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The effects of concentrations of volatile fatty acids on an anaerobic, glucose-limited, and pH-controlled
growing culture of Salmonella enterica serovar Enteritidis were studied. Suddenly increasing volatile fatty acids
to the concentrations representative of the ceca of 15-day-old broiler chickens caused washout of serovar
Enteritidis. In contrast, a sudden increase to the volatile fatty acid concentrations representative of the ceca
of younger broiler chickens caused a reduction in the biomass but not washout. Gradually increasing volatile
fatty acids caused a gradual decrease in the biomass of serovar Enteritidis. We conclude that the concentra-
tions of volatile fatty acids present in the ceca of broilers with a mature microflora can cause washout of
serovar Enteritidis in an in vitro system mimicking cecal ecophysiology.

In recent years, Salmonella enterica serovar Enteritidis has
become the predominant Salmonella causing human salmo-
nellosis in western countries such as the United States and
The Netherlands (1, 17). The main reservoirs for human se-
rovar Enteritidis infections are poultry and poultry products
(17). Infection of broiler chickens with serovar Enteritidis is
age and dose dependent (7–9). Young broiler chickens are
particularly susceptible to Salmonella infections (3, 6, 9).
Nurmi and Rantale (14) were the first to suggest that this
susceptible period is caused by the lack of a mature microflora
in young broilers. They observed that treating 1-day-old broil-
ers with a mature cecal microflora from Salmonella-free adult
chickens protected these broilers from colonization with Sal-
monella in the ceca (14). The exact mechanism(s) behind re-
duction of Salmonella numbers by the mature cecal microflora
is not known. Several mechanisms have been postulated: com-
petition for nutrients, competition for receptor sites, immuno-
modulation, production of antimicrobial substances, or pro-
duction of volatile fatty acids, such as acetate, propionate, and
butyrate (see reference 5 and references therein). Still more
information is needed to evaluate the relative importance of
these mechanisms in reducing Salmonella numbers in the ceca
of chickens.

Young broiler chickens (1 to 14 days old) do not contain
anaerobic bacteria as a dominant fraction of their cecal micro-
flora (18). Therefore, the concentrations of acetate, propi-
onate, and butyrate are low in the ceca during the first week of
life (2, 5, 18). In vivo, it was observed that the increase in
concentrations of acetate, propionate, and butyrate in the ceca
is a cause for the decrease in viable counts of members of the
family Enterobacteriaceae in the ceca of broiler chickens (18).
The aim of this study is to determine the effects of mixtures of

volatile fatty acids and lactate on serovar Enteritidis growing
under conditions representative of those in the ceca of broilers.

Bacterial strains and culture conditions. S. enterica serovar
Enteritidis strain CVI-1 (phage type 4) was originally isolated
from chickens (19). Serovar Enteritidis was grown in a mineral
carbonate-buffered medium. This medium contained the fol-
lowing (per liter of milli-Q water): 0.3 g of NH4Cl, 0.5 g of
NaCl, 0.2 g of Na2SO4, 0.4 g of KH2PO4, 0.67 g of Na2HPO4,
4 g of NaHCO3, 0.5 g of yeast extract, 0.5 g of tryptone, 1 ml
of Tween 80, 1 mg of resazurine, 10 ml of trace element
solution (15), 10 ml of vitamin solution (15), and 30 mM
glucose. Cecal growth conditions were mimicked in an in vitro
system, which operated as a sequencing fed-batch reactor. This
means that a cycle of 12 h was repeated continuously in the
reactor. During a cycle, the working volume of the culture
vessel (1.5-liter chemostat) increased in 11 h 53 min from 100
to 500 ml. Subsequently, the volume decreased in 7 min to 100
ml. The flow rate of the medium was kept constant at 34.4 ml
h21. The headspace of the culture vessel was flushed with a
nitrogen-carbon dioxide mixture (80 and 20%, respectively) at
a flow rate of 4.2 liters h21. The pH was kept constant at 5.8 6
0.1 with 1 N NaOH and 1 N HCl, and the temperature was
maintained at 41°C. The culture vessel was inoculated with 1
ml of an overnight-grown culture of serovar Enteritidis. Tran-
sient states were obtained 24 h after glucose became the sub-
strate-limiting nutrient for serovar Enteritidis (approximately
7 days).

Addition of volatile fatty acids and lactate. After serovar
Enteritidis reached transient-state conditions, volatile fatty ac-
ids and lactate were administered in two ways. First, volatile
fatty acids and lactate were administered to the medium and
culture vessel simultaneously as sodium salts. This caused a
sudden increase in the concentrations of volatile fatty acids and
lactate (Table 1). These concentrations are representative of
those in the ceca of 5-, 8-, and 15-day-old broiler chickens (18).
Second, volatile fatty acids and lactate were added as sodium
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salts to the medium vessel every 6 h during a period of 72 h,
resulting in a gradual increase (Fig. 1). The concentrations of
volatile fatty acids and lactate were representative of the ceca
of 5-day-old broilers after 24 h, of 8-day-old broilers after 48 h,
of 15-day-old broilers after 72 h, and of 37-day-old broilers
after 96 h (18). In both types of experiments, the culture vessel
was sampled intensively for 72 h. Thereafter, samples were
taken every 24 h just before the volume decreased from 500 to
100 ml.

The biomass of serovar Enteritidis was estimated by mea-
suring the optical density at 600 nm (OD600) and by determin-
ing the total amount of cell protein (11). Glucose limitation in
the culture vessel was determined colorimetrically using a glu-
cose oxidase test (Boehringer Mannheim). The concentrations
of glucose, volatile fatty acids, and lactate were determined by
high-performance liquid chromatography. After the samples
were thawed, 990 ml of sample was acidified with 10 ml of a
25% HCl solution and subsequently samples were prepared
and measured by high-performance liquid chromatography as
previously described by van der Wielen et al. (18).

Effect of suddenly increasing volatile fatty acids and lactate.
OD600 and total cell protein measurements showed similar
results (data not shown). Therefore, only OD600 data are pre-

sented as a measure for biomass. If the concentrations of vol-
atile fatty acids and lactate suddenly increased to the concen-
trations measured in the ceca of 5-day-old broiler chickens, the
OD600 remained more or less stable for 24 h (Fig. 2A). There-
after, OD600 decreased until 64 h after which it increased
again. In contrast, a sudden increase to the concentrations in
the ceca of 8-day-old broilers caused an immediate drop in
OD600 and the OD600 decreased to values lower than those in
5-day-old broilers. After 118 h, the OD600 started to increase
again. Suddenly increasing volatile fatty acid and lactate con-
centrations to the concentrations in the ceca of 15-day-old
broilers caused an even more dramatic drop in OD600. After
36 h, the OD600 stabilized at 0.04 and remained at this value
for at least 228 h. During the first 24 h after this sudden
increase, the OD600 decreased according to the theoretically
calculated dilution curve. This indicates that these concentra-
tions of volatile fatty acids and lactate had a bacteriostatic
effect on serovar Enteritidis.

The increase in glucose concentrations after addition of vol-
atile fatty acids and lactate as measured in the ceca of 5-day-
old broiler chickens reached 72% of the glucose concentration
in the medium vessel (Sr) (Fig. 2B). This indicates that these
concentrations of volatile fatty acids and lactate reduced the
capacity of serovar Enteritidis to metabolize glucose. After
72 h, glucose concentrations started to decrease again. Adding
volatile fatty acids and lactate comparable to the concentra-
tions in the ceca of 8-day-old broilers caused an increase of
glucose to 91% of Sr, which was between the values for the two
other treatments (days 5 and 15). After 120 h, the residual
glucose concentration started to decrease again. The increase
in glucose concentrations was biggest (100% of Sr) after a
sudden increase to the concentrations in the ceca of 15-day-old
broilers. The glucose concentration remained at this level for
at least 228 h.

The results from these in vitro experiments were compared
with observations made in in vivo studies (6, 9, 16, 18). In very

FIG. 1. Gradual increase in acetate, lactate, butyrate, and propionate concentrations as determined in the culture vessel after addition of these
compounds to the medium vessel every 6 h. This increase mimicked the increase of volatile fatty acids and lactate in the ceca of 1- to 37-day-old
broiler chickens (18). Symbols: F, acetate; Œ, lactate; }, butyrate; ■, propionate.

TABLE 1. Concentrations of volatile fatty acids and
lactate in the culture vessela

Age (days)
of chickens
mimicked

Avg concn (mM)

Acetate Lactate Butyrate Propionate

5 46.7 12.2 0 0
8 60.3 20.1 4.05 0

15 66.2 18.4 22.2 6.47

a Average concentrations of acetate, lactate, butyrate, and propionate as de-
termined in the culture vessel after addition of these compounds. The concen-
trations of these compounds mimicked concentrations in the ceca of 5-, 8-, and
15-day-old broiler chickens (18).
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young broiler chickens (less than 8 days old), the concentra-
tions of volatile fatty acids and lactate are very low in the ceca
(18). Infecting 1- and 7-day-old broilers with serovar Enteridis
shows high numbers of 108 and 107 per g of cecal content,
respectively. In contrast, broilers infected at 21 days of age
show low numbers of 103 per g of cecal content (6). This
suggests that there might be an association between the low
concentrations of volatile fatty acids in the ceca of young broil-
ers and the high susceptibility to Salmonella colonization in the
ceca. The results from our study show for the first time that
serovar Enteritidis grown under cecal growth conditions is very
susceptible to a sudden increase in volatile fatty acid concen-
trations as measured in the ceca of broilers older than 14 days.
Even though other mechanisms proposed can still play some
role in reducing the number of salmonellae in the ceca of
broilers (5), we conclude that the bacteriostatic effect of vola-
tile fatty acids is a pivotal mechanism in reducing the suscep-
tibility for colonization by Salmonella as broilers age.

Effect of gradually increasing volatile fatty acids. From the
previous experiments, it is clear that serovar Enteritidis could

adapt to day 5 or day 8 concentrations. Therefore, it was
studied whether Salmonella was able to adapt to volatile fatty
acids and lactate when they increased gradually over time. The
gradual increase in concentrations of volatile fatty acids and
lactate in the culture vessel mimicking the cecal ecophysiology
caused a gradual reduction of the OD600 of serovar Enteritidis
without any significant adaptation (Fig. 2A). After 96 h (rep-
resenting cecal conditions of 37-day-old chickens), OD600 had
decreased to 0.028 and remained at this value for at least 336 h.

Glucose concentrations increased gradually after gradually
increasing concentrations of volatile fatty acids and lactate in
the culture vessel (Fig. 2B). Glucose concentrations increased
to 24% of Sr after 24 h, to 77% of Sr after 48 h, and to 94% of
Sr after 72 h. After 96 h, glucose reached a concentration of
100% of Sr and remained at this value for 336 h. Again, this
indicates that glucose consumption by serovar Enteritidis
could not be detected.

The gradual increase of volatile fatty acids is faster than was
observed in ceca of broiler chickens during growth (18). In
contrast, it was observed in studies with competitive exclusion

FIG. 2. Changes in OD600 (A) and glucose concentration (B) after addition of different concentrations of volatile fatty acids to the sequencing
fed-batch reactor. Symbols indicate addition of volatile fatty acids mimicking ceca of 5-(h), 8-(■), and 15-day-old (E) broilers and the gradual
increase of volatile fatty acids as depicted in Fig. 1 (}).
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cultures that 1-day-old broiler chickens receiving a mixture of
cecal bacterial strains had a very rapid increase in concentra-
tions of volatile fatty acids in the ceca (4, 10, 13). It has been
proposed that this fast but gradual increase might be respon-
sible for the decrease in the numbers of salmonellae (5). Ad-
ministration of different defined bacterial mixtures to 1-day-
old broilers showed that cecal propionate concentrations in
3-day-old broilers correlated negatively with the numbers of
salmonellae in the ceca of 10-day-old broilers (12). However,
these researchers do not conclude that propionate caused the
reduction in Salmonella. Propionate may be an indication that
the cecal bacterial strains applied have become established in
the ceca at 3 days of age but that these bacteria inhibit Salmo-
nella by other mechanisms (12). Here, we report in an in vitro
model that a fast gradual increase in concentrations of volatile
fatty acids and lactate causes very low biomass of serovar
Enteritidis. In contrast, a sudden increase to concentrations
mimicking those in the ceca of 5-day-old broilers resulted in
adaptation of serovar Enteritidis. This could be an indication
that the slow gradual increase in volatile fatty acids, as ob-
served in the ceca of nontreated broilers, does not cause a
significant reduction in the biomass of serovar Enteritidis.
Therefore, the results of our experiments fully support the
hypothesis that a rapid gradual increase in volatile fatty acids is
the most important reason for lower numbers of salmonellae in
the ceca of broilers treated with competitive exclusion cultures
(4, 10, 12, 13). This result is important not only for understand-
ing the mechanism(s) behind Salmonella reduction in the ceca
of older broilers or broilers treated with competitive exclusion
cultures but also for selection of cecal bacterial strains in com-
petitive exclusion mixtures.

We thank Amos Zhao for providing us with the strain of S. enterica
serovar Enteritidis and David Keuzenkamp, Otto van de Beek, and
Peter Scherpenisse for technical assistance.
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