including 'Bio-Add',

fewer salmonellas survived after 2h in the crop. This experiment was not repeated

with mature hens, which would normally have an established LAB flora. In

addition, as the crops of young chicks are very small, the protocol used involved

withholding feed overnight in order to ensure sufficient crop contents for analysis,

and it would be interesting to know if the antibacterial activity of dietary SCFAs

would be as significant in hens fed ad libitum, when presumably levels of

bacteriocins would be higher, due to the established LAB and reduced dilution by

the sudden intake of a large amount of feed as occurs when the birds are given

feed at intervals. It is possible that more benefit may be obtained from including

SCFAs in the feed of young chicks, which can become infected from a very low

challenge dose, than for mature hens, which are more resistant to infection, since

normal crop conditions are already bactericidal, and the effects of SCFAs on the

production of bacteriocins and other inhibitory substances by LAB have not yet

been established. Given the tight profit margins of the poultry industry, more

research should be done to assess the optimum regime of dietary SCFAs in order

to achieve maximum cost benefit.

Salmonella infections were established in both chicks and hens following

inoculation via the cloaca. These appeared to be self limiting in hens, as found by

others (Linton et al. 1985; Corlcish et al. 1994), but those in chicks appeared to

persist, and was associated with some deaths. When chicks 2-6 days of age were

inoculated with approximately 1.0 x 10 2 Enteritidis PT4, inoculation via the cloaca

resulted in colonisation of the caeca, whereas oral inoculation with the same

226



number did not. These results agree with those of Cox et al. (1990b) who found

that the cloacal route was 100 fold more sensitive than the oral route. The use of

the cloacal model in parallel with the crop model provided a means of establishing

the site of action of antibacterials in vivo. The cloacal model can also be used as a

means of obtaining a higher prevalence of infected eggs. Although the increase in

the number of infected eggs laid following cloacal inoculation was not significant

in these experiments, a larger trial was performed subsequently at this laboratory.

In this, birds were inoculated with 1.0 x 10 9 Enteritidis PT4. Of eggs laid by birds

inoculated by the oral and cloacal routes, 4.1% and 9.2% respectively were

contaminated. This difference was statistically significant (P <0.01) (J. Bale

personal communication). The mechanism by which more contaminated eggs

were produced was not established, as the increased prevalence of infection in

hens inoculated via the cloaca resulted in a higher incidence of systemic infection,

as well as larger numbers of salmonellas in the oviduct and faeces, making it

impossible to differentiate between transovarian transmission and infections

acquired after ovulation. Numbers of salmonellas in eggs were low, and more

readily detected in melange than in the albumen or yolk. If the salmonellas were

acquired as a result of penetration of the eggshell, it is surprising that

contamination was not more often associated with other bacteria, which have been

shown to dominate salmonellas in the egg at temperatures below 37°C (Dolman &

Board 1992). In fact, salmonella contaminated eggs are consumed because of the

absence of visible and olfactory evidence of deterioration, as is caused by 'egg-

rotting' bacteria (Humphrey & Whitehead 1993). Although the isolation of

salmonellas from yolk or ovules has been reported, salmonellas are found more

frequently in yolks when associated with the vitelline membrane, or a melange of

the whole egg contents (Timoney eta!. 1989; Shivaprasad eta!. 1990; Humphrey

et al. 1991b). Growth of Enteritidis PT4 does not occur in albumen, probably

because of the low levels of iron available (Humphrey 1990b; Clay & Board

1991). Although iron in albumen is chelated by ovotransferrin, this can be

removed by Enteritidis, as it possesses a high-affinity iron sequestering mechanism

(Chart & Rowe 1993). Growth occurs in egg white after the addition of iron

(Lock & Board 1992). This suggests that it is iron limitation rather than

restriction that is responsible for the bacteriostatic qualities of albumen. Further

evidence for this is provided by the fact that salmonellas will grow in the albumen

when iron leaches out of the yolk during storage (Humphrey & Whitehead 1993).
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It is likely that the vitelline membrane is a site where the bacteria are located, as

this would explain the increase in isolations found in whole yolks or egg melange.

Enteritidis have been isolated from yolk membranes (Gast & Beard 1990; Padron

1990), and recently it has been observed that Enteritidis can colonise the

membranes of preovulatory follicles of the hen by interacting with the ovarian

granulosa cells (Thiagarajan et al. 1994). This could result in some organisms

entering the oviduct when the follicle ruptured. This hypothesis is also supported

by the results of immuno-fluorescent staining of sections of colonised ovary (Fig.

8.11.B), which demonstrated, using antiserum to Enteritidis, that staining

occurred in the tissue surrounding the ovule, possibly because the theca provided

an obstacle to organisms penetrating the ovule.

The rapidity with which salmonellas colonised the caeca when inoculated

via the cloaca may be due to a combination of factors. Anatomically, the caeca

are close to the cloaca, and organisms are not killed or injured by low pH as may

occur in the crop and proventriculus following oral inoculation. In addition, there

is a reflex retrograde movement of material from the coprodeum to the caeca

including urine (Akester eta!. 1967). Evidence for this is provided by the fact that

the caeca of chicks contain uric acid bacteria within 3-6h after hatching. This is an

advantage to the bird, as it favours the conservation of nitrogen by caecal

fermentation of uric acid, and also removes toxic ammonia (Barnes eta!. 1972;

Mead & Adams 1975; Croucher & Barnes 1983). This reflex retroperistaltic

movement also provides the means by which antigens may be presented to the

bursa! lymphocytes (Schaffner 1974; Tizard 1979; Paramithiotis & Ratcliffe

1993). The prompt immune response of hens following intracloacal inoculation

may be the result of the organisms gaining rapid entry to the circulation following

exposure to lymphocytes in the bursa of Fabricius. This could also explain why

Kedougou, a strain normally considered to be non-invasive following oral

inoculation, caused a systemic infection when inoculated via the cloaca in day old

chicks.

Although experiments presented here were not able to determine the site

of contamination in the egg, the cloacal model offers a means by which current

hypotheses could be tested. The hypothesis that albumen can be contaminated as

a result of an ascending infection of the reproductive tract relies on the assumption

that the salmonellas are motile. Recently this has been questioned, as it has been

found that various strains of Enteritidis PT4 do not possess flagella, which are

228



required for motility, or fimbriae, which are necessary for adhesion to mucosal

membranes, when growing in vivo, although they are expressed in vitro (Chart et

al. 1993). Cloacal inoculation is an efficient means of generating contaminated

eggs, and the use of a non-motile strain would demonstrate whether these

organisms are capable of infecting eggs. Further studies could investigate whether

non-invasive strains, such as Kedougou, are taken up by lymphocytes in the bursa

of Fabricius following inoculation into the cloaca. Using immunohistological

methods, Typhimurium, an invasive strain, has been found within macrophages of

chicks following oral challenge, but not Kedougou (Brito et al. 1994). If

Kedougou were not found in lymphocytes after cloacal inoculation, then the

production of contaminated eggs following cloacal inoculation of a non-invasive

strain would indicate that infection occurred after ovulation. Evidence for uptake

into lymphocytes could be obtained using immunohistological techniques, or by

monitoring IgG in serum or eggs, as both these methods have been proven to be

reliable indicators of infection.
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Table 8.1. The prevalence of infection in chicks aged 1-4 weeks, given feed
artificially contaminated with Enteritidis PT4 (average 140 cfu/g), and with feed
supplemented with different concentrations of 'Bio-Add'. The protocol is
described in section 8.2.2.

'Bio-Add' concentration (% w/w)

Rep. Age Wk. 1: 1.0 1.0 0.68 0.68 1.0 0.0

(weeks) Wk. 2: 0.68 0.34 0.68 0.34 0.0 0.0

1 1 0/4 0/4 0/4 0/4 0/4 0/4

2-4 0/12 0/12 0/12 0/12 0/12 9/12

2 1 0/4 2/4* 2/4 3/4 0/4 2/4

2-4 0/12 6/12 8/12 10/12 0/12 12/12

3 1 0/4 0/4 4/4 0/4 0/4 4/4

2-4 0/12 0/12 12/12 0/12 12/12 12/12

4 1 0/4 2/4 4/4 4/4 0/4 2/4

2-4 6/12 12/12 12/12 12/12 12/12 12/12

Total 1 0/16 4/16 10/16 7/16 0/16 10/16

2-4 6/48 18/48 32/48 22/48 24/48 45/48

*	 The 1% 'Bio-Add was poorly mixed in the feed because the spray became

partially blocked

Table 8.2. The average growth score for Enteritidis PT4 of the caecal contents
of chicks given feed artificially contaminated with Enteritidis PT4 (average 140
cfu/g), and with feed supplemented with 0.0, 0.68% or 1.0% 'Bio-Add' for the
first week. The protocol is described in section 8.2.2.

'Bio-Add' conc. No. of birds
Age (Weeks)

All
(% w/w) per week 1 2 3 4 birds

0.0 16 2.50 3.38 3.56 3.00 3.11

0.68 32 1.81 2.22 2.22 1.91 2.04

1.00 48 0.25 1.27 1.29 1,29 1.03
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Table 8.3, The proportion (%) of chicks (n = 6) infected after cloacal inoculation
with Enteritidis PT4. Chicks were obtained as day-olds, and fed unsupplemented
mash. Caecal contents and liver swabs were plated directly, crop swabs were
incubated for 24h in selenite broth before sub-culture onto BGNA. The average
growth score of positive samples on BGNA is in parentheses. The experimental
protocol is described in section 8.2.4., experiment 1.

Days after cloaca! inoculation

1 	 4 	 7 
Dose	 crop caeca liver	 crop caeca liver	 crop caeca liver
cfu 

	

Inoculated 1.0 x 109	67	 100	 83	 100 100 100	 83	 100 100
day 1	 (3.4) (1.4)	 (3.3) (1.8)	 (3.6) (2.0)

	1.0 x 107	50	 100	 50	 50	 100 100	 100 100	 83
(4.0) (1.7)	 (2.8) (1.8)	 (3.2) (1.4)

	

1.0 x 10 5	100 100	 33	 83	 100	 66	 50	 100	 66
(3.5) (2.0)	 (3.7) (1.2)	 (2.7) (1.0)

	

1.0 x 103	67	 100	 83	 50	 100	 66	 66	 83	 100
(3.7) (1.2)	 (3.5) (1.5)	 (3.6) (1.7)

	

Inoculated 2.6 x 10 8	33	 100	 0	 66	 100	 66	 83	 83	 17
day 3	 (2.0)	 (3.0) (1.0)	 (3.8) (1.0)

	2.6 x 106	17	 100	 17	 50	 100	 0	 80D 100 40D
(3.2) (1.0)	 (3.8)	 (3.4) (1.0)

	

2.6 x 104	0	 100	 0	 50	 100	 17	 83	 100	 66
(1.7)	 (3.3) (1.0)	 (4.0) (1.0)

	

2.6 x 10 2	17	 83	 0	 66	 100	 17	 50	 100	 50
(2.8)	 (3.2) (1.0)	 (3.7) (1.0)

Inoculated 3.8x 103	ND	 50	 0	 ND 100	 17	 ND 100	 17
day 7	 (2.0)	 (4.0) (1.0)	 (4.0) (1.0)

3.8 x 10 1	ND	 0	 0	 ND 33	 0	 ND 50	 17

	

(3.0)	 (4.0) (1.0)

D	 one chick died
ND not done
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Table 8.4. The proportion (%) of chicks (n = 6) infected after cloacal inoculation
with Enteritidis PT4. Chicks were obtained as day-olds, and fed mash
supplemented with 1.2% 'Bio-Add'. Caecal contents and liver swabs were plated
directly, crop swabs were incubated for 24h in selenite broth before sub-culture
onto BGNA. The average growth score of positive samples on BGNA is in
parentheses. The experimental protocol is described in section 8.2.4., experiment
1.

Days after cloacal inoculation

1	 4	 7
Dose	 crop caeca liver	 crop caeca liver	 crop caeca liver
cfu 

Inoculated 1.0 x 109	100	 100	 83	 100	 100	 100	 50	 100	 100
day 1	 (3.7) (1.0)	 (4.0) (1.5)	 (4.0) (1.4)

1.0 x 107	100 100	 66	 100	 100	 100	 83	 100 100
(3.7) (1.75)	 (3.7) (1.7)	 (3.7) (1.5)

1.0 x 105	83	 100	 83	 33	 100	 66	 33	 100	 83
(4.0) (2.0)	 (3.8) (1.5)	 (2.7) (1.6)

1.0 x 10 3	83	 100	 33	 83	 100	 83	 33	 83	 50
(2.8) (1.0)	 (3.0) (1.2)	 (3.8) (1.7)

Inoculated 2.6 x 10 8	17	 100	 0	 83	 100	 50	 17	 100	 50
day 3	 (4.0)	 (3.2) (1.3)	 (3.5) (1.7)

2.6 x 106	50	 100	 17	 50	 100	 66	 17	 100	 50
(2.7) (1.0)	 (3.7) (1.0)	 (3.4) (1.5)

2.6 x 104	0	 83	 0	 50	 100	 0	 17	 100	 83
(3.0)	 (3.3)	 (3.7) (1.0)

2.6 x 102	0	 50	 0	 66	 83	 0	 33	 66	 33
(1.7)	 (3.4)	 (3.5) (1.0)

Inoculated 3.8 x 103	ND 50	 0	 ND 100 33	 ND 100 0*
day 7	 (1.0)	 (4.0) (1.0)	 (4.0)

3.8 x 10 1	ND	 0	 0	 ND 67	 17	 ND 100 0*
(2.25) (1.0)	 (3.5)

*	 positive after overnight incubation in selenite broth
ND not done
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Table 8.5. The effect of supplementing chick mash with 1.2% 'Bio-Add' on the
proportion (%) of one day old chicks (n = 6) infected after cloacal inoculation
with Enteritidis PT4. Caecal contents and liver swabs were plated directly, crop
swabs were incubated for 24h in selenite broth before sub-culture onto BGNA.
The average growth score of samples positive on BGNA after direct culture is in
parentheses. The experimental protocol is described in section 8.2.4., experiment
2.

Days after cloaca! inoculation

Dose
cfu

1 4 7
crop caeca liver crop caeca liver crop	 caeca liver

Mash 6.0 50 100 17 83 83 83 66 83 66
(3.8) (1.0) (3.0) (2.4) (3.4) (1.5)

0.6* 33 83 17 50 83 66 33 83 83
(3.0) (1.0) (3.8) (2.0) (3.6) (1.8)

Mash plus 1.2% 6.0 100 100 0 66 100 100 33 100 66
'Bio-Add' (2.6) (3.6) (2.0) (3.2) (1.0)

0.6* 66 83 33 83 100 83 17 100 100
(3.0) (1.0) (3.6) (2.0) (3.0) (1.3)

*	 < 5 cfti / nine chicks
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Table 8.6. The proportion (%) of chicks (n = 6) infected after cloacal inoculation
with Enteritidis PT4. Chicks were obtained as day-olds, and fed unsupplemented
mash, or mash supplemented with 1.2% 'Bio-Add'. Caecal contents and liver
swabs were plated directly, crop swabs were incubated for 24h in selenite broth
before sub-culture onto BGNA. The average growth score of samples positive on
BGNA after direct culture is in parentheses. The experimental protocol is
described in section 8.2.4., experiment 3.

Mash
Days after cloaca! inoculation

Dose
cfu

1 4 7
crop	 caeca liver crop	 caeca liver crop	 caeca liver

Inoculated 1.2 67 50 17 33 50 33 50 50 33
day 1 (2.0) (1.0) (4.0) (1.0) (3.66) (1.5)

0.12f 83 0 0 67 83 0* 100 100 0
(3.4) (4.0)

Inoculated 2.0 0 33 0 67 33 0* 50 50 33
day 3 (1.5) (4.0) (4.0) (1.0)

0.21 0 0 0 0 0 0 0 0 0

Mash plus 1.2% 'Bio-Add'
Days after cloacal inoculation

Dose
cfu

1 4 7
crop caeca liver crop	 caeca liver crop	 caeca liver

Inoculated 1.2 0 17 0* 17 50 0* 0 33 0*
day 1 (2.0) (3.0) (1.0)

0.121" 33 0 0 0 50 0* 50 50 17
(2.7) (4.0) (1.0)

Inoculated 2.0 17 33 0 0 100 33 100 100 33
day 3 (2.5) (4) (1.0) (3.5) (1.5)

0.21 0 0 0 0 0 0 0 0 0

*	 positive after overnight incubation in selenite broth
t	 lcfu / nine chicks

I	 2cfu / nine chicks
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Table 8.7. The proportion (%) of chicks (n = 6) infected in the caeca and liver
after cloacal inoculation with Kedougou. Chicks were obtained as day-olds, and
fed unsupplemented mash. The average growth score of samples positive on
BGNA after direct culture is in parentheses. The experimental protocol is
described in section 8.2.4., experiment 4.

Dose
cfu

Days after cloacal inoculation

1 4 7

caeca liver caeca liver caeca liver

Inoculated 0.8t 83 17 100 0* 100 0*
day 1 (3.6) (1.0) (4.0) (4.0)

0.08- 67 50 83 0* 100 0*
(3.5) (1.7) (4.0) (3.8)

Inoculated 0.9I 33 0 67 0 100 0*
day 3 (2.0) (3.5) (3.5)

0.09- 17 0 67 0* 100 0*
(3.0) (3.5) (3.7)

Inoculated 0.55• 17 0 83 0 40° 0*
day 7 (2.0) (2.8) 2.0)

0.05- 0 0 50 0 33 0*
(2.7) (2.5)

*	 positive after enrichment in selenite broth
D
	

one chick died

t
	

� 7cfu / nine chicks

t
	 _�. 8 cfu / nine chicks

.	 � 5 cfu / nine chicks
< lcfu / 9 chicks assessed by culture on BGNA
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Table 8.8. The proportion (%) of chicks (n = 6) infected in the caeca and liver
after cloaca] inoculation with Kedougou. Chicks were obtained as day-olds, and
fed mash supplemented with 1.2% 'Bio-Add'. The average growth score of
samples positive on BGNA after direct culture is in parentheses. The experimental
protocol is described in section 8.2.4., experiment 4.

Days after cloaca! inoculation

Dose
cfu

1 4 7

caeca liver caeca liver caeca	 liver

Inoculate 0.8t 83 17 100 0* 100 17
day 1 (3.6) (2) (4.0) (3.8) (1.0)

0.08- 100 0* 100 67 100 0*
(3.0) (4.0) (1.25) (3.7)

Inoculated 0.9$ 17 0 50 0 50 0*
day 3 (2.0) (3.3) (3.7)

0.09- 50 0 50 0 50 0*
(1.3) (3.7) (4.0)

Inoculated 0.55. 17 0 67 0* 83 0*
day 7 (2.0) (3.25) (3.4)

0.05- 0 0 33 0 83 0
(2.5) (3.0)

positive after enrichment in selenite broth
� 7 cfu / nine chicks
� 8 cfu / nine chicks
< 5 cfu / nine chicks
< 1 cfu / 9 chicks assessed by culture on BGNA



Table 8.9. The number of chicks infected after cloacal inoculation with
Enteritidis PT4. There were four chicks in each group, obtained as day-olds and
fed mash. The average growth score of caecal samples positive on BGNA after
direct culture is in parentheses. Swabs from both caeca, crop contents and liver
parenchyma were enriched before sub-culture onto BGNA. The experimental
protocol is described in section 8.2.5., experiment 1.

Dose	 Time	 caeca	 caeca*	 crop* liver*
cfu	 (h)	 right	 left	 right	 left 

Inoculated	 8.5 x 102	2	 1.0	 0.0	 1.0	 2.0	 0.0	 0.0
day 1	 (1.0)

4	 1.0	 1.0	 2.0	 1.0	 0.0	 0.0
(1.0) (1.0)

5	 1.0	 1.0	 2.0	 3.0	 0.0	 0.0
(1.0) (2.0)

6	 2.0	 2.0	 3.0	 2.0	 0.0	 0.0
(1.0) (1.5)

7	 4.0	 2.0	 4.0	 2.0	 0.0	 0.0
(1.5) (2.5)

8	 1.0	 3.0	 3.0	 4.0	 0.0	 0.0
(2.0) (1.3)

Inoculated	 5.6 x 103	2	 0.0	 0.0	 2.0	 3.0	 0.0	 0.0
day 3

4	 0.0	 0.0	 0.0	 1.0	 1.0	 0.0

5	 0.0	 0.0	 3.0	 3.0	 0.0	 0.0

6	 0.0	 0.0	 2.0	 3.0	 1.0	 0.0

7	 0.0	 0.0	 3.0	 3.0	 1.0	 0.0

8	 0.0	 0.0	 1.0	 1.0	 1.0	 0.0

Inoculated	 1.4 x 104	2	 1.0	 0.0	 1.0	 1.0	 0.0	 0.0
day 6	 (1.0)

4	 0.0	 0.0	 2.0	 0.0	 0.0	 0.0

5	 0.0	 0.0	 1.0	 0.0	 1.0	 0.0

6	 0.0	 1.0	 1.0	 2.0	 0.0	 0.0
(1.5)

7	 0.0	 0.0	 1.0	 2.0	 0.0	 0.0

8	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0

*	 swabs incubated overnight in selenite broth at 42°C
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Table 8.10. The number of chicks infected after oral and cloacal inoculation with
Enteritidis PT4. There were two chicks in each group, obtained as day-olds and
fed mash. Swabs from both caeca were enriched before sub-culture onto BGNA.
Birds from flock B were infected with 'wild' salmonellas. The experimental
protocol is described in section 8.2.5., experiment 3.

	Oral 	 Cloacal 
Flock A	 Dose	 Time after	 caeca	 caeca

cfu	 inoculation (h)	 right	 left right	 left

Inoculated	 5.95 x 102	2	 0	 0	 2	 2
day 2	 4	 0	 0	 0	 1

5	 0	 0	 2	 1

	

6	 0	 0	 1	 1

	

7	 0	 0	 2	 2

	

8	 0	 0	 2	 2 
Inoculated	 2.62 x 102	2	 0	 0	 2	 1
day 3	 4	 1	 0	 0	 0

	

5	 0	 0	 1	 1

	

6	 0	 0	 2	 0

	

7	 0	 0	 0	 0

	

8	 0	 0	 0	 0 
Inoculated	 5.0 x 10 2	2	 0	 0	 1	 0
day 6	 4	 0	 0	 1	 1

	

5	 0	 0	 2	 2

	

6	 0	 0	 2	 0

	

7	 0	 0	 1	 0

	

8	 0	 0	 1	 0
Flock B

Inoculated	 4.60 x 102	2	 0	 0	 0	 0
day 2	 4	 0	 0	 0	 0

5	 0	 0	 0	 0
6	 0	 0	 1	 1
7	 0	 0	 0	 0
8	 1	 1	 0	 0

Inoculated	 2.6 x 102	2	 0	 0	 0	 0
day 3	 4	 0	 0	 0	 0

5	 0	 0	 0	 0
6	 0	 0	 0	 0
7	 0	 0	 0	 0
8	 0	 0	 0	 0

Inoculated	 2.0 x 103	2	 0	 0	 0	 0
day 6	 4	 0	 0	 0	 0

5	 0	 0	 0	 0
6	 0	 0	 0	 0
7	 0	 0	 0	 0
8	 0	 0	 0	 0
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Table 8.11. The average growth scores
following cloacal and oral inoculation with 1
were two chicks in each group, obtained
experimental protocol is described in section 8

for Typhimurium of caecal swabs
.0 x 108 Typhimurium 49a. There
as day-olds and fed mash. The
.2.5., experiment 4.

Average growth scores
Time (h) oral cloacal

1 0.5 3.0
2 2.0 3.5
3 2.0 3.5
4 2.0 3.5
5 3.5 4.0

20 4.0 4.0
26 4.0 4.0

239



Table 8.12. The colonisation of laying hens with Enteritidis PT4 after cloacal
inoculation. The eggs cultured positive were out of a total of 100 laid. The
experimental protocol is described in section 8.2.7.

Time after Inoculum	 Egg melange Day laid after

inoculation	 chi	 Hen Caeca Liver Ovary Ovule Oviduct positive 	 inoculation 

3 Days	 109	 1	 +	 +	 +	 0	 +
2 +	 +	 +	 +
3	 +	 +	 +
4  +	 +	 + 

107	5	 +	 +	 +
6	 +	 +	 +	 +	 +	 3
7	 +	 +	 +
8 	 +	 +	 -	 - 

10 5	9	 +	 +	 +
10 +	 +	 +	 +
11	 +	 +	 +	 -
12	 +	 +	 -	 +

7 Days	 109	 13	 +	 +	 +	 3
14	 +	 +	 7
15 +	 +	 +	 +	 +
16  +	 +	 +	 +	 + 

107	17	 +	 +
18	 +	 +
19 +	 +	 +	 +	 4
20  +	 +	 0	 + 

10 5	21	 +
22 +	 +	 +	 -	 +	 +	 2
23	 +
24	 0

10 Days	 109	 25	 +	 +	 +	 0	 +
26 +	 +	 +	 0	 +
27 +	 +
28  +	 +	 +	 +	 3

107	29	 +
30 +	 +
31	 +	 +	 +
32 	 +	 + 

105	33	 +
34 +	 +	 +
35	 +	 +
36 +	 +

0	 No ovules obtained from this bird

t	 White also positive
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Table 8.13. Egg production of laying hens (+) following oral inoculation with
107 cfu Enteritidis P14. Hens were inoculated on day 2 of week 1 (L), and cloacal
swabs taken weekly. Hens were bled at the beginning of each week, and the sera
tested for antibody production. Eggs were retained for IgG analysis. The
remainder of the eggs were cultured for salmonellas. The protocol is described in
section 8.2.9.

Week 1
	

Week 2
	

Week 3
	

Week 4
Hen i	 1 3 4 5 6 7 1 2	 3 4 5 6 7 I	 2 3 4 5 6 7 1	 2 3 4 5 6 7 Total

A

131*

E

+A	 -4-+

+A +

+A.

+

+

+

+

+

+

+

+

+

+

.

+

+

+

+

+

+

+A +

+A +

+A+

+

+

+

+

+

-

+

+

+

+

+

+

+A +	 +	 +

.	 +0P +A +

+A +	 +	 -

+

+

+

+

+

+

+

+

+

+A +P

+A +

+A +

+

-

+

+

+

+

+

+

+

+

+

+

+

+

-

29

25

24

F +A - + + + + + + +A . + + + + +A -* + + + + + +A - + + + + + 24

G +A + + + + + + + A -	 + + + + + +	 +A . + + + + +A + + - + + + 25

H +A + + + + + + + +A + + + + + +S + + + + + +A - + + + + + 27

J +A + + . + + + + A + 	 + - + + - +A +. + + + - + +A +P + - + + S 23

K +A + + + - + + + +A - + + + + +A + + . - + - +A+ + + + + + 23

L +A + - + - + + + +A + + + + + +A + + + + + + +A + + + + + + 26

M f "+ + + - + + + +A + - + + + +A + + - + + + +A + + + + - + 24

109 9 9 7 9 10 10 9	 8 8 9 109 9	 9 9 7 9 9 9 108 9 8 109 9 250

Week 5
	

Week 6
	

Week 7
	

Week 8
Hen I	 2	 3 4 5 6 7 1	 2	 3 4 5 6 7 1	 2	 3 4 5 6	 7 1 2	 3 4 5 6 7 Total

A

Bt

E

+	 +A +

+A.

+	 +A +

S	 +	 +	 +

+	 +	 +	 +

+	 -	 +	 -

+A+

+	 +A +

+	 +A +

+

+

+

-

+

+

+

+

+

+

-

-

++ +PA +

+	 +A +

+	 +PA +

+

+

-

+

+

+

+	 +

+	 +

+	 +

+A

-

+

-	 +

+A +

+A +

+

+

+

+

+

+

+

+

+

+

+

-

27

25

23

F +A.	 + + + + + E	 +A + + - - + +A -P	 + + + +	 + +A -	 + + + + + 23

G ±	 +A + + - + + +A+ + + + - +	 +A + + + -	 + + +A + - + + + 24

H +	 +A + + + + S +	 +A + + + + S +	 +A + + + S	 + + +A + + + + + 28

J +	 +A + + + + + -	 +P	 +A + + . + +	 +PA - + + +	 + +A -	 + + + + + 24

K +	 +A + + + + - +A + + + + + -	 -	 +A + + +	 + + +A + + + + + 25

L +A+ + + + - +	 +A + + + + + +A -	 + + + +	 + + +A + + + + + 26

M +	 +A + + + + + +	 -	 + A + + + + +	 +	 +A . + S	 + + +A + + + + + 26

109	 9 108 107 9	 9	 10 10 8 8 7 107	 9 8 109	 109 7	 109 10 10 9 251

Cloacal swab positive for Enteritidis P14
Agglutination of serum with antisera

A	 Yolk used for extraction of IgG
Serum positive on ELISA before inoculation
Melange positive for Enteritidis PT4
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Table 8.14. Egg production of laying hens (+) following cloacal inoculation with
107 cfii Enteritidis PT4. Hens were inoculated on day 2 of week 1 (4), and cloacal
swabs taken weekly. Hens were bled at the beginning of each week, and the sera
tested for antibody production. Eggs were retained for IgG analysis. The
remainder of the eggs were cultured for salmonellas. The protocol is described in
section 8.2.9.

Week 1
	

Week 2
	

Week 3
	

Week 4
Hen 1	 4.	 34567123456712345671234567 Total

1 +A+	 +	 +	 . +	 + +A -•	 + + - +	 + +A S -	 + - + - +A +. - +	 + - + 20

2 +A+	 +	 + . +	 + + +A + + + •	 + +A + +	 + + + + +A +P + + + + + 26

3 ++	 +A +++++. +A + + + +	 + +A + P +	 + + + + +A + + + + - + 27

4f +A+	 +	 + + +	 + +A +P + + + +	 + +A +P +++++ +A + + + + + + 28

5 .	 +A +	 + + +	 + . -	 +A + + +	 + .	 +A +	 + + + + +A + + . + + S 23

6 +A+	 +	 + + +	 . + +A + + + +	 + +A + P +	 + - + + .	 +PA + + + + + 25

7 .	 +A +	 + + +	 + + +•A + + - +	 + +A +P +	 S	 +	 +	 + +A +	 +	 +	 +	 +	 + 26

9t +A+	 +	 + + +	 . +A -	 + + + +	 + +A+ +	 - + S	 + +A + - - + + S 23

10 _	 _	 +A + _ +	 _ + + PA . _ + +	 _ .	 . +A + + _ - +A +P - - + - + 14

11 +A+	 + + +	 + + + A + - + S	 + +A + +	 - - + + +A . + + + + - 23

8	 9	 10 10 7 107 8 7	 9 8 8 9	 9 8	 9 9	 8 7 9 8 9	 9 7 7 107 9 235

Week 5
	

Week 6
	

Week 7
	

Week 8
Hen 1234567123456712345671234567 Total

1 +	 +•A -	 -	 $	 +	 + -	 +•A +	 - + + + +A -•	 + + + +	 + -	 + •A + + + + + 22

2 +	 +A ++.	 ++ +A +P +	 + + + - + +PA + + + +	 + +	 +PA + . - + + 24

3 +	 +A +	 +	 +	 +	 + +	 +PA +	 . - + + + +PA + + + +	 - +	 +P +A + + + + 25

4f +	 +PA +	 +	 +	 +	 + +	 +PA +	 + + + + + +PA + + + +	 + .	 +A - + + + + 26

5 +A +	 +	 -	 +	 + +A +	 .	 + - + + +A -	 + + - -	 - -	 - 13 + + + - 18

6 +	 +A +	 -	 -	 +	 + +	 -	 +A + + + + + +A . + + +	 + +	 +A + - + + + 23

7 +	 +A +	 +	 +	 .	 + +A +	 -	 + + + + + +A . + + +	 + +A+ + - + + 24

9f +	 +A +	 •	 -	 +	 + + A +	 -	 - + + + + +A + + . +	 + +	 +A - - + + + 21

10 +	 +PA +	 +	 -	 -	 + -	 +PA +	 . - + + - Y +A - + .	 + +	 +PA . + + + - 17

11 -	 +A +	 S	 +	 +	 + +	 +A .	 + + + + + +A + - + S	 + +	 +A + + + - + 24

9	 109	 7	 5	 8	 108 9	 6	 6 7 109 9 7	 8 8 8 8	 8 7	 9	 7 7 8 9 8 224

*	 Cloaca] swab positive for Enteritidis PT4
P	 Agglutination of serum with antisera
A	 Yolk used for extraction of IgG

t	 Serum positive on ELISA before inoculation
S	 Melange positive for Enteritidis PT4
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1

2

Fig. 8.1.	 The reproductive tract of hen in lay, with an egg in the uterus. The
alimentary tract has been removed, with the exception of the caeca and colon.

I. Caeca
	

2. ileo-caeco-colic junction 3. Ovary with small ova
4. Mature ovum
	

5. Oviduct	 6. Egg in uterus
7. Cloaca
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Fig. 8.2. The proportion (%) of Enteritidis P14 from artificially contaminated
feed recovered from the crops of chicks (n = 10) aged 3 and 10 days, after 2h.
The protocol is described in section 8.2.3., experiment 2.

A	 2.0 x 103 cfu/g feed
B	 2.0 x 105 cfu/g feed

Age of chicks

Fig. 8.3. The proportion (%) of Enteritidis PT4 from artificially contaminated
feed (5.9 x 105 cfu/g) recovered from the crops of chicks (n = 20) aged 3 and 10
days, after 2h. The control group were fed unsupplemented feed, whilst other
groups were given feed supplemented with either 0.68% w/w "Bio-Add' or 0.8%
w/w calcium formate. One group was given unsupplemented mash and drinking
water that contained 2Oppm trimethoprim and 100ppm sulphadiazine. The
protocol is described in section 8.2.3., experiment 3.

% recovery
400 	

Age of chicks
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Fig. 8.4. The proportion (%) of Enteritidis PT4 from artificially contaminated
feed (3.0 x 10 5 cfu/g) recovered from the crops of chicks (n = 20) 3 days of age
after 2h. The control group were fed unsupplemented feed, whilst other groups
were given feed supplemented with either 1.2% w/w 'Bio-Add' or 0.8% w/w
calcium formate. One group was given unsupplemented mash and drinking water
that contained 20ppm trimethoprim and 100ppm sulphadiazine. Flock A was
infected with 'wild' Enteritidis.	 The protocol is described in section 8.2.3.,
experiment 5.

% recovery
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1,000

500	 	   
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Fig. 8.5. The pH of the crop contents of chicks given different diets. The
protocol is described in section 8.2.3., experiment 5.
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Fig. 8.6. The caecum of a chick aged one day 2h following intracloacal
inoculation with 1.0 x 10 8 Typhimurium 49a. Sections were stained using a
peroxidase-anti-peroxidase technique (section 2.16.2.), but were not trypsinised,
in order to retain the morphology of the mucosa. Brown stained Typhimurium
49a can be seen in the caecal lumen (A), and possibly penetrating the surface
epithelia (B). Magnification x 190.

A
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Fig. 8.7. The caecum of a chick aged one day 6h following inoculation by
gavage with 1.0 x 108 Typhimurium 49a. Sections were stained using a
peroxidase-anti-peroxidase technique (section 2.16.2.), but were not trypsinised,
in order to retain the morphology of the mucosa. Brown stained Typhimurium
49a can be seen in the crypts of the caecum (arrow). Magnification x 190.
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Fig. 8.8. The effect of including trimethoprim 2Oppm (T) or a mixture of
sulphadiazine 100ppm and trimethoprim 2Oppm (S & T) in the drinking water of
chicks (n = 12) on A. The proportion of birds infected in the caeca B. The cfu/g
caecal contents. Chicks were inoculated either by gavage or via the cloaca with
1.0 x 104 Enteritidis PT4. The experimental protocol is described in section 8.2.6.
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A Inoculated by gavage

% infected
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% infected

248



Caeca [2 Liver ri Ovary • Oviduct

Fig. 8.9. The systemic infection of broiler hens aged 1.5 years, 3 days after
cloacal inoculation with Enteritidis PT4.
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Fig. 8.10. The caecum of a hen seven days after intracloacal inoculation with 1.0
x 104 Enteritidis PT4. Sections were stained using a peroxidase-anti-peroxidase
technique (section 2.16.2.), but were not trypsinised, in order to retain the
morphology of the mucosa. Brown stained Enteritidis PT4 can be seen in the
lumen of the caecum (arrow). Magnification A) x 75 B) x 190.

A
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Fig. 8.11. Sections of the A) caecum and B) ovary of a hen three days following
intracloacal inoculation with 1.0 x 1O Enteritidis PT4, stained using an
immunofluorescent technique (section 2.16.3.). A) shows fluorescence in the
caecal lumen, magnification x 300. B) shows fluorescence around the theca of an
ovule, magnification x 120.
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Fig. 8.12. The proportion of 1 year old laying hens (n = 36) infected following
cloacal inoculation with 10 5-109 cfu Enteritidis PT4.
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id

Inoculum (cfu)

Fig. 8.13. The relationship between (1) the size of inoculum and (2) time
following inoculation, in the colonisation of the alimentary and reproductive tract
of 1 year old laying hens. Hens were inoculated via the cloaca with Enteritidis
PT4. The experimental protocol is described in section 8.2.7.
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1

2

3

4

5

Fig. 8.14. The alimentary and reproductive tracts of a hen in snit, to demonstrate
how mature ova may be exposed to bacterial contamination in the peritoneal
cavity, either from a systemic infection, or an ascending infection of the oviduct.
The caeca and oviduct have been moved to one side for clarity.

1. Gizzard
	

2. Caeca
	

3. Mature ovum
4. Oviduct
	

5. Cloaca
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Fig. 8.15. The immune response of individual chicks (x) inoculated either orally
by gavage or intracloacally with Typhimurium 49a or Kedougou. IgG antibodies
in sera were measured by absorbance, using an ELISA. The experimental
protocol is described in section 8.2.8.
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Fig. 8.16. The immune response of laying hens inoculated with 1 x 107 cfu
Enteritidis PT4 either by gavage or cloaca. IgG and IgM antibodies were
measured by absorbance, using an ELISA. The experimental protocol is described
in section 8.2.9.
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CHAPTER 9

GENERAL DISCUSSION
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The aim of the studies reported in this thesis was to investigate the antibacterial

effect of formic and propionic acids, against, in particular, salmonellas, both in

vitro and in vivo. The increase in human salmonella infections during the last

decade or so has been largely associated with Enteritidis PT4 derived from poultry

meat and eggs (Humphrey et al. 1988; Cowden et al. 1989). For this reason,

most experiments reported here were performed using Enteritidis PT4, and chicks

or hens were used for investigations involving live birds. Mixtures of SCFAs and

their salts are already marketed as feed additives, particularly for chicken feed, and

therefore 'Bio-Add' (BP [Chemicals] International), a commercial product

containing both formic and propionic acids, was used in some in vivo experiments,

in order to establish its value for controlling salmonella infections. The following

discussion is divided into three principal sections:

1) Factors affecting the antibacterial activity of SCFAs in vitro.

2) The effect of SCFAs on the ability of salmonellas to invade Vero cells.

3) The development of crop and cloacal models in vivo.

In vitro experiments

The aim of the initial experiments was to obtain evidence of morphological

damage caused by incubating the salmonellas with SCFAs in vitro, in order to

elucidate their mode of action. Although no damage to the outer membrane was

discernible using TEM, subsequent recovery of organisms after sub-culture onto

BGNA was lower than with NA, indicating that the bacteria were less able to

withstand the toxic effect of brilliant green. Salmonellas incubated with SCFAs

were also more sensitive to osmotic shock. This indicated a level of sub-lethal

damage that is likely to be associated with the outer membrane, which normally

confers resistance to the chemicals to which enteric bacteria are exposed in the

intestinal tract (Roth & Keenan 1971; Blankenship 1981). Further evidence for an

effect on the outer membrane was the observation that after exposure to SCFAs,

Enteritidis PT4 was less susceptible to shrinkage as a result of fixation, possibly as

a consequence of altered fatty acid and phospholipid composition. However, no

effect on the somatic or flagellar antigens was noted. Incubation with sub-lethal

concentrations of formic and propionic acids resulted in larger cells after 2-4h,

indicating possible inhibition of DNA synthesis and/or cell division whilst other

macromolecules continued to be synthesised, as found by Cherrington et al.
(1990), but after 24h there were no differences in size, suggesting that the

bacterial cells had the ability to adapt.

258



Subsequent in vitro experiments concentrated on establishing some of the

factors that influenced the bactericidal properties of SCFAs, with particular

reference to those that apply in vivo, e.g. pH, stage of growth, and the presence of

feed and cations. The results agreed with those of others who noted increased

antibacterial activity with reduced pH, suggesting that it is the undissociated

molecules that are active (Hentges 1967; Goepfert & Hicks 1969; Cramer &

Prestegard 1977; Eklund 1983; Young & Foegeding 1993). The MICundi. was

lower for formic acid than for propionic, probably because the smaller, less

hydrophobic molecule crosses the outer bacterial membrane through porins more

easily (section 1.5.1.).

Salmonellas in stationary phase were more susceptible than those in

exponential growth, agreeing with the results of Fay & Farias (1975, 1976). The

presence of feed allowed growth at a lower pH than in broth, possibly because the

pH in the immediate vicinity of feed particles was higher, due to a buffering effect

of proteins; salmonellas were concluded to be associated with the feed particles, as

recovery of inoculated bacteria from either a feed slurry, or from artificially

contaminated coconut, was always less than 100%. The reasons for this are not

clearly understood, but it is a well recognised phenomenon (M. Hinton, personal

communication).

Acid salts killed salmonellas, but, of those tested, only the calcium salts

were more effective than the acids on their own. The addition of monovalent

cations enhanced the activity of formic acid, whereas Mg2+ had a protective effect.

A similar effect of cations on the antibacterial activity of weak acids has been

noted with Lactobacillus brevis (Simpson & Smith 1992), and in particular,

lithium has been shown to enhance the antibacterial activity of propionic acid for

L. helveticus and L. casei (Chaia et al. 1994b). However, Ca2+ had little effect on

L. brevis (Simpson & Smith 1992), whereas the addition of Co 2+, Ni2+ or Ca2+

seemed to have antibacterial activity against Enteritidis PT4 in their own right, and

calcium salts of formate and propionate were effective at killing salmonellas

(section 4.2.10.). For this reason, calcium formate was used subsequently in some

experiments in vivo, although the effect of Ca2+ per se was not investigated.

Further work to ascertain if calcium salts are more bactericidal for salmonellas

than for lactobacilli would be worth while, not only because salts are easier to

handle than corrosive acids, but also because fewer lactobacilli, the dominant

species of bacteria found in the normal crop, would be killed. This would lessen
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the reduction in the concentration of lactic acid, and possibly bacteriocins, in the

crop when SCFAs were included in the diet, and also reduce the risks of

pathogens colonising the crop should the use of dietary SCFAs be discontinued.

It has been suggested that, in addition to cations affecting antibacterial

activity, the anion may also have an inhibitory effect (Eklund 1983; Statham &

McMeekin 1988; Adams et al. 1991; Russell 1992). Both dissociated and

undissociated acids can cause pH; to fall, although at acid pH inhibition is due

primarily to the undissociated acid (Salmond et al. 1984). The inhibitory action of

sorbate at neutral pH0 causes more inhibition than the undissociated acid (Eklund

1983), and there is evidence that yeasts and bacteria have specific carriers for the

anions of SCFAs that are inactive under conditions of low pH (Brinks eta!. 1985;

Cassio et al. 1987; Boenigk et al. 1989). Some strains of bacteria are more

resistant to the toxic effect of SCFAs because they have the ability to reduce pH;

as pflo declines, thus minimising the increase in ApH (Russell 1991a, b; Russell

1992). It may be that the maintenance of ApH prevents the accumulation of

fermentation acid anions, and that the increased antibacterial activity of SCFAs at

low pH is to some extent due to the inability of bacteria to maintain ApH, with the

result that toxic levels of anions are accumulated.

Although fatty acids have been considered to act as uncouplers, by

dissipating the pmf (Borst et al. 1962; Sheu eta!. 1975; Hueting & Tempest 1977;

Baronofsky et al. 1984; Salmond et al. 1984), the anions of SCFAs are

lipophobic, and would therefore not be able to shuttle across the cytoplasmic

membrane to pick up protons as can uncouplers (Fig. 1.15.). The mode of action

of anions is not clear, but they may be able to interact with DNA. Another

possibility is that anions may compete with hydrogen ions to penetrate the outer

membrane, using the phoE porin, as this has been demonstrated in E. coil grown

at both acidic and alkaline pH (Rowbury et al. 1992; 1993). Habituation of E.

coil to acid requires that either hydrogen ions or protonated carriers cross the

outer membrane via the phoE porin, and this process can be inhibited by anions

such as phosphate (Rowbury et al. 1992). The phoE porin shows anion

selectivity, and an equivalent protein in Typhimurium has been described (Bauer et

al. 1985). It may be that certain anions are able to prevent the development of

acid resistance. It was noted in Chapter 5 that Ha was more effective than

formic acid at inducing the development of acid resistance, and that 'heat-shock'

provides some cross protection for mild 'acid-shock' of Enteritidis PT4. This
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agrees with the work of others, who found that acetic and lactic acids were not as

effective as HCI in inducing acid resistance or thermotolerance (Raja et al. 1991a,

Farber & Pagotto 1992). Incubation of Enteritidis in media with a pH 8.0-9.75

resulted in an increased heat resistance, possibly because of the formation of alkali

'shock' proteins (Humphrey et al. 1993a). As the pH of egg albumen is alkaline,

cross protection for thermotolerance could result in salmonellas being more

resistant to cooking. A reduction in the pH of the medium has been shown to

make E. coli more susceptible to irradiation, possibly because enzymes required

for repair are denatured, and therefore damage caused by irradiation cannot be

rectified (Fielding et al. 1994).

The effect of SCFA anions on the development of acid resistance and

thermotolerance in Enteritidis PT4 warrants further investigation in vitro, as these

factors are of interest to the food industry. A comparison of the anions of formic

and propionic acids is complicated by the fact that at any given pH, the degree of

dissociation of the acid molecules differs, because of the different pKa (section

1.4.2.). Assuming that the internal pH of the cell is buffered, and remains

constant, it should be possible to calculate the concentration of acids required to

obtain equal concentrations of anions at any given pH, thus allowing a direct

comparison of the anions. The effect of the anion on both DNA synthesis and

supercoiling could also be studied, as the development of resistance to acid, alkali

and heat appears to depend on the synthesis of 'shock' proteins (Foster & Hall

1990; Humphrey et al. 1991a; Raja eta!. 1991a, b; Humphrey et al. 1993b). It is

possible that the antibacterial activity of acid salts, which are dissociated in

aqueous solution, is due to a combined effect of the anion and the cation.

Another area that could be investigated is the effect of SCFAs on the

metabolism of bacteria. Much research has been done using E. coli, and by

manipulating growth conditions it is possible to alter the ability of cells to

metabolise various organic acids, including formic acid (Clark 1989). Formic acid

is dismuted by E. coli to H2 and CO2 by FHL (section 1.5.4.), but the ability to do

so is induced by low pH, anaerobic conditions and the presence of formic acid

itself. The fermentative end products of LAB can also be altered by pH

(Rodriguez & Nadra 1994). The effect of pH, and anaerobic conditions on the

metabolism of formic acid could be studied, possibly using mutants that are

deficient in FDH, and which would naturally accumulate formic acid in the growth

medium.
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Experiments using a tissue culture model.

Incubation with 50mM formic or propionic acids did not appear to affect the

ability of Typhimurium to invade Vero cells. Bacteria killed by heat were not

found inside Vero cells, suggesting that invasion did not involve phagocytosis.

These results confirmed those of Barrow & Lovell (1989), who found that the

presence of cholera toxin, which directly affects cell phagocytosis, did not protect

Vero cells from being invaded by Typhimurium, suggesting that invasion was

dependent, in large part, on the properties of the bacteria. The use of the Vero

cell tissue culture model as a means for screening the effect of chemicals on the

invasiveness of salmonellas has many advantages over an animal model, as the

conditions are more reproducible, and other factors found in vivo, such as

variation in the immune response, are not involved. The uses of this model were

not explored further, however, due to lack of time, but as previous experiments

suggested that there may be damage to the outer membrane of bacteria incubated

with SCFAs, and this might affect the ability of bacteria to associate with the cell

membrane of Vero cells prior to invasion, these experiments could be repeated

using higher concentrations of acids. The pH of the culture medium would have

to be adjusted, as Vero cells were damaged when incubated at pH 5.0. However,

measurable numbers of Typhimurium invade Vero cells within 0.5h (Barrow &

Lovell 1989; Kyriazidou 1991) and so results could be obtained from experiments

of only a short duration. The possible effect of anions and cations on the ability of

salmonellas to invade could also be studied using this method. It would be

quicker and less expensive to measure the numbers of intracellular bacteria by

trypsinising the Vero cells, followed by sub-culture onto agar, rather than using

TEM. The use of both NA and BGNA as the recovery medium for intracellular

and extracellular bacteria would help to distinguish if sub-lethal damage to the

salmonellas had affected their invasiveness.

The crop model

SCFAs in the feed are absorbed and metabolised by hens, and so results from in

vitro experiments could not be directly related to the situation in vivo, since this is

far more complex. Inclusion of 0.68% 'Bio-Add' or 0.8% calcium formate in the

feed of newly hatched chicks resulted in a reduction in the pH of the crop, both

when full and empty. Although this could be beneficial, because it might favour

the early establishment of LAB, >1% 'Bio-Add' was required to give protection

from lateral spread of infection. Analysis of the crop contents of hens fed ad
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libitum on feed containing 1.2% 'Bio-Add' revealed that lactate levels were

reduced, suggesting that LAB are being killed or inhibited by SCFAs at this

concentration. Levels of lactate in the crops of hens fed ad libitum on

unsupplemented feed were similar to those found by Bolton (1965) 4-6h after

feeding (0.3-0.8%). The establishment of a LAB population in the crop is

important, as it influences the microflora in the rest of the intestinal tract, and

helps to prevent colonisation by salmonellas and other human enteropathogens

(Fuller 1973, Nurmi & Rantala 1973; Fuller 1977; Juven et al. 1991). Propionate

(0.14%) has been demonstrated to slow the growth of LAB in vitro, and was

more inhibitory when the culture medium contained low levels of glucose, possibly

as there was insufficient energy for proton extrusion, as levels of proton

translocating ATPase were higher in the presence of propionate (Chaia et al.

1994a, b). As the crop is a site of carbohydrate digestion, it is unlikely that the

concentration of glucose will prove a limiting factor, and therefore propionate may

be less active in the crop than anticipated from the results of in vitro experiments.

Also, there is the possibility of salmonellas surviving at a pH that would be

bactericidal in vitro, as a close association with feed particles could buffer the

immediate environment. The development of the crop model allowed the

antibacterial activity of SCFAs in the crop to be studied. Further research is

needed to ascertain the optimum concentration of SCFAs to include in the diet of

chicks, and the duration of inclusion, in order to give maximum protection when

the bird is most vulnerable to infection, but without delaying the acquisition of a

normal crop microflora. In addition, if high levels of SCFAs are to be included in

the diet, then the crops should be examined for signs of erosion. Although no

damage was noted when chicks were fed 0.68% 'Bio-Add' or 0.8% calcium

formate for 3 weeks, lesions developed in the crops of hens fed 2.5% propionate

for 2 weeks (Bolton & Dewar 1964).

The cloacal model

The use of the cloacal model established that the chick is very sensitive to

inoculation via this route, with the infective dose of salmonellas being about 100-

fold less than by the oral route, and with only 1 cfu being sufficient to infect a

newly hatched chick. These results were similar to those found by Cox (1990b).

Salmonellas could be detected in the caeca lh after cloacal inoculation, and others

have demonstrated that Enteritidis can be found in the blood and viscera of chicks

between 7 and 18h after inoculation with 10 9 cfu by the cloacal route (Turnbull &
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Richmond 1978). The inclusion of SCFAs in the feed did not prevent colonisation

of the caeca when Enteritidis was inoculated via the cloaca, although there was

some protection from feed-borne infection. The cloacal model combined with the

crop model can be used to establish the site of action of antibacterials given in feed

or water.

The cloacal route of inoculation was also used to obtain a higher

proportion of contaminated eggs laid by infected hens than obtained by oral

inoculation. The fact that salmonellas were more readily detected in a melange of

the whole egg rather than the yolk or albumen, suggests that bacteria were

acquired whilst in the peritoneum or oviduct rather than as a consequence of

transovarian infection. Alternatively, organisms may have penetrated the egg shell

after laying as a result of faecal contamination. It has been demonstrated that egg

shells from intracloacally inoculated birds show a higher rate of contamination

(Shivaprasad et al. 1990). Inoculation via the cloaca using non-motile and non-

invasive strains of salmonellas could help to determine the means by which eggs

become contaminated. Suggestions for further investigations are described in

chapter 8.

The use of cloaca] swabs as an indicator of infection did not prove to be

reliable, with some birds giving negative results although they were colonised in

the caeca. This problem has been noticed by many others (e.g. Snoeyenbos et al.

1985; Hinton 1988; Corkish et al. 1994). Other bacteriological investigations

involve killing birds and this may not always be desirable. The use of the ELISA

was more sensitive than bacteriological methods, and may be preferable for

monitoring flocks (Nicholas & Cullen 1991). Although ELISA cannot distinguish

between current and past infections, it may detect birds that have been infected

and are excreting intermittently. The close correlation between the presence of

IgG antibody to Enteritidis PT4 in egg yolks and serum of the hens laying the eggs

means that the immunological status of a flock can be assessed with minimum

disturbance to the hens, and this has been used successfully in commercial flocks

(McLeod & Barrow 1991). Immunoassay has also been used to detect the source

of contaminated eggs, by measuring the antibody in eggs from suspected flocks

after an outbreak (van de Giessen et al. 1992). The rapid immune response

following cloacal inoculation suggests that this route could be adopted for

inoculation when high antibody titres are required.
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Considerable variation was found in the concentration of salmonella-

specific IgG from egg yolks laid by infected hens. This was also found by Barrow

(1992a), and may reflect differences in the response of individual birds to

infection, in both the size of the immune response, and the time for which

circulating IgG persists. Maternal antibody has been demonstrated in 81% of

eggs laid by a naturally contaminated flock, although only 23% of chicks had

circulating maternal IgG (Corkish et al. 1994). As IgG can persist in measurable

quantities for 15 weeks following infection (Hassan et al. 1990), the variation in

the levels of maternal salmonella-specific IgG antibody found in chicks is not so

surprising, and reflects the variation in the level of infection in the breeding flock.

Further evidence for this is the fact that a proportion (approximately 10%) of day-

old chicks obtained from a commercial hatchery were already colonised with 'wild'

salmonellas when purchased (Chapter 8). This caused difficulties, as the 'wild'

strain of salmonella apparently 'excluded' marked test strains, thus invalidating

experiments. Although three different hatcheries were used, the problem of chicks

arriving already infected with 'wild' strains was not resolved, indicating that

salmonellas were indigenous in the hatching environment. Often the infection was

at such a low level that it was not detected by screening procedures on the day of

arrival, but only became evident after a couple of days, as numbers in the caeca

increased. Since the newly hatched chick is so sensitive to infection, just 1

infected chick could be sufficient to infect others in the flock during transit, when

they are closely packed. The prevention of infection at the hatchery is clearly a

critical control point. Although it is generally accepted that the main route of

salmonella infection for hens is oral, this may be relatively unimportant for the

newly hatched chick, which still receives nutrients from the yolk sac. The

hatchery environment may be highly contaminated with salmonellas, in the form of

dust from contaminated egg shells and feathers (Cox et al. 1990a), which can be

inhaled, leading to infection. Inhalation of an aerosol of Enteritidis results in most

organisms entering the respiratory tract, although a proportion pass to the crop

via the pharynx (Baskerville et al. 1991). Alternatively, the chick may become

infected via the wet pericloacum as it sits on contaminated hatching trays or other

equipment (Cox et al. 1990a). Eggbelt samples (dust, faecal matter, feathers) may

be more contaminated with salmonellas more often than faecal samples (Poppe et

al. 1991).
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The production of salmonella-free poultry

SCFAs in the feed offer no protection from infection acquired by the respiratory

or cloacal routes, and are not effective once salmonellas are established in the

caeca. Even a low number of infected birds can cause the majority of finished

carcasses to be contaminated as a result of cross-contamination during the process

of slaughter and dressing of the carcasses (Humphrey et al. 1988), and so it is

essential to intervene during rearing to ensure that salmonellas do not enter the

processing plant. Some of the options for controlling salmonella infections in

poultry flocks are reviewed in section 1.3.4., and a key factor is to start with

salmonella-free stock. Although vaccination is relatively expensive, it might be an

economically viable proposition for breeding flocks (Barrow et al. 1990; Cooper

et al. 1993). In addition, good husbandry practice can optimise the immune

response of hens, and the benefits of exploring environmental-immune

relationships have been reviewed by Dietert et al. (1994). Resistance to disease

can also be improved by genetic selection for immunoresponsiveness (Lamont

1994), and this has the added advantage of improving animal welfare as well as

increasing production efficiency.

Treatment with a mature caecal flora may protect chicks from colonisation

with salmonellas, and may also be compatible with acid treatment of feed (Hinton

et al. 1991). Early exposure to salmonella contamination in the hatchery will

reduce the effectiveness of subsequent competitive exclusion treatments. Opinion

is divided on the effectiveness of probiotics. There is evidence that under

controlled experimental conditions they are ineffective in preventing colonisation

of the avian caeca (Hinton & Mead 1991; Stavric et al. 1992), while others have

reported that the administration of cultures, together with lactose, increased the

concentration of SCFAs, particularly propionic acid, in the caeca, resulting in a

reduction of colonisation (Hinton et al. 1990; Hollister et al. 1994a, b; Nisbet et

al. 1994). Some novel means of inoculating birds with caecal cultures have been

tried including encapsulating caeca] cultures in alginate beads in order to offer

protection from acid conditions in the crop and proventriculus (Hollister et al.

1994a), and inoculation via the cloaca (Corner et al. 1994). Inoculation via the

cloacal route required a ten-fold reduction in organisms to achieve the same

protection against Enteritidis as oral or spray treatment, and an increase in caecal

SCFAs was detected after 24h (Corner et al. 1994).
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Any strategy to reduce salmonellas in eggs and poultry will involve

intervention at several stages in the production process. The obvious starting

point is to have salmonella-free breeding stock, which can be obtained by

combining a eradication program together with selective breeding. The newly

hatched chicks may be offered some protection by the inclusion of SCFAs in the

feed, and/or dosing with a mature caecal flora, or a culture therefrom. SCFAs in

the feed may also protect against recontamination. Flocks can be monitored for

infection using ELISA, possibly by using eggs as the source of IgG in laying

flocks. The optimum regimes for SCFAs in the feed have yet to be established

since high levels of SCFAs have a detrimental effect on the normal flora of the

crop, and there have been reports of SCFAs, and their salts, reducing appetite.

The evidence for this is conflicting, with reports of up to 1% SCFAs or their salts

having no effect on appetite (McHan & Shotts 1992; Huff et al. 1994) whereas

others noticed a decrease in growth rate (Cave 1984; Pinchasov & Jensen 1989;

Donaldson et al. 1994). SCFAs can be utilised as an energy source, and provide

precursors for lipid synthesis (Hume et al. 1993). In the caeca, some SCFAs,

produced as fermentation products, are used as substrate for the transport of Na+

and Cl- (Cummings & Macfarlane 1991; Grubb 1991). An intake of SCFAs in the

feed might therefore be expected to increase weight gain rather than depress it.

The newly hatched chick relies on gluconeogenesis in order to replenish

carbohydrate stores, and the use of salts of propionic acid have been investigated

as a means of providing glucose without depressing gluconeogenesis (Donaldson

et al. 1994). Interestingly, Donaldson and co-workers found that sodium and

calcium salts had different effects, with sodium propionate increasing blood

glucose, and calcium propionate increasing liver glycogen and liver weight.

Unlike calcium propionate and propionic acid, calcium acetate and lactic acid have

not been demonstrated to inhibit growth of birds (Pinchasov & Jensen 1989). The

reasons for differences between salts of SCFAs are not clear, but it is known that

propionic acid may induce a deficiency in vitamin B 12, and this may be responsible

for the observed reduced feed intake and weight loss (Dryden & Hartman 1971;

Rys & Koreleski 1974). More research on the effect of including salts of SCFAs

in feed is required, as any benefit conferred by their antibacterial activity may be

negated by lower growth rates. However, there are situations such as the rearing

of broilers, where reduction in growth rate and body fat could be desirable.

Maximum antibacterial benefit from SCFAs included in feed will only be obtained
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if feed is available ad libitum, otherwise, with the rapid removal of SCPAs from

the crop, bactericidal levels of the acids will not be maintained.

Although it is clear that the use of SCFAs in feed will not be sufficient to

control salmonella infections in the poultry industry, they are effective at

preventing feed-borne infections, and offer some protection if treated feed is

recontaminated. It is preferable to prevent an infection from becoming established

than to try to eradicate it after it does so. Although salmonellas can be eliminated

by certain antibiotics, these may upset the caecal flora, leave residues in the tissues

and have the unwelcome side effect of selecting resistant strains of bacteria.

Multiple resistance to antibiotics is still relatively uncommon in salmonella

serotypes associated with poultry compared to those prevalent in cattle and pigs

(Threlfall et al. 1993). This may reflect the less intensive use of antibiotics in the

poultry industry. Between 1989-1990 the incidence of multiple resistance in

Typhimurium increased by 7%, including resistance to the antibiotics

trimethoprim, sulphonamides and furazolidone (Threlfall et al. 1993). Antibiotics

used in human medicine should not be used in the poultry industry, as cross-

resistance compromises the treatment of focal lesions or systemic infections such

as septicaemia in human patients.

It is extremely difficult to measure the economic impact of a disease,

although it has been attempted for salmonellosis in humans (Waites 1990; Sockett

1991). It is naive, however, to assume that demonstrating economic losses

associated with salmonellosis provides justification for its eradication. For the

poultry industry, the costs of eradicating a pathogen have to be justified, in part,

by either increased production, or increased vahie of the product. The general

public is unlikely to be prepared to pay more for eggs and poultry meat from SPF

birds, and since the profit margins are low, there is little obvious financial incentive

to embark voluntarily on control programmes. However, the supermarket chains

are in a position to put pressure on producers to provide a salmonella-free

product, in order to comply with section 21 of the Food Safety Act 1990 which

requires them to exercise 'due diligence'. It is possible that the inclusion of SCFAs

in the feed, will help the producer to demonstrate that 'all reasonable precautions'

against contamination of poultry with salmonellas are being taken. Some of the

economic benefits of reducing salmonella carriage in poultry will be gained by the

public sector, as one third of the identifiable costs of salmonellosis is the

investigation and treatment of cases (Sockett 1991). As feed-borne infection is
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preventable, these costs are avoidable, and research should concentrate on

evaluating procedures designed to limit or prevent the spread of infection.

Although, in theory, it is desirable to eradicate infection early on in the food chain,

it may be more cost effective to introduce post-production decontamination, e.g.

irradiation, or to concentrate government funds on health education programmes.

The majority of outbreaks of human salmonellosis in England and Wales reported

to the Communicable Disease Surveillance Centre between 1989 and 1991 were

family outbreaks, which showed an increase compared to those recorded 1986-

1988 (Sockett eta!. 1993). General outbreaks involving restaurants, or associated

with social gatherings e.g. weddings, also showed an increase. Where a food was

associated with the outbreak, eggs and poultry meat were implicated most often

for infections with Enteritidis PT4. As individual fresh eggs contain very few

salmonellas (Gast & Beard 1990; Humphrey et al. 1991b), however, the food

prepared from them may have been either uncooked or partially cooked and then

stored in a way that allowed the organisms to multiply. Alternatively there may

have been cross-contamination from raw to cooked food. There is a direct

correlation between the dose of Enteritidis PT4 and Typhimurium ingested, and

the subsequent incubation period, symptoms and severity of acute salmonellosis in

humans (Glynn & Bradley 1992; Mintz et al. 1994). Compliance with health and

hygiene regulations may lead to a reduction of outbreaks. This has been

demonstrated by the fact that institutions under government control, such as

hospitals and schools, showed a decline in outbreaks 1989-1991 compared to the

previous three years (Sockett eta!. 1993).

It can be concluded there is a need for more research to quantify the costs

and benefits that can be derived from preventative measures, in order to decide the

best strategies for reducing the prevalence of salmonella infections in poultry.

From the point of view of the producer, a treatment that prevented infection of

young chicks, and reduced the risk of lateral spread throughout a flock, and

subsequent mortality, is probably more cost effective than trying to prevent or

eradicate salmonella infections in older birds. The inclusion of SCFAs in the feed,

both as a feed 'disinfectant', and as a device to encourage the earlier establishment

of a protective LAB microflora, has the advantage of being relatively cheap, their

use is not labour-intensive, and they should have a part to play in salmonella

control programmes in young chickens.
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