
Molecular Epidemiology of Novel Pathogen “Brachyspira hampsonii”
Reveals Relationships between Diverse Genetic Groups, Regions, Host
Species, and Other Pathogenic and Commensal Brachyspira Species

Nandita S. Mirajkar,a Aschalew Z. Bekele,b,c Yogesh Y. Chander,b,c Connie J. Gebharta,c

Department of Veterinary and Biomedical Sciences,a Department of Veterinary Population Medicine,b and Veterinary Diagnostic Laboratory,c College of Veterinary
Medicine, University of Minnesota, Saint Paul, Minnesota, USA

Outbreaks of bloody diarrhea in swine herds in the late 2000s signaled the reemergence of an economically significant disease,
swine dysentery, in the United States. Investigations confirmed the emergence of a novel spirochete in swine, provisionally desig-
nated “Brachyspira hampsonii,” with two genetically distinct clades. Although it has since been detected in swine and migratory
birds in Europe and North America, little is known about its genetic diversity or its relationships with other Brachyspira species.
This study characterizes B. hampsonii using a newly developed multilocus sequence typing (MLST) approach and elucidates the
diversity, distribution, population structure, and genetic relationships of this pathogen from diverse epidemiological sources
globally. Genetic characterization of 81 B. hampsonii isolates, originating from six countries, with our newly established MLST
scheme identified a total of 20 sequence types (STs) belonging to three clonal complexes (CCs). B. hampsonii showed a heteroge-
neous population structure with evidence of microevolution locally in swine production systems, while its clustering patterns
showed associations with its epidemiological origins (country, swine production system, and host species). The close genetic
relatedness of B. hampsonii isolates from different countries and host species highlights the importance of strict biosecurity
control measures. A comparative analysis of 430 isolates representing seven Brachyspira species (pathogens and commensals)
from 19 countries and 10 host species depicted clustering by microbial species. It revealed the close genetic relatedness of B.
hampsonii with commensal Brachyspira species and also provided support for the two clades of B. hampsonii to be considered a
single species.

Outbreaks of bloody mucoid diarrhea were reported in North
American swine herds in the late 2000s. This diarrheal con-

dition was accompanied by inappetance, weight loss/reduced
weight gain, and reduced feed conversion efficiency, all suggesting
the reemergence of swine dysentery (1). Swine dysentery is a mu-
cohemorrhagic diarrheal disease that until recently was known to
be caused by an anaerobic spirochete Brachyspira hyodysenteriae,
which predominantly affects the cecum and colon of grower-fin-
isher pigs. The disease has caused major economic losses to swine-
producing countries globally due to production losses (associated
with morbidity and mortality) and the cost of treatment and con-
trol of the disease (2). In 2007, a mucohemorrhagic diarrheal dis-
ease similar to swine dysentery and caused by a novel pathogen
“Brachyspira suanatina” was reported in swine and mallards in
Sweden and Denmark (3). Since then, B. suanatina has not been
identified in other countries (4), and consequently B. hyodysente-
riae has continued to be the main pathogen of interest to swine
producers and diagnostic laboratories across the world for finisher
pigs with clinical signs of mucohemorrhagic diarrhea.

Although widely prevalent until the late 1980s, swine dysentery
has been rarely reported in North America since the early 1990s. It
is likely that a change from continuous to an all-in-all-out man-
agement system and other animal husbandry practices have
played a role in controlling the disease (5). This changed in the late
2000s when outbreaks of bloody mucoid diarrhea were reported
in North American swine herds (1). Surprisingly, the spirochetes
isolated from diseased swine often tested negative for B. hyodysen-
teriae by diagnostic tests such as PCR. Analysis of the characteristic
NADH oxidase (nox) gene and 16S rRNA gene indicated the
emergence of a novel species (1) that was most closely related to a

single atypical Brachyspira isolated from a pig in the United King-
dom in the early 1990s (6). Since its identification, clinical trials
have experimentally reproduced swine dysentery-like disease (7–
9), thus fulfilling Koch’s postulates of disease causation. This
novel pathogenic species, comprising two genetically diverse
clades (I and II) in North America, has been designated
“Brachyspira hampsonii” (1). Since its discovery, it has been iden-
tified in migratory waterfowl in Europe (10) and North America
(11). Interestingly, it has also been detected in commercial pigs
transported between European countries, including the Czech Re-
public, Belgium, and Germany (12, 13).

Despite increasing international interest in B. hampsonii, little
is known about the genotypic diversity of this pathogen within the
United States and globally. Strain characterization can advance
understanding of the genetic relationships between B. hampsonii
isolates from commercial pigs and migratory wild birds as well as
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potentially correlate phenotypic features such as virulence and
antimicrobial susceptibility with genotypes. It can also allow mon-
itoring of the strains circulating in a population and tracking of
strains in outbreak situations (5). Gel-based molecular typing
methods used previously for other Brachyspira species are known
to be time-consuming with limited discriminatory power (14–
18). Multilocus sequence typing (MLST) is a high-resolution
method that uses nucleotide sequence differences between
conserved housekeeping genes to characterize and differentiate
genotypes of a pathogen (19). This technique has been used for
local and global molecular epidemiological studies of various
Brachyspira species (20), including B. hyodysenteriae (5, 21,
22), Brachyspira pilosicoli (23), Brachyspira intermedia (24),
Brachyspira murdochii, and Brachyspira innocens (25), thus war-
ranting its application for the characterization of B. hampsonii.

The objectives of the current study are (i) to develop an MLST
scheme for B. hampsonii, (ii) to characterize and compare geno-
types of B. hampsonii in the United States and globally, (iii) to
elucidate the diversity, distribution, microevolution, and popula-
tion structure of B. hampsonii, (iv) to identify the genetic related-
ness of B. hampsonii isolates infecting pigs and migratory wild
birds, and (v) to compare the diversity and relatedness of B. hamp-
sonii with other pathogenic and commensal Brachyspira species
commonly isolated from swine.

MATERIALS AND METHODS
B. hampsonii isolates. A total of 81 B. hampsonii isolates originating from
different host species from North America and Europe were evaluated in
this study (Table 1). Of these, 66 B. hampsonii isolates (45 clade I and 21
clade II) were obtained from the University of Minnesota Veterinary Di-
agnostic Laboratory (UMN-VDL) to represent strains currently circulat-
ing in the United States. These isolates were confirmed to the species level
by a strongly hemolytic pattern on blood agar and sequencing of the
characteristic nox gene. The isolates originated from commercial pigs in
45 sites, 17 systems, and 6 states (Iowa, Illinois, Minnesota, Missouri,
North Carolina, and Arkansas) across the United States from 2009 to
2014. Although most sites were represented by a single isolate, 12 of these
sites were represented by multiple isolates at a single time point. A swine
site refers to the swine farm from which the isolates originated, and a
swine system refers to the production company that owns multiple such
swine sites. An additional eight B. hampsonii swine-origin isolates were
obtained from Canada (n � 2) (8, 9), Belgium (n � 1) (12), Germany (n �
4) (13), and the United Kingdom (n � 1) (6). Finally, another seven
isolates originating from European migratory waterfowl wintering in
Spain (10) were included in this study. All isolates from countries outside
the United States were generously provided by colleagues for inclusion in
this study. For the Brachyspira genus-wide comparison, allele number and
sequences for genes est, glpK, pgm, and thi for 430 Brachyspira isolates
were downloaded from the PubMLST database (http://pubmlst.org
/brachyspira/), and these included seven species of Brachyspira (B. hamp-
sonii, B. hyodysenteriae, B. pilosicoli, B. intermedia, B. murdochii, B. inno-
cens, and B. suanatina). These isolates originated from a total of 19
countries (Australia, Belgium, Canada, Denmark, Finland, France, Ger-
many, Hungary, Italy, Japan, Netherlands, New Zealand, Papua New
Guinea, Portugal, Serbia, Spain, Sweden, the United Kingdom, and the
United States), 10 host species (chicken, dog, duck, goose, horse, human,
mallard, mouse, rhea, and swine), and 5 decades (1970s to 2010s).

DNA extraction. Frozen B. hampsonii isolates obtained from the
UMN-VDL were passaged twice on tryptic soy agar containing commer-
cial 5% defibrinated sheep blood (I-Tek Medical Technologies, MN,
USA) before further use. Chromosomal DNA was extracted from culture
plates using PrepMan Ultra sample preparation reagent (Applied Biosys-
tems) per the manufacturer’s instruction.

Development of a B. hampsonii multilocus sequence typing scheme.
The six housekeeping genes targeted for use as loci for MLST were the
same as those used previously for other Brachyspira species (20). The PCR
primers for four of these genes, viz. esterase (est), glycerol kinase (glpK),
phosphoglucomutase (pgm), and acetyl coenzyme A (acetyl-CoA) acetyl-
transferase (thi) genes, were the same as those used previously for B. hyo-
dysenteriae (5, 20, 21) and are listed in Table 2. New primers for the
alcohol dehydrogenase (adh) and glutamate dehydrogenase (gdh) genes
are described in this study and are listed in Table 2. Based on our investi-
gation of the draft genome of representative B. hampsonii clade I and clade
II isolates, we were unable to detect the alkaline phosphatase (alp) gene in
B. hampsonii. Given the absence of the alp gene in B. hampsonii and that
previous MLST studies for Brachyspira have suggested that even five loci
can provide sufficient resolution (21, 24), this MLST scheme does not
include alp and thus utilizes a total of six loci. The HotStarTaq master mix
kit (Qiagen, Valencia, CA, USA) was used to perform PCRs of the six loci
in a 40-�l reaction volume, which included 20 �l HotStarTaq master mix,
1.6 �l of each primer (forward and reverse) at a concentration of 10 �M,
14.8 �l RNase-Free water, and 2 �l (�500 ng) of DNA template. The PCR
conditions were optimized using ATCC reference isolates Brachyspira
hampsonii NSH-16 (ATCC BAA-2463) and Brachyspira hampsonii
NSH-24 (ATCC BAA-2464) of clade I and clade II, respectively (1). The
optimized PCR conditions were as follows: initialization at 95°C for 15
min, 38 cycles of denaturation at 94°C for 30 s, annealing at 48°C for 1
min, and extension at 72°C for 1 min, a final extension step at 72°C for 10
min, and a cold hold step at 4°C. PCR products were visualized on a 1.2%
agarose gel to confirm amplification of loci.

Multilocus sequence typing. PCR amplification of all six loci of each
B. hampsonii isolate, positive controls (strains NSH-16 for clade I and
NSH-24 for clade II), and a negative control (ultrapure water) were per-
formed as mentioned above. The purification and Sanger sequencing of
PCR amplicons, alignment of nucleotide sequences, and translation of
nucleotides into predicted amino acid sequences were performed as men-
tioned previously (5).

Analyses. All B. hampsonii isolates with unique nucleotide and amino
acid sequences were assigned unique nucleotide and amino acid allele
numbers, respectively. Isolates with a unique combination of nucleotide
and amino acid alleles at the six loci were given unique sequence type (ST)
and amino acid type (AAT) numbers, respectively (Table 1). The isolates
were evaluated on multiple levels, including similarities/differences of ge-
notypes within a site, between sites within a system, between countries,
and between host species. Simpson’s index of diversity (DI) (26) was used
to determine the diversity of genotypes within the United States and glob-
ally, on a clade and species level. Similarly, the START2 program was used
to detect recombination between the loci of isolates within the United
States and globally by the index of association (27), using isolates and STs
as the unit of analysis. The START2 program was also used to detect the
ratio of the nonsynonymous to synonymous mutations in U.S. and global
data sets (28). The eBURST v3 program (29) was used to determine the
population snapshot analysis of STs, wherein isolates were grouped into
clonal complexes (CCs) of single locus variants (SLVs) to predict putative
founder types. BioNumerics v7.1 software was used to generate a mini-
mum spanning tree (MST) to depict the relatedness and predicted micro-
evolution of STs. The MST was color-coded to represent the country,
swine system, host species, and year of origin. All six loci were concate-
nated for each isolate using R software (30). The concatenated sequences
were used to generate a maximum parsimony tree using MEGA6 (31)
software to depict the relatedness of STs, with comparisons being made
between clades, host species, and countries of origin.

Comparison of seven Brachyspira species. For the genus-wide com-
parison, arbitrary numbers were assigned to each unique allelic profile as
observed by using only four loci (genes est, glpK, thi, and pgm) commonly
identified in all seven Brachyspira species evaluated, resulting in a total of
326 diverse Brachyspira types. The sequences of all available alleles for
each locus were aligned using the ClustalW function of the MEGA6 soft-
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TABLE 1 Epidemiological and genotypic information of 81 B. hampsonii isolates evaluated in this studya

Isolate
name

Alleles of six MLST loci (NT/AA)b Genetic characterization Epidemiological information

adh gdh thi pgm glpK est ST/AAT CC GGc Sitee Systemf State Country Host

G12 3/3 1/1 4/4 1/1 1/1 1/1 1/1 1/1 I M2 M MO USA pig
G13 3/3 1/1 4/4 1/1 1/1 1/1 1/1 1/1 I M4 M MO USA pig
G16 3/3 1/1 4/4 1/1 1/1 1/1 1/1 1/1 I L1 L NC USA pig
G19 3/3 1/1 4/4 1/1 1/1 1/1 1/1 1/1 I V2 V IL USA pig
G20 3/3 1/1 4/4 1/1 1/1 1/1 1/1 1/1 I V3 V IL USA pig
G21 3/3 1/1 4/4 1/1 1/1 1/1 1/1 1/1 I V4 V IL USA pig
G22C 3/3 1/1 4/4 1/1 1/1 1/1 1/1 1/1 I V1 V IL USA pig
G28A 3/3 1/1 4/4 1/1 1/1 1/1 1/1 1/1 I W1 W IL USA pig
G28B 3/3 1/1 4/4 1/1 1/1 1/1 1/1 1/1 I W2 W IL USA pig
G28C 3/3 1/1 4/4 1/1 1/1 1/1 1/1 1/1 I W3 W IL USA pig
G46B 3/3 1/1 4/4 1/1 1/1 1/1 1/1 1/1 I W4 W IL USA pig
G38 2/1 2/2 1/1 5/3 3/3 3/3 10/10 2/2 II H1 H MO USA pig
G39 2/1 2/2 1/1 5/3 3/3 3/3 10/10 2/2 II H3 H MO USA pig
G44C 2/1 2/2 1/1 5/3 3/3 3/3 10/10 2/2 II H2 H MO USA pig
G10B 4/2 2/2 1/1 6/4 7/3 3/3 11/9 3/3 II R2 R IA USA pig
30599 3/3 1/1 4/4 1/1 2/2 6/6 12/12 1/1 I 6 6 AB Canada pig
5364 5/3 4/1 6/6 7/5 6/5 4/4 13/13 */* I 2 2 Un.d Germany pig
5366 5/3 4/1 6/6 7/5 6/5 4/4 13/13 */* I 2 2 Un. Germany pig
5369 5/3 4/1 6/6 7/5 6/5 4/4 13/13 */* I 2 2 Un. Germany pig
D52 5/3 4/1 6/6 7/5 6/5 4/4 13/13 */* I 1 1 Un. Belgium pig
3824 6/4 5/3 7/5 8/6 8/6 5/5 14/14 */* III 3 3 SN Germany pig
P280 7/5 6/3 8/8 9/7 9/7 7/7 15/11 */* III 4 4 Un. UK pig
AIS50 7/5 7/3 9/8 11/11 10/10 8/8 16/16 */* III 5 5 ZA Spain goose
AIS72 8/6 10/4 10/10 10/10 12/11 9/9 17/17 */* IV 5 5 ZA Spain mallard
AIS166 9/3 9/1 12/7 13/9 13/9 10/10 18/18 */* I 5 5 ZA Spain goose
AIS198 10/7 8/1 13/7 14/9 14/8 10/10 19/19 */* I 5 5 ZA Spain goose
AIS8 10/7 8/1 13/7 14/9 14/8 10/10 19/19 */* I 5 5 ZA Spain mallard
G26 3/3 1/1 5/5 1/1 1/1 1/1 2/2 1/1 I B2 B MO USA pig
G27A 3/3 1/1 5/5 1/1 1/1 1/1 2/2 1/1 I B3 B MO USA pig
G27B 3/3 1/1 5/5 1/1 1/1 1/1 2/2 1/1 I B3 B MO USA pig
G27C 3/3 1/1 5/5 1/1 1/1 1/1 2/2 1/1 I B3 B MO USA pig
G37 3/3 1/1 5/5 1/1 1/1 1/1 2/2 1/1 I F1 F NC USA pig
G43A 3/3 1/1 5/5 1/1 1/1 1/1 2/2 1/1 I B5 B MO USA pig
G5A 3/3 1/1 5/5 1/1 1/1 1/1 2/2 1/1 I N1 N NC USA pig
G5B 3/3 1/1 5/5 1/1 1/1 1/1 2/2 1/1 I N1 N NC USA pig
G6B 3/3 1/1 5/5 1/1 1/1 1/1 2/2 1/1 I N2 N NC USA pig
G7A 3/3 1/1 5/5 1/1 1/1 1/1 2/2 1/1 I N3 N NC USA pig
NSH4 3/3 1/1 5/5 1/1 1/1 1/1 2/2 1/1 I N1 N NC USA pig
AIS159 11/6 11/4 11/9 12/8 11/11 11/9 20/15 */* IV 5 5 ZA Spain goose
AIS85 11/6 11/4 11/9 12/8 11/11 11/9 20/15 */* IV 5 5 ZA Spain goose
G1 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I B1 B MO USA pig
G14A 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I M1 M MO USA pig
G14B 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I M1 M MO USA pig
G14C 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I M1 M MO USA pig
G14D 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I M1 M MO USA pig
G15 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I M5 M MO USA pig
G23 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I B4 B MO USA pig
G2B 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I U1 U IA USA pig
G2C 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I U2 U IA USA pig
G2D 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I U3 U IA USA pig
G35 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I A2 A MO USA pig
G42 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I S1 S MO USA pig
G49A 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I S2 S MO USA pig
G57 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I U4 U IA USA pig
G58 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I A3 A AR USA pig
NSH-16 3/3 1/1 4/4 1/1 2/2 1/1 3/3 1/1 I M3 M MO USA pig
G30A 3/3 1/1 3/3 2/1 5/1 1/1 4/4 */1 I X1 X MO USA pig
G30B 3/3 1/1 3/3 2/1 5/1 1/1 4/4 */1 I X1 X MO USA pig
G31A 3/3 1/1 3/3 2/1 5/1 1/1 4/4 */1 I X2 X MO USA pig
G31B 3/3 1/1 3/3 2/1 5/1 1/1 4/4 */1 I X2 X MO USA pig
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ware (31), and the ends were trimmed to ensure the same length and
region of all isolates were being used for comparison in downstream anal-
yses. The four loci were concatenated for each isolate using R software
(30), and the concatenated sequences of all 326 unique Brachyspira types
were aligned once again using the ClustalW function of MEGA6 software.
Finally, a consensus maximum likelihood tree was generated to depict the
relatedness and clustering of the 326 Brachyspira types and color-coded to
represent unique Brachyspira species.

Nucleotide sequence accession numbers. The coding regions for
genes adh and gdh needed for amino acid translation have been made

available on NCBI GenBank under accession numbers KR559025 and
KR559026.

RESULTS

The 81 B. hampsonii isolates evaluated represented a total of 20
STs and 19 AATs (Table 1). Of these, isolates of United States
origin represented 11 STs and 10 AATs, of which ST1 and ST3
were most frequently isolated. An additional nine STs and nine
AATs represented isolates from countries outside the United
States, although one ST was present in the United States and Can-
ada. Data concerning all B. hampsonii isolates evaluated, including
nucleotide allele numbers, sequence type numbers, and nucleo-
tide sequences of unique alleles have been made publicly available
on the PubMLST database (http://pubmlst.org/brachyspira/) and
are listed in Table 1. The mean ratio of the number of nonsynony-
mous to synonymous mutations (dN/dS), DI, and index of asso-
ciation (IA) values for global and U.S. isolates by clade and species
are listed in Table 3.

The eBURST analysis grouped 20 STs into three CCs based on
similarities between SLVs. Clade I consisted of one CC (CC1) and
four singletons, clade II consisted of two CCs (CC2 and CC3) with
one singleton, and an additional five singletons were identified
that were not clearly grouped into either of the two previously
described clades (1). No founder types were predicted with high
bootstrap values for B. hampsonii within North America or glob-
ally. Since the number of STs and AATs differed by only one, the
resulting analyses (eBURST analysis, maximum parsimony tree,
and minimum spanning tree analysis) using AATs showed no sig-

TABLE 1 (Continued)

Isolate
name

Alleles of six MLST loci (NT/AA)b Genetic characterization Epidemiological information

adh gdh thi pgm glpK est ST/AAT CC GGc Site System State Country Host

G31C 3/3 1/1 3/3 2/1 5/1 1/1 4/4 */1 I X2 X MO USA pig
G36 3/3 1/1 3/3 2/1 5/1 1/1 4/4 */1 I T1 T MO USA pig
G48A 3/3 1/1 3/3 2/1 5/1 1/1 4/4 */1 I X3 X MO USA pig
G25A 1/1 3/2 2/2 4/2 4/4 2/2 5/5 */* II A1 A MO USA pig
G25B 1/1 3/2 2/2 4/2 4/4 2/2 5/5 */* II A1 A MO USA pig
G8 2/1 2/2 1/1 3/2 3/3 3/3 6/6 2/2 II J5 J MN USA pig
G9 2/1 2/2 1/1 3/2 3/3 3/3 6/6 2/2 II J7 J MN USA pig
NSH-24 2/1 2/2 1/1 3/2 3/3 3/3 6/6 2/2 II J6 J MN USA pig
30446 2/1 2/2 1/1 3/2 3/3 2/2 7/7 2/2 II 7 7 SK Canada pig
G32A 2/1 2/2 1/1 3/2 3/3 2/2 7/7 2/2 II J1 J MN USA pig
G33 2/1 2/2 1/1 3/2 3/3 2/2 7/7 2/2 II J4 J MN USA pig
G34A 2/1 2/2 1/1 3/2 3/3 2/2 7/7 2/2 II J3 J MN USA pig
G34B 2/1 2/2 1/1 3/2 3/3 2/2 7/7 2/2 II J3 J MN USA pig
G34C 2/1 2/2 1/1 3/2 3/3 2/2 7/7 2/2 II J3 J MN USA pig
G41 2/1 2/2 1/1 3/2 3/3 2/2 7/7 2/2 II J4 J MN USA pig
G51A 2/1 2/2 1/1 3/2 3/3 2/2 7/7 2/2 II J2 J MN USA pig
G17 4/2 2/2 1/1 6/4 3/3 2/2 8/8 3/3 II Z1 Z MN USA pig
G10A 4/2 2/2 1/1 6/4 7/3 2/2 9/8 3/3 II R1 R IA USA pig
G40 4/2 2/2 1/1 6/4 7/3 2/2 9/8 3/3 II Y2 Y MN USA pig
G50A 4/2 2/2 1/1 6/4 7/3 2/2 9/8 3/3 II Y1 Y MN USA pig
G50B 4/2 2/2 1/1 6/4 7/3 2/2 9/8 3/3 II Y1 Y MN USA pig
a All alleles, molecular strains (ST/AAT), and clonal complex (CC) information is provided in the nucleotide/amino acid format. *, singletons that do not group into a clonal
complex.
b NT, nucleotide; AA, amino acid.
c GG, genetic group.
d Un., unknown.
e Site names are represented by an alphanumeric code for confidentiality purposes.
f System names are represented by an alphabetic code for client confidentiality purposes.

TABLE 2 Details of PCR primers for B. hampsonii MLST

Gene Primer name Primer

est EST-F229 5=-GATGCTTCAGGCGGAGTTATG-3=
EST-R847 5=-CCACACTCATAGCATAAATACTG-3=

glpK GLP-F123 5=-AGGCTGGGTAGAACATAATGC-3=
GLP-R1158 5=-TCTTTACTTTGATAAGCAATAGC-3=

pgm PGM-F172 5=-GTTGGTACTAACAGAATGAATA-3=
PGM-R1220 5=-CCGTCTTTATCGCGTACATT-3=

thi THI-F163 5=-TGTGTTATACAATCAGCACTTC-3=
THI-R1079 5=-GTAGTAAGTATTCTAGCTCCAG-3=

adh ADH-2F 5=-GATATACACTCAGCAAGAAGCG-3=
ADH-2R 5=-ATGTTATCGGTAAAGAGGCGG-3=

gdh GDH-2F 5=-GGAGTTGGCGGAAGAGAAATA-3=
GDH-2R 5=-ATCCCATTTATCCATAGAAGCA-3=
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nificant difference in results compared to those obtained by using
STs (data not shown).

The genetic relatedness of evaluated global B. hampsonii iso-
lates determined using nucleotide differences is depicted in Fig. 1.
Based on nucleotide sequences, four major genetic groups of STs
(I, II, III, and IV) were identified, of which genetic groups I and II
represented clades I and II, respectively. The genotypes in genetic
groups I and II were grouped into one and two CCs, respectively,
as identified by eBURST analysis. The genotypes of two Canadian
isolates were clustered along with genetic group I (ST12) and ge-
netic group II (ST7) from the United States. The porcine-origin

genetic group I isolates from Germany and Belgium were charac-
terized as the same genotype (ST13), and although they broadly
clustered with other genetic group I genotypes, they formed a
distinct subgroup with some migratory wild bird-origin genetic
group I genotypes (ST18 and ST19) from Spain. Genetic group III
consisting of porcine-origin genotypes from Germany and the
United Kingdom (ST14 and ST15), and a migratory wild bird-
origin genotype (ST16) from Spain did not consistently group
with either of the two previously described clades (1). Migratory
wild bird-origin isolates characterized as ST17 and ST20 formed a
genetic group IV, which was clearly distinct from the other three
genetic groups.

The basic clustering of 81 B. hampsonii isolates using nucleo-
tide allelic similarities depicted by eBURST and maximum parsi-
mony analysis was also depicted by the MST analysis (Fig. 2),
wherein most clade I and II isolates were clustered into CCs, and
most other isolates were distributed as singletons. Figure 2A de-
picts the geographical origins of 81 isolates characterized as 20
STs, wherein the observed CCs included North American isolates
only. Although most genotypes were specific to the country from
which they were isolated, ST7 was found in the United States and
Canada, and ST13 was found in Belgium and Germany. Figure 2B
depicts the production systems from which these 81 B. hampsonii
isolates originated. Within the United States, clade I genotypes

TABLE 3 Measures of genetic diversity and recombination for global
and U.S. B. hampsonii isolates

Level of
discrimination

Level of
analysis

Mean
dN/dSa

Simpson’s
DI IA (P value)

Global isolates Species 0.045 0.921 3.444 (�0.0001)
Clade I 0.040 0.820 2.852 (�0.0001)
Clade II 0.026 0.843 1.469 (�0.0001)

U.S. isolates Species 0.031 0.879 3.228 (�0.0001)
Clade I 0.031 0.746 0.841 (�0.0001)
Clade II 0.026 0.860 1.485 (�0.0001)

FIG 1 Maximum parsimony bootstrap consensus tree (1,000 replicates) depicting relatedness of global B. hampsonii sequence types. The subtree-pruning-
regrafting algorithm was used to compute the genetic similarity in a total of 4,113 nucleotide positions of 20 sequence types. The scale unit represents 50
nucleotide substitutions, and bootstrap values greater than 50% are shown at the nodes. Four main genetic groups (I, II, III, and IV) were identified and were
represented by gray shapes as follows: genetic group I (circle), genetic group II (square), genetic group III (triangle), and genetic group IV (inverted triangle).
Genetic group I and genetic group II included clade I and clade II sequence types, respectively, which represented isolates from North America and Europe. The
genetic groups III and IV included sequence types representing European isolates that did not fall under either clade I or clade II.
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were found in multiple systems, whereas those of clade II were
usually restricted to a single system. Figure 2C illustrates the year
of isolation of these genotypes, wherein the U.S. genotypes, par-
ticularly those of clade I, are maintained within the population for
a few years. Finally, Fig. 2D depicts the host species from which
these isolates originated, wherein the genotypes were uniquely
either of porcine or avian host origin.

In general, a single genotype was found circulating within a swine
site at a single time point. Within a swine system, either one single or
two clonally related genotypes were detected, and in general, a specific
clade was detected. Additionally, genotypes were either specific to a
country or were detected in two countries within a common geo-
graphical region/continent, such as in North America (the United
States and Canada) or Europe (Belgium and Germany).

The genetic relatedness and clustering of the 326 Brachyspira
types of 430 Brachyspira isolates determined using nucleotide dif-
ferences among four loci is depicted as a radial tree in Fig. 3. As
seen in Fig. 3, isolates cluster by the Brachyspira species they rep-

resent, wherein one main cluster (I) consisted of B. pilosicoli iso-
lates, and the other main cluster (II) consisted of the other six
evaluated Brachyspira species. Within cluster II, two main groups
were identified: subcluster IIA mostly consisted of B. hyodysente-
riae, B. suanatina, and B. intermedia, while subcluster IIB mostly
consisted of B. hampsonii, B. murdochii, and B. innocens. A few
occasional Brachyspira isolates, particularly those of B. intermedia,
unexpectedly clustered with groups of other Brachyspira species.
Based on this analysis, B. hampsonii was observed to have higher
diversity than that of B. hyodysenteriae, a much lower diversity
than that of B. pilosicoli, and a diversity that was most similar to
that of the main B. intermedia cluster.

DISCUSSION

This study was undertaken with the objective of developing a
MLST scheme for B. hampsonii to characterize and compare its
genotypes and to elucidate its genetic diversity, distribution, and
population structure. The inclusion of B. hampsonii isolates from

FIG 2 Minimum spanning tree (MST) analyses depicting the epidemiological origins of 20 sequence types (STs) representing 81 B. hampsonii isolates. In the
MST analyses, each circle represents a unique ST, its size represents the relative number of isolates, and its color represents a specific epidemiological charac-
teristic. The width of the lines reflects the genetic distance between STs with darker/thicker lines connecting more similar STs and lighter/thinner lines connecting
less similar STs. STs that were single locus variants of at least one other ST were grouped together in a clonal complex (shaded in gray). (A) MST analysis depicting
the country of origin of these 81 B. hampsonii isolates. Colors represent countries as follows: United States (red), Spain (light green), Germany (navy blue),
Canada (pink), United Kingdom (yellow), and Belgium (black). (B) MST analysis depicting the swine system of origin of these 81 B. hampsonii isolates. Each of
the 23 unique colors represents a different swine system, while one color (medium blue) represents the avian origin isolates that did not fall within a swine system.
(C) MST analysis depicting the year in which these 81 B. hampsonii isolates were recovered. Colors represent the year of isolation as follows: 2014 (turquoise),
2013 (light green), 2012 (mustard), 2011 (red), 2010 (dark cyan), 2009 (lavender), and 1994 (light brown). (D) MST analysis depicting the host species from
which these 81 B. hampsonii isolates originated. Colors represent the host species of origin as follows: pig (red), goose (light green), and mallard (lavender).
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different commercial production systems, countries, and host
species allowed us to investigate its epidemiological distribution
within the United States and globally.

Heterogeneity in B. hampsonii was detected in the population
by high diversity values (Table 3) globally and within the United
States, although the United States showed lower diversity values
than the global population. Within the United States, B. hampso-
nii clade I showed a lower diversity value than that of clade II or the
species as a whole, despite clade I being more frequently isolated in
the United States. However, when the diversity of genotypes by
clades is analyzed on a global level, clade I appears to be as diverse
as clade II (Table 3). This is partly because the only isolates that
can clearly be characterized as clade II originated from North
America; thus, clade II does not contribute any further diversity in
the global data set analysis. Specifically, clade I and II genotypes
included in this study originated from swine in North America,
some clade I genotypes originated from swine and migratory wild
birds in Europe, and some genotypes that were not clearly classi-
fied as belonging to either clade originated from swine and migra-
tory wild birds in Europe. Further, in a previous study (11), two
isolates originating from migratory wild birds in North America
were shown to cluster most closely with B. hampsonii clade II. It
therefore appears that B. hampsonii clade I is widespread globally
(in swine and migratory wild birds in North America and Eu-
rope), which based on current knowledge is in contrast to clade II,
which as of now has been detected only in North America. Several

genotypes representing isolates of swine and migratory wild bird
origins in Europe cannot clearly be classified as either clade I or
clade II, and likely represent additional genetic groups of B. hamp-
sonii (Fig. 1). It is possible that further detection of B. hampsonii
from across the world may result in the characterization of more
genotypes and potentially more subgroups/outliers. A previous
study (1) suggested that B. hampsonii clade II might have evolved
from ancestral groups that contained isolate P280/1, and clade I
might have evolved independently of clade II. In the current study,
we have identified additional swine and migratory wild bird iso-
lates that cluster with isolate P280/1; however, this cluster does not
consistently fall within either clade I or clade II (Fig. 1), and it is
unclear whether either of these clades have evolved from isolate
P280/1 (6).

Some factors that might explain why the B. hampsonii U.S. data
set shows clade I having a lower diversity than that of clade II in
this study, in contrast to a previous study (1), include the time at
which the previous study was carried out (i.e., soon after the dis-
ease emergence) and the sample size (limited by a smaller sample
size originating from few epidemiological sources). Given the
clinical emergence of the two clades at the same time in North
America, it is unknown why clade I is homogeneous relative to
clade II within the United States. It can be hypothesized that since
the disease has only recently emerged, clade II might include many
of the diversifying genotypes that have emerged from an ancestor
of clade I. A previous study (1) discussed whether all B. hampsonii

FIG 3 Radial tree of maximum likelihood analysis portraying the clustering of 326 Brachyspira types (430 isolates) representing seven Brachyspira species. Each
unique type was depicted by a colored shape to represent its taxonomic identity. The genetic groups of B. hampsonii were represented by the following filled gray
shapes: genetic group I (gray circle), genetic group II (gray square), genetic group III (gray triangle), and genetic group IV (gray inverted triangle). The other six
Brachyspira species were represented by filled colored circles as follows: B. hyodysenteriae (red circle), B. suanatina (pink circle), B. intermedia (blue circle), B.
murdochii (yellow circle), B. innocens (light green circle), and B. pilosicoli (orange circle). A total of 2,807 positions of 326 Brachyspira types were used to compute
the genetic similarity, and the scale unit represents 2 substitutions per 100 nucleotide positions. Two major clusters were identified: cluster I consisting of B.
pilosicoli and cluster II consisting of another six Brachyspira species. Cluster II showed two smaller subclusters as cluster IIA (B. hyodysenteriae, B. suanatina, and
B. intermedia) and cluster IIB (B. hampsonii, B. murdochii, and B. innocens).
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isolates represent a single monophyletic taxon having a single
common ancestor or if they represent a polyphyletic taxon with
more than one ancestor (i.e., one for each clade). To our knowl-
edge, no common ancestral genotypes have yet been identified for
all B. hampsonii; thus, B. hampsonii may potentially represent a
polyphyletic taxon that consists of two or more monophyletic
clades.

The mean dN/dS ratios for B. hampsonii (Table 3) indicated the
fact that most mutations were synonymous in nature, which is
expected for housekeeping genes that are under selective pressure
to prevent deleterious changes that may affect their functions.
Despite the heterogeneity observed in the population, evidence of
clonality was provided by the detection of significant linkage dis-
equilibrium (P � 0.0001) in the global and U.S. B. hampsonii data
sets, irrespective of the level of analysis (species or clade) (Table 3).
Within swine systems, genotypes have the opportunity to undergo
mutations to form new but closely related genotypes by a process
known as microevolution (32), thus forming clonal groups within
systems. Therefore, it appears that B. hampsonii is heterogeneous
on a population level, and within swine systems, the genotypes
diversify clonally.

The similar number of STs and AATs of B. hampsonii identified
within the United States and globally may indicate an actively
diversifying population, and it is possible that over long periods of
time, some of these genotypes might be eliminated from the pop-
ulation. Alternatively, the similar number of STs and AATs of B.
hampsonii may indicate that it is truly a relatively diverse species,
which may also be supported by the detection of additional clus-
ters that do not clearly fall within the two clades. Future studies
over longer periods of time may provide further support for either
of the potential scenarios explaining the genetic diversity of B.
hampsonii. It is interesting to note that although B. intermedia and
particularly B. pilosicoli have a similar number of STs as they have
AATs (23, 24), B. hyodysenteriae shows a lower number of AATs
compared to STs (5). It is thought that the high plasticity, recom-
bination, and genetic diversity of B. pilosicoli may contribute to its
ability to infect and cause disease in multiple host species, includ-
ing swine, chicken, and human beings (23). This is in contrast to B.
hyodysenteriae that shows a strong clonal distribution in a diverse
population and is known to cause disease most often in swine (5).
Although B. intermedia is clonal compared to the highly recombi-
nant B. pilosicoli, its pattern of high diversity in the population
with smaller groups of clusters/clones particularly within swine
systems resembles that of B. hampsonii observed in this study. B.
intermedia isolates are known to cause disease in chickens, and
although they are frequently isolated from swine, they are not
usually associated with disease in this host species (24). Similarly,
although B. hampsonii has been isolated from birds (10, 11), to our
knowledge it is only known to cause disease in swine (1).

B. hampsonii genotypes clearly identified as clade I or II by nox
gene sequencing prior to this study were also identified as belong-
ing to these clades based on the maximum parsimony analysis
using six housekeeping genes (Fig. 1). The four genetic groups in
the dendrogram were associated with their genetic identity, geo-
graphical origin, and host species from which these B. hampsonii
isolates originated (Fig. 1). For instance, ST7 represented clade II
isolates from the United States and Canada, and ST12 represented
a clade I isolate from Canada that most closely grouped with clade
I isolates from the United States. Similarly, two closely related
migratory wild bird-origin genotypes (ST18 and ST19) from Eu-

rope clustered close to a swine origin genotype (ST13) from Eu-
rope (Fig. 1). This suggests that, in this study, although B. hamp-
sonii isolates originating from migratory wild birds were found to
represent distinct genotypes from those of swine, they do show a
close relationship with the swine origin genotypes within their
geographical region, i.e., Europe rather than North America. In-
terestingly, the swine-origin clade I genotype ST13, referred to
above, represented two previously reported (12, 13) B. hampsonii
isolates from swine in Europe (Fig. 1). One was identified in Bel-
gium from gilts recently imported from the Czech Republic that
showed soft, watery, nonhemorrhagic colonic content and mild
diarrhea (12). The other was identified in Germany from swine
recently purchased from Belgium with a history of mild to mod-
erate diarrhea (13). This is in contrast to the mucohemorrhagic
diarrhea typically reported with other clade I genotypes in North
America (1); however, no experimental trials have been con-
ducted in order to understand whether or not these European B.
hampsonii isolates are pathogenic to swine.

The B. hampsonii isolates originating from migratory wild wa-
terfowl exhibited diverse genotypes and clusters (Fig. 1). For in-
stance, based on the use of the six housekeeping gene loci, geno-
types ST18 and ST19 clustered in clade I (or genetic group I), while
others were not clearly grouped into either of the two previously
described clades of B. hampsonii (1), and instead clustered within
additional genetic groups. B. hampsonii genotype ST16 closely
clustered along with isolate P280/1 (originally from a pig in the
United Kingdom in the 1990s) and isolate 3824-15x/14 (originally
from a pig in Germany in 2014) (Fig. 1). Although previous stud-
ies have suggested that this cluster falls within clade II (or genetic
group II), since we did not obtain any high bootstrap values or
consistency in its grouping within any clade, we have considered
this to be a separate group (genetic group III). Finally, the most
diverse genotypes ST17 and ST20 formed their own distinct clus-
ter (genetic group IV) in the dendrogram (Fig. 1). The clustering
pattern of these migratory wild bird-origin B. hampsonii isolates
generally resembled that seen by the use of the nox gene segment,
as reported in a previous study (10). However, those B. hampsonii
isolates that grouped with isolate P280/1 are not classified as either
genetic group I or II in this study, as their relative positions were
inconsistent on multiple generations of dendrograms generated
using the six housekeeping genes (Fig. 1). Interestingly, genotype
ST19 represented isolates from wild geese and mallards (Fig. 2D).
Wild waterfowl are known to serve as carriers for known
Brachyspira pathogens of swine and poultry (33). The migratory
patterns of wild birds, their close contact with livestock, and con-
tamination of drinking water sources by their feces may allow the
spread of and exposure of livestock to infectious agents, thus sug-
gesting their potential role as reservoirs (34). Additionally, a pre-
vious study (11) reported colonization without clinical signs in an
experimental inoculation of a B. hampsonii clade II (or genetic
group II) isolate that was isolated from a migratory bird (snow
goose). Therefore, the clustering of migratory wild bird-origin B.
hampsonii isolates with those of swine origin in this study provides
further support for the hypothesis of B. hampsonii transmission
between these host species.

The three CCs of B. hampsonii included only North American
genotypes since they mostly represented multiple swine systems in
a single country (United States) (Fig. 1 and 2). Most singletons
were those from Europe, since they mostly represented individual
isolates that were obtained from different host species, countries,
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or periods of time (Fig. 1 and 2). The presence of the same or
clonally related genotypes in the United States and Canada sug-
gests the transmission of B. hampsonii between the two countries
(Fig. 2A). This may be facilitated by transport of livestock, contact
with contaminated fomites, or vectors/carriers of Brachyspira
such as migratory wildbirds. The presence of the same genotype
from Belgium and Germany (Fig. 2A) also suggests the role of
transport of infected animals, especially because in each of the
cases the swine had recently been imported from neighboring
countries (12, 13). Additionally, although swine and migratory
wild birds had different genotypes, those from the same geograph-
ical region were closely related, suggesting some potential for ex-
posure between the different host species (Fig. 1). The distribution
of B. hampsonii genotypes within swine systems in the United
States suggested that clade I genotypes are widespread and present
in multiple systems, while clade II genotypes are present in fewer
systems (Fig. 2B). The observation of a single B. hampsonii geno-
type being detected within a swine site at a single point of time
suggests a single source of infection rather than multiple different
sources. Further, a system that tests positive for a particular geno-
type, and especially a particular clade of B. hampsonii, if infected
for long durations, usually will continue to isolate the same geno-
typic cluster or clade over time. For instance, one system had
reported a history of severe mucohemorrhagic diarrhea in differ-
ent sites (separate sites for each stage of production) within their
system since the emergence of disease in 2009. The different stages
of production of swine included a single flow, i.e., the gilts would
be transported into sow farms, and the piglets from the sow farm
would be transported to finisher farms. Despite an effort to treat
the infection, the genotypic characterization detected the same
two related genotypes and the same clade of B. hampsonii within
the different sites of the system from 2009 to 2014, suggesting that
one of the sites in the system is likely serving as a source of con-
tamination for the other sites. The likely transmission of B. hamp-
sonii between farms or between countries highlights the impor-
tance of strict biosecurity measures to prevent introduction of the
pathogen to naive herds.

Comparison of four housekeeping gene segments of isolates of
seven Brachyspira species from diverse host species, geographical
origins, and years of isolation provides a unique opportunity to
use the multilocus sequence typing technique to further under-
stand the genetic relationships of the different species. This ap-
proach, known as multilocus sequence analysis (MLSA) (35), has
been suggested to be particularly useful for identifying and differ-
entiating less understood bacterial species within a genus. The use
of a single, highly conserved gene such as 16S rRNA or nox may
not be able to capture the true extent of genetic diversification of
all isolates within a genus. Single mutations in a single gene can
exaggerate the overall genetic difference between two isolates or
clusters of isolates. In the Brachyspira genus MLSA analysis, inclu-
sion of the alkaline phosphatase gene (which is missing only in B.
hampsonii) might have exaggerated the overall genetic distance of
B. hampsonii from the other six Brachyspira species. Therefore, the
use of multiple conserved genes consistently present in all evalu-
ated microbes provides a balanced and more reliable approach to
understanding the clustering of genotypes into potential species.
The use of a higher number of genes increases the resolution of the
MLSA analysis; thus, analysis of more genes may provide a higher
resolution.

The diversity of and relationships between different

Brachyspira species commonly isolated from swine were best illus-
trated by the differential clustering of species in this study (Fig. 3).
Although most species clearly clustered only with isolates of their
own species, occasional isolates, particularly those of B. interme-
dia, did not cluster into these species-based groups. Several iso-
lates that were identified as B. intermedia in a previous study (24)
instead clustered directly within or as outliers to groups of other
weakly beta-hemolytic species such as B. innocens, B. pilosicoli, and
B. murdochii in our study. This previous study (24) concluded that
given the high diversity and numerous outliers identified, it is
likely that all of these isolates are too diverse to be classified as B.
intermedia and likely represent other Brachyspira species. Simi-
larly, one B. hyodysenteriae isolate clustered as an outlier to a large
cluster containing B. innocens, B. murdochii, and B. hampsonii
isolates, and may warrant further investigation. It may be impor-
tant to confirm whether the positions of these isolates in the cur-
rent dendrogram stay consistent when an increased number of
housekeeping genes are evaluated.

Interestingly, the B. hampsonii isolates formed a tightly clus-
tered species group, irrespective of their geographical region or
host species of origin with only two isolates clustering as outliers
within the core group (Fig. 3). Despite the identification of two or
more diverse genetic groups, this interspecies comparison depicts
a close clustering of all genetic groups of B. hampsonii isolates
compared with that of other Brachyspira species. Additionally,
phenotypic (hemolysis pattern, biochemical assays, pathogenic-
ity) and ecological (host specificity, tissue specificity) differences
between these clusters should also be considered while determin-
ing whether a cluster should be designated a unique species. Since
the two clades of B. hampsonii exhibit strong hemolysis on culture,
are not always distinguishable by biochemical tests, cause a mu-
cohemorrhagic diarrheal disease affecting the colon of swine, and
form a single cluster compared to other swine Brachyspira species,
it would be a judicious approach to consider B. hampsonii a single
species, with several genetically diverse groups.

The high diversity and the genetic difference of B. pilosicoli
from other Brachyspira species in the dendrogram (Fig. 3) can be
explained by its highly recombinant nature, which is thought to
aid in its ability to infect and cause disease in a variety of host
species, including poultry, swine, and humans. B. suanatina, re-
ported to cause mucohemorrhagic diarrhea in swine and mallards
(3), was most closely related to B. intermedia, a commensal spiro-
chete in swine that causes disease in poultry. These two pathogens
clustered close to B. hyodysenteriae, the primary causative agent of
swine dysentery globally. Interestingly, B. hampsonii was found to
be most closely related to the commensal species B. murdochii and
B. innocens. The close relationship of B. hampsonii to these com-
mensal species has been reported in earlier studies (1, 10) that
have used other genes for comparison, including the nox and 16S
rRNA genes. The swine colon may provide an ideal environment
and opportunity for genomic exchange and recombination be-
tween commensal and pathogenic Brachyspira through a pro-
phage that facilitates horizontal gene transfer events (36, 37).
Since a variety of different Brachyspira species have been isolated
from migratory wild birds/waterfowl, their intestinal tracts likely
serve as another ideal environment for exchange of genomic ma-
terial between pathogenic and commensal species. Such genetic
events may lead to the emergence of new and potentially patho-
genic species, such as B. hampsonii. Further whole-genome se-
quencing studies comparing the genomes of various Brachyspira
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species will provide a better understanding of the evolution of B.
hampsonii in relation to other species.

This study identified 20 genotypes of B. hampsonii from diverse
epidemiological sources using a newly developed MLST scheme.
B. hampsonii showed a heterogeneous population structure, with
microevolution identified locally within swine production sys-
tems. These findings underscore the importance of strict biosecu-
rity measures in preventing the spread of pathogens, such as B.
hampsonii, between swine herds and also potentially between mi-
gratory birds and swine. It also highlights the utility of MLST as a
tool for routine surveillance and monitoring of B. hampsonii
within commercial swine systems and possibly in migratory bird
populations. Further, this study identified four genetic groups of
B. hampsonii, two of which represented previously identified
clades (1). The investigation of multiple Brachyspira species con-
firmed the close genetic relatedness of B. hampsonii with the com-
mensal species B. murdochii and B. innocens and provided support
for the two clades of B. hampsonii to be considered a single species.
Based on the findings that B. hampsonii consists of genetically
diverse groups that form a single cluster distinct from clusters of
other Brachyspira species, we suggest that the term “genetic
group” supplant the term “clade” for B. hampsonii. Future studies
will help expand our understanding of the genetic diversity and
host range of B. hampsonii, the origin of its diverse genetic groups,
how it emerged in North American swine herds to cause severe
mucohemorrhagic diarrhea, and its evolutionary relationships
with other Brachyspira species.
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