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Brachyspira pilosicoli, the causative agent of porcine intestinal spirochetosis, usually has hippurate-cleaving
capacity. We have regularly isolated hippurate-negative B. pilosicoli from cases of porcine diarrhea. In this study,
we show that these biochemically atypical B. pilosicoli isolates can be classified as B. pilosicoli. 16S ribosomal
DNA was partially sequenced from eight hippurate-negative and two hippurate-positive B. pilosicoli-like iso-
lates from seven herds. The differences in nucleotide sequence with B. pilosicoli P43/6/78 type strain were not
associated with hippurate cleavage. In 877 bp, the hippurate-negative isolates had a similarity of 98.63 to 100%
to the type strain, with the corresponding figures for the two hippurate-positive isolates being 98.86 and 100%.
The nucleotide sequences of hippurate-positive isolates were identical to the respective sequences of hippurate-
negative isolates from one herd. The DNA macrorestriction patterns of a total of 20 hippurate-negative and
-positive B. pilosicoli isolates were diverse, and no clustering in conjunction with the hippurate reaction was
found. In two herds, hippurate-positive and -negative B. pilosicoli isolates had a common macrorestriction
pattern. The ultrastructure of hippurate-negative isolates was similar to the type strain. In conclusion, B. pi-
losicoli can be either hippurate positive or negative and, thus, the scheme for biochemical differentiation of
porcine Brachyspira should be revised to include identification of hippurate-negative B. pilosicoli.

Brachyspira pilosicoli is a weakly beta-hemolytic, anaerobic
intestinal spirochete that occurs worldwide in pigs. B. pilosicoli
has also been detected in several other farmed and wild animal
species, as well as in humans (3, 9, 15, 17, 23, 31, 38). In
growing pigs, B. pilosicoli causes diarrhea and affects the pro-
duction and welfare of animals (6, 32, 33).

According to biochemical and phylogenetic studies, Brachy-
spira spp. can be divided into biochemical groups I, II, IIIa,
IIIb, IIIc, and IV (8). B. pilosicoli belongs to group IV. The
species of porcine Brachyspira can be determined by evaluating
the degree of hemolysis and by biochemical tests based on the
classification scheme of Fellström et al. (10). According to the
species description, B. pilosicoli hydrolyzes hippurate, does not
produce indole from tryptophan, and does not have �-gluco-
sidase activity (37) (Table 1). Several species-specific PCR
applications are used to detect B. pilosicoli in cultures and
feces (1, 7, 19, 20, 24). PCR speeds up the identification of
Brachyspira species and is economical for use in high through-
put laboratories. DNA macrorestriction profiling by pulsed-
field gel electrophoresis (PFGE) or amplified fragment length
polymorphism methods has been used for subspecies genotyp-
ing of B. pilosicoli strains (2, 11, 21).

Brachyspira hyodysenteriae, a cause of swine dysentery, was
considered to be indole positive until indole-negative strains
were identified in Germany, Belgium, and Canada (10). Con-
fusion with other porcine Brachyspira species was avoided be-

cause of the strong beta-hemolysis of these strains. Character-
ization of hippurate-negative B. pilosicoli strains has not been
reported to date. Such strains could easily be confused with
nonpathogenic Brachyspira species of biochemical groups IIIa
to c when a simplified classification scheme (7) with no gluco-
sidase tests is applied.

Thomson et al. (34, 35) reported that some weakly beta-
hemolytic porcine spirochetes could not be classified biochem-
ically according to the current scheme. These authors also
obtained inconsistent results between biochemical classifica-
tion and molecular typing of some porcine spirochetes (35).
Thus, phylogenetically new groups of Brachyspira may be char-
acterized in the future.

The cell of B. pilosicoli is smaller than that of the other
porcine Brachyspira species, and this difference can be seen by
using light microscopy (32). However, Brachyspira aalborgi,
which has been recognized in humans and nonhuman primates
(13, 22), is also smaller than, for example, Brachyspira hyodys-
enteriae. Thus, a comparative study using light microscopy is
not appropriate for distinguishing between different Brachy-
spira species.

B. pilosicoli has been frequently isolated from Finnish pigs
(12). Since 1997, we have isolated from diarrheic pigs weakly
beta-hemolytic spirochetes that are hippurate negative and
indole negative and lack �-glucosidase activity. Under light
microscopy, the hippurate-negative isolates resemble B. pilosi-
coli in size. They are positive in a B. pilosicoli-specific PCR
designed for 16S ribosomal DNA (rDNA) (7) and 23S rDNA
(19). We have presumed these hippurate-negative isolates to
be biochemical variants of B. pilosicoli and designated them

* Corresponding author. Mailing address: National Veterinary and
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B. pilosicoli hipp�. We have isolated B. pilosicoli hipp� from
two to seven unrelated Finnish herds annually. For compari-
son, the mean annual herd diagnosis of typical hippurate-
positive B. pilosicoli is 24 cases.

Our objective here was to verify the inclusion of hippurate-
negative, B. pilosicoli-like porcine spirochetes in the species
B. pilosicoli and, if verified, to amend the classification scheme
of B. pilosicoli with regard to hippurate hydrolysis (Table 1).
We studied the genetic relationship between Finnish B. pilosi-
coli hipp� isolates, Finnish B. pilosicoli isolates, and Brachy-
spira reference strains by using 16S rDNA nucleotide sequence
analysis and PFGE. We further examined the ultrastucture of
B. pilosicoli hipp� by transmission electron microscopy (TEM).

MATERIALS AND METHODS

Eleven B. pilosicoli hipp� isolates from seven unrelated pig herds were stud-
ied. Diarrhea was present among weaners and/or fatteners of all of the herds. A
typical B. pilosicoli was concomitantly isolated from four of these herds. Alto-
gether, nine B. pilosicoli isolates from three herds were included in the study. B.
pilosicoli hipp� was found alone in two herds, and both Lawsonia intracellularis
and B. pilosicoli hipp� were detected in one herd. The Brachyspira isolates
studied and the reference strains used are summarized in Table 2.

Hippurate hydrolysis. At the time of the primary isolation, the B. pilosicoli
hipp� isolates had been tested for hippurate hydrolysis two or three times before

being stored at �70°C in beef broth (Merck, Darmstadt, Germany) supple-
mented with 12% horse serum and 15% glycerol. In our study, the permanence
of the lack of hippurate hydrolysis of the isolates was studied. Altogether, seven
B. pilosicoli hipp� isolates, one from each herd, were thawed and grown anaer-
obically on Fastidious Anaerobe agar (LabM, Lancashire, United Kingdom)
supplemented with 5% bovine blood. The isolates were cultured and passaged as
doublets: one culture at 38°C and another at 42°C for all of the passages. The
passage interval was 3 or 4 days. At least 7 and a maximum of 10 consecutive
passages of each isolate were tested for hippurate hydrolysis by using the method
described by Rübsamen and Rübsamen (28), with a minor modification concern-
ing incubation temperature: bacteria were suspended in 0.5 ml of 1% sodium
hippurate in water and then incubated for 4 h at 38 or 42°C, depending on the
incubation temperature used for the passage. Next, 0.2 ml of 3.5% ninhydrin was
added, followed by incubation for 10 min at 38°C. Nontransparent, deep blue
color was judged to be a positive, and no color was considered a negative
reaction. B. pilosicoli P43/6/78 type strain (B. pilosicoli P43) and B. hyodysenteriae
reference strain B204 (B. hyodysenteriae B204) were used as positive and negative
controls, respectively.

Nucleotide sequence analysis. Eight B. pilosicoli hipp� and two B. pilosicoli
isolates were subjected to sequence analysis. A partial 16S rDNA sequence was
obtained from the amplicon produced by B. pilosicoli-specific PCR (7). The 877-
bp sequence ranged from nucleotide positions 183 to 1059, the numbering fol-
lowing the Brachyspira consensus sequence (27). The amplicon was sequenced
directly by using the PCR primers or cloned with a PCR-Script Amp cloning kit
(Stratagene, La Jolla, Calif.) according to the manufacturer’s instructions. The
sequencing was purchased from the AIV Institute, Kuopio, Finland. In addition,
16S rDNA of three B. pilosicoli hipp� isolates was almost completely sequenced,

TABLE 1. Biochemical reaction scheme for porcine Brachyspira speciesa and proposed modificationb

Species Group Hemolysis Indole production Hippurate hydrolysis �-Galactosidase activity �-Glucosidase activity

B. hyodysenteriae I Strong � � � �
B. intermedia II Weak � � � �
B. murdochii IIIa Weak � � � �
B. innocens IIIbc Weak � � � �
B. pilosicoli IV Weak � � � �

a According to Fellström et al. (10).
b B. pilosicoli can be hippurate positive or negative according to the present study.

TABLE 2. Brachyspira isolates and strains used in the study

Species (biotype) Designation Origin Investigationsa Accession no.b Source or reference

B. pilosicoli hipp� Br710 Herd A PFGE; SEQ AY514025 This study
Br860 Herd B PFGE; seq ID to U14927 This study
Br944 Herd B PFGE; seq ID to U14927 This study
Br972 Herd C PFGE This study
Br980 Herd D PFGE; seq; TEM ID to AY514026 This study
Br983 Herd D PFGE This study
Br986 Herd D PFGE This study
Br1048 Herd E PFGE; seq; TEM AY514026 This study
Br1620 Herd F PFGE; SEQ ID to AY514024 This study
Br1622 Herd F PFGE; SEQ AY514024 This study
Br1940 Herd G PFGE; seq ID to AY514026 This study

B. pilosicoli Br858 Herd B PFGE This study
Br868 Herd B PFGE This study
Br869 Herd B PFGE; seq ID to U14927 This study
Br973 Herd C PFGE This study
Br964 Herd D PFGE; seq ID to AY514026 This study
Br977 Herd D PFGE This study
Br981 Herd D PFGE This study
Br985 Herd D PFGE This study
P43/6/78T ATCCT 51139 PFGE; TEM U14927 27, 32

B. hyodysenteriae B-78T ATCCT 27164 TEM 30
B204 ATCC 31212 PFGE 16, 30

a SEQ, sequencing of 1,435 bp from 16S rDNA; seq, sequencing of 877 bp from 16S rDNA.
b Italics indicate accession numbers of sequences determined in this study. ID, identical.
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as previously described (18). The 1,435-bp sequence obtained covered the Brachy-
spira consensus sequence from position �8 to position 1431.

The sequences were aligned with the 16S rDNA sequence of B. pilosicoli P43
(accession no. U14927) by using the MultAlin program (http://prodes.tolouse
.inra.fr/multalin/) (4). The sequences were also screened via the internet for
homology with database sequences from the National Center for Biotechnology
(Washington, D.C. [http://www.ncbi.nlm.nih.gov/BLAST]).

The obtained 16S rDNA sequences of the isolates Br1622, Br710, and Br1048
have been deposited in GenBank under accession numbers AY514024 to
AY514026.

PFGE. All of the B. pilosicoli hipp� and B. pilosicoli field isolates, B. pilosicoli
P43, and B. hyodysenteriae B204 were subjected to PFGE and subsequently to
clustering analysis of macrorestriction profiles (MRPs). Rare-cutting enzyme
MluI (New England Biolabs, Inc., Beverly, Mass.) was used for DNA digestion.
The macrorestriction and PFGE were done as previously described (11), with
minor modifications as follows: 40 U of MluI per sample was used for the DNA
digestion, and the digestion lasted 16 h at 37°C. In the electrophoresis, a pulse
ramp from 2 to 45 s was used.

The MRPs were analyzed by using the GelCompar II program (version 1.01;
Applied Maths, Kortrijk, Belgium). Clustering analysis was based on the un-
weighted pair-group method with arithmetic averages.

TEM. B. pilosicoli hipp� isolate Br980 from herd D, B. pilosicoli hipp� isolate
Br1048 from herd E, B. hyodysenteriae type strain B-78 (B. hyodysenteriae B78),
and B. pilosicoli P43 were subjected to ultrastructural study by TEM. The bac-
teria were suspended in 0.1 M phosphate buffer (pH 7.4) at a concentration of 1.0
� 107 to 1.0 � 108 cells/ml. Negative stainings were performed by using 1%
phosphotungstic acid, as previously described (39). The mean values for bacteria
dimensions were calculated from the measurements of 20 single bacteria per
isolate or strain.

RESULTS

Hippurate hydrolysis. The hippurate hydrolysis test results
for each culture passage of all seven B. pilosicoli hipp� isolates
at incubation temperatures of 38°C and 42°C were negative.

Nucleotide sequence analysis. The search for homologous
nucleotide sequences showed 16S rDNA of B. pilosicoli P43
to have the lowest number of nucleotide differences with the
Finnish isolates. Within the nucleotide positions 183 to 1059,
the 16S rDNA sequences of B. pilosicoli hipp� isolates had
no differences or 10-, 11-, or 12-nucleotide differences with
B. pilosicoli P43 (Table 3). The sequences of one B. pilosicoli
and two B. pilosicoli hipp� isolates from herd B were identical
to B. pilosicoli P43. One B. pilosicoli and one B. pilosicoli hipp�

isolate from herd D had the same differences in 10 nucleotides.
The residues and positions for the first 10 nucleotide differ-
ences with B. pilosicoli P43 were identical between the isolates
that had at least 10 nucleotide differences. Within the partial

sequence of 877 bp, the homology between B. pilosicoli hipp�

isolates and B. pilosicoli P43 was 98.63 to 100%. Between the
two B. pilosicoli isolates and B. pilosicoli P43, the homologies
were 98.86 and 100%.

In the three almost completely sequenced B. pilosicoli hipp�

isolates, the sequence portions beyond the 877-bp partial se-
quence were identical to the respective sequence of B. pilosicoli
P43. The database search revealed the sequence alignment of
98.95 to 99.93% homology between the Finnish isolates and
the group IV Brachyspira comprising two porcine, three hu-
man, and six canine strains (accession numbers U14928 and -9,
AY187057, U23031, U23034, AY349943 to -6, AF245120, and
AF24523).

The first eight nucleotide differences from B. pilosicoli P43
were located quite tightly between nucleotide positions 214 and
243, and the next two nucleotide differences in positions 588
and 589. None of the 10 unique nucleotide positions differing
from the sequence of B. pilosicoli P43 matched the sequences
of the other strains of group IV Brachyspira.

PFGE. The macrorestriction of bacterial DNA by MluI
yielded 9 to 12 bands from B. pilosicoli hipp� isolates and 10 to
12 bands from B. pilosicoli isolates (Fig. 1). The MRPs were
fairly diverse, and no clustering based on the hippurate reac-
tion was detected. Two herds had several MRPs; three and two
distinctly different MRPs were found in herds B and D, re-
spectively.

B. pilosicoli hipp� isolates were divided into six MRPs, and
B. pilosicoli isolates into four MRPs. B. pilosicoli and B. pilosi-
coli hipp� had a common MRP in herds B and D. In herd B,
two B. pilosicoli isolates and one B. pilosicoli hipp� isolate had
a common MRP, which was very close to the MRP of B. pilo-
sicoli P43. B. pilosicoli hipp� isolates from herds A and F
shared a MRP, as did B. pilosicoli hipp� isolates from herds C
and D. A common MRP was also found for B. pilosicoli isolates
from herds C and D.

TEM. The mean diameters of B. pilosicoli hipp� Br980 and
Br1048 were 0.28 �m (95% confidence interval [95% CI] �
0.26 to 0.30 �m) and 0.27 �m (95% CI � 0.25 to 0.28 �m),
respectively, and those of B. hyodysenteriae B78 and B. pilosi-
coli P43 were 0.40 �m (95% CI � 0.36 to 0.44 �m) and 0.27
�m (95% CI � 0.25-0.28 �m), respectively. The mean lengths
of Br980 and Br1048 were 6.26 �m (95% CI � 6.11-6.41 �m)

TABLE 3. Differences among the 16S rDNA sequences of B. pilosicoli P43/6/78 type strain, Finnish B. pilosicoli, and
B. pilosicoli hipp� field isolates

Herd Strain/isolate Biotype
Nucleotide at positiona:

214 215 222 223 229 234 240 243 588 589 996 1025

NAb Type strain P43/6/78 B. pilosicoli C T A G T T A T A G G G
B Br860, Br944 B. pilosicoli hipp� – – – – – – – – – – – –
B Br869 B. pilosicoli – – – – – – – – – – – –
D Br980 B. pilosicoli hipp� T A G A A C G A G A – –
D Br964 B. pilosicoli T A G A A C G A G A – –
E Br1048 B. pilosicoli hipp� T A G A A C G A G A – –
G Br1940 B. pilosicoli hipp� T A G A A C G A G A – –
A Br710 B. pilosicoli hipp� T A G A A C G A G A C –
F Br1620, Br1622 B. pilosicoli hipp� T A G A A C G A G A C A

a Nucleotide positions are according to the Brachyspira (Serpulina) consensus sequence (Pettersson et al. [27]). Dashes indicate the same nucleotides as in B. pilosicoli
P43/6/78 type strain.

b NA, not applicable.
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and 6.53 �m (95% CI � 6.21 to 6.85 �m), respectively, where-
as the corresponding figures for B. hyodysenteriae B78 and
B. pilosicoli P43 were 9.44 �m (95% CI � 9.00 to 9.88 �m) and
6.83 �m (95% CI � 6.53 to 7.13 �m), respectively. Most Br980,
Br1048, and B. pilosicoli P43 cells had pointed ends, and on the
ends of a few bacteria cells of Br980, a hazy, lattice-like struc-
ture on the surface was present. Six periplasmic flagella could
be seen at the end of the Br980 cell. B. pilosicoli P43 had 6 and
B. hyodysenteriae B78 had 9 to 10 periplasmic flagella at the
end of the cell (not shown).

DISCUSSION

Reports of hippurate-negative B. pilosicoli-like spirochetes
to date are few. Thomson et al. (35) isolated hippurate-nega-
tive and �-glucosidase-negative, weakly beta-hemolytic spiro-
chetes from diarrheic pigs in the United Kingdom. Further
characteristics of these isolates were not described. De Smet et
al. (5) studied the partial nucleotide sequences of 16S rDNA
from weakly beta-hemolytic human intestinal spirochetes. One
of these human strains was hippurate-negative. In 286 bp,
this human hippurate-negative isolate had 100% similarity
to B. pilosicoli P43.

In the present study, the 16S rDNA sequence of Finnish
B. pilosicoli and B. pilosicoli hipp� isolates had a similarity of
at least 98.63% to B. pilosicoli P43 in a partial nucleotide
sequence of 877 bp. For the entire region of the Brachyspira
consensus sequence (1,435 bp), the similarity was upwards of
99.16%. The homology of the 16S rDNA nucleotide sequence
between two bacteria species in a genus may range from about
85 to 99% (25, 26). The species in the genus Brachyspira are
closely related. The 16S rDNA sequence homology between
the species of porcine Brachyspira is at least 98.1% (26, 27, 30).
Pettersson et al. (27) found 99.9% similarity between 16S
rDNA nucleotide sequences of porcine group IV Brachyspira
strains.

In the present study, 16S rDNA nucleotide sequences from
seven B. pilosicoli and B. pilosicoli hipp� isolates showed lower
similarity to B. pilosicoli P43 than did the Swedish porcine
group IV Brachyspira strains studied by Pettersson et al. (27).
The similarity between 16S rDNA sequences of two species
of the genus Brachyspira can be higher than 99.16% for the
Brachyspira consensus sequence of 1,435 bp (27). Thus, the
nucleotide similarity percentage of 16S rDNA alone does not
prove that the hippurate-negative isolates belong to the species
B. pilosicoli. Group IV Brachyspira characteristically has six
consecutive uridines in the 16S RNA between nucleotide po-
sitions 175 and 182 (27). In the present study, the 1,435-bp
sequences from three B. pilosicoli hipp� isolates displayed the
typical “TTTTTT” pattern between positions 175 and 182.
B. pilosicoli has 18 unique nucleotide positions in the 16S
rDNA (27). Six of these in the present study were located in
the partially sequenced region. Almost all of the unique nu-
cleotide positions were found in the 16S rDNA of seven Finn-
ish isolates, the only exception being a thymine in position 229,
which was replaced by an adenine. The presence of virtually all
of the residues in positions characteristic of B. pilosicoli sup-
ports the conclusion that hippurate-negative isolates belong to
the species B. pilosicoli.

Seven field isolates had ten common nucleotide positions in
their 16S rDNA that were different from the sequences of
group IV Brachyspira strains deposited in GenBank. Eight of
these nucleotides were located within a 295-bp sequence of 16S
rDNA, which is known to have one hippurate-positive and one
hippurate-negative B. pilosicoli isolate in humans (accession
no. Y10314 [5]). However, none of the unique nucleotides seen
here were present in the human isolates. The 10 first unique
16S rDNA nucleotide positions were found also in one hippu-
rate-positive B. pilosicoli isolate. However, two B. pilosicoli
hipp� isolates had a sequence identical to that of B. pilosicoli
P43. In conclusion, the unique nucleotide positions observed in

FIG. 1. Dendrogram of PFGE patterns of 11 B. pilosicoli hipp� and 9 B. pilosicoli field isolates, B. pilosicoli P43/6/78 type strain, and
B. hyodysenteriae B204 reference strain. ❋ , the number of nucleotide differences in the 16S rDNA between field isolates and B. pilosicoli P43/6/78
type strain is in parentheses. B. pilosicolihipp�, B. pilosicoli, hipp�.
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seven Finnish isolates were not associated with hippurate neg-
ativity.

The cell diameter of B. pilosicoli is 0.24 to 0.30 �m, and the
length is 5.29 to 7.25 �m, whereas the corresponding measure-
ments for B. hyodysenteriae, for example, are 0.33 to 0.37 �m
and 7.91 to 11.65 �m (38). The B. pilosicoli cell has 4 to 6
periplasmic flagella, whereas the cells of other species of swine
Brachyspira have 7 to 14 periplasmic flagella at each end. The
periplasmic flagella overlap in the middle of the bacterium (29,
38). The B. pilosicoli cell also has a unique lattice-like structure
at its pointed end, which can be observed by electron micros-
copy (29). In the present study, the size of B. pilosicoli hipp�

was similar to that of B. pilosicoli P43. The lattice-like structure
on the end of the cell was observed in one of the two B. pilo-
sicoli hipp� isolates. The number of periplasmic flagella was
also similar to that of B. pilosicoli P43. The ultrastructural
resemblance between B. pilosicoli hipp� and B. pilosicoli P43 is
consistent with the conclusion that the hippurate-negative iso-
lates represent a distinct biotype of B. pilosicoli.

Trott et al. (36) found that PFGE with MluI macrorestric-
tion effectively discriminates between B. pilosicoli strains. Fell-
ström et al. (10) studied rare, indole-negative biotypes of
B. hyodysenteriae isolated from Belgium and Germany. All
14 indole-negative B. hyodysenteriae strains showed the same
unique PFGE pattern with MluI macrorestriction. In the
present study, PFGE with MluI failed to differentiate between
hippurate-positive and hippurate-negative B. pilosicoli isolates
because of common MRPs. We conclude that PFGE is not
suitable for epidemiological study of B. pilosicoli with regard to
hippurate negativity.

Thomson et al. (33) observed the pathogenicity of B. pilosi-
coli to vary between different strains. We cannot draw any
conclusions about the pathogenicity of B. pilosicoli hipp� be-
cause most of the Finnish pig herds containing these organisms
also concomitantly had other microbes with potential patho-
genicity. The strong hemolytic capacity of porcine B. hyodys-
enteriae is related to its virulence (14). The pathogenicity of the
biochemically unusual, indole-negative B. hyodysenteriae ap-
peared to be similar to that of indole-positive B. hyodysenteriae
(10). The relation of selected biochemical properties of the
other porcine Brachyspira species to virulence remains un-
known. Based on the close genetic relationship between B.
pilosicoli hipp� and the group IV Brachyspira observed here,
the potential pathogenicities of porcine B. pilosicoli hipp� and
porcine hippurate-positive B. pilosicoli might be expected to be
similar. However, the potential pathogenicity of hippurate-
negative B. pilosicoli should be verified.

Today, species-specific PCR is widely used as the primary or
even the only diagnostic method for detection of B. pilosicoli.
However, in small laboratories, classification of Brachyspira
may be based solely on biochemical tests and the evaluation of
hemolysis intensity. Based on our findings, a weakly beta-he-
molytic hippurate-negative and �-glucosidase-negative porcine
intestinal spirochete is likely B. pilosicoli. Thus, the glucosidase
test should not be overlooked. The evaluation of bacteria size
by using a high-quality light microscope with B. hyodysenteriae
and B. pilosicoli reference strains on the same slide will aid in
the recognition of B. pilosicoli.
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