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ABSTRACT Spores are popular as direct-fed microbi-
als, though little is known about their mode of action.
Hence, the first objective of the present study was to
evaluate the in vitro germination and growth rate of
Bacillus subtilis spores. Approximately 90% of B. sub-
tilis spores germinate within 60 min in the presence
of feed in vitro. The second objective was to deter-
mine the distribution of these spores throughout dif-
ferent anatomical segments of the gastrointestinal tract
(GIT) in a chicken model. For in vivo evaluation of per-
sistence and dissemination, spores were administered
to day-of-hatch broiler chicks either as a single gavage
dose or constantly in the feed. During 2 independent
experiments, chicks were housed in isolation chambers
and fed sterile corn-soy-based diets. In these experi-
ments one group of chickens was supplemented with 105
spores/g of feed, whereas a second group was gavaged
with a single dose of 105 spores per chick on day of
hatch. In both experiments, crop, ileum, and cecae were

sampled from 5 chicks at 24, 48, 72, 96, and 120 h. Vi-
able B. subtilis spores were determined by plate count
method after heat treatment (75°C for 10 min). The
number of recovered spores was constant through 120
h in each of the enteric regions from chickens receiving
spores supplemented in the feed. However, the number
of recovered B. subtilis spores was consistently about
10° spores per gram of digesta, which is about a 1-logj
reduction of the feed inclusion rate, suggesting approxi-
mately a 90% germination rate in the GIT when fed.
On the other hand, recovered B. subtilis spores from
chicks that received a single gavage dose decreased with
time, with only approximately 102 spores per gram of
sample by 120 h. This confirms that B. subtilis spores
are transiently present in the GIT of chickens, but the
persistence of vegetative cells is presently unknown. For
persistent benefit, continuous administration of effec-
tive B. subtilis direct-fed microbials as vegetative cells
or spores is advisable.
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INTRODUCTION

Concerns regarding development of antibiotic-resis-
tant microorganisms and social pressures have contin-
ued the trend to ban the use of antibiotics as growth
promoters in poultry production. This has also resulted
in an urgent necessity to find feasible alternatives to
maintain poultry health to sustain poultry as an eco-
nomically viable source of animal protein for human
consumption (Alvarez-Olmos and Oberhelman, 2001;
Boyle et al., 2007). In this regard, the use of bacte-
rial spores from selected Bacillus strains as direct-fed
microbials (DFM) has gained recognition as feed and
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food supplementation. Their capacity to resist rough
environmental conditions, with survival during the feed
pelletization procedure with extreme temperatures,
as well as tolerance to extremes of pH, dehydration,
high pressures, and caustic chemicals, and long stor-
age life, have made them suitable for commercializa-
tion and distribution (Vreeland et al., 2000; Cartman
et al., 2007). During the last 15 yr, our laboratories
have worked toward the identification and application
of probiotic candidates for poultry, which, in addition
to nutritional benefits, can actually displace Salmonella
and other enteric pathogens that have colonized the
gastrointestinal tract (GIT) of chickens and turkeys.
Different studies have been focused on specific patho-
gen reduction (Farnell et al., 2006; Higgins et al., 2007,
2008, 2010; Vicente et al., 2008; Menconi et al., 2011),
evaluation of performance parameters under commer-
cial conditions (Torres-Rodriguez et al., 2007a, 2007b),
and effects on both idiopathic (Higgins et al., 2005) and
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defined enteritis (Wolfenden et al., 2007). These studies
have indicated that selection of therapeutically effica-
cious probiotic cultures with marked performance ben-
efits in poultry is possible and that defined cultures can
provide an efficient alternative for conventional antimi-
crobial therapy (Tellez et al., 2001, 2006, 2012; Higgins
et al., 2011). On the other hand, studies have indicated
that Bacillus spores are involved in rapid activation of
host innate immune functions (Rhee et al., 2004). Fur-
thermore, some Bacillus species have the capacity to
produce different exogenous enzymes including prote-
ase, lipase, cellulase, xylanase, phytase, and keratinase
(Hendricks et al., 1995; Monisha et al., 2009; Mazotto
et al., 2011; Mittal et al., 2011; Shah and Bhatt, 2011;
Jani et al., 2012). These enzymes may help to decom-
pose complex feed molecules, improve absorption of nu-
trients, diminish intestinal viscosity in nonstarch poly-
saccharide diets, and decrease the amount of substrates
available for growth of pathogenic bacteria. Addition-
ally, it has been shown that the presence of Bacillus
isolates, such as Bacillus subtilis, enhance growth of
other beneficial microorganisms such as Lactobacillus
by production of subtilisin and catalase and decreas-
ing intestinal pH (Hosoi et al., 2000). These studies, in
total, have opened an exciting possibility for identifica-
tion of vastly superior and more potent probiotics. A
probiotic is effective against enteropathogens in various
ways, including enhancing immune exclusion, compet-
ing for essential nutrients, competing for attachment
regions, or secreting antimicrobial compounds against
various enteropathogens (Cartman et al., 2007, 2008).
However, for most of these actions to be effective, there
is an inherent requirement for a metabolically active
cell, implicating that germination of spores within the
gastrointestinal tract could be a major factor to be con-
sidered to employ Bacillus spore-based DFM. In this
context, studies in our laboratory have confirmed that
selected heat-resistant spore-forming Bacillus species
can markedly sporulate in high numbers (Wolfenden
et al., 2010, 2011; Shivaramaiah et al., 2011). There is
a growing body of evidence supporting the idea that
some Bacillus species produced spores can germinate
in the GIT of chickens, mice, pigs, dogs, and humans,
thus potentially being metabolically active and possibly
eliciting a mechanism of action similar to other probi-
otic bacteria (Hoa et al., 2000; Duc et al., 2004; Tam et
al., 2006). However, it is of prime importance to under-
stand the factors that affect spore germination along
with their distribution pattern throughout the GIT.
The complete mode of action of bacterial endospores is
not understood comprehensively, but is presumed to be
affected by physiological conditions (temperature, pH,
and humidity), anatomical distribution, and pattern of
germination in these anatomical segments of the GIT.
Earlier studies have shown that Bacillus spores germi-
nate by the effects of nutritional and nonnutritional
factors known as germinants, for instance: availability
of L-alanine, asparagine, glucose, fructose, potassium
chloride, and the effect of a nonlethal heat treatment

under different pressures (Setlow, 2003). However, due
to anatomical differences in the GIT of avian systems,
it may not be acceptable to completely apply the re-
sults obtained in other animal and mammalian models.
Therefore, the objectives of the present study were to
evaluate the in vitro germination and growth rate of the
B. subtilis spores, as well as the evaluation of in vivo
distribution and germination of B. subtilis spores in dif-
ferent anatomical regions of GIT in a chicken model, as
an extension to enrich comprehension of the mechanism
of action involving Bacillus-based DFM in poultry.

MATERIALS AND METHODS

Bird Source and Diet

Day-of-hatch, off-sex broiler chickens were obtained
from Cobb-Vantress (Siloam Springs, AR) and were
placed in isolators, in a controlled age-appropriate en-
vironment. Chickens were provided ad libitum access to
water and a balanced unmedicated corn-soybean diet
meeting the nutritional requirements of poultry recom-
mended by NRC (1994), and adjusted to breeder’s rec-
ommendations (Cobb-Vantress Inc., 2013). The com-
mon starter diet was an antibiotic-free corn-soybean
meal diet (Table 1). All animal handling procedures
were in compliance with Institutional Animal Care and
Use Committee at the University of Arkansas. For ex-
periments 2 and 3, 6 chickens were humanely killed
with carbon dioxide asphyxiation upon arrival, and
confirmed negative for Bacillus spp. vegetative cells
and spores. Briefly, tissue samples from crop, ileum,
and cecae were aseptically removed from 12 chicks, col-
lected in sterile bags, homogenized, weighed, and 1:4
wt/vol dilutions were made with sterile 0.9% saline.
Ten-fold dilutions of these samples were plated on tryp-
tic soy agar plates (TSA, catalog no. 211822, Becton
Dickinson, Sparks, MD), incubated at 37°C for 24 h to
confirm the absence of any aerobic vegetative cells. Ad-
ditionally, all samples from each region received heat
treatment in a water bath at 75°C for 10 min to elimi-
nate counting of vegetative cells. Ten-fold dilution of
these samples were plated on TSA, incubated at 37°C
for 24 h to confirm the absence of Bacillus spp. spores
per gram of sample.

Direct-Fed Microbial

Several spore-based Bacillus spp. were isolated and
studied from various environmental and poultry sources
(Wolfenden et al., 2010) in our laboratory. For the pres-
ent study, B. subtilis PHL-NP122 was chosen based on
its consistent in vitro activity against Salmonella spp.,
Clostridium spp., and Campylobacter spp. In addition,
B. subtilis PHL-NP122 has demonstrated the ability
to grow and sporulate in high numbers (~109 to 101!
spores/g) in solid-state fermentation media (Shivara-
maiah et al., 2010; Wolfenden et al., 2011) consisting of
a mixture of 70% rice straw and 30% wheat bran. The
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Table 1. Ingredient composition and nutrient content of the
starter diet for broiler chickens used in all experiments on an
as-is basis

Item Amount per kg

Ingredient (%)
Corn 56.59
Soybean meal 35.74
Vegetable oil 3.29
Dicalcium phosphate 1.81
Calcium carbonate! 1.12
Salt 0.38
DL-Methionine 0.31
Vitamin premix? 0.10
L-Lysine HCI 0.19
Choline chloride 60% 0.10
Mineral premix® 0.10
Thr 0.06
Antioxidant? 0.15
Total 100

Calculated analysis
ME (kcal/kg) 3,035
CP (%) 21.70
Lys (%) 1.32
Met (%) 0.63
Met + Cys (%) 0.98
Thr (%) 0.86
Trp (%) 0.25
Total calcium (%) 0.90
Available phosphorus (%) 0.45
Sodium (%) 0.16

Inclusion of 10% spores/g of feed mixed with calcium carbonate.

2Vitamin premix supplied the following per 1,000 kg: vitamin A,
20,000,000 1U; vitamin D3, 6,000,000 IU; vitamin E, 75,000 IU; vitamin
K3, 9 g; thiamine, 3 g; riboflavin, 8 g; pantothenic acid, 18 g; niacin, 60
g; pyridoxine, 5 g; folic acid, 2 g; biotin, 0.2 g; cyanocobalamin, 16 mg;
and ascorbic acid, 200 g (Nutra Blend LLC, Neosho, MO).

3Mineral premix supplied the following per 1,000 kg: manganese, 120
g; zinc, 100 g; iron, 120 g; copper, 10 to 15 g; iodine, 0.7 g; selenium, 0.4
g; and cobalt, 0.2 g (Nutra Blend LLC).

“Ethoxyquin.

original spore inoculum used in both in vitro and in
vivo experiments were tested to be at 4.3 x 1019 spores
per gram of solid media.

In Vitro Determination of Germination
and Growth Rate of Spores

Experiment 1 employed an in vitro crop assay to
evaluate the germination and growth rate of the B.
subtilis PHL-NP122 spores. Briefly, 1.25 g of unmedi-
cated chick starter feed was measured into sixty 13 x
100 mm borosilicate tubes and autoclaved. Postster-
ilization, the feed was suspended in 4.5 mL of sterile
saline and inoculated with 0.5 g of Bacillus spores with
a final concentration of 107 spores per gram of feed. Af-
ter inoculation of feed with the spores, the tubes were
vortexed and incubated at 40°C for 0, 10, 15, 30, 40,
and 60 min. At each time point, 5 tubes were removed
from the incubator and 0.2 mL per tube was immedi-
ately loaded on to a sterile 96-well flat bottom plate,
which served as samples for counting spores and viable
vegetative cells as previously described (Wolfenden et
al., 2010; Shivaramaiah et al., 2011). The tubes were
then heat treated at 75°C for 10 min to eliminate the

presence of vegetative cells, and samples were again
loaded on to another 96-well plate, which served for the
actual spore count (Barbosa et al., 2005). Overall, each
time point mentioned had 5 replicates per treatment,
with or without heat treatment. Ten-fold dilutions of
all samples (pre or post-heat treatment) were plated on
TSA plates and incubated 12 h at 37°C for enumera-
tion and spore count. The calculated difference in the
number of cfu between the heat treated and non-heat-
treated groups, at each time point, was considered as
the amount of spores that germinated over time.

In Vivo Evaluation of Distribution,
Persistence, and Germination of Spores
(Experiment 2)

Experiment 2 involved a total of 60 chickens that were
randomly divided in 2 groups of 30 chicks per treat-
ment (constant feed vs. single gavage dose). Each group
of 30 chickens were allocated in isolation chambers with
a wire floor (90 cm x 80 cm) with space underneath for
excreta to minimize coprophagia and offered feed and
water ad libitum. For the first group of birds receiv-
ing spores in feed, B. subtilis PHL-NP122 spores were
thoroughly mixed with previously autoclaved feed in a
rotary mixer for 15 min to ensure thorough distribu-
tion. The final concentrations of spores were also de-
termined retrospectively by serial dilution and further
plating on TSA for enumeration of actual cfu/gram and
ensured to be 10° spores per gram of feed. The second
group of chicks was gavaged with a single dose of 106
spores suspended in 0.25 mL of PBS per chick using a
sterile ball-ended gavage needle, just before placement.
Chickens were randomly selected, humanely killed with
carbon dioxide asphyxiation, and tissue samples from
the crop, ileum (from Meckel’s diverticulum to the ileo-
cecal junction), and ceca were aseptically removed from
5 chicks at 24, 48, 72, 96, and 120 h after spore con-
sumption by constant feed or single gavage, collected
in sterile bags, homogenized, and weighed, and 1:4 wt/
vol dilutions were made with sterile 0.9% saline. All
samples from each treatment received heat treatment
in a water bath at 75°C during 10 min to eliminate
counting of vegetative cells. Ten-fold dilution of these
samples were plated on TSA and incubated at 37°C
for 24 h to enumerate total cfu of B. subtilis spores per
gram of tissue. Feces samples were also collected dur-
ing the same time points, and viable spore counts were
determined employing a similar dilution plate method
as described above.

In Vivo Evaluation of Persistence and
Distribution of Vegetative Cells and Spores
Throughout the GIT (Experiment 3)

Similarly to experiment 2, this experiment involved
a total of 60 chickens that were randomly divided in
2 groups of 30 chicks per treatment (constant feed vs.
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single gavage dose). Each group of 30 chickens were
allocated in isolation chambers with a wire floor (90
cm x 80 cm) with space underneath for excreta to
minimize coprophagia and offered feed and water ad
libitum. In this experiment, along with determining
just the final viable spore count, vegetative cells were
also measured to evaluate the extent of germination of
spores in each of section of GIT sampled, at each time
point mentioned before in experiment 2. Briefly, ingesta
samples collected at each time point and loaded on to
96 well sterile plates, both pre- and postheat treatment
(only heat-treated samples in experiment 2). Ten-fold
dilutions of all samples were then plated on TSA and
incubated for 24 h at 37°C to determine the spore count
pre- and postheat treatment. The difference in the cfu
between heat-treated and non-heat-treated samples was
counted to be the amount of spores that germinated at
each time point.

Germination/Sporulation Rates

of a Bacillus-DFM in Different Sections

of the GIT in Broiler Chickens Consuming
Bacillus Spores Constantly in the Feed
(Experiments 2 and 3)

The germination rate of B. subtilis spores between
crop and ileum was calculated as follows:

germination rate = crop spores — ileum spores.

Additionally, the sporulation rate between ileum and
ceca was calculated as follows:

sporulation rate = cecal spores — ileum spores.

Statistical Analysis

Colony-forming units in all experiments were con-
verted to logig values. Comparison between total
aerobic vegetative cells versus B. subtilis spores (logig
cfu/g) after heat shock in the crop, ileum, and ceca of
broiler chickens after a single gavage dose or constant
administration in the feed were subjected to one-way
ANOVA (ANOVA). Germination/sporulation rate of a
Bacilluss-DFM in different sections of the GIT in broiler
chickens consuming Bacillus spores constantly in the
feed were subjected to ANOVA. All data were com-
pared using the GLM procedure of SAS (version 9.1,
SAS Institute Inc., Cary, NC). Significant differences
among the means were determined by using Duncan’s
multiple-range test at P < 0.05. Five replicates were
evaluated per time point, using a complete randomized
design.

RESULTS AND DISCUSSION

In spite of the success showed by the development
of the Lactobacillus probiotic for use in commercial

poultry, there is still an urgent need for commercial
probiotics that are shelf-stable, cost-effective, and feed-
stable (tolerant to heat pelletization procedures) to in-
crease compliance and widespread utilization. Among
the large number of probiotic products in use today,
some are bacterial spore formers, mostly of the ge-
nus Bacillus. Used primarily in their spore form, some
(though not all) have been shown to prevent selected
gastrointestinal disorders along with having numerous
nutritional benefits (Mazza, 1994; Hoa et al., 2000; La
Ragione and Woodward, 2003; Duc et al., 2004; Wil-
liams, 2007; Hong et al., 2008). Several studies have
shown that either live vegetative cells or endospores of
some isolates can prevent colon carcinogenesis (Park et
al., 2007) or discharge antimicrobial substances against
gram-positive bacteria, such as Staphylococcus aureus,
Enterococcus faecium, and Clostridium difficile (Hoa et
al., 2000; Hong et al., 2008). However, distribution and
germination-dependent mechanisms of action of Bacil-
lus spores across the GIT are not completely under-
stood in humans or any other animal models, suggest-
ing that a metabolically active cell could be a major
factor to be considered to employ Bacillus spore-based
DFM. The present study provides several supporting
evidences in this direction by employing both an in
vitro crop assay and an in vivo chicken model.

Experiment 1 involving in vitro crop assay provided
preliminary idea about the germination of spores under
study, the data of which are summarized in Table 2.
Approximately 90% of the B. subtilis spores germinated
within 60 min under in vitro crop and GIT conditions,
although significant differences were recorded just after
30 min of incubation. The data suggest that this short
rate at which spores germinate is an important fac-
tor, considering the rapid passage rate of the digesta,
and hence the spores, through the GIT with varying
physiological conditions. In addition, the data are sug-
gestive that spores germinate into metabolically and
functionally active vegetative cells, within similar time
frame, to produce beneficial metabolic effects. Similar
results were obtained by Leser et al. (2008) using a
nutrient-rich medium, where germination of B. licheni-
formis CH200 and B. subtilis CH201 took between 60
to 90 min to germinate under in vitro conditions. On
the other hand, distribution and persistence of spores
across the GIT play an important factor for them to
elicit their important functions, and it is believed that
the germination rate described above place a major role
here. Experiment 2, involving in vivo trials with broiler
chickens, provided more understanding in this regard,
the results of which are shown in Figure 1.

To begin with, B. subtilis spores were recovered from
sample tissues of crop, ileum, ceca, and collected feces
from broiler chickens, either given as a single gavage
dose or constant administration in the feed. Recovered
spores count was between 10* and 10° per gram of in-
gesta at all times in crop, ileum, and ceca when spores
were constantly administered in the feed. Further, re-
corded reduction of about 1-logjp, from the original
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Table 2. Evaluation of germination and growth of Bacillus
PHL-NP122 (logo cfu/g) spores in an in vitro crop assay using
a corn and soybean feed with or without heat shock (experiment

!

Time No heat shock Heat shock
(min) (log1g cfu/g) (log1g cfu/g)
0 6.98 £+ 0.15% 6.78 £ 0.14%
10 6.58 + 0.23? 6.52 £ 0.17%
15 6.78 + 0.19? 6.56 + 0.212
30 7.06 £+ 0.06* 6.66 + 0.09P
40 7.12 £+ 0.072 6.58 + 0.15P
60 7.16 £+ 0.10* 6.33 + 0.20P

2bMeans within a row with different superscripts differ (P < 0.05).
IData are expressed as mean + SE of 5 replicates.

spore count in the feed to the recovered count from
GIT, suggested that germination of 90% of spores oc-
curred, which is consistent with the results obtained in
the in vitro crop assay (Table 2; Figure 1). Recovered
spores from chicks that received a single gavage dose
also followed the same pattern of 1-logjg reduction, but
decreased over time. Further, spores administered ei-
ther continuously in the feed or by single gavage fol-
lowed a consistent pattern of change in the number of
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6 - * * *
*
5 .
-
S 4-
g 3 4
[
2 Feed
1 - Oral
0
24 48 72 96 120
Time posttreatment (h)
77 (o)
6 . * * * *
5 -
=
S 4
g 3.
]
2 Feed
1 - Oral
0

24 48 72 96 120
Time posttreatment (h)

1797

spores recovered from the crop to the cecae. A numeri-
cal reduction tendency in the spore count was observed
from crop to ileum followed by a numerical increment
from the ileum to the cecae, at all sampling time points
(Table 4). The results of experiment 2 were confirmed
and extended in experiment 3 (Table 3). Overall, our
results are in agreement with Jadamus et al. (2001), ar-
riving at similar conclusions, that the amount of spores
recovered tends to diminish from the crop to the ileum,
and increase again from the ileum to the cecae (Tables
3 and 4). This change could be related to the varying
physiological, nutritional, and microbiological condi-
tions of the GIT. The reduction of spore cfu in the
small intestine could be as a result of germination in
the crop, duodenum, or jejunum due to abundance of
nutrients and favorable conditions in these anatomical
segments. On the other hand, the increment of spores
in the cecae could be a response due to the competitive
microbial population, contending for oxygen and nu-
trients. This, accompanied by elevated concentrations
of bacterial metabolites, such as NHj (Preston and
Douthit, 1984; Jadamus et al., 2001), could stimulate
sporulation of vegetative cells entering the ceca, provid-
ing increased chances of survival, before being excreted

77 (b)
6 - . "
* *
51 L T TA
= - 1
< 4
& 3 -
=
2 A Feed
14 = Oral
0
24 48 72 96 120
Time posttreatment (h)
77 (d)
6 1 * . *
5 *
=
$ 4
? 3
=)
2 A Feed
1A Oral
0

24 48 72 96 120

Time posttreatment (h)

Figure 1. Bacillus subtilis (logyg cfu g~1) in the crop (a), ileum (b), ceca (c), and feces (d) of broiler chickens given a single oral dose or con-
stant administration of spores in the feed (experiment 2). *Data are expressed as means and SE of 5 replicates (P < 0.05).
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Table 3. Comparison between total acrobic vegetative cells versus Bacillus subtilis spores after heat shock! (HS) in the crop, ileum,
and ceca of broiler chickens after a single gavage dose? or constant administration in the feed® (experiment 3)

Feed Gavage
Ttem Before HS After HS Difference Before HS After HS Difference
Crop (log1o cfu/s)
24 h 8.15 + 0.32? 4.65 + 0.43P 3.50 7.68 + 0.39% 4.47 + 0.19P 3.21
48 h 7.80 £ 0.12% 5.05 + 0.38P 2.75 6.00 £+ 0.28* 3.88 4+ 0.09P 2.12
72 h 6.95 + 0.38% 5.13 + 0.13P 1.82 5.48 + 0.07* 3.63 + 0.19P 1.85
96 h 6.75 + 0.10? 4.50 + 0.29P 2.25 5.45 + 0.18* 2.80 + 0.27° 2.65
120 h 6.95 + 0.13% 5.00 + 0.58P 1.95 5.15 + 0.35% 2.13 + 0.13P 3.02
Tleum (logig cfu/g)
24 h 7.33 + 0.52% 4.15 + 0.17° 3.18 6.52 + 0.48% 4.10 £ 0.09P 2.42
48 h 7.00 + 0.24* 4.45 + 0.21° 2.55 6.00 + 0.21* 3.70 + 0.10P 2.30
72 h 7.85 4 0.47% 4.45 + 0.17° 3.40 5.40 + 0.16* 3.53 + 0.17° 1.87
96 h 7.03 £ 0.26* 5.33 + 0.24P 1.70 5.10 £+ 0.29* 3.00 + 0.00P 2.10
120 h 7.15 + 0.30% 5.00 £ 0.41P 2.15 4.98 + 0.192 2.25 + 0.14P 2.73
Ceca (logjg cfu/g)
24 h 9.75 + 0.05% 5.13 + 0.30P 4.62 9.40 + 0.14® 4.42 + 0.21° 4.98
48 h 9.50 £+ 0.09* 5.65 + 0.24P 3.85 9.00 £ 0.24* 4.28 + 0.10P 4.72
72 h 9.40 + 0.18% 5.95 + 0.05P 3.45 9.15 + 0.09* 4.25 + 0.25P 4.90
96 h 8.90 £+ 0.27* 5.03 + 0.31P 3.87 8.58 £ 0.17* 3.75 + 0.14P 4.83
120 h 9.10 £+ 0.09* 5.50 + 0.29P 3.60 7.78 + 0.43% 2.70 + 0.38P 5.08

a-bMeans within a row with different superscripts differ between feed or gavage treatments before and after HS, respectively (P < 0.05).

IHeat shock was induced by placing a sample of each respective gastrointestinal tract sample in a water bath at 75°C for 10 min. Data correspond

to the means + SE of results of n = 5 birds.
2109 spores per 0.25 mL.
3100 spores per gram of feed.

into the environment. The above observations, also
suggest that spores transiting through the GIT, could
potentially undergo a full life-cycle of germination and
resporulation, also suggested by previous studies (Bar-
bosa et al., 2005; Cartman et al., 2008). In the present
study, when neonatal chickens received a single gavage
dose of spores, a gradual decreased in the amount of
spores recovered throughout different sampled sections
of the GIT over time was observed (Figure 1; Tables
3 and 4); however, the long persistence of spores ob-
served in feces in experiment 2 and as well as spores
detected in each GIT organ evaluated in experiments
2 and 3, following one single gavage of spores, was lon-
ger than the estimated half-life, based on gut-passage

time, which in chickens is around of 6.5 h (Shires et al.,
1987), suggesting that some full life-cycle development
may occurs within the GIT (Table 4). This is supported
by the study showing the presence of a larger amount of
spores excreted in the feces compared with the original
inoculum administered to mice, suggested germination,
growth and resporulation of the initial spore dose (Hoa
et al., 2001).

To the contrary, Spinosa et al. (2000) have argued
that the germination of B. subtilis spores and genera-
tion of beneficial effects by vegetative cells is highly
improbable, due to the presence of low pH and secre-
tory bile salts in certain regions of the GIT of mice, in-
hibiting spore germination or killing the new vegetative

Table 4. Germination/sporulation rates of Bacillus direct-fed microbials in different sections of the gastrointestinal tract in broiler
chickens consuming Bacillus spores constantly in the feed (experiments 2 and 3)

Crop! Tleum! Cecal Germination Sporulation
Item (logg cfu/g) (logyp cfu/g) (log1g cfu/g) (Cp-T1)2 (Ce-1)?
Experiment 2
24 h 4.60 + 0.512 4.28 + 0.59* 4.95 + 0.48% 0.32 0.67
48 h 5.28 + 0.34% 4.70 £+ 0.41* 5.20 £+ 0.29% 0.58 0.50
72 h 5.11 £+ 0.46* 4.60 + 0.21* 5.53 £+ 0.28* 0.51 0.93
96 h 4.95 + 0.48* 4.53 £+ 0.28* 5.28 + 0.34% 0.42 0.75
120 h 5.35 + 0.21* 4.95 4+ 0.25* 5.25 £+ 0.25% 0.40 0.30
Experiment 3
24 h 4.65 + 0.42% 4.15 + 0.17* 5.13 £+ 0.03* 0.50 0.98
48 h 5.05 & 0.3280 4.45 + 0.21° 5.65 £ 0.24% 0.60 1.20
72 h 5.13 + 0.13P 4.45 + 0.17¢ 5.95 + 0.05* 0.68 1.50
96 h 4.50 £+ 0.29¢ 5.30 4+ 0.24P 5.03 £ 0.31* —0.80 —0.27
120 h 5.00 £+ 0.58% 5.00 £+ 0.41* 5.50 £+ 0.29% 0.00 0.50

aMeans within a row with different superscripts differ (P < 0.05).
IData are expressed as means + SE of 5 replicates.

2Cp-11 = difference in spore count between the crop and ileum.
3Cc-Il = difference in spore count between the ceca and ileum.
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cells. Nevertheless, other authors have shown that heat
and low pH are conditions that instead of attenuating,
could actually stimulate Bacillus spore germination,
therefore providing evidence of survival within the GIT
(Faille et al., 2002), partially supported by the results
obtained in the present study.

The germination rate, distribution, and suggested
full-cycle development of spores, along with the spore
recovery data, even after 5 d (120 h) of single gavage
dose administration in experiments 2 and 3, demon-
strate the persistence of these Bacillus spores in the
gut. A study by Hoa et al. (2001), in a murine model,
also showed that after a single oral dose of 5.97 x 108
spores of B. subtilis SC1712, endospores were detected
in feces even after 7 d of sampling. Prolonged spore
persistence was also reported in mice by Tam et al.
(2006), where Bacillus spores were detected in feces
27 d after a single gavage dose of 2 natural Bacillus
strains, overall indicating prolonged persistence in the
GIT. This germination and persistence of Bacillus has
been attributed to the ability of some strains to pro-
duce biofilms. The extracellular matrix within these
biofilms is theorized to improve the adherence of veg-
etative cells or spores to the mucosal surface, as well as
protect them against undesirable conditions present in
the gut, therefore improving the possibilities to persist
and thrive within the GIT (Barbosa et al., 2005).

In the present study, the disappearing of spores from
the different segments of the GIT was not abrupt, even
from chicks that received a single gavage dose (Figure
1). At 24 h after gavage, there were no significant dif-
ferences of cfu between treatments; however, at 48 h
the group of birds receiving a single oral dose started
to show a significant diminishment in the presence of
spores throughout the GIT, having at the last sample
time (120 h) almost a 3 logyg difference with the group
consuming spores constantly in the feed. Similarly, the
presence of spores in the feces of broiler chickens given a
single gavage dose gradually but consistently decreased
over time compared with the feed-supplemented ani-
mals (Figure 1). The steady decrease and the rate of
disappearance of spores from the gut after a single oral
gavage in experiments 2 and 3 confirm that B. subtilis
is transiently present in the GIT of chickens and that
a continuous administration is advisable for continued
intestinal benefits (Tables 3 and 4). Nevertheless, the
further evaluation in the intended direction of using
Bacillus spores as DFM and vaccine delivery vehicles is
currently ongoing in our laboratory, employing various
molecular techniques for differentiation and quantifica-
tion of vegetative cells and spores present in different
segments of the gastrointestinal tract of poultry.
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