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The nutritional value of diets fed to chickens has traditionally been evaluated by
growth performance and nutrient digestibility. In addtion to nutritional physiological
studies, research on intestinal structure is also important, as the intestine is the digestive
and absorptive organ. In macroscopic anatomy, the guts of poultry differ relative to
body weight (Thomas, 1984). Fowls produced for the meat purpose, such as broiler
(BR) chickens and Peking ducks, have intestines of greater length, weight and area than
those of egg-laying fowl, such as the White Leghorn (WL) chickens and wild ducks
(Yamauchi et al., 1990b). Poultry innards are affected by diet (Moss, 1974 ; Miller,
1975 ; Langhout ef al., 1999 ; Yasar and Forbes, 1999). Feeding habits rather than
individual body weight difference account for gross anatomical differences in the
intestine (Yamauchi and Zhou, 1988). These reports suggest that the nutritional value
of diets may produce microscopic alterations in the intestinal mucosa. Although the
general histological features of the intestine are well known, the relationship between
the structure and function of the intestine has not been established. The reason that no
information on the histological alterations related with intestinal function has been
reported is related to the fact that studies on the interaction between them are limited
to morphological observations, which is due to lack of an immunocytochemical proce-
dure using antibodies. Confirmation that intestinal histological alterations are indeed
induced by intestinal functions is currently impossible and can be established only by
comparison of morphological characteristics with intestinal functions.

Consequently, over the past decade, there has been much interest in establishing
how intestinal histological alterations are related to intestinal function. The intent of
this interest is to assess the enteral nutrient absorption of feed ingredients histologically.
This review highlights recent studies on histological alterations related to intestinal
function, and adds new information to the assessment of the nutritional values of
various kinds of chicken feed.

Histology of intestinal villi

Small intestine is divided into duodenum, jejunum and ileum. In this review,
intestinal part from the ventriculus to pancreatic and bile ducts is regarded as duode-
num ; jejunum from the ducts to Meckel’s diverticulum and ; ileum from the
diverticulum to ileo-caeco-colic junction (Yamauchi, 2001). Intestinal villi are the
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protrusions of the lamina propria into the intestinal lumen to enlarge the digestive and
absorptive area. The villus surface is covered with a simple columnar epithelial cell
layer consisting of absorptive, goblet, and entero-endocrine cells. At the base of the
villi, the cell layer lines the inside surface of tubular indentations of intestinal crypts,
which reach the mucosal muscle layer. Near the smooth muscle layer, the inside layer
of the crypt again lines the neighboring villus surface, resulting in blind ends in the
crypt. All epithelial cells originated by mitosis in the stem-cell zone located in the lower
portion of the crypt migrate along the villus surface upward to the villus tip within a few
days for maturating (Imondi and Bird, 1966), where they are extruded into the
intestinal lumen within 48 h after birth (Potten, 1998). In recent years, the different
mechanisms of epithelial cell loss which are associated with intraepithelial lymphocytes
and lamina propia macrophages have been re-investigated (Hall et al., 1994 ; Mayhew
et al., 1999). Such a cellular migration is likely to be altered by intestinal function. In
addition, since villi consist of epithelial cells, the villus height (length) is assumed to
change according to the cell area and number. Consequently, intestinal function might
be determined by measuring 1) villus height, cell area, and cell mitosis using light
microscopy, 2) morphological observations of the villus surface using a scanning
electron microscope, and 3) the ultrastructure of the epithelial cells using a transmission
electron microscope.

Post-hatching development of villus height in White Leghorn

Male WL had the highest villi in duodenum followed by lower in jejunum and the
lowest in ileum during starter stage (Yamauchi et al, 1995). However, the jejunal
villus height showed a marked growth rate up to the next developer stage follwed by
ileum, while the duodenal villi slightly increased. This explains that the vigorous
absorptive part would be mainly the duodenum in early life stage and then extend to the
jejunum with increasing age, and while the intestinal histology is altered during
post-hatching development.

Comparison of intestinal villi between White Leghorn and broiler chickens

The growth rate of selected heavy type BR was twice that from the nonselected
light type during the first week after hatching (Marks, 1979) and selected BR consumed
more feed than those of nonselected birds even on the hatched day (Marks, 1980).
Selection of growth rate is positively associated with genetic increases in feed intake and
efficiency of feed utilization (Proudman ef al., 1970). It may be assumed that such an
increased feed intake and efficient feed utilization have also altered intestinal function,
which could influence intestinal morphology. WL and BR are genetically selected for
increasing of growth rate and egg production, respectively. Therefore, possible
morphological differences in the small intestinal villi between WL and BR chickens are
of considerable interest, and both kinds of chickens are most suitable natural chicken
model for investigating the intestinal histological alterations related with function.
Comparison of post-hatching development of villus tip surface morphology using scanning
electron microscope
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Post-hatching developmental alterations of villi were observed in 1, 10 and 30-d-old
WL and BR chickens (Yamauchi and Isshiki, 1991). At the hatching day, duodenal
villi of each intestinal part showed a finger-like appearance with a dome-shaped tip
surface in both breeds. Compared with WL (Fig. 1 A), in which villus surface was
smooth with flat epithelial cells, BR had many more developed cell protrusions on villus
tip surface, resulting in rough surface (Fig. 1 B). At 10 day of age, villi had enlarged
to develop to plate-like ones in both breeds. However, BR had larger villi than those of
WL. After 10 days of age, villi further increased in size in both breed. Based on their
distribution pattern, two kinds of villi could be identified. One was the villus enlarging
obliquely rostro-laterally at an angle of 20° to 30° along its transversal axis and the
other was obliquely caudo-laterally at the same angle. Two types of villi were found,
like an oblique T-shape having an angle of 40” to 60° and showing as a whole a zigzag
arrangement. Such a characteristic zigzag arrangement of villi is thought to be a more
effective structure for nutrient absorption than villi being located in parallel to each
other, because the absorption of ingesta by villi should be increased by a long zigzag
flow of ingesta rather than a straight feed flow. These morphological distinctions
suggest a greater absorptive surface area and a more active intestinal function immedi-
ately after hatching in BR. Such characteristics are thought to be induced by genetic
selection for rapid growth rate and should permit the faster growth rate by increased
feed intake and more effective feed utilization in BR.
Comparison of post-hatching development of ultrastructure in absorptive epithelial cells
using transmission electron microscope

Post-hatching developmental alterations in the ultrastructure of the absorptive
epithelial cells were observed in 1, 10 and 60-d-old WL and BR chickens (Yamauchi et
al., 1992). Epithelial cells in 1-d-old WL and BR had a well-developed Golgi area and

Fig. 1. Duodenal villi in 1-d-old WL (A) and BR (B) chicks. Note the
more developed epithelial cell protuberances on the villus tip
in BR than WL, resulting in a smooth surface in WL but a
rough surface in BR. Bar ; 10um (>690).
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a dense cluster of rod type mitochondria. In BR, cells included well-developed profiles
of endoplasmic reticulum, but fewer supranuclear vacuoles than those of WL, in which
numerous free ribosomes were also found. Some mitochondria in BR showed a bud-like
protrusion from the main body. These suggest that the fine structural maturation of the
epithelial cells in WL is involved in the process of cell maturation but epithelial cells of
BR have almost matured at hatching. In 10-d-old WL and BR, supranuclear vacuoles
had disappered and mitochondria increased in number. In WL, in addition to a
decrease in free ribosomes, mitochondria developed to the tadpole type and further to
dumbbel type ones. In BR, mitochondria also aggregated at the perinuclear region and
some of them had developed from dumbbel shapes to a thick doughnut type. These
findings indicate that epithelial cells in both breeds are more developed ultrastructurally
than those in 1-d-old and that epithelial cells in BR are more activated for digestive and
absorptive functions than those in WL. In 60-d-old WL and BR, the cell structure and
function had reached a stable state. BR revealed higher values of cell area and RNA
content than WL at every age and RNA content of both breeds were maximal at 10
days, followed by 60 days. These observations suggest that epithelial cells of BR are
more highly activated than WL cells at each age.

Intestinal villus histological alterations related with intestinal
functional changes induced experimentally

In comparison of villi between WL and BR, BR has larger villi and much more
matured ultrastructure in the epithelial cells than those in WL even at hatching. These
villus morphological features correspond with increased feed intake and rapid growth
rate of BR, suggesting a possibility of intestinal villus histological alterations related
with intestinal function. Next, to certify this relationship seen in the intact chickens
more certainly, studies on villus histological alterations related with intestinal functional
changes induced experimentally have been carried out.

Duodenal villus histological alterations due to fasting and refeeding treatments

In the light microscopic observations, fasting treatment induced a decrease of
duodenal villus height (Shamoto et al., 1999 ; Shamoto and Yamauchi, 2000 ; Tarachai
and Yamauchi, 2000 ; Yamauchi et al., 1995, 1996 ; Yamauchi and Tarachai, 2000).
Within the first 24-h-fasting, duodenal villus heights of WL hens showed a remarkable
reduction, but after 36-h-fasting it gradually decreased with days of fasting (Yamauchi
et al., 1996). Such decreased villus heights rapidly recovered after only 1-d-refeeding of
conventional diets even after long-term fasting of 20 days. These villus height variations
were associated with a reduction of cell area and cell mitosis, demonstrating that the
villus height mainly varied with the cell area and cell numbers.

In the scanning electron microscopic observations, fasting treatment depressed
post-hatching development of intestinal villi (Yamauchi et al, 1993). Compared with
the villus size at hatching, duodenal villus size developed only slightly after fasting for
5 days, but jejunal and ileal villi did not showed further development. These villus sizes
were increased by activated cell mitossis as well as by decreased cell loss from villus tip.
Besides, morphology of epithelial cells distributing over the duodenal villus tip surface
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was affected by fasting (Shamoto er al, 1999 ; Shamoto and Yamauchi, 2000 ;
Tarachai and Yamauchi, 2000). The surface of duodenal villus apex of ad libitum fed
birds revealed a rough surface due to a clear cell outline, cell protuberances, and cell
extrusion into the intestinal lumen. After 3-d-fasting, cell outlines became faint and
protuberances and extrusion of cells disappeared, resulting in smooth surface. After
refeeding for 3 hours, clear cell outlines were again apparent.

In the transmission electron microscopic observations, the duodenal epithelial cells
of BR chicks fed low protein-high energy diet showed a decrease in feed intake, growth
rate and developed secondary lysosomes (Yamauchi and Isshiki, 1994). By fasting
treatment, large lysosomal supranuclear vacuoles appeared in WL even after 3 days
fasting (Yamauchi et al., 1995). These vacuoles developed to larger lysosomal auto-
phagous vacuoles in hens fasted for 20 days, and included residuary mitochondria
(Yamauchi et al.,, 1996). However, these were reduced in size by refeeding for only one
day. These vacuoles may appear to obtain a deficient nutrient due to fasting by
autophagic intracellular digestion. To investigate whether the vacuolar changes are
related with fasting and refeeding treatments, and to obtain a useful index to judge the
intestinal nutritional condition by means of these vacuolar changes, the fine structural
alterations were examined in epithelial cells (Yamauchi and Tarachai, 2000). At 1 day
of fasting, small electron-dense bodies appeared in the absorptive epithelial cells, and
some of them were fusing each other. With increasing the fasting period, these small
bodies developed to the moderate-sized nascent autophagic vacuoles containing various
kinds of electron-dense contents in density and size, and finally become the large
autophagic vacuoles with electron-lucent contents via the large degradative autophagic
vacuoles with electron-dense contents. Some vacuoles showed positive acid phosphatase
reactions, demonstrating that these are lysosomal autophagic vacuoles including
hydrolytic enzyme. The large autophagic vacuoles with electron-fucent contents in 3
days fasting decreased to the small electron-dense bodies seen in 1 day fasting rapidly
after only 1 day refeeding. These findings suggest that intestinal epithelial cells would
have an ability to intracellularly digest their own cell components to supply the
insufficient nutrients during fasting by means of lysosomal active autophagic transport
mechanism and that after refeeding the epithelial cells returned to the absorption
transport mechanisms of nutrients. The present results demonstrate that the autophagic
vacuolar changes in the duodenal epithelial cells are correlated with changes of
intestinal villus height, cell area and cell mitosis number induced by fasting and
refeeding. This indicates that autophagic vacuoles are useful index judging the
nutritional condition of chicken intestine ; the more large electron-lucent vacuoles in
duodenal absorptive cells the lower the nutritional condition of chicken intestine is.
Difference of recovery responses of intestinal villus morphology in long-term fasted
chickens to different refeeding procedures

Effects of form and nutritional level of refed diets on the recovery of villi in fasted
chicks have been investigated. In the case of long fasting, WL chicks refed the rice bran
for 3 and 6 hours after fasting for 10 days showed the faster revovery in villus height,
cell area and cell mitosis than those refed grower mash (Shamoto et al., 1999). Also
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smooth surface of the villus apex in fasted chicks changed to a much activated rough
surface by many protuberated cells after refeeding rice bran. However, the refeeding of
grower mash for 24 hours induced the much more activated morphology in villus
height, cell area and cell mitosis than those refed rice bran. Villus apex showed the more
developed protuberances of epithelial cells in grower mash. These morphological
alterations indicate that the quickly absorbable form such as powdered diet is important
rather than the nutrition of it for the first recovery stage of villi after fasting, and that
the nutritious and well-balanced diet is important for further complete recovery stage of
villi.
Difference of recovery responses of intestinal villus morphology in short-term fasted
chickens to different refeeding procedures

In the case of short fasting, duodenal villus height in chicks fasted for 3 days was
significantly increased after 3-h-refeeding rice bran or conventional grower mash diet,
values of which were almost similar, and the chicks refed ground conventional grower
mash diet was significantly higher than the former both groups (Shamoto and
Yamauchi, 2000). Compared to villus height at 3-h-refeeding, rice bran-refed group
showed no change after 24-h-refeeding but conventional grower mash diet and ground
conventional grower mash diet had significantly increased villus height ; villus height in
ground conventional grower mash diet was significantly higher than conventional
grower mash diet. Dietary effects on cell area and cell mitosis numbers were similar to
that observed for villus height. Besides, alterations of villus height, cell area and cell
mitosis numbers due to fasting and different refeeding procedures were reflected in body
weight gain after refeeding. Namely, birds refed the ground conventional grower mash
diet gained significantly more weight than rice bran and conventional grower mash diet.
Compared to body weight gain at 3-h-refeeding, rice bran-refed birds did not increase
further after 24-h-refeeding. On the smooth surface of duodenal villus apex in 3
-d-fasted birds, clear cell outlines were again apparent in all groups after refeeding for
3 hours. In ground conventional grower mash diet-refed chicks larger cell outlines and
protuberated cells were found as a conspicuous morphological feature. Similar obser-
vations were made at 24-h-refeeding. These morphological findings suggest that fasted
chickens benefit from ad libitum refeeding of a powdered diet that is nutritionally
complete for rapid recovery of digestive function.
Duodenal difference of villus histological alterations compared to jejunum and ileum

The chicken duodenum is located near the pancreas between its proximal descend-
ing and distal ascending limbs. It is tightly connected to the pancreas by many arterial
and venous ramus. However, the jejunal and ileal parts are not fixed to other tissues.
This peculiar morphological feature might indicate that the intestinal lumen of the
jejunum and ileum may have the ability to shrink during fasting and enlarge again when
feed is consumed. This means that the height of the villus increases during a fast and
decreases when feed is consumed. Therefore, fasting and refeeding have no preference
effect on the villus height in jejunum and ileum. Consequently, during fasting and
refeeding, the change in the height of intestinal villi is a powerful discriminator for
judging the function of the duodenum, but it is an unsatisfactory discriminator for the
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jejunum and ileum.
Difference of recovery responses of intestinal villus morphology to luminal nutrient
absorption, intraluminal physical stimulation and intravenous parenteral alimentation

Intestinal villus histological alterations due to fasting and refeeding described
above are thought to be influenced by luminally absorbed nutrients. However, in-
traluminal stimulation is also correlated with these villus structural changes, and stimuli
arising from factors such as dietary fibers within the intestine might also influence the
structural integrity of the intestine. It is of interest, therefore, to determine which of the
following three factors is most responsible for inducing villus morphological changes :
luminal nutrient absorption, intraluminal physical stimulation, or intravenous
parenteral alimentation for 2 days after 3-d-fasting. Compared with the WL fasted for
3 days, villus height, cell mitosis, and villus tip surface morphology of refeeding the
conventional diet and force-feeding enteral hyperalimentation (drinking eutrophic) for
2 days exhibited rapid villus morphological recovery (Tarachai and Yamauchi, 2000).
Villus morphological recovery of these enteral treatments appears to be caused by
enteral nutrient absorption. However, villus morphology force-fed an indigestible
(nonabsorbable) substance was not different from that in fasted birds, suggesting that
intraluminal physical stimulation has no effect on villus morphological recovery. On the
other hand, the birds intravenously dripped continuously by an amino acid solution
including glucose and electrolytes showed no effect on villus morphological recovery,
suggesting that the parenteral nutrient supplied to the villi via the blood could not
induce villus morphological recovery ; the intestinal mucosal atrophy might be caused
by the absence of enteral nutrients and would only be stimulated by enteral nutrient
absorption. Alterations of these villus morphology due to fasting and different refeeding
procedures were reflected in body weight gain after refeeding. These suggest that villus
morphology is not governed either by intraluminal physical stimulation or parenteral
alimentation but by enteral nutrient absorption.
Compensatory enlargement of ileal villi following jejunal resection

The ileal villi are smaller (Yamauchi and Isshiki, 1991 ; Yamauchi et al., 1993)
and lower (Yamauchi ef al., 1995, 1996) than those of the duodenum. This seems to
relate to intestinal function. In chickens fed a conventional diet, very little nitrogen
absorption was observed beyond the jejunum (Imondi and Bird, 1965), and ingested
nutrients were absorbed in the upper part of the intestine (Isshiki et al, 1989). This
suggests that the absorptive function of ileal villi is less active than that of the intestinal
proximal part. This may be due to the fact that nutrients have already been absorbed
by the time intestinal contents reach the intestinal proximal part. Therefore, whether
small ileal villi change to large villi due to intestinal contents rich in nutrients are most
suitable experimental model to demonstrate the intestinal histological alterations related
to intestinal function. Compared with intact control chickens, the chickens resected the
jejunums showed almost similar body weight and protein-retention rate, suggesting an
enhanced absorptive function of intestinal remnant (unpublished). The ileal remnant of
these birds was much grater in size and height than the jejunal villi. An increased load
of nutrients derived directly from the duodenum to the ileum may stimulate the ileal
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absorptive function, resulting in compensatory enlargement of the ileum. This finding
demonstrates that even small villi might increase in size when the intestinal function is
activated and that histological alteration is related to intestinal function.

In some chickens subjected to resection of the jejunum, intestinal stricture was
frequently observed at the end-to-end anastomosis. In such case, the jejunal part just
proximal to the anastomosis showed an abnormal enlargement due to the intestinal
stricture. Villi in this part developed to long beltlike villi encircling the intestinal lumen
(Fig. 2, Yamauchi, 2002). This might be induced by activated intestinal function due
to long-term staying of the intestinal contents. This phenomenon suggests that the
intestinal villi are adapted to the intestinal activated absorptive function not by
increasing their numbers, but by fusing each other into the larger villi.

Intestinal histological alterations due to conventional feeding experiments

In additions to the intestinal histological alterations due to artificially induced
intestinal functions, whether they also receive such a change by the conventional
continued feeding of different feed ingredients is also important to assess an enteral

Fig. 2. Example of the villi at the abnormally enlarged jejunal part
just proximal to the intestinal stricture due to end-to-end
anastomosis in the chicken subjected to resection of the
jejunum. Absorptive function of the enlarged part might be
activated by long-term staying of the intestinal contents. One
can see that the intestinal villi are adapted to the activated
intestinal absorptive function not by increasing their numbers,
but by fusing each other into the larger beltlike villi. Bar ; 200
pm (X48) (Yamauchi, 2002).
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nutrient absorption histologically. Various kinds of dietary feed ingredients have been
fed on chickens.
Intestinal villus histological alterations after feeding the dietary charcoal powder including
wood vinegar compounds

Charcoal is a solid fuel made by dry distillation of wood, and powder of which is
traditionally scattered on the floor in chicken house to reduce the smell of feces by
adsorbing ammonia. A mixed powder of wood vinegar compounds and amorphous
charcoal carbon (CWVC) has been used as an oral antidote to produce high animal
productions. The dietary addition of CWVC to diets induced a significant increase in
hen-day egg production and feed conversion ratio (Sakaida et al, 1987 a) and in broiler
hatchability (Sakaida et al., 1987b). WL cockerels fed 1 and 3% dietary CWVC
tended to be higher body weight gain and feed conversion ratio than controls (Samanya
and Yamauchi, 2001). Values of the intestinal villus height, epithelial cell area and cell
mitosis were higher in 1% dietary CWVC group but lower in 5% dietary CWVC group
than those of another groups in each intestinal segment. The comparatively smooth
surface of the duodenal villus apex in the control duodenum changed to the rough
surface with a clear cell outline between each epithelial cell due to the conspicuous cell
protuberances after feeding 1% dietary CWVC. However, such conspicuous cell
protuberances disappeared and cells having no microvilli and deep cells at the sites of
recently exfoliated cells were observed after feeding 3% dietary CWVC, and the latter
was much increased after feeding 5% dietary CWVC. Fundamentally, the villus tip
surface in the jejunum and ileum revealed an almost similar morphological alteration to
that in the duodenum. However, in the intestinal distal part, cells having no microvilii
and deeper cells due to recently exfoliated cells were not seen even in 5% dietary
CWVC, and the cell protuberances of 1% dietary CWVC became faint with moving
caudally. The present morphological changes of intestinal villi in chickens fed the
dietary CWVC diets demonstrate that the villus function could be activated also in the
ileum at 1% level, and that such an activated villus function in all small intestinal
segmental parts might improve the feed conversion ratio.
Morphological demonstration of the stimulative effects of charcoal powder including wood
vinegar compound solution on growth performance and intestinal villus histology

In a previous study, improved feed conversion ratio and activated morphological
changes of intestinal villi were observed in chickens fed a 1% CWVC diet (Samanya
and Yamauchi, 2001). As CWVC is a mixture of charcoal and wood vinegar compound
solution, it is not yet clear whether these improved results were due directly to an effect
of one of them or to a combined effect of both. To try and resolve this question, and
then to investigate which substances of them induce such growth performance and
morphological changes of intestinal villi, cockerels were fed wood vinegar compound
solution, charcoal or CWVC (Samanya and Yamauchi, 2002). Feed intake and body
weight gain tended to be increased in all experimental groups than those of control after
feeding each experimental substance. In the feed conversion ratio, CWVC group
showed the lowest value. Intestinal villus height, epithelial cell area and cell mitosis
number also showed a tendency to be more increased in all experimental groups than
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those of control. In CWVC group, cell area of the jejunum and ileum were significantly
elevated. On the duodenal villus surface of wood vinegar compound solution and
charcoal groups, some cells devoid of microvilli were observed. In the CWVC group,
such damaged cells were not found, and more remarkable cell protuberances than those
of the control group appeared, suggesting that duodenal villus function might be
activated. Such an activated morphology on the villus tip surface was found in all
experimental groups in the jejunum, but in the charcoal and CWVC groups in the ileum.
The present villus morphological findings demonstrate that among wood vinegar
compound solution, charcoal and CWVC, the dietary supplement of CWVC might be
the most effective substance for activating the intestinal absorptive function, and that
the functional activation of whole intestine including the ileum may induce a slight
elevation of chicken growth performance.
Intestinal villus histological alterations in chickens fed dietary dried Bacillus subtilis var.
natto

Continued use of dietary antibiotics to improve poultry production have resulted in
common problems such as the development of drug-resistant bacteria (Sorum and
Sunde, 2001) and the imbalance of normal microflora (Andremont, 2000). A probiotic
is a live microbial feed supplement that beneficially affects the host animal by improving
its intestinal microbial balance (Fuller, 1989), and is recommended as an effective
alternative to antibiotics (Sissons, 1989 ; Tournut, 1989). Natto is a traditional
Japanese health food made by fermentation of boiled soybeans in rice straw containing
probiotics (Tamura, 1989 ; Tonouti et al., 2000). The Bacillus subtilis var. natto (B.
subtilis natto) (Ashiuchiet al., 1998) cultured from natto is a Gram-positive sporeform-
ing bacterium. In WL cockerels fed the dietary B. subtilis natto at 0, 0.5, 1 and 3%
levels for 3 or 28 days, growth performance was not different amongst the groups,
except that feed efficiency in all chickens fed dietary B. subtilis natto for 28 days tended
to be improved (Samanya and Yamauchi, 2002). In these birds, blood ammonia
concentration was decreased. These results suggest that the B. subtilis natto depressed
ammonia concentration. On the other hand, in birds fed 0, 0.2, 0.5 and 1% dietary B.
subtilis natto for 28 days, growth performance tended to be higher in the 0.2 and 0.5%
groups than the 0% group. Intestinal villus height, cell area and cell mitosis of these
birds were also higher than those of the controls. Flat cell outline on the duodenal villus
surface in controls developed large, protruded cell clusters and cell protuberances after
feedings of dietary B. subtilis natto. These results indicate that intestinal function was
activated by the depressed blood ammonia concentration in the body of the chicken.
The present results may suggest that the B. subtilis natto has potential to be a beneficial
microorganism in chickens.

Segmented filamentous bacteria in the ileum of young chicks

Segmented filamentous bacteria are autochthonous bacteria colonizing the ileum of
many young animals by attaching to intestinal epithelial cells. These non-pathogenic
bacteria strongly stimulate the mucosal immune system by elevating immunoglobulin
A-secreting cells (Klaasen et al., 1993), and have a possible protective role against
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infection with Salmonella enteritidis (Garland et al., 1982). Studies on segmented
filamentous bacteria have been carried out morphologically, because these bacteria
cannot be cultivated but can be detected by light and electron microscopy.
Segmented filamentous bacteria adhering to the ileal epithelial cells

In scanning electron microscopy, segmented filamentous bacteria adhering to the
ileal epithelial cells were observed around the ileal villus apical area in 10-20-d-old
chicks (Yamauchi et al., 1990a). Transmission electron microscopic investigations
showed that bacteria had a cytoplasmic membrane, cell wall and nucleus but no nuclear
membrane and organella, were compartmentalized. At the attachment zone to the
epithelium, many mitochondria were observed in the epithelial cells ; the bacterial
membrane did not fuse to the epithelial membrane except at the apex of the attachment
end where the bacterial membrane seemed to undergo lysis, suggesting a possibility that
some bacterial components were transferred to the epithelial cells.
Phagocytosis and intracellular processing of segmented filamentous bacteria by the ileal
epithelial cells

In scanning electron microscopy, no, few, medium and dense segmented filame-
ntous bacterial colonization levels were classified. In transmission electron microscopy
from animals with medium or dense segmented filamentous bacteria colonization levels,
we could observe extracellular particles ranging from those only indenting the cell
membrane to particles found in the cytoplasmic area beyond the terminal web. These
particles had a structural similarity with segmented filamentous bacteria floating freely
in the intestinal lumen. Furthermore, we observed unlacing of the membrane and
septum surrounding the extracellular particles, and melting of them into host
cytoplasmatic components. This strongly suggests that these particles are phagocytized
and intracellularly processed segmented filamentous bacteria. This is supported by
transmission electron microscopic analysis of samples with no or few segmented
filamentous bacteria, where we failed to find these characteristic morphologies. The
phagocytosis process described here could be an important trigger for the stimulating
effect of segmented filamentous bacteria on the mucosal immune system.

Increased postmolt egg reproduction rate after ad libitum refeeding
the ground formula diet in layers

To improve the decreased egg production (Bell and Adams, 1992) and eggshell
quality (Al-Batshan et al., 1994), hens have been induced to molt using fasting (Baker
et al., 1983 ; Alodan and Mashaly, 1999). Generally, restricted feeding treatment is
employed as a refeeding method after fasting. To improve the refeeding method to
induce a rapid recovery in egg production after fasting, an understanding of the fine
structural alterations of the intestinal epithelium during fasting and refeeding would be
important, because histology of the intestinal epithelium might be intimately affected by
fasting and refeeding treatments. Histologically, we have demonstrated that the
refeeding of a nutritionally complete powdered diet ad libitum provides faster recovery
of the duodenum than nutritionally incomplete or course textured diets (Shamoto and
Yamauchi, 2000). To demonstrate whether this histological results influence postmolt
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performances in laying hens, WL hens were fasted until 31% body weight loss. Then,
the chickens were randomly assigned into 4 groups and re-fed as follows for 10 days, 1)
restricted fed from 15 g of a commercial finisher diet on the first post molting day to 90
g of the same diet on post molting 10 days (restricted group), 2) ad libitum fed of a
ground formula diet of starter (starter group), 3) ad libirum fed of a ground formula
diet of grower (grower group) and 4) ad libitum fed of a ground formula diet of
finisher (finisher group). After 10 days treatment from post molting, all chickens could
access freely to a commercial diet for layer. Feed efficiency was higher in the all ad
libitum fed groups than in restricted fed group. Among ad libitum fed groups, the
highest feed efficiency was observed in starter group, and followed by finisher group.
Egg production was started on 11 th day after refeeding in starter and finisher groups,
and hens started laying on 12 th day after refeeding in grower and restricted groups.
Furthermore, the day egg production rate was recovered to 80 % in starter, grower,
finisher and restricted on 14, 15, 15 and 18 th day, respectively. The egg production rate
did not differ significantly among all groups after 18 days of refeeding. During the
experimental period, all hens survived, and diarrhea feces and reduction of egg
production rate were not observed. These results suggest that rapid recovery of egg
production after forced molting would be achived by improvement of nutritional
condition on early stage of post molting, and ad libitum feeding method is the most
effective to improve egg production after forced molting.

This review demonstrates that intestinal histological alterations could possibly be
used as an index for judging intestinal function and adds information to the assessment
of the nutritional value of various kinds of chicken feed.

Acknowledgements

The author grately acknowledges the excellent performance of the students participat-
ing in this study. Without their assistance, this study would not have been possible.

References

Al-Batshan HA, Scheideler SE, Black BL, Garlich JD and Anderson KE. Duodenal calcium
uptake, femur ash, and eggshell quality decline with age and increase following molt. Poultry
Science, 73 : 1590-1596. 1994.

Alodan MA and Mashaly MM. Effect of induced molting in laying hens on production and
immune parameters. Poultry Science, 78 : 171-177. 1999.

Andremont A. Consequences of antibiotic therapy to the intestinal ecosystem. Annales Fran,
caises D’Anesthesie et de Réanimation, 19 : 395-402. 2000.

Ashiuchi M, Tani K, Soda K, Misono H. Properties of glutamate racemase from Bacillus subtilis
IFO 3336 producing poly-gamma-glutamate. Journal of Biochemistry, 123 : 1156-1163.
1998.

Baker M, Brake J and McDaniel GR. The relationship between body weight loss during an
induced molt and postmolt egg production, egg weight, and shell quality in caged layers.
Poultry Science, 62 : 409-413. 1983.

Bell DD and Adams CJ. First and second cycle egg production characteristics in commercial
table egg flocks. Poultry Science, 71 : 448-459. 1992,

Fuller R. Probiotic in man and animal. Journal of Applied Bacteriology, 66 : 365-378. 1989.

Garland CD, Lee A and Dickson MR. Segmented filamentous bacteria in the rodent small



Yamauchi : Intestinal villus histology and intestnal function

intestine : their colonization of growing animals and possible role in host resistance to
Salmonella. Microbial Ecology, 8 : 181-190. 1982.

Hall PA, Coates PJ, Ansari B and Hopwood D. Regulation of cell number in the mammalian
gastrointestinal tract : the importance of apoptosis. Journal of Cell Science, 107 : 3569—
3577. 1994.

Imondi AR and Bird FH. The sites of nitrogen absorption from the alimentary tract of the
chicken. Poultry Science, 44 : 916-920. 1965.

Imondi AR and Bird FH. The turnover of intestinal epithelium in the chick. Poultry Science,
45 : 142-147. 1966.

Isshiki Y, Nakahiro Y and Zhou ZX. Feed digestibility in different intestinal parts of chickens.
Japanese Journal of Zootechnical Science, 60 : 1082-1092. 1989.

Klaasen HLBM, Van der Heijden PJ, Stok W, Poelma FJG, Koopman JP, Van der Brink ME,
Bakker MH, Eling WMC and Beynen AC. Apathogenic, intestinal, segmented, filamentous
bacteria stimulate the mucosal immune system of mice. Infection and Immunity, 61 : 303—
306. 1993.

Langhout DJ, Schutte JB, Van Leevwen P, Wiebenga J and S. Tamminga S. Effect of dietary high
and low methyllated citrus pectin on the activity of the ileal microflora and morphology of
the small intestinal wall of broiler chicks. British Poultry Science, 40 : 340-347. 1999.

Marks HL. Growth rate and feed intake of selected and nonselected broilers. Growth, 43 : 80-90.
1979.

Marks HL. Early feed intake and conversion of selected and nonselected broilers. Poultry
Science, 59 : 1167-1171. 1980.

Mayhew TM, Myklebust R, Whybrow A and Jenkins R. Epithelial integrity, cell death and cell
loss in mammalian small intestine. Histology and Histopathology, 14 : 257-267. 1999.
Miller MR. Gut morphology of mallards in relation to diet quality. Journal of Wildlife Manage-

ment, 39 : 1168-1173. 1975.

Moss R. 1974. Winter diets, gut lengths and interspecific competition in Alaska ptarmigan. Auk,
91 : 737-746. 1974.

Potten CS. Stem cells in the gastrointestinal epithelium : Numbers, characteristics and death.
Philosophical Transactions of the Royal Society of London Series B-Biological Sciences,
353 : 821-830. 1998.

Proudman JA, Mellen WJ and Anderson DL. Utilization of feed in fast- and slow-growing lines
of chickens. Poultry Science, 49 : 961-972. 1970.

Sakaida T, Enya K and Tanaka T. Effects of the wood vinegar compound on egg production and
egg quality of white leghorn hens. Japanese Poultry Science, 24 : 44-49. 1987 a.

Sakaida T, Enya K and Tanaka T. Effects of the wood vinegar compound on hatchability of
breeder. Japanese Poultry Science, 24 : 374-377. 1987 b.

Samanya M and Yamauchi K. Morphological changes of the intestinal villi in chickens fed the
dietary charcoal powder including wood vinegar compounds. Journal of Poultry Science,
38 : 289-301. 2001.

Samanya M and Yamauchi K. Morphological demonstration of the stimulative effects of charcoal
powder including wood vinegar compound solution on growth performance and intestinal
villus histology in chickens. Journal of Poultry Science, 39 : 42-55. 2002.

Samanya M and Yamauchi K. Histological alterations of intestinal villi in chickens fed dietary
dried Bacillus subtilis var. natto. Comparative Biochemistry and Physiology Part A, 133 :
95-104. 2002.

Shamoto K and Yamauchi K. Recovery responses of chick intestinal villus morphology to
different refeeding procedures. Poultry Science, 79 : 718-723. 2000.

Shamoto K, Yamauchi K and Kamisoyama H. Morphological alterations of the duodenal villi in
chicks refed rice bran or grower mash after fasting. Japanese Poultry Science, 36 : 38-46.
1999 (In Japanese with English summary).

Sissons JW. Potential of probiotic organisms to prevent diarrhoea and promote digestion in farm
animals : A review. Journal of the Science of Food and Agriculture, 49 : 1-13. 1989.

Sorum H and Sunde M. Resistance to antibiotics in the normal flora of animals. Veterinary

241



242

J. Poult. Sci., 39 (4)

Research, 32 : 227-241. 2001.

Tarachai P and Yamauchi K. Effects of laminal nutrient absorption, intraluminal physical
stimulation, and intravenous parenteral alimentation on the recovery responses of duodenal
villus morphology following feed withdrawal in chickens. Poultry Science, 79 : 1578-1585.
2000.

Tamura M. Development of low smelling natto. Lifesci and Biotechnology, 5 : 104-108. 1989 (in
Japanese).

Thomas VG. 1984. Winter diet and intestinal proportions of rock and willow ptarmigan and
sharp-tailed grouse in Ontario. Canadian Journal of Zoology, 62 : 2258-2263. 1934,

Tonouti A, Oka H, Kurotaki K and Takeda K. Isolation of Bacillus subtilis (natto) useful for the
manufacture of natto. Bulletin of the Faculty of Agriculture, Hirosaki University, 3 : 14-18.
2000 (in Japanese).

Tournut J. Applications of probiotics to animal husbandry. Revue Scientifique et Technique de
L’Office International des Epizooties, 8 : 551-566. 1989.

Yamauchi K. Digestive organ. In : Veterinary histology (Japanese Association of Veterinary
Anatomists ed.). Second ed. pp. 265-273. Gakusosha. Tokyo. 2001. (in Japanese).

Yamauchi K. Digestive/absorptive function and intestinal villus histology. In : Function and
information of nutrients (Okumura J ed.). pp 16-28. Doubutsu eiyou syuppan kai, Nagoya,
2002. (in Japanese).

Yamauchi K, Iida S and Isshiki Y. Post-hatching developmental changes in the ultrastructure of
the duodenal absorptive epithelial cells in 1, 10 and 60-d-old chickens, with special reference
to mitochondria. British Poultry Science, 33 : 475-488. 1992.

Yamauchi K and Isshiki Y. Ultrastructural alterations of the duodenal epithelial cells in broiler
chicks fed high protein-low energy or low protein-high energy diets. Animal Science and
Technology, 65 : 313-319. 1994.

Yamauchi K and Isshiki Y. Scanning electron microscopic observations of the intestinal villi in
growing White Leghorn and broiler chickens from 1 to 30 days of age. British Poultry
Science, 32 : 67-78. 1991.

Yamauchi K, Isshiki Y, Zhou Z-X and Nakahiro Y. Scanning and transmission electron
microscopic observations of bacteria adhering to ileal epithelial cells in growing broiler and
White Leghorn chickens. British Poultry Science, 31 : 129-137. 1990 a.

Yamauchi K, Kamisoyama H and Isshiki Y. Effect of fasting and refeeding on structures of the
intestinal villi and epithelial cell in While Leghorn hens. British Poultry Science, 37 : 909
921. 1996.

Yamauchi K, Nakamura E and Isshiki Y. Development of the intestinal villi associated with the
increased epithelial cell mitosis in chickens. Animal Science and Technology, 64 : 340-350.
1993.

Yamauchi K and Tarachai P. Changes in intestinal villi, cell area and intracellular autophagic
vacuoles related to intestinal function in chickens. British Poultry Science, 41 : 416-423.
2000.

Yamauchi K, Yamamoto K and Isshiki Y. Morphological alterations of the intestinal villi and
absorptive epithelial cells in each intestinal part in fasted chickens. Japanese Poultry Science,
32 : 241-251. 1995.

Yamauchi K and Zhou Z-X. Comparative anatomical observations on small intestine of chickens
and waterfowls. Proceedings XVIII World’s Poultry Congress, Nagoya Japan, 1059-1060.
1988.

Yamauchi K, Zhou Z-X, Ibardolaza EI, Isshiki Y and Nakahiro Y. Comparative anatomical
observations on each intestinal segment in chickens and waterfowls. Technical Bulletin of
Faculty of Agriculture, Kagawa University, 42 : 7-13. 1990b.

Yasar S and Forbes JM. Performance and gastro-intestinal response of broiler chicks fed on
cereal grain-based foods soaked in water. British Poultry Science, 40 : 65-76. 1999.



