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It is known that volatile fatty acids can inhibit growth of species of the family Enterobacteriaceae in vitro.
However, whether these volatile fatty acids affect bacterial populations in the ceca of chickens is unknown.
Therefore, a study was conducted to investigate if changes in volatile fatty acids in ceca of broiler chickens
during growth affect bacterial populations. Results showed that members of the Enterobacteriaceae and en-
terococci are present in large numbers in 3-day-old broilers and start to decrease when broilers grow older.
Lactobacilli are present in large numbers as well in 3-day-old broilers, but they remain stable during the
growth of broilers. Acetate, butyrate, and propionate increase from undetectable levels in 1-day-old broilers to
high concentrations in 15-day-old broilers, after which they stabilize. Significant negative correlations could be
calculated between numbers of Enterobacteriaceae and concentrations of undissociated acetate, propionate, and
butyrate. Furthermore, pure cultures of Enterobacteriaceae isolated from the ceca were grown in the presence
of volatile fatty acids. Growth rates and maximal optical density decreased when these strains grew in the
presence of increasing volatile fatty acid concentrations. It is concluded that volatile fatty acids are responsible

for the reduction in numbers of Enterobacteriaceae in the ceca of broiler chickens during growth.

Broiler chickens in commercial farmhouses in The Nether-
lands are raised for slaughter within 40 days. The microflora in
the gastrointestinal tract of broiler chickens plays an important
role during this period. Therefore, research has focused on the
development of the microflora in the ceca of chickens during
growth under laboratory conditions (1, 11, 20). In 0- to 4-day-
old broilers, Enterobacteriaceae and enterococci are dominant
in the ceca (11). Viable counts of these bacteria decrease in the
ceca when broilers grow older, but this decrease seems to be
dependent on the diet fed to the broilers (1, 20). The cause for
this reduction in numbers of Enterobacteriaceae and entero-
cocci is not known. Lactobacilli are present in large numbers in
2- to 4-day-old broilers and remain stable during the growth of
broilers (1, 10, 11, 20). From 7 days of age, the obligate an-
aerobic microflora dominate the ceca of broilers (1, 10, 11, 19).
One study reports that the dominant microflora consists mainly
of gram-negative, nonsporing rods (1), while others report that
these bacteria are gram-positive, nonsporing rods (11) or a
mixture of these two types (19).

Treatment of 1-day-old broilers with cecal microflora from
Salmonella-free adult chickens can protect the broilers from
infection with Salmonella (14). Research in this area showed
that significant reduction in Salmonella numbers in broilers’
ceca can be obtained with undefined bacterial mixtures or
defined mixtures containing a large number of different bacte-
rial species (n = 25 to 35) isolated from the ceca of chickens (7,
23). Defined mixtures containing a low number of bacterial
species (n = 1 to 3) caused a reduction in Salmonella numbers
in the ceca of chickens (16). In contrast, others have seen no
effect on Salmonella numbers when using defined mixtures
with low numbers of bacterial species (22, 23). The exact mech-
anism behind reduction in Salmonella numbers by the protec-
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tive cecal microflora is still unknown. Several mechanisms have
been suggested: competition for nutrients, competition for re-
ceptor sites, immunomodulation, production of antimicrobial
substances, or production of acetate, propionate, and butyrate
(see reference 6 and references therein). Administration of dif-
ferent defined bacterial mixtures to 1-day-old broilers showed
that the concentration of propionate in 3-day-old broilers cor-
related negatively with Salmonella numbers enumerated in the
ceca of 10-day-old broilers (13). In the intestines of mice,
increasing concentrations of butyrate were related to de-
creasing numbers of Enterobacteriaceae (9).

These studies suggest that volatile fatty acids (in particular
acetate, propionate, and butyrate) may play a key role in the
development of the microflora in the ceca of broiler chickens
during growth. To our knowledge, correlations between vola-
tile fatty acids and the development of the normal microflora
have not been determined in chicken’s ceca yet. Therefore, the
objective of this study was to evaluate the role of volatile fatty
acids in the establishment of the cecal microflora in broiler
chickens reared in a commercial farmhouse. Correlations were
calculated between cecal volatile fatty acid concentrations and
numbers of different cecal bacterial groups. Furthermore, the
effect of these acids on growth of bacterial strains isolated from
the ceca was studied in vitro to support our correlation data.

MATERIALS AND METHODS

Chickens and management. Two experiments with broiler chickens were con-
ducted. In both experiments, broiler chickens were housed in a commercial
farmhouse in Leusden, The Netherlands. In the first experiment, the flock con-
tained 15,000 broilers (Ross breed). Three broiler chickens were obtained from
this flock on days 10, 24, and 38. In the second experiment, the flock contained
17,000 broilers (Cobb breed). Three broiler chickens were obtained from this
flock on days 1, 3, 5, 8, 12, 15, 29, and 37. In both experiments, water and feed
were given ad libitum. All broilers received feed with growth-promoting anti-
biotics. From day 1 to day 10, feed contained nicarbazin (100 mg/kg) and zinc
bacitracin (25 mg/kg); from day 11 to day 32, feed contained salinomycin (70
mg/kg) and zinc bacitracin (50 mg/kg); and from day 33 to day 40, feed contained
only zinc bacitracin (50 mg/kg). Broilers were euthanized by cervical dislocation
after transportation to the laboratory. The gastrointestinal tract was isolated, and
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FIG. 1. Numbers of total anaerobic bacteria (O), lactobacilli (#), Enterobac-
teriaceae (W), enterococci (A), total aerobic bacteria (@), Bacteroides spp. (A),
and Eubacterium spp. (OJ) given as log CFU per gram in the ceca of broiler
chickens during growth. Results are presented as the means of three chickens *
standard deviations.

the content of the cecum was sampled for bacteriological and volatile fatty acid
analyses.

Bacteriological analysis. Samples for bacteriological analysis were diluted with
a reduced physiological salt solution (NaCl, 8 g liter!; cysteine-HCI, 0.5 g
liter ') in an anaerobic cabinet (80% N,, 15% CO,, 5% H,). For viable counts
of total aerobic bacteria, total anaerobic bacteria, lactobacilli, Enterobacteriaceae,
enterococci, and Bacteroides spp., dilutions were spread plated on the appropri-
ate selective agar plates and incubated as described by Snel et al. (21). Eubac-
terium spp. were counted on a selective agar medium as described by Terada et
al. (24), in which Columbia blood agar was used as the base agar. Numbers of
CFU are expressed as log CFU per gram. At day 37, five colonies from all
selective agar plates were randomly selected, and after growth in liquid medium,
they were confirmed as the specific bacterial group growing on the respective
selective agar medium (12).

Volatile fatty acid and pH analyses. Approximately 0.4 g of cecal material was
resuspended in 1.6 ml of sterile milli-Q water. The pH of the samples was
measured according to a procedure described previously (6), and the same
samples were stored thereafter at —20°C. Concentrations of acetate, propionate,
butyrate, and lactate were determined by high-performance liquid chromatog-
raphy (HPLC). After thawing, samples were centrifuged (10 min at 18,500 X g)
and 12.5 pl of a xylitol solution (0.586 M in 1.5 M HCI; internal standard) was
added to 700 pl of sample. Subsequently, samples were centrifuged again (10 min
at 18,500 X g) before analysis by HPLC. Twenty microliters of sample was
injected into the HPLC with a Spark Holland autosampler (Emmen, The Neth-
erlands). The HPLC was equipped with a model ERC-7510 refractive index
detector (Erma Optical Works, Tokyo, Japan) and an organic acid column (30
cm by 6.5 mm) from Chrompack, Inc. (Bridgewater, Mass.). The column was
operated at room temperature with 0.005 N H,SO, at 0.6 ml/min as the eluent.
The operating pressure was approximately 95 X 10° Pa.

Concentrations of undissociated volatile fatty acids and lactate were calculated
with the Henderson-Hasselbach equation (pH = pK, + “log[A~]/[HA]) (where
A" is dissociated acids and HA is undissociated acids), pH values, total concen-
tration of each volatile fatty acid and lactate, and the respective pK, of acetic
(4.75), propionic (4.87), butyric (4.81), and lactic (3.08) acid under standard
conditions (25).

In vitro assay. Five strains of Enterobacteriaceae, four strains of Enterococcus,
and one strain of Lactobacillus were randomly isolated from the selective agar
plates on day 37 (Cobb breed experiment). Acetate, propionate, butyrate, and
lactate were added to brain heart infusion (BHI) broth containing 0.5 g of
cysteine-HCl liter ! with the concentrations of volatile fatty acids equal to the
concentration measured in the ceca of 3-, 5-, 8-, and 15-day-old broilers, respec-
tively. The pH of these BHI solutions was adjusted with HCI to 5.8 as measured
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in the ceca of chickens (Cobb breed). These four BHI solutions and a control
without volatile fatty acids (BHI broth, pH 5.8) were inoculated with overnight
cultures (BHI broth, pH 5.8) of the 10 strains mentioned above and incubated
anaerobically at 37°C. For 12 h, growth was monitored by measuring the change
in optical density at 620 nm (ODy,,). All strains were tested in triplicate.

Data analysis. Correlations between Enterobacteriaceae, lactobacilli, entero-
cocci, Bacteroides spp., Eubacterium spp., and total and undissociated volatile
fatty acids were calculated and analyzed statistically by Pearson’s correlation with
SPSS 7.5 software. We made the assumption in this statistical analysis that
neither of the two variables tested for correlation is dependent on any other
variable. Furthermore, we used the number of bacteria and the concentrations of
volatile fatty acids measured in every individual chicken (n = 24) from the in vivo
experiment with the Cobb breed.

RESULTS

In vivo experiments. The repeatability of the in vivo exper-
iments was tested by using two types of chicken breed (Ross
and Cobb). Both experiments gave similar results for the viable
counts of lactobacilli, Enterobacteriaceae, total aerobic count,
total anaerobic count, enterococci, Bacteroides spp., and Eu-
bacterium spp. (data not shown). The concentrations of ace-
tate, butyrate, and propionate increased in the same manner in
both experiments, and only the concentrations of propionate
differed in the last 3 weeks of life of the broilers (£17 mM in
the Ross breed and £9 mM in the Cobb breed). Since the
results from both experiments are very similar, it was decided
to present only the results from the experiments with the Cobb
breed in the rest of this paper.

Development of bacterial flora. The development of the
dominant microflora in the broilers’ ceca is presented in Fig. 1.
In the early life of broilers, Enterobacteriaceae, enterococci,
and lactobacilli were the most important groups of bacteria in
the ceca. After 3 days, CFU of Enterobacteriaceae and entero-
cocci started to decrease until the broilers were 15 days old.
Thereafter, their numbers stabilized. Viable counts of Bacte-
roides spp. and Eubacterium spp. were established after 2
weeks at stable levels of 7 and 6 log CFU g~ ', respectively.
These numbers were 3 to 4 log CFU g~ ' lower than the total
anaerobic number. This indicates that these groups were not
the most dominant groups of obligate anaerobic bacteria.
From day 12 onwards, total numbers of anaerobically grown
bacteria were approximately 1 to 1.5 log CFU g~ higher than
those of the aerobic bacteria. Microscopic examination of the
bacteria from colonies from the anaerobically incubated Co-
lumbia blood agar showed that most of these obligate anaer-
obes were gram-positive, Y-branched bacteria.

pH, lactate, and volatile fatty acids. Cecal pH values were in
the range of 5.5 to 6.0 during growth of broilers (Fig. 2).
Acetate could be detected in the ceca of 3-day-old broilers, and
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FIG. 2. Lactate (#), acetate (m), propionate (@), and butyrate (CJ) concen-

trations and pH (A) in the ceca of broiler chickens during growth. Results are
presented as the means of three chickens * standard deviations.
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TABLE 1. Statistical data for the correlations between bacterial
numbers (log CFU per gram) and concentrations of lactate
or volatile fatty acids in the ceca of broilers

Statistical correlation for”:

Volatile fatty

acid concn Lactobacilli Enterobacteriaceae Enterococci
l -1

(wmol g75) ®) P R P R
Total

Lactate NS NS NS

Acetate NS <0.05 —0.593 <0.05 —0.765

Propionate NS NS NS

Butyrate NS NS NS
Undissociated

Lactate NS NS NS

Acetate NS <0.05 -0.712 <0.05 —0.610

Propionate NS <0.05 —0.609 NS

Butyrate NS <0.05  —0.656 NS

“ Results are presented as P values of <0.05 (significant) or >0.05 (NS, not
significant) and R values for the significant correlations.

concentrations increased until broilers were 15 days old. From
this day on, the acetate concentration stabilized at 70 pmol
g~ '. Propionate and butyrate were detected in 12- to 15-day-
old broilers, and these concentrations remained stable from
day 15 onwards (propionate, 8 wmol g~ '; butyrate, 24 umol
g~ 1). Lactate was detected during the first 15 days, and there-
after it could not be detected (Fig. 2).

Correlations between bacterial numbers and volatile fatty
acids. The correlations between lactate, acetate, propionate, or
butyrate and bacterial numbers (log CFU per gram) and their
significance (P < 0.05) were calculated (Table 1). In the ceca,
significant negative correlations were observed between num-
bers of Enterobacteriaceae and acetate, as well as the undisso-
ciated form of acetate, propionate, and butyrate. Numbers of
enterococci showed only a negative correlation with total and
undissociated acetate. No significant correlations could be de-
tected between numbers of lactobacilli and volatile fatty acids
or among the different bacterial groups in the ceca (data not
shown).

In vitro studies. The correlations may suggest an effect of
volatile fatty acids on the development of the microflora. To
study this effect in more detail, we used an in vitro test system.
Therefore, Enterobacteriaceae, enterococci, and a Lactobacillus
strain were grown in the presence of volatile fatty acid con-
centrations, as determined on specific days, in ceca of broiler
chickens (Fig. 3). These in vitro experiments show that strains
of Enterobacteriaceae isolated from the chicken’s ceca are more
susceptible to volatile fatty acids than enterococci or lactoba-
cilli. For Enterobacteriaceae, increasing concentrations of vol-
atile fatty acids caused a gradual decrease in the maximal
specific growth rate (p,,,,) and the OD after 12 h of growth
(Fig. 3 and Table 2). Enterococcal strains were also affected by
the volatile fatty acids, but this was mainly related to p,.0
whereas the ODs after 12 h of growth were similar for all
incubations. However, there was a reduction in OD after 12 h
of growth in the presence of volatile fatty acids compared to
control BHI broth. Furthermore, the relative decrease in .,
was less for enterococci than for Enterobacteriaceae (Table 2).
Growth of the Lactobacillus strain was not reduced by the
addition of volatile fatty acids.
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FIG. 3. Average growth curves of five strains of Enterobacteriaceae (A), four
strains of Enterococcus (B), and one strain of Lactobacillus (C) in control BHI
broth (®) and BHI broth with volatile fatty acid concentrations mimicking the
ceca of 3-day-old (m), 5-day-old (), 8-day-old (@), and 15-day-old (O) broilers.
Results are presented as means of five different strains of Enterobacteriaceae and
four different strains of Enterococcus =+ standard deviations, as well as one strain
of Lactobacillus. All strains were tested in triplicate.

DISCUSSION

The trends observed for the development of the microbial
groups in the ceca of broiler chickens during growth in a
commercial farmhouse were similar to the development ob-
served for broiler chickens reared under laboratory conditions
(1, 11). In contrast, our study shows that numbers of lactoba-

TABLE 2. Average . for strains of Enterobacteriaceae
enterococci, and Lactobacillus growing in the
presence of volatile fatty acids

Result for”:

Enterobacteriaceae Enterococci Lactobacillus
Medium® = 3) (=4 (=1

W % of W % of " % of

o control e control o control

) Mmax (™) Memax (™) Mmax
Control 0.77 100 0.56 100 0.26 100
Day 3 0.59 76.6 0.44 80.0 0.32 123
Day 5 0.34 44.2 0.45 80.4 0.35 135
Day 8 0.23 29.9 0.37 66.1 0.33 127
Day 15 0.15 19.5 0.31 55.4 0.33 127

“ The control is BHI broth (pH 5.8); days 3, 5, 8, and 15 are BHI broth (pH
5.8) with volatile fatty acids added at the concentrations measured in the ceca of
3-, 5-, 8-, and 15-day-old broilers, respectively.

b All strains were tested in triplicate.
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cilli, Enterobacteriaceae, and enterococci are higher in the ceca
than those in a previous study (1). We observed gram-positive,
Y-branched bacteria to be the dominant microflora in the ceca
of 15- to 40-day-old chickens. These observations are in agree-
ment with those of the study of Ochi et al. (15), whereas others
found gram-negative or gram-positive straight, nonsporing
rods to be the dominant anaerobes in the ceca of broilers (1,
11, 19). The reasons for these differences are unknown, but
may be explained by the differences in rearing conditions,
chicken breed, diet, or bacterial enumeration methods used in
these studies.

This study shows the presence of high concentrations of
acetate, propionate, and butyrate in the ceca. High concentra-
tions of volatile fatty acids are indicative that fermentations by
obligate anaerobic bacteria are important (2, 9). This is in
agreement with the 10- to 50-times-higher number of anaero-
bic bacteria than aerobic bacteria observed in our study. The
concentrations of volatile fatty acids in this study are similar to
results obtained in other studies (2, 6). However, those studies
focused on volatile fatty acids alone and not on the microflora.
Therefore, correlations were calculated between volatile fatty
acids and the log CFU of different bacterial groups per gram.
A significant negative correlation was observed between En-
terobacteriaceae and acetate and the undissociated form of
acetate, propionate, and butyrate. We made the assumption
with our statistical correlation analysis that the two variables
used (bacterial numbers against concentrations of volatile fatty
acids) are independent of any other variable. However, the
decrease in numbers of Enterobacteriaceae can be dependent
on many other variables (e.g., competition for attachment sites,
competition for substrates, immunomodulation, and produc-
tion of antimicrobial substances). Similarly, the production of
acetate is dependent on other variables (e.g., bacterial metab-
olism). Therefore, it remains uncertain whether these signifi-
cant correlations are influenced by other variables and thus if
these significant correlations are causal. However, they may be
an indication that the undissociated form of volatile fatty acids
reduced the numbers of Enterobacteriaceae in vivo. This hy-
pothesis is supported by a proposed mechanism for volatile
fatty acid toxicity. That mechanism states that the undissoci-
ated form of these acids can diffuse freely across the bacterial
membrane into the cell. Inside the bacterial cell, the acid
dissociates, thereby reducing the internal pH, which will cause
internal cell damage. However, the anion itself may damage
the cell as well (3, 5, 18).

Reports concerning correlations between volatile fatty acids
and Enterobacteriaceae have mainly focused on the intestines
of mice (4, 8, 9, 17). Unfortunately, in these reports, some
contradictory results have been shown. In some of the studies,
it was observed that higher concentrations of butyrate (9) or
total volatile fatty acids (4) are related to reduced numbers of
Enterobacteriaceae, but the correlations and their significance
have not been calculated. Furthermore, pH values were not
shown, and therefore correlations between undissociated vol-
atile fatty acids and Enterobacteriaceae cannot be deduced. In
contrast, Freter and Abrams (8) did not observe any relation-
ship between volatile fatty acids and Enterobacteriaceae in
mice. The pH values for the cecum of mice in their study
ranged from 6.5 to 7.0. At these pH values, the concentrations
of undissociated volatile fatty acids are very low. This could be
an explanation for the absence of a correlation between vola-
tile fatty acids and Enterobacteriaceae. In our study, pH values
are around 5.5 to 6.0, resulting in 10 times as much of the
dissociated acid at the same total volatile fatty acid concentra-
tion. This might very well result in the significant correlations
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we observed in the ceca of chickens, in contrast to what was
observed in the cecum of mice.

Further evidence that the significant correlations observed
are causal came from our in vitro assay. In this assay, the
situation in the cecum was mimicked by adding volatile fatty
acids to BHI broth at concentrations and a pH value corre-
sponding to the pH and concentrations on a specific day of age
of the broilers. Under these conditions, the OD and the growth
rate of five strains of Enterobacteriaceae decreased. This
strongly suggests that undissociated concentrations of volatile
fatty acids are responsible for the in vivo reduction in numbers
of Enterobacteriaceae in the ceca of broilers. Enterococcal
strains are less affected by the volatile fatty acids, since the OD
was not affected and the decrease in w,,, was not as pro-
nounced as with the strains of Enterobacteriaceae. This could
be the reason that we found a significant negative correlation
only between acetate and numbers of enterococci. It should be
noted, however, that volatile fatty acids are not necessarily the
only mechanism behind the reduction of Enterobacteriaceae
and enterococci. The Lactobacillus strain was not affected dur-
ing growth in BHI broth with volatile fatty acids, which is in
agreement with the lack of correlations between lactobacilli
and concentrations of volatile fatty acids in the ceca of broiler
chickens.

One of the mechanisms by which the intestinal microflora
may reduce Enterobacteriaceae (including Salmonella) is the
bacteriostatic effect of volatile fatty acids in the ceca (6). The
data from our study are the first to show that volatile fatty acids
are one of the mechanisms responsible for the decrease in
numbers of Enterobacteriaceae in the ceca of broiler chickens
during growth. This result is not only important for under-
standing the interactions occurring in the ceca of broiler chick-
ens, but can also be useful in studies focusing on reduction of
Salmonella numbers in the ceca of broiler chickens by using
competitive exclusion cultures.
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