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Segmented filamentous bacteria (SFB) are autochthonous bacteria colonizing the ileum of many young
animals by attaching to intestinal epithelial cells. These nonpathogenic bacteria strongly stimulate the mucosal
immune system and induce intestinal epithelial cells to express major histocompatibility complex class II
molecules. We tried to discover whether SFB are phagocytized and intracellularly processed by the host cells,
which is indicative of antigen processing. The middle part of the ileum was extracted from 10- and 20-day-old
broiler chicks (Gallus gallus domesticus). Samples were processed and examined by scanning and transmission
electron microscopy (SEM and TEM, respectively). In SEM, no, few, medium, and dense SFB colonization
levels were classified. In TEM of cells from animals with medium or dense SFB colonization levels, we could
observe extracellular particles ranging from those only indenting the cell membrane to particles found in the
cytoplasmatic area beyond the terminal web. These particles had a structural similarity with SFB that were
floating freely in the intestinal lumen. Furthermore, we observed unlacing of the membrane and septum
surrounding the extracellular particles and their incorporation into host cytoplasmatic components, which
strongly suggests that these particles are phagocytized and intracellularly processed SFB. This conclusion is
supported by TEM analysis of samples with no or few SFB, in which we failed to find these characteristic
morphologies. The phagocytosis process described here could be an important trigger for the stimulating effect
of SFB on the mucosal immune system.

Segmented filamentous bacteria (SFB) are known to be non-
pathogenic, gram-positive, anaerobic, spore-forming bacteria
that inhabit the intestinal tract. SFB are characterized by their
long filamentous shape with defined septa between each seg-
ment and their attachment to epithelial cells. Although SFB
have been reported in many animal species, an official taxo-
nomic name has not been established as yet due to the lack of
an in vitro culturing method. Using 16S ribosomal DNA anal-
ysis, the phylogenetic positions of SFB in mice, rats, and chick-
ens have been reported as being closely related to each other
and distantly related to members of the genus Clostridium (19).
However, SFB of chickens are different from those of mice,
because SFB of mice are longer, wider, and have slightly dif-
ferent morphological characteristics than those of chickens (1).
Furthermore, SFB in chickens, rats, and mice are reported to
be host specific (1, 24).

SFB adhere to intestinal epithelial cells with holdfasts, and
filaments are usually found only at the ileal villus tip of young
animals (4, 6, 10, 12, 16, 17). Recently, SFB have been reported
to have a potential antagonistic effect against gastrointestinal
infections (8). Observations by transmission electron micros-
copy (TEM) have revealed that the host cells to which SFB are
anchored do not show any cytopathologic changes, and no
inflammatory reactions have been observed in the lamina pro-
pria (6, 27). SFB are therefore not pathogenic. Nevertheless,
SFB are the most potent indigenous bacteria to stimulate the
intestinal immune system (2, 11, 23, 25, 26), intestinal motility
(18), and the proliferation of intestinal epithelial cells (25) of

germ-free mice to a physiologically normal state. The mecha-
nism of this stimulation is unknown. SFB are able to colonize
Peyer’s patches although attachment to M cells is rare (9). In
mice, intestinal epithelial cells start to express major histocom-
patibility complex class II molecules after SFB colonization
(25), which suggests antigen uptake and processing by these
cells. Although SFB are host specific (1, 24), there are at pres-
ent no indications that host responses to SFB are different in
mice or chickens. Attachment of SFB was recognized by a
distorted cell membrane and a thickened and more electron-
dense underlying area of the host cell (4, 7, 12, 16, 27), which
has later been identified as an accumulation of actin filaments
at the attachment site (9). These morphological changes indi-
cate a definite host reaction and imply a cell-metabolic re-
sponse.

The processes of adherence and the subsequent forming of
new filaments are not understood. Previously, we observed that
the bacterial membrane at its apex seems to undergo lysis, and
this suggested a possibility that host cells may take up a part of
SFB and digest it (27). Intracellular processing of phagocytized
SFB might explain why these bacteria are such potent activa-
tors of the mucosal immune system. The data presented here
strongly suggest that SFB are phagocytized and intracellularly
processed by chicken epithelial cells.

Chicks and experimental design. One hundred ten newly
hatched male broiler (Marshall Chunky) chicks (Gallus gallus
domesticus) were obtained from a commercial hatchery and
maintained in a battery-type brooder in an environmentally
controlled room on a 14-h photoperiod (6:00 a.m. to 8:00 p.m.).
Birds were given ad libitum access to water and a standard
starter G-mash diet for broiler chicks (crude protein, 23.5%;
metabolizable energy, 3,050 kcal/kg). Seventeen and 12 chicks
were selected at random at 10 and 20 days of age, respectively.
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At the end of each experiment, birds were sacrificed by decap-
itation under light anesthesia with ether. All experiments were
performed according to the humane care guidelines provided
by the Kagawa Medical School.

Tissue sampling. Immediately after decapitation, the ileal
middle part between Meckel’s diverticulum and the ileo-cecal-
colonic junction was taken and flushed with phosphate-buff-
ered saline. A 2-cm length of the ileum was fixed in a mixture
of 3% glutaraldehyde and 4% paraformaldehyde fixative solu-
tion in 0.1 M cacodylate buffer (pH 7.4). Tissue specimens
were postfixed with 1% osmium tetroxide in the same ice-cold
buffer for 2 h. Then, the specimens for observation by scanning
electron microscopy (SEM) were subjected to critical-point
drying (Hitachi HCP-1) using liquid carbon dioxide as the
medium. The dried specimens were coated with platinum
(RMC-Eiko RE vacuum coater) and examined with a Hitachi
S-800 scanning electron microscope at 8 kV. The specimens for
observation by TEM were stained enbloc with 0.5% uranyl
acetate overnight and embedded in Spurr’s plastic mixture.
Silver to gray ultrathin sections were cut, stained with lead

nitrate, and examined under a Hitachi H-7100 transmission
electron microscope (Hitachi, Ibaragi) at 75 kV.

SFB colonization evaluated by SEM and TEM. At first, all
ileal samples were checked for their SFB colonization level
using SEM. Figure 1 shows examples of no (10 birds) (A), few
(8 birds) (B), medium (7 birds) (C), and dense (4 birds) (D)
SFB colonization levels among 29 birds. Next, to evaluate the
correlation between SFB colonization in SEM and the pres-
ence of extracellular particles in TEM, we randomly selected
samples of 5, 2, 2, and 4 birds with no, few, medium, and dense
SFB colonization levels, respectively.

Figure 2 shows various stages of the infection process of
SFB. Figure 2A is an example of a free form of SFB as found
in the intestinal lumen. It has an electron-dense homogeneous
cytoplasm with an electron-pale nuclear area that corresponds
with the initial developmental stage (10). In the terminal web
of epithelial cells at the villus tip, a tip of the first segment of
SFB was observed tearing from the SFB body (arrow in Fig.
2B). In the epithelial cells located on the lower villi, we ob-
served extracellular particles penetrating the terminal web

FIG. 1. Examples of no (A), few (B), medium (C), and dense (D) SFB colonization on the ileal villi. Bar, 50 mm; magnification, 3210.
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FIG. 2. Fine structural demonstration of phagocytosis pathway of SFB into ileal epithelial cells. (A) SFB sectioned through its floating part in the intestinal lumen
tangentially (magnification, 311,520). (B) SFB attached to host cell distributing on villus tip, a tip of which is tearing from the SFB body (arrow; 332,400). C through
F, extracellular particles torn on the terminal web (T) (magnifications: C, 23,040; D, 38,250) embedded into T (E: magnification, 327,000), and engulfed into the
cytoplasm beyond T (F: magnification, 328,800) of host cells distributing on the lower villi. In T, an engulfed particle is surrounded by electron-dense host cytoplasm
(upper arrow in F), but in the cytoplasmic area beyond T, it is surrounded by an electron-pale layer (lower arrow in F). Note a similarity in the images of extracellular
particles with that of SFB and successive pictures, from the tearing of SFB to its engulfment into host cytoplasm. All bars, 0.5 mm.
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FIG. 3. Fine structural similarity of images of extracellular particles in the ileal epithelial cell to that of intracellular bodies in SFB. (A) Obliquely cut SFB
(magnification, 314,400). (B) Transversely cut SFB including 3 clear intracellular bodies with nucleus and cell wall (arrow with W) (magnification, 330,000). (C)
Tangentially cut SEB including intracellular bodies (arrows) (magnification, 323,500). (D) Extracellular particle with nucleus (N) and cell wall (arrow with W) engulfed
into the host cytoplasm immediately beneath the terminal web (T). Extracellular particles are surrounded by an electron-pale layer (lower arrow) except for the upper
left part, which is shown merging into the host cell (upper arrow) (magnification, 338,400). All bars, 0.5 mm.
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(Fig. 2C and D), embedded into the terminal web (Fig. 2E),
and completely engulfed by host cytoplasm beyond the termi-
nal web (Fig. 2F). As a characteristic feature, the engulfed
particle was surrounded by an electron-dense layer in the ter-
minal web (upper arrow in Fig. 2F) but surrounded by an
electron-pale layer beyond the terminal web (lower arrow in
Fig. 2F). Structures of these extracellular particles as revealed
by TEM resembled those of floating particles of SFB in the
intestinal lumen (Fig. 2A through C).

Other segments of SFB contained intrasegmental bodies. It
is thought that these bodies are new holdfast particles that can
infect epithelial cells or alternatively form spores (10). Figure
3 shows examples of this type of SFB sectioned obliquely (Fig.
3A), transversely (Fig. 3B), and tangentially (Fig. 3C). Intra-
segmental bodies in Fig. 3B had a nuclear area and a cell wall
(arrow with W). An electron-dense cytoplasmic area around
these bodies seems to correspond with the electron-dense ho-
mogeneous cytoplasm of SFB in Fig. 2B. In Fig. 3C, cell mitosis
of these bodies was observed (lower arrow). Like in Fig. 2F,
this engulfed extracellular particle was found in the area be-
yond the terminal web (Fig. 3D). It was also surrounded by an
electron-pale layer (lower arrow) except for the upper left part
that was merging into the host cell (upper arrow). The struc-
ture of the present extracellular particle as observed by TEM
resembled the intrasegmental bodies in Fig. 3A through C and
those of floating SFB reported elsewhere (4, 7, 8, 16). We
failed to find these extracellular particles in seven chicks col-

onized with no and few SFB, whereas in six birds with high
levels of SFB, extracellular particles were frequently found.

TEM analysis of the host cell response. No specific cyto-
pathologic changes, acute inflammatory reactions, or morpho-
logical alterations of organella were observed in epithelial cells
penetrated by SFB. Nevertheless, the microvilli were found to
be pushed aside (Fig. 4A), and the underlying host cytoplasm
was apparently thickened and more electron dense (large ar-
rows in Fig. 4B). These TEM structural changes have also been
reported by others (4, 7, 10, 16). In addition, we observed a
strange fine structure at the attachment area of SFB; a plasma
membranelike structure of SFB that was unlacing from the
holdfast segment and was connected with the host mitochon-
dria (small arrows in Fig. 4B). In the host-cytoplasmic area
attached by SFB, many aggregated mitochondria and well-
developed Golgi bodies were observed, suggesting that the
host cell is activated due to attachment of SFB.

In the epithelial cells located on the lower parts of the villi,
extracellular particles were observed in the deeper cytoplasmic
area beyond the terminal web (Fig. 5 through 7). Figure 5A is
an example of an extracellular particle with an SFB-like shape
and of phagosomes thought to be a final stage of the intracel-
lular process of SFB (arrows). An electron-pale layer with no
cytoplasm was observed alongside SFB (Fig. 5B). Figures 6 and
7 are examples of electron-dense extracellular particles. This
seems to correspond with the electron-dense cytoplasm after
exposure from SFB in murine as was described by Davis and

FIG. 4. Fine structural alterations of ileal epithelial cells attached by SFB. (A) Aggregated mitochondria (M) and well-developed Golgi bodies (G) (bar, 1 mm;
magnification, 39,000). (B) Higher magnification of thickened and more electron-dense host-cytoplasmic area around the holdfast segment of bacteria (large arrows)
and SFB membranes (small arrows) extending more deeply to contact mitochondria (M) (bar, 0.5 mm; magnification, 345,000). T, terminal web.

6500 NOTES INFECT. IMMUN.



Savage (4). In Fig. 6, an unlacing of the outer-limit membrane
(large arrows), an unlaced septum, an electron-pale outer layer
of SFB (small arrows), and the mitochondrial membrane coa-
lescing directly into SFB (M) were observed. Furthermore, we
observed that a double-helix-like septum of SFB was unlacing
and merging into another electron-dense particle at the upper
side surface of SFB (Fig. 7A and arrows in Fig. 7B). Also in this
epithelial cell, an electron-pale layer without cytoplasm and
phagosomes could be seen. In these cells in Fig. 5A, 6A, and
7A, many aggregated mitochondria and well-developed Golgi
bodies were observed (M and G, respectively). These charac-
teristic TEM structures could not be observed in chicks with-
out SFB by using SEM.

In general, phagocytized extracellular particles are intracel-
lularly processed by autophagolysosomes (3). The first indica-
tion of the autophagolysosomes is the presence of the isolated
envelope with a double membrane. This structure becomes
surrounded by a Golgi body to form a nascent autophagic
vacuole, which is subsequently fused with a preexisting lyso-
some to create the autophagolysosomes. Some mitochondria
are coalesced directly into the autophagolysosomes. During
this period, the Golgi bodies evidently produce lysosomal en-
zymes, and autophagosomes show an activated acid phospha-
tase reaction. In our study, we also observed such morpholog-
ical features. These narrow electron-pale areas surrounding
the SFB have also been reported in other infections (21, 22).
Histochemically, such a narrow space between the double

membrane of an autophagous vacuole is shown to be filled with
reaction products of acid phosphatase (15). In the case of the
yeast Saccharomyces-cerevisiae, the vacuole was shown to con-
tain hydrolases that digested the target materials by fusing
their membranes with outer membrane materials (14). The
present electron-pale layer alongside the SFB might therefore
be caused by hydrolysis of the phagocytized SFB due to acid
phosphatase during lysosomal intracellular digestion. Elec-
tron-dense bodies including various levels of densities (phago-
some) (arrows in Fig. 5A and 7B) might be at the final stage of
the intracellular digestion of extracellular particles. The fact
that such an activated cell function likely needs much energy
from mitochondria correlates well with the present results that
many aggregated mitochondria and well-developed Golgi bod-
ies were observed in the host cytoplasm. Since all of these
characteristic TEM structures were found only in chicks con-
firmed to be colonized with SFB and were absent in SFB-free
chicks, we suggest that they show the intracellular processing
of phagocytized SFB.

Most previous publications have commented on attachment
as the final stage of the interaction between SFB and epithelial
cells. Attachment of SFB filaments is recognized by morpho-
logical changes in the epithelial cell such as the displacement
of microvilli and actin accumulation around the attachment
site (4, 7, 9, 12, 16, 27). However, no information on the
adhesion process itself, including the possibility of phagocyto-
sis, has been reported. On the contrary, some authors have

FIG. 5. Intracellular digestion of SFB phagocytized into the host cell area beyond the terminal web (T). (A) Phagosomes thought to be a final stage of intracellular
digestion of SFB (arrows) (bar, 1 mm; magnification, 314,400). G, Golgi body; M, mitochondria. (B) Higher magnification of electron-dense area in T and electron-pale
layer in host cytoplasm immediately beneath T (bar, 0.5 mm; magnification, 336,000).
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reported that the absence of bacteria inside the host cells
implies that adhesion of bacteria to the host cell is a phenom-
enon unrelated to the translocation of bacteria to cells (13).
Others have claimed that there is no evidence that SFB pen-
etrate beyond the host cell membrane (5, 6, 17) or that they are
phagocytized by either epithelial cells or macrophages (4).
Only one report has claimed that parts of indigenous microbes
(possibly SFB) were observed immediately beneath the termi-
nal web, but none of these bacteria penetrated the cell deeper
than 2 mm (16). The reason that no information on the phago-
cytosis of SFB has been reported is related to the fact that
studies on the interaction between SFB and epithelial cells are
limited to morphological observations, which is due to lack of
an in vitro culturing method. Confirmation that extracellular
particles in the host cell are indeed SFB, for example by an
immunocytochemical procedure using gold-labeled antibodies,
is currently impossible due to the lack of specific antibodies
against SFB. The identity of the particles can be established
only by comparison of morphological characteristics. Our suc-
cessive range of images of SFB from their indenting the host
cytoplasm to being engulfed by the cell, together with their
structural similarity with SFB found in the intestinal lumen,
strongly suggests the possibility of phagocytosis of SFB into
host cells. This is supported by the absence of such particles in
the cytoplasm of epithelial cells in chicks without SFB.

It is known that SFB are present in high numbers only

shortly after weaning in mice (4, 10, 20) and for about 10 days
after hatching in chicks (27). During this period, the mucosal
immune system is strongly stimulated by SFB. Klaasen et al.
(11) were the first to report an increase in immunoglobulin A
(IgA)-secreting cells in the gut lamina propria after coloniza-
tion of SFB. Umesaki et al. (25) reported an increase in a-b
T-cell receptors bearing intraepithelial lymphocytes. By com-
paring immunodeficient athymic mice with normal mice, it has
been suggested that the immune activation results in a reduc-
tion of SFB colonization levels (20). The reason that SFB may
induce this powerful stimulation of the mucosal immune sys-
tem has not been determined but may be related to their
interaction with intestinal epithelial cells. Umesaki et al. (25)
described the induction of major histocompatibility complex
class II molecules on the surface of intestinal epithelial cells
after contamination of germ-free mice with SFB. Expression of
these molecules is usually a characteristic of antigen-present-
ing cells and requires uptake and processing of SFB antigen
after which immune activation can take place. We speculate
that the uptake and intracellular processing of SFB rather than
adhesion is a stimulating trigger for this. The finding that,
besides immune activation, proliferation of epithelial cells is
also stimulated (25) might indicate another host mechanism
for clearance of adhering bacteria, including SFB and patho-
gens.

In conclusion, we were the first to observe that the SFB were

FIG. 6. An example of an SFB particle phagocytized into the host cell area beneath the terminal web and cut at the septum level. (A) Aggregated mitochondria
around the bacteria (M) and well-developed Golgi bodies (G) (bar, 1 mm; magnification, 37,200). (B) Higher magnification of an unlacing of limited outer membrane
(large arrows), an unlaced septum, and a digested electron-pale layer (small arrows). One mitochondrion (M) is fusing with an SFB membrane and septum, and the
lowest mitochondrion is wrapped by isolated envelope with a double membrane (arrow with E) (bar, 0.5 mm; magnification, 345,000).
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phagocytized into the ileal epithelial cells and intracellularly
processed by lysosomal heterophagy. Phagocytosis could be the
first triggering step for the immunological response to SFB,
resulting in increasing numbers of IgA-producing cells and a-b
intraepithelial lymphocytes in the intestinal mucosa.
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