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Chlamydiae are obligately intracellular pathogens which cause infections associated with a broad range of
diseases in both livestock and humans. In addition, a large proportion of animals may become persistently
infected asymptomatic carriers and serve as reservoirs for other animals which also shed these potential
zoonotic pathogens. Reducing the chlamydial load of animals is therefore of major importance, and since
large-scale antibiotic treatment is neither desired nor feasible, alternative means of prevention are needed.
Here we performed a study comparing the efficacy of a probiotic strain of Enterococcus faecium on the reduction
of both the rate of natural infection and the shedding of chlamydiae in swine. The presence of Chlamydiaceae
was detected by species-specific PCR of fecal samples of sows taken at three times prior to the birth of piglets.
Piglets delivered from chlamydia-positive sows in either the control or the probiotic group were also examined
for the frequency of chlamydiae at various ages. Eighty-five percent of the piglets from the control group were
found to be chlamydia positive, whereas chlamydiae were found in only 60% of piglets from the probiotic group,
results confirmed by fluorescence in situ hybridization and immunohistology, which showed higher rates of
infection in the control group. In addition to the reduced frequency of chlamydia-positive piglets in the
probiotic group, the time of appearance of positive samples was delayed. To our knowledge, these data show
for the first time that a probiotic strain of E. faecium can reduce the rate of carryover infections of piglets by

obligate intracellular pathogens.

Members of the order Chlamydiales are obligately intracel-
lular parasites of eukaryotic cells, displaying a unique devel-
opmental cycle alternating between extracellular infectious el-
ementary bodies (EB) and intracellular replicating reticulate
bodies (RB). In humans, chlamydiae are the leading cause of
preventable blindness, sexually transmitted disease, and pneu-
monia and have also been linked to cardiovascular disease (21,
23, 35, 53, 54). Several chlamydial species also are responsible
for a variety of clinically and economically important diseases
in livestock and domestic animals. In swine, chlamydiae are
associated with a broad range of diseases, including abortion
and delivery of weak piglets (70, 71), orchitis, epididymitis, and
urethritis in boars (56), pericarditis, polyarthritis, and polyse-
rositis in piglets (69), conjunctivitis (48), pneumonia (30), and
pseudomembranous or necrotizing enteritis (38, 45). Out-
breaks of chlamydiosis in pigs have been reported for industrial
animal stocks in Eastern European countries, where the hab-
itat of the chlamydiae involved appeared to be the intestinal
tract (25, 39, 47, 62, 64). Persistent infections of the gut result
in intermittent shedding of chlamydiae into the environment,
and due to the high tenacity of these organisms, infected feces
becomes a source of infection for other animals, as well as for
humans (42, 62).

Chlamydia suis (formerly a porcine serovar of Chlamydia
trachomatis), Chlamydia pecorum, and Chlamydophila abortus
(formerly Chlamydia psittaci serovar 1) have all been isolated
from the porcine gut (28, 58, 66, 72). Chlamydia spp. show
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greater than 80% sequence identity within the genes encoding
their 16S and/or 23S rRNAs (16). Based on 16S-23S ribosomal
intergenic spacer signature sequences, C. suis is highly related
(99%) to the human C. trachomatis species, and C. suis isolate
S-45 is identical to human genital C. trachomatis serovar D
(16). Both species also show identical or near-identical VS4
epitopes, encoded by the ompA gene (15). Indeed, monoclonal
antibodies (MAbs) to VS4 of C. trachomatis and chlamydial
serogroup B MAbs, routinely used to serotype human C. fra-
chomatis, can lead to cross-reactions with C. suis, leading to
species misidentification (15).

The zoonotic potential of C. suis for humans remains an
important unresolved question. Case reports have described
the transmission of C. abortus from small ruminants to humans
and have been associated with abortion in infected humans as
well as health-related problems of pig, cattle, and sheep farm-
ers (9, 44). Several studies revealed a prevalence of chlamydiae
in swine ranging from 12 to 30%, with the frequency of detec-
tion on individual farms ranging from 0 to 70% (28, 66, 72).
Chlamydiae are found localized predominantly in the large
intestine, where chlamydial inclusions are situated in the cyto-
plasm of enterocytes (11, 24, 46, 48, 72). C. suis isolates recov-
ered from the intestines of diarrheic pigs were shown to cause
intestinal lesions and diarrhea in gnotobiotic pigs at infective
doses from 10° to 10° inclusion-forming units (IFU)/ml (47). In
young, weaned pigs, the same infective doses do not result in
diarrhea, but they do result in intestinal lesions and persistent
intestinal infections (46). Challenge infections of mice with C.
trachomatis (MoPn) have shown that cell-to-cell transmission,
systemic dissemination, and autoinoculation with infectious
fluids also contribute to chlamydial spread (42). The key im-
portance of intestinal chlamydial infections is therefore not
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necessarily their enteropathogenicity but rather the frequent
persistent infections, conferring carrier status.

For livestock, antiinfectives and vaccines are well-estab-
lished means to reduce infections. However, the use of antiin-
fectives, especially as feed supplements, has been criticized due
to the development of antibiotic resistances, and vaccination
against porcine chlamydiae is not well established. In addition
to hygienic measures, the use of probiotics as feed supplements
for livestock animals is increasing in importance. Probiotics are
microorganisms which confer beneficial effects in the preven-
tion and treatment of certain pathological conditions (27), and
the probiotic principle has been suggested to be useful for the
treatment of intestinal disorders and for enhancing the gut
mucosal barrier function (1, 33, 55). The protective effects of
probiotics against intestinal infections were shown both with
animals and with in vitro cell culture models (6, 18, 19, 32, 63,
67). However, while many beneficial effects of probiotics for
both animals and humans have been described, the mode of
action of probiotics remains largely unclear (49).

To our knowledge, no studies to date have examined the
influence of probiotics on infections by obligate intracellular
bacteria. We therefore determined the effect of an Enterococ-
cus faecium probiotic strain (NCIMB 10415), as a representa-
tive of the autochthonous gut flora of pigs, on the rate of
chlamydial infection in swine as a possible means to decrease
infections of newborn piglets. The choice of this probiotic
bacterium was also based on prior studies reporting beneficial
effects, leading to its licensing by the European Union as a feed
supplement for animals. Furthermore, we examined the suit-
ability of the E. faecium probiotic strain as a prophylactic
measure for the prevention of carryover infections by moni-
toring the rate of infection by chlamydiae in newborn piglets
from naturally chlamydia infected sows.

MATERIALS AND METHODS

Animals and design of the study. Hybrid Landrace X Duroc sows were ran-
domly assigned to two groups, consisting of an untreated control group receiving
normal feed and a second group of sows receiving feed supplemented with
Cylactin LBC ME10 (probiotic group), a microencapsulated preparation of En-
terococcus faecium SF68 (NCIMB 10415), at a concentration of 50 mg/kg (sows)
or 100 mg/kg (piglets) feed. The concentration of viable Enterococcus faecium
bacteria in the preparations was determined to be 9 X 10° CFU/g. The duration
of application was 13 weeks for sows and 8 weeks for piglets. Sows were fed a diet
supplemented with Cylactin LBC or an unsupplemented diet, beginning 24 days
after mating. Suckling piglets of both the probiotic and control groups had access
to prestarter feed ad libitum from days 14 to 28. After weaning (day 28), the
starter diet for piglets was with or without supplementation according to the
treatment group.

Samples. Three independent fecal samples from each of a total of 22 sows
were taken prior to the birth of piglets to detect carriers. DNA from this sample
matrix was prepared using the QIAmp DNA Stool kit (QIAGEN, Germany)
according to the manufacturer’s instructions. Tissue and fecal samples isolated
from euthanized piglets were used for determination of colonization rates by
PcR determinations with DNA from the ileum, colon descendens, and feces.
DNA extractions were done by using the QIAamp DNA Stool kit or the QIAamp
DNA mini-kit (QIAGEN, Germany) according to the instructions of the man-
ufacturer. Only piglets delivered from chlamydia-positive carrier sows were ex-
amined.

Cultivation. Chlamydiae were propagated in the permanent Buffalo green
monkey (BGM) kidney epithelial cell line. Cells were cultured in Eagle’s minimal
essential medium (EMEM) supplemented with 10% heat-inactivated fetal calf
serum (FCS), 1% vitamins, 1% L-glutamine, 1% nonessential amino acids, 2.5
pg/ml amphotericin, and 50 pg/ml gentamicin (all components from Biochrom,
Germany) and were incubated at 37°C under 5% CO,. After infection of cells,
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TABLE 1. Sequences of primers for detection of chlamydiae

Primer Sequence (5'-3")" Reference
191CHOMP GCIYTITGGGARTGYGGITGYGCIAC 52
CHOMP371 TTAGAAICKGAATTGIGCRTTIAYGTGIG 52

CIGC
201CHOMP GGIGCWGMITTCCAATAYGCICARTC 52
CHOMP336s CCRCAAGMTTTTCTRGAYTTCAWYTTG 52

TTRAT
218PSITT GTAATTTCIAGCCCAGCACAATTYGTG 52
TRACH269 ACCATTTAACTCCAATGTARGGAGTG 52
204PECOR CCAATAYGCACAATCKAAACCTCGC 52
16SIGF CGGCGTGGATGAGGCAT 15
16SIGR TCAGTCCCAGTGTTGGC 15
16SF GCGTGGATGAGGCATGCAA 16
16SR GGAGGTGATCCAGCCCCA 16
CTU ATGAAAAAACTCTTGAAATCGG 10
TGLY GGCTACAGCTCTACCATTGA 10

“ Degenerate nucleotides: K= GorT; M =AorC;R=AorT;Y = Cor
T; I = inosine.

the cell culture medium was modified to contain 2% FCS and 2 pg/ml cyclohex-
imide.

For cultivation of chlamydiae, feces or pooled mucosal samples from the colon
ascendens and colon descendens were used. Samples were placed in 2SP trans-
port medium (0.2 M sucrose, 0.02 M phosphate buffer, pH 7.2) containing 50
pg/ml gentamicin, 10 wg/ml amphotericin B, 25 pg/ml vancomycin, and 20%
FCS, transported on ice, and processed within 24 h. Preparation of infectious
chlamydiae from feces and mucosa was as follows. The matrix was disrupted with
glass beads (diameter, 1 mm) in a BeadBeater (BioSpec, Bartlesville, Okla.) for
2 min on ice. Cellular debris was removed from the homogenates by centrifu-
gation at 500 X g and 4°C for 10 min, and the resulting supernatant was centri-
fuged again for 20 min at 1,500 X g and 4°C. Supernatants were centrifuged for
45 min at 30,000 X g for sedimentation of EB. The sediment was resuspended in
2 ml EMEM and used for infection of cultured cells. For each specimen, 0.2 ml
inoculum was placed on 24-h-old BGM monolayers on glass coverslips (13 mm)
in 24-well microtiter plates (Corning, Schiphol, The Netherlands). Plates were
centrifuged at 2,500 X g and 37°C for 1 h. After 2 h of incubation, the inoculum
was removed by a wash with phosphate-buffered saline and was replaced by fresh
EMEM. After 3 and 5 days of incubation, duplicate coverslips were fixed with
methanol and stained for the presence of characteristic chlamydial inclusions
(22). Two wells were harvested by the freeze-thaw method (65) for a second
passage/infection. If no inclusions were detected within five passages, the spec-
imen was considered negative.

Genus- and species-specific PCR. Genus and species-specific nested PCR
targeting the ompA gene was used for detection of chlamydiae in swine as
described by Schiller et al. (58) and modified by Sachse and Hotzel (52). The
principle of the nested amplifications and species differentiation is as follows. In
the first amplification step (outer primer pair, 191CHOMP and CHOMP371), a
genus-specific product is generated. The second step of PCR involves one genus-
specific inner primer (201CHOMP or CHOMP336s) and one species-specific
primer (TRACH269 or 218PSITT/204PECOR). Primer pairs 204PECOR and
CHOMP336s (C. pecorum), 218PSITT and CHOMP336s (C. abortus; formerly
C. psittaci serovar 1), and 201CHOMP and TRACH269 for C. suis (formerly a
porcine serovar of C. trachomatis) were used.

Oligonucleotide primers are listed in Table 1. The sensitivity of the nested
PCR has been reported as less than 1 IFU/ml (51, 52). DNA controls were
prepared by proteinase K digestion from cell culture monolayers infected with
either C. suis S45, C. abortus B577, C. psittaci (avian), or C. pecorum LW613
(kindly provided by M. M. Wittenbrink, Institut fir Veterindrbakteriologie, Zii-
rich, Switzerland) as described by Meijer et al. (37). Cross-contamination was
prevented by the use of aerosol-resistant pipette tips in all pre-PCR steps.
Samples were considered positive when the species-specific amplicon of the
expected size was visible on 2% agarose gels after electrophoresis and ethidium
bromide staining. This PCR protocol was performed with samples from 22 sows
(66 samples) for detection of carrier status and with samples from 40 piglets (120
samples). For some samples, species diagnosis was performed by PCR for the
16S rRNA signature sequence using primers 16SIGF and 16SIGR. Primers 16SF
and 16SR were used to generate the 16S rRNA genes of the cultivated isolates.
The ompA gene was amplified from the same isolates by using primers CTU and
TGLY.
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TABLE 2. Oligonucleotide probe sequences specific for
the Chlamydiales

Probe orrggilgi:rtns Sequence (5'-3") Reference
Chls-0523 Chlamydiales CCTCCGTATTACCGCAGC 43
Chlae-0574  Chlamydiaceae CTTTCCGCCTACACGCCC 43
Chla-0232 Chlamydia TAGCTGATATCACATAGA 43
Chlph-0583  Chlamydophila CTAACTTTCCTTTCCGCC 43
Ct-0623 C. trachomatis ATTAGATGCCGACTCGGG 43

(human)
EUB338 Eubacteria GCTGCCTCCCGTAGGAGT 3

Immunohistochemistry (IHC). Tissue samples (ileum, colon ascendens, and
colon descendens) were fixed in 4% paraformaldehyde and processed to 4- to
6-pum-thick paraffin sections. For immunohistochemical staining, a genus-specific
mouse MAD (clone AC-1; Progen, Heidelberg, Germany) directed against the
lipopolysaccharide of chlamydiae (working dilution, 1:200) was used and labeled
with streptavidin-biotin using the DAKO ChemMate Detection kit according to
the manufacturer’s instructions (DAKO Diagnostics, Hamburg, Germany). The
number of infected enterocytes of intact tissue per mm of lamina muscularis
mucosae was calculated using a histological software program (AxioVision;
Zeiss, Oberkochen, Germany).

FISH. Tissue samples from the ileum, colon ascendens, and colon descendens
were washed in phosphate-buffered saline and fixed in 4% paraformaldehyde at
4°C. Tissues were embedded in polymerizing resin (Technovit 8100; Heraeus
Kulzer, Wehrheim, Germany) at 4°C according to the vendor’s instructions.
Polymerized resin blocks were stored at 4°C for preparation of semithin sections
(4 pm). For detection and differentiation of chlamydiae, an oligonucleotide-
probe set as described by Poppert et al. (43) was used (Table 2). Fluorescence in
situ hybridization (FISH) and buffers have been described elsewhere (4). The
eubacterial probe EUB338, targeting the 16S rRNA gene sequence of most
members of the domain Bacteria, was used as a positive control in all hybridiza-
tion experiments. DAPI (4’,6'-diamidino-2-phenylindole) staining was also in-
cluded in the control reagents for labeling of both prokaryotic and eukaryotic
DNA.

From all piglets, at least four sections were investigated in four different
combinations of oligonucleotide probes. Prewarmed hybridization solution (40
wl) was mixed with 200 ng of the probes and applied to the tissue sections. After
incubation in the dark for 4 h in a humidified chamber at 46°C, slides were
washed with prewarmed wash buffer (48°C) for 10 min. Slides were rinsed with
distilled water, air dried in the dark, coated with Vectashield antifade reagent
(Vector Laboratories), and mounted for epifluorescence microscopy.

DNA sequencing. PCR products were purified using the High Pure PCR
product purification kit (Roche Diagnostics, Mannheim, Germany) according to
the manufacturer’s instructions. Sequencing was performed by AGOWA (Berlin,
Germany). Nucleotide sequence alignments were performed using the BLAST
program.

Statistical analysis. Statistical analysis of the detection frequencies of chla-
mydiae from specimens of piglets in the two groups was performed using the x>
test using SPSS 12.0 for Windows.

Nucleotide sequence accession numbers. Accession numbers for the se-
quenced DNA regions submitted to the EMBL nucleotide sequence database are
AY661794 to AY661798 for the 16S rRNA gene and AY687638 to AY68763 for
the ompA gene. Sequenced PCR products of genus-specific nested-PCR prod-
ucts were assigned accession numbers AY687635 to AY687639, and the 16S
rRNA signature sequence was assigned accession numbers AY686469 to
AY0686473.

RESULTS

Detection of chlamydia carrier status of sows. To determine
the chlamydia carrier status of sows, DNA was prepared from
fecal samples of 22 sows from either the control or the probi-
otic group and was used for species-specific PCRs. To increase
the probability of identifying positive samples despite intermit-
tent fecal shedding, three independent samples from each sow
were examined. The presence of chlamydiae in fecal samples
ranged from 27% (6/22) for single-time-point detection to 73%

INFECT. IMMUN.

(16 chlamydia-positive sows out of 22) when three samples
were investigated. The species diagnosis from the second, spe-
cies-specific step of the nested PCRs verified the presence of C.
trachomatis in all 16 sows. The C. trachomatis-specific primer
TRACH 269 targets the ompA gene and detects both human
C. trachomatis species and C. suis (formerly a porcine serovar
of C. trachomatis).

Detection of chlamydiae in piglets from sows with carrier
status by nested PCR. Having established the chlamydia infec-
tion status of sows in both the control and the probiotic-fed
group, we then determined the frequency of carryover infec-
tions in piglets belonging to 10 sows with identifiable carrier
status. Of the two groups, four piglets from each sow were
examined for chlamydial infection at the ages of 14, 28, 35, and
56 days. Of a total of 40 piglets examined, 29 of 40 (73%) were
found to be chlamydia positive, with a positive sample distri-
bution among 11 of 40 (28%) for the ileum, 26 of 40 (65%) for
the colon descendens, and 23 of 40 (58%) for the feces. Piglets
from the control group showed a frequency of chlamydia-
positive samples of 17/20 (85%), in contrast to 12/20 (60%) in
the probiotic group (Fig. 1A). The frequency of detection of
chlamydiae was also greater for all three sample types in the
control group (Fig. 1B). The reduced frequency of chlamydiae
in the probiotic group (3/20; 15%) was most apparent in ileal
samples relative to the control group (8/20; 40%). Clear dif-
ferences were also apparent between the two groups in colon
and fecal samples, with the probiotic group showing reduced
frequencies relative to the control group of 20% and 25%,
respectively. A significant reduction in the frequency (P =
0.05) of chlamydia-positive samples was seen at the age of 14
days, when only one of five piglets from the probiotic group
tested positive, compared to four out of five from the control
group (Fig. 1C). False negative results were reduced to a min-
imum by the excellent sensitivity of the nested PCR and the
use of specialized DNA extraction kits. The 100% correlation
of four independent methods supports the conclusion that the
PCR results reflected the actual infection rate in the piglets.

Based on the species diagnosis from sows, carryover infec-
tions of piglets were most likely to have been due to Chlamydia
suis infection. To verify that these were carryover infections
rather than infections due to a susceptibility to other environ-
mental species, the PCR products from six randomly selected
piglets from different sows were sequenced. Both the ompA
and 16S rRNA gene signature sequences were compared. The
sequences of the ompA gene were 92% to 93% identical with
that of C. suis, and the 16S rRNA gene sequence was 99% to
100% identical with that of C. suis R22, consistent with the
isolates identified in chlamydia-positive sows.

Detection of chlamydia-infected piglets from sows with car-
rier status by cultivation. In an effort both to establish pure
cultures and to verify the infectivity of fecal and intestinal
isolates, fecal and pooled mucosal samples from the colon
ascendens and colon descendens from chlamydia-positive pig-
lets were seeded on chlamydia-susceptible cultured BGM cells
and cultivated for five passages before the final evaluation. In
cell culture, chlamydiae were observed in the second passage
from five mucosal samples and three fecal samples. The ompA
and 16S rRNA PCR products generated from DNA extracted
from cell culture supernatants were sequenced and showed
99% identity to the 16S rRNA gene of C. suis R22 and 92% to
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FIG. 1. Effects of probiotic supplementation on the frequency and distribution of chlamydial isolates in piglets of chlamydia-positive sows.
(A) Total-DNA samples from the ileum, colon descendens, and feces isolated from piglets at 14, 21, 35, and 52 days postpartum were subjected
to nested PCR for the presence of chlamydiae. Piglets from the control group showed a frequency of chlamydia-positive samples of 17/20 (85%),
in contrast to 12/20 (60%) in the probiotic-fed group (P = 0.073). (B) Distribution of chlamydiae in ileal, colon descendens, and fecal samples.
The reduced frequency of chlamydiae in the probiotic group (3 of 20; 15%) was most apparent in ileal samples relative to the frequency in the
control group (8 of 20; 40%). Clear reductions in the frequency of chlamydiae were also apparent in colon samples (75% and 55% in control and
probiotic piglets, respectively) and fecal samples (70% and 50%, respectively) (ileum, P = 0.073; colon, P = 0.103; feces, P = 0.326). (C) At the
age of 14 days, only one of five piglets from the probiotic group was positive for chlamydiae, compared to four out of five from the control group

(P = 0.05).

94% identity to the ompA gene of C. suis S45. The sequences
for the 16S rRNA and ompA genes from two piglets of the
same sow were identical. Specimens of three animals were
excluded from the evaluation due to cross-contamination by
other bacteria. These results verified the infectivity of the chla-
mydia isolates identified by the PCR-based methods, and the
infective fecal isolates further confirmed the carrier status of
the piglets.

Detection of chlamydiae in piglets from sows with carrier
status by immunohistochemistry. The chlamydial infection
status of piglets was also verified by PCR-independent means.
Sections of paraformaldehyde-fixed, paraffin-embedded tissue
from the colon ascendens and colon descendens from 12 ran-
domly selected piglets from either the control or the probiotic
group were immunohistochemically labeled with genus-specific

mouse MADbs against chlamydial lipopolysaccharide. A total of
7 out of 12 animals in both the control and probiotic-fed
groups showed positive results by use of antibodies (Fig. 2 and
3).

Semiquantitative analyses of the frequency of chlamydia-
infected enterocytes per mm lamina propria mucosae showed
large differences in the degree of infection when the mean
values for individuals were compared. There were clear differ-
ences between the probiotic and control groups in both the
colon ascendens and the colon descendens in 35-day-old pig-
lets (Fig. 3). At this age the infection rate of enterocytes was
high. In both groups, however, the colon descendens showed
the largest number of infected enterocytes. Chlamydiae were
detected only in the cytoplasm of enterocytes and never below
the lamina propria mucosae. When the results of the PCR
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FIG. 2. Immunohistology of colon ascendens (A) and colon descendens (B) samples from a 35-day-old piglet. A genus-specific monoclonal
antibody against chlamydial lipopolysaccharide was used to label chlamydial inclusions in enterocytes. Magnification, X400.
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FIG. 3. Probiotic supplementation reduces the in vivo spread of
chlamydiae in enterocytes. Age-dependent distribution of infected en-
terocytes per mm lamina muscularis mucosae in control (open bars)
and probiotic-fed (filled bars) piglets. Shown are the average infected
enterocytes for regions of the colon ascendens (Colon a.) and colon
descendens (Colon d.) in each group at different ages (in days). Data
shown are for a maximum of three piglets of the indicated age post-
partum from each group. The number of piglets sampled is given
above each bar. Only determinations from PCR-positive piglets were
used for calculation of means.

determinations were compared to those of the immunohisto-
logical examinations, among 24 animals examined, 4 that were
identified as chlamydia positive by PCR could not be verified
immunohistochemically. In contrast, all chlamydia-positive an-
imals identified immunohistologically were also found to be
positive by PCR.

Examination of intestinal tissue from piglets for chlamydial
infection by FISH. To validate the results of the immunohis-
tochemical determinations, sections of resin-embedded tissue
from the ileum, colon ascendens, and colon descendens from
identical piglets were also hybridized with chlamydia oligonu-
cleotide probes Chls-0523, Chlae-0574, Chla-0232, Chlph-
0583, and Ct-0623 (Table 2), as well as a universal eubacterial
probe, EUB338, which detects nearly all bacteria (2). No hy-
bridization signals were observed by using probe Chlph-0583
or Ct-0623, specific for Chlamydophila or C. trachomatis, re-
spectively. Combined with the results from both PCR and
sequencing, the results shown in Fig. 4 were therefore consis-
tent with the conclusion that all chlamydia-positive piglets
were infected with C. suis. Furthermore, the use of multiple
probes verified the utility of FISH for discrimination of both
genus- and species-specific infections by chlamydiae. Of 12
animals examined per study group, 6 showed positive hybrid-
ization signals in the control group compared to 5 from the
probiotic-fed group. For the three regions of the intestine
examined for each piglet, 10 out of a total of 36 sections
showed chlamydial inclusions in the control group compared
with 8 of 36 in the probiotic group.

INFECT. IMMUN.

DISCUSSION

The observations in this study of reduced numbers of chla-
mydia-positive piglets from infected sows in the probiotic-
treated group, including reduced tissue localizations and in-
fected enterocytes and a delayed time of appearance of
positive samples, suggest that the probiotic E. faecium strain
reduces both the rate and the severity of carryover infections of
piglets by chlamydiae.

Consistent with other studies (28, 66), we confirmed a high
level of persistent chlamydia infections in sows in a conven-
tional swine herd (16/22; 63% chlamydia positive). For the
detection of chlamydiae in fecal samples, multiple assays were
imperative, as shown by the different results obtained between
single and triplicate sample testing of sows using PCR-based
methods. Only piglets of sows with chlamydia carrier status
were followed up for the presence of chlamydial infection. The
most consistent and reproducible results for the presence of
chlamydiae in piglets were obtained with tissues of the large
intestine (65%) compared to small-intestine tissues (ileum),
where only 28% of samples were found positive. The chlamyd-
ial inclusions observed in enterocytes consisted of both single
inclusions and apparently proliferating clusters (Fig. 2 and 4),
also confirming results from other studies (11, 45).

For diagnostic purposes, the cultivation of chlamydiae is
unsuitable, particularly for C. suis, which shows a very low
success rate (5, 59). Additional problems include coinfection of
intestinal samples with mycoplasmas; control measures include
the use of cycloheximide and other antibiotics for transport
and processing of samples, but these can also reduce the prop-
agation and proliferation of chlamydiae. PCR-based detection
methods are sensitive, able to detect less than 1 IFU in cell
culture or tissues (52). The specificity of PCR is further vali-
dated by sequencing of the PCR products and by 16S rRNA
gene signature sequence PCR. In this study, all supporting
validation methods resulted in the species diagnosis of C. suis.
While IHC is an excellent tool for visualization of the local-
ization of chlamydiae in tissues, the lower sensitivity of IHC
compared to PCR is understandable, since single chlamydial
inclusions could not be visualized and tissue section examina-
tions are time-consuming. Here, we have used IHC only as a
validation method for tissue sections from which extracted
DNA was used in PCRs. While FISH with 16S rRNA se-
quences specific for different taxonomic levels provided a valu-
able tool for visualization in situ, the method is limited, be-
cause only metabolically active chlamydial (RB) forms are
detected. However, this difference provides information distin-
guishing between environmental contamination and genuine
infection status.

In the herd of sows examined, only C. suis was identified.
The transmission of chlamydiae to piglets most likely results
from carryover infections from sows to piglets through contact
with infectious feces. This would be consistent with the se-
quence results indicating that piglets of one sow showed the
same isolate of C. suis (see nucleotide accession numbers
AY687630, AY687631, AY661795, and AY661795). These ob-
servations suggest a transmission model in which oral uptake
of infectious chlamydiae leads to initial colonization of entero-
cytes of the large intestine. A weakened immune response
resulting from stress or other factors, or infection by more-
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FIG. 4. Insitu detection of chlamydiae in the intestine of a 35-day-old piglet by FISH. (A through C) Visualization of chlamydiae in the colon
ascendens by using the Cy3-labeled probe Chls-523 (A), the fluorescein-labeled probe Chlae-574 (B), or control staining by DAPI (C). (D through
G) In situ identification of chlamydiae in the colon descendens by Chls-523 (D), Chlae-574 (E and F), or the Cy3-labeled probe EUB338 (G). (A
through C) Original magnification, X1,000; (D through G) original magnification, X400.

virulent strains of chlamydiae, would lead to ascending infec-
tion and manifestation in the small intestine. An outcome of
colonization resulting in latent infections is suggested by the
observation that none of the infected piglets in this study
showed clinical signs of enteric infections, as previously ob-
served in challenge trials with chlamydiae in gnotobiotic pigs
(47). However, during the course of the study, we noted that
many of the sows that tested positive for C. suis showed a high
rate of reduced fertility, resulting in lower-than-average litter
numbers (unpublished observations).

At least three mechanisms are possible whereby the probi-
otic Enterococcus faecium strain could reduce the infection
rate in piglets: (i) inhibition or reduction of infection of host
cells, (ii) reduced proliferation within infected cells, and/or (iii)
a more rapid clearance of chlamydia-infected cells. Attach-
ment of chlamydiae to host cells is at least partially dependent
on an interaction with the glycosaminoglycan receptor (26).
Competition for binding to the glycosaminoglycan receptor is

possible, similar to the antagonism for binding of the intestinal
mucus receptor (80-kDa protein, involved with glycoprotein)
shown for Enterococcus faecium strain 18C23 and K88-positive
enterotoxigenic Escherichia coli in a model of porcine small-
intestine mucus (29). Reduced entry could also result from
antimicrobial agents produced by E. faecium, which may act
against chlamydiae (7, 14, 50). However, a recent study found
that none of the eight known bacteriocin (enterocin) genes are
present in the strain of E. faecium used in this study, and the
strain shows no antimicrobial activity against gram-negative
bacteria (20; unpublished observations).

The second possibility, i.e., a reduction in chlamydial repli-
cation and proliferation within host cells, is less clear. Very
little is known about the interactions between probiotics and
intestinal epithelial cells. A recent study, however, suggested
that secreted products of probiotic Lactobacillus strains can
lead to activation of the eukaryotic transcriptional activator
NF-«B (8). Prior studies have also suggested competitive in-
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teractions between probiotics and epithelial cells (13, 34, 36). It
is therefore possible that probiotic bacteria could influence any
number of the previously observed interactions between chla-
mydiae and their host cells (12, 31, 60, 61). Because chlamydiae
are obligately intracellular pathogens, it is possible that
changes in host cell gene expression patterns due to probiotic
bacterial interactions may have indirect consequences on the
replication of chlamydiae.

The third possibility could be a more rapid elimination of
chlamydia-infected cells by an elevated immune response, ei-
ther specific or innate, resulting from probiotic treatment (40,
41). However, in parallel studies on immune cell populations
of piglets, including those reported here and additional piglets
from the same study, no immediate indications of changes in
protective immune cell populations or antibody production
were observed (57). How probiotic bacteria can affect or pre-
vent infection by enteropathogens through effects on the im-
mune response remains unclear; the answer may be related to
changes in gene expression and/or cytokine production indi-
rectly affecting immune cell functions rather than to their pop-
ulations per se. Clearly, further work will be required to answer
this question.

Finally, the observed reductions in chlamydial infection of
intestinal epithelia may be the result of indirect effects of the E.
faecium probiotic strain on the makeup of the intestinal flora.
Probiotics may support a more rapid colonization of the intes-
tine with a healthy, commensal bacterial flora in piglets, most
likely “inherited” from the sows. Prior studies with germ-free
mice have shown that commensal bacteria enhance develop-
ment of both the intestinal epithelia and the gastrointestinal
lymphoid system (17, 68). In this manner, a balanced microbial
population would support the inherent defense mechanisms of
a healthy intestinal tract, resulting in better control of intesti-
nal pathogens. With regard to chlamydial infections, the rate of
infection of epithelial cells per se may not be affected, but
accelerated development (and turnover) of the epithelia com-
bined with a more developed intestinal tract would help keep
the rate of further epithelial cell infections low. Further stud-
ies, including in vitro studies, from this ongoing project should
help clarify many of these remaining questions.
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