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ABSTRACT

Swine dysentery (SD) is a mucohemorhagic colitis of swine classically caused by infection with
the intestinal spirochete Brachyspira hyodysenteriae. Since around 2007, cases of SD have
occurred in North America associated with a different strongly beta-hemolytic spirochete that
has been molecularly and phenotypically characterized and provisionally named “Brachyspira
hampsonii”. Despite increasing international interest, “B. hampsonii” is currently not recognized
as a valid species. To support its recognition, we sequenced the genomes of strains NSH-16,
NSH-24 and P280/1, representing “B. hampsonii” genetic groups I, II and III, respectively, and
compared them with genomes of other valid Brachyspira species. The draft genome of strain
NSH-16 has a DNA G+C content of 27.4% and an approximate size of 3.2 Mb. Genomic indices
including digital DNA-DNA hybridization ({DDH), Average Nucleotide Identity (ANI) and
Average Amino Acid Identity (AAI) clearly differentiated “B. hampsonii” from other recognized
Brachyspira species. Although discriminated genotypically, the three genetic groups remain
phenotypically similar. By electron microscopy, cells of different strains of “B. hampsonii”
measure 5-10 pm x 0.28-0.34 pm, with one or two flat curves, and have 10 to 14 periplasmic
flagella inserted at each cell end. Using a comprehensive evaluation of genotypic (gene
comparisons and multi-locus sequence typing and analysis), genomic (IDDH, ANI and AAI) and
phenotypic (hemolysis, biochemical profiles, protein spectra, antibiogram and pathogenicity)
properties, we classify Brachyspira hampsonii sp. nov. as a unique species with genetically
diverse yet phenotypically similar ‘genomovars’ (I, I and III). We designate the type strain as

NSH-16" (=ATCC" BAA-2463™ = NCTC 13792).
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INTRODUCTION

The genus Brachyspira includes Gram-negative, aerotolerant, anaerobic spirochetes that colonize
the intestine of and/or cause disease in a wide range of host species (1). Over several decades,
multiple taxonomic changes were applied to members of this genus (originally Treponema, then
transferred to Serpula, then to Serpulina and finally to Brachyspira) (2-5). Currently, the genus
Brachyspira consists of eight valid species including B. hyodysenteriae, B. pilosicoli, B.
intermedia, B. innocens, B. murdochii, B. aalborgi, B. alvinipulli, and most recently, B.
suanatina (1, 6). This genus also consists of several provisional species (1), of which the most
clinically significant is the recently discovered “B. hampsonii” (7). Within the Brachyspira
genus, all currently identified strongly beta-hemolytic species (B. hyodysenteriae, B. suanatina
and the novel “B. hampsonii”) are known to cause severe mucohemorrhagic diarrhea, while
weakly beta-hemolytic Brachyspira species are either commensals (B. innocens) or are capable
of causing diarrhea and/or colitis (B. pilosicoli, B. murdochii, B. intermedia, B. aalborgii and B.
alvinipulli) (1). B. hyodysenteriae, the most virulent and clinically significant Brachyspira
species, has historically also been the most researched or investigated species. It causes swine
dysentery (SD), a disease characterized by mucohemorrhagic diarrhea that is most commonly
observed in grower-finisher pigs (1). In addition to the adverse impact on the health and welfare
of pigs, its negative effect on productivity (such as decreased weight gain and poor feed
conversion) leads to significant economic losses to livestock-raising communities and countries
(1). The recently validated B. suanatina also causes SD in pigs; however, its isolation has been
limited to a few northern European countries (8). The isolation of different bacterial species from
clinically and pathologically indistinguishable dysentery cases of pigs highlights the evolving

and expanding etiology of SD. Thus, the definition of SD should include all strongly beta-
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hemolytic Brachyspira species that cause mucohemorrhagic colitis and dysentery in pigs (9).
The genetically diverse B. pilosicoli is the primary etiological agent of colonic spirochetosis, a
disease characterized by diarrhea and/or colitis in a wide range of host species including pigs
(Porcine Intestinal Spirochetosis - PIS) (10), chickens (Avian Intestinal Spirochetosis - AIS) (11)
and human beings (Human Intestinal Spirochetosis - HIS) (12). AIS also can be caused by other
Brachyspira species including B. intermedia (13) and B. alvinipulli (14), while HIS is also
caused by B. aalborgi (15). Although long considered to be a commensal, the association of B.
murdochii with mild diarrhea and/or colitis in pigs has been reported (16, 17). These
Brachyspira-associated disease conditions negatively impact the health and welfare of the

affected host species and reduce the productivity of livestock (1).

Clinical SD was rarely reported in North America after the early 1990s, despite continuing to
have negative impacts on the health and productivity of pigs in other countries across the world.
Outbreaks of bloody diarrhea in commercial swine herds in 2007 signaled the re-emergence of
this disease in North America (18). Interestingly, the detection of re-emergent B. hyodysenteriae
in the US was accompanied by the unexpected discovery of a novel species “B. hampsonii” from
cases of classic mucohemorrhagic diarrhea that were clinically indistinguishable from those
caused by B. hyodysenteriae. Preliminary characterization lead to the identification and
provisional designation of “ B. hampsonii” and its two diverse genetic groups (previously called
clades) - group I and group II (7). Since the initial identification of “B. hampsonii”” in North
American pigs, it has also been detected in pigs in Belgium and Germany (19, 20) and in

migratory water birds in Europe and North America (21, 22).

Several methods have been used to characterize the phenotype of “B. hampsonii” including

growth characterization, identification and qualification of hemolysis on blood agar, biochemical
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tests (hippurate hydrolysis, production of indole, a-galactosidase, a-glucosidase and B-
glucosidase activities), protein spectra profiling, antibiogram testing and characterization of its
pathogenic nature. Growth on solid media (tryptic soy agar containing 5% defibrinated sheep
blood) is observed as tiny transparent colonies with underlying strong beta-hemolysis (23) that is
most distinct in areas of cuts made in the agar (known as the “ring phenomenon”), while growth
in liquid media (brain-heart infusion broth supplemented with 10% fetal bovine serum) is
observed as light turbidity in the broth (24). Cultural properties alone are insufficient to
differentiate “B. hampsonii” from other strongly beta-hemolytic Brachyspira species (B.
hyodysenteriae and B. suanatina), thus emphasizing the need for other phenotypic or genotypic
tests. “B. hampsonii” isolates were found to be negative for indole production, as well as
hippurate, a-galactosidase and a-glucosidase activity, with the indole spot test being the most
useful test for differentiating “B. hampsonii” from other strongly beta-hemolytic Brachyspira
species (B. hyodysenteriae and B. suanatina are usually indole positive) (7, 25). Although two
biochemical profiles for “B. hampsonii” have been described, neither was absolutely effective in
differentiating genetic groups I and II (7). Main spectra profiles (MSPs) generated with the
matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS)
technology were consistently able to identify “B. hampsonii” and differentiate “B. hampsonii”
from other Brachyspira species (26). Although this method was able to often differentiate
between the genetic groups of “B. hampsonii”, this differential identification was not consistently
reliable (26). A study characterizing antibiograms of North American “B. hampsonii” isolates
demonstrated high susceptibility to several commonly used antimicrobials including tiamulin,
valnemulin, lincomycin, tylosin, doxycycline and carbadox (27). Although “B. hampsonii” often

demonstrated a more susceptible antibiogram compared to other Brachyspira species, no clear
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differences in antibiogram profiles were observed between its genetic groups (27). Finally,
several trials have reproduced mucohemorrhagic diarrhea in pigs by oral inoculation of “B.
hampsonii” genetic groups I and IT under experimental conditions and have thus confirmed the
pathogenic nature of both groups (28-30). The resulting disease was indistinguishable from SD
caused by B. hyodysenteriae on the basis of clinical signs and gross pathology. Examination of
tissues obtained from the experimentally infected pigs had microscopic lesions consistent with
those seen in the mucohemorrhagic colitis induced by B. hyodysenteriae (28-30). Currently, no
differences in clinical signs or gross and microscopic pathology have been reported in the SD

caused by either genetic groups I or II of “B. hampsonii”.

Several methods have been used to characterize the genotype of “B. hampsonii” including gene
comparisons and identification of genotypes (7, 31). For the purpose of species delineation in the
Brachyspira genus, the NADH oxidase (nox) gene has historically been considered to be more
useful than the 16S ribosomal RNA gene (32). Both of these genes have been used to identify

“B. hampsonii” and differentiate it from other Brachyspira species, as well as to differentiate
between the diverse genetic groups of “B. hampsonii” (7). The nox gene is also often used as a
target for diagnostic tests such as qPCR and Sanger sequencing (7, 29) to specifically detect “B.
hampsonii”. Genotyping of “B. hampsonii” from diverse epidemiological origins using the multi-
locus sequence typing (MLST) approach (31) identified a total of 20 genotypes that clustered
into four genetic groups (I, II, III and IV). It included the commonly reported genetic groups I
and II that are frequently isolated from affected North American pigs (7), and occasionally
isolated from pigs in Europe (19, 20) and from migratory birds of both North American and
European origin (21, 22). It also included the less frequently reported genetic group III which has

been isolated occasionally from pigs and migratory water birds of European origin (20, 21, 33),
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as well as the rare genetic group IV which has only been detected in migratory water birds in
Europe (21). Overall “B. hampsonii” was observed to demonstrate high diversity and a
heterogeneous population structure (31). In addition, a Brachyspira genus-wide multi-locus
sequence analysis (MLSA) approach was used to confirm that “B. hampsonii” could be
differentiated from other Brachyspira species. This study reported clustering of “B. hampsonii”

genetic groups in spite of its diverse nature (31).

Despite the significance of this novel pathogenic species and the information that is currently
available, “B. hampsonii” is still classified as a proposed species. Therefore the objective of this
study is to support its position as a valid species by providing additional information on its whole
genome sequences, genomic relatedness to other Brachyspira species and ultrastructural

morphology.

MATERIALS & METHODS

“B. hampsonii” isolates: “Brachyspira hampsonii” strains NSH-16 (ATCC® BAA-2463™),
NSH-24 (ATCC® BAA-2464™) and P280/1 were selected for study as they represent the type
strains for genetic groups I, IT and III, respectively. Most importantly, strain NSH-16 is also the
designated type strain for “B. hampsonii” (ATCC® BAA-2463™ =NCTC 13792). Plates of
tryptic soy agar (TSA) (BD, Franklin Lakes, NJ, USA) containing 5% defibrinated sheep blood
(I-Tek Medical Technologies, MN, USA) were inoculated with pure cultures and incubated
under anaerobic conditions at 37°C for four days. Growth was observed as zones of strong beta-
hemolysis with observation of the characteristic ring phenomenon. The purity of the isolates was

confirmed by phase-contrast microscopy of wet mounts.
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Phase Contrast and Electron Microscopy: Cells of strains NSH-16, NSH-24 and P280/1 were
grown to mid log phase on TSA plates and prepared for phase contrast and electron microscopy
as described previously (10). Actively dividing cells were gently harvested from the plates with 1
mL 0.01 M sodium phosphate buffer at pH 7.0 and centrifuged at 2,000 x g for 3 min. The pellet
was resuspended with 1 ml phosphate buffer and centrifuged at 2,000 x g to wash the cells.
Washing was performed three times before resuspending the cells with 0.5 mL phosphate buffer.
Washed cells were adhered to coverslips using 0.1% polyethyleneimine and examined with a
Nikon ECLIPSE 90i microscope under a 100X phase contrast objective with a Ph3 condenser
ring. A 0.02 mL sample of the washed cells was negatively stained with an equal volume of 2%
phosphotungstic acid (pH 7) before being mounted on a carbon-reinforced 200-mesh copper grid
coated with 2% Parlodion. The grids were examined with a Phillips model 410 transmission
electron microscope. Cell dimensions and the ultrastructural characteristics of the spirochete

were determined from electron micrographs of at least ten individual cells.

Genome sequencing, assembly and annotation: Genomic DNA from each isolate was
extracted using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, USA) as per the
manufacturer’s instructions. For strains NSH-16 and NSH-24, the quality control, library
preparation and whole genome sequencing of the extracted genomic DNA was carried out at the
University of Minnesota Genomics Center, Minneapolis. Briefly, the samples were evaluated for
quality control and DNA concentrations using the Quant-iT™ PicoGreen® dsDNA Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) and the DNA library was prepared using the
Nextera XT DNA Library Preparation Kit (Illumina, CA, USA) as per the manufacturer’s
instructions. Sequencing was carried out using MiSeq Reagent Kit V3 (Illumina, CA, USA) with

a paired end 2x300 bp construct on the MiSeq system (Illumina, CA, USA). This yielded
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4,566,767 and 3,603,642 passing filter reads for strains NSH-16 and NSH-24 which
corresponded to an average genome coverage of approximately 860X and 700X, respectively.
Using the default parameters of the De Novo Assembly tool of CLC Genomics Grid Workbench
8.0.2, the reads were quality checked, trimmed based on quality, and assembled de novo to
generate contigs. Filters were applied to select and extract a subset of contigs with consensus
length > 1 kb and coverage > 50X in order to generate a draft genome. Whole genome
sequencing of strain P280/1 was performed in Australia by Geneworks Pty Ltd (Thebarton, SA,
Australia) under the Illumina Certified Service Provider (CSPro) Program. Sequencing was
carried out using the TruSeq DNA PCR-Free Library Preparation Kit (Illumina, CA, USA) with
a paired end 2x75 bp construct on the Genome Analyzer [Ix (Illumina, CA, USA), which yielded
14,097,542 reads corresponding to an average genome coverage of approximately 661X. De
novo assembly of reads was performed with SeqMan NGen 3.0 Assembly Software (DNASTAR,
Madison, WI, USA) using default parameters to generate a draft genome. All three strains were
annotated using the Rapid Annotation using Subsystems Technology (RAST version 2.0) (34)
with parameters allowing for frameshift error corrections. The genomes were also annotated

using the NCBI Prokaryotic Genome Annotation Pipeline (35).

Genome comparisons for species delineation: Publicly available genomes of various
Brachyspira species were obtained from the NCBI genome database
(https://www.ncbi.nlm.nih.gov/genome/). These included B. hyodysenteriae (strain B-78" and
strain WA1), B. suanatina strain AN4859/03", B. pilosicoli strain P43/6/78", B. intermedia strain
PWS/A”, B. murdochii strain 56-150", B. innocens strain B256", B. alvinipulli strain 911207/C1"
and “B. hampsonii” (strain 30599 and strain 30446). The publicly available genome of B.

aalborgii strain 513A" was obtained from MetaHIT Consortium website
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(http://www.sanger.ac.uk/resources/downloads/bacteria/metahit/). The Genome to Genome
Distance (GGD) values of “B. hampsonii” strains NSH-16, NSH-24 and P280/1 and other
Brachyspira species and strains were calculated using the Genome-to-Genome Distance
Calculator (GGDC 2.1) web service (http://ggdc.dsmz.de/distcalc2.php) (36). Similarly, the
average nucleotide identity (ANI) values and the average amino acid identity (AAI) values of “B.
hampsonii” strains NSH-16, NSH-24 and P280/1 and other Brachyspira species and strains were
calculated using the EzGenome ANI web service (http://www.ezbiocloud.net/ezgenome/ani) (37)
based on the algorithm of Goris et al. (38), and using the web-based AAI tool (http://enve-
omics.ce.gatech.edu/aai/index) (39) based on two-way AAI calculations, respectively. Specl, a
web-based species identification tool (http://vm-lux.embl.de/~mende/specl/) (40) was used to
extract 40 universal single copy marker genes of “B. hampsonii” strains NSH-16, NSH-24 and
P280/1 and evaluate the average genetic distance of these strains from publicly available

complete genomes of valid bacterial species.

RESULTS

By phase contrast and electron microscopy the shape of the spirochete cells was consistent with
that of other Brachyspira species. Cells had slightly tapered ends and one or two flat serpentine
curves (Figure 1). The cells of P280/1 were longer than those of NSH-16 and NSH-24, but were
otherwise similar, with 10 to 14 periplasmic flagella inserted sub-terminally at each end of the
cell, with a total of 20 to 28 flagella per cell (Figure 2). Cells of P280/1 were 10.49 + 0.41 pum
long, whereas those of NSH-16 and NSH-24 were 5.43 = 0.34 and 5.06 = 0.37 pm long

respectively (Table 1). Mean cell widths for the strains varied from 0.28 to 0.34 pm.

10
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The final assembly of “B. hampsonii” strain NSH-16 genome resulted in 77 contigs comprising
approximately 3.16 Mb with a G+C content of 27.4%. Eleven large contigs >100 kb in size and
another 43 contigs 10-100 kb in size comprised 97.4% of the assembled B. hampsonii” strain
NSH-16 genome. The final assembly of “B. hampsonii” strain NSH-24 resulted in 178 contigs
comprising approximately 2.97 Mb with a G+C content of 27.5%. One large contig >100 kb in
size and another 93 contigs 10-100 kb in size comprised 88% of the assembled B. hampsonii”
strain NSH-24 genome. Assembly of the “B. hampsonii” strain P280/1 genome resulted in 16
contigs of 3,186,631 bp, with a G+C content of 27.5%. The general genomic features of B.

hampsonii” strains NSH-16, NSH-24 and P280/1 are described in Table 2.

The GGD, ANI and AAI values comparing “B. hampsonii” strains NSH-16, NSH-24 and P280/1
with other Brachyspira species and strains are described in Tables 3, 4 and 5, respectively.
Comparison of “B. hampsonii” GGD values with other Brachyspira species, between “B.
hampsonii” genetic groups and within “B. hampsonii” genetic groups were approximately ~20-
35%, ~50-57% and ~99%, respectively. A similar trend was observed when using the ANI
method, where inter-species, inter-genetic group and intra-genetic group comparison yielded
nucleotide identities of approximately ~75-88%, ~93-94.5% and ~100%, respectively. The AAI
method yielded mostly similar results for inter-species, inter-genetic group and intra-genetic
group comparisons with amino acid identities of approximately ~72-90%, ~94-95% and ~100%,
respectively. Specl was unable to categorize “B. hampsonii” as any previously recognized valid
bacterial species. Interestingly, it identified “B. hampsonii” genetic group I as a closest match to

B. hyodysenteriae, and genetic groups II and III as closest matches to B. intermedia.

DISCUSSION

11
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Since the initiation of bacterial taxonomy in the late 19" century, the accepted taxonomic
practices for delineation of novel species have evolved with the advent of new technologies and
scientific methods. Initially bacteria were classified on phenotypic characteristics such as growth
requirements, morphology, pathogenicity, physiology, and biochemical activity. Gradually
chemotaxonomy, numerical taxonomy, conventional DDH, DNA G+C content and eventually
16S ribosomal RNA gene sequencing provided further methods of species differentiation. A
detailed review of the history of bacterial taxonomy has been provided by Schleifer KH (41).
Most recently, whole genome sequencing has facilitated several additional approaches to species
delineation including comparison of genome indexes, gene content and multiple gene aligned
sequence datasets (42). The utility of DNA G+C content comparison is limited as members of
several bacterial genera show high conservation of G+C content, and thus this method serves
mostly as an exclusionary determinant (41). Of the mentioned genotypic methods, conventional
DDH and 16S rRNA gene sequencing have been widely used for differentiating bacterial species
over the last several years (42). Although 16S rRNA gene sequencing is an effective way to
differentiate bacterial species because of its genetically and functionally highly stable nature, this
method is not useful for some bacterial species that have multiple rRNA operons in a single
genome or show a high degree of conservation within a genus (41). Further, conventional DDH
is known to be laborious, error-prone with low reproducibility, expensive and not equally
applicable to all bacterial genera (41). Thus methods evaluating whole genome sequence
similarity such as digital DDH were proposed as they overcome many of the drawbacks while
maintaining a good correlation with conventional DDH and 16S rRNA sequencing for species

delineation (38, 43). Given the plethora of methods available, current prokaryotic taxonomy is
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often based on polyphasic combinations of phenotypic, genotypic, genomic and/or

chemotaxonomic characteristics (41).

In the case of “B. hampsonii” no completely distinctive phenotypical differences from all strains
of other valid Brachyspira species have been found to date, and this study confirms that even the
ultrastructure of “B. hampsonii” cells is similar to that of some other Brachyspira species, such
as B. hyodysenteriae. The genomes of “B. hampsonii” strains NSH-16, NSH-24 and P280/1
show similar G+C content, which falls within the general range of G+C content currently
identified for members of the Brachyspira genus (~27% to 28%). This is not surprising, as
diverse Brachyspira species show limited variation in their average chromosomal G+C content
(6, 44-47). The approximated genome size also falls within the range of most members of the
Brachyspira genus (range: ~2.7 Mb to ~3.4 Mb) (6, 44-47). Applying the recommended <70%
threshold value for DDH (48) to GGD results, and the <95-96% threshold (49, 50) to ANI and
AAI results, these “B. hampsonii” strains did not fall under the classification of any previously
recognized Brachyspira species. Further, the 96.5% threshold for similarity to universal marker
genes (40) was also unable to assign these strains to any known bacterial or archaeal species.
These genomic indices add to the already existing information supporting the position of “B.
hampsonii” as a novel species. Surprisingly, based upon several universal marker genes, the
closest matches identified for the various genetic groups differed (i.e. B. hyodysenteriae for
genetic group I and B. intermedia for genetic groups II and II). A similar observation was made
by the use of whole-genome sequence data, wherein “B. hampsonii” showed the closest identity
to B. hyodysenteriae, B. intermedia and B. suanatina, followed by B. murdochii and B. innocens.
This was in contrast to previous studies (7, 21, 31) which identified “B. hampsonii” to be most

genetically related to B. murdochii and/or B. innocens. Since those studies (7, 21, 31) evaluated
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only a few conserved genes, it is likely that the genetic relatedness of the overall genome was
under-represented. The use of whole-genome data in this study provides the opportunity to make
more detailed and extensive comparisons between “B. hampsonii” and other species. Future
studies comparing the core genomes of various Brachyspira species will help to identify which

of these species “B. hampsonii” shares common ancestors with.

The genus Brachyspira is unique and complicated as it consists of a variety of species that can
infect a wide range of host species with different abilities to cause disease, yet each shows
varying degrees of ability to be differentiated by phenotypic and genotypic characteristics. For
instance, the low variation in 16S rRNA gene sequence and DNA G+C content (<1%) would be
insufficient to differentiate the various species within the Brachyspira genus. On the other hand,
genetically and phenotypically diverse species (B. hyodysenteriae, B. suanatina and “B.
hampsonii”) all infect a single host species (pig), occupy the same ecological niche (the colon)
and cause a clinically and pathologically indistinguishable disease (SD). Thus a comprehensive
and conservative approach that evaluates information on a variety of genotypic and phenotypic
properties as well as ecological characteristics should be applied in delineating species within the
Brachyspira genus. While both genotypic and phenotypic data clearly support “B. hampsonii” as
a novel species, they provide ambiguous interpretations for whether the various genetic groups
represent one or multiple novel species. Specifically, although the genomic indices (GGD, ANI
and AAI values) comparing “B. hampsonii” genetic groups I, I and III to each other are
significantly lower than the threshold of species differentiation, they are also significantly higher
than the values obtained when comparing either of the genetic groups with other Brachyspira
species. This depicts a situation wherein based on genomic information, one could identify the

genetic groups of “B. hampsonii” as three closely related species. Tindall et al. (42) recommends
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that the <70% threshold for DDH (and by correlation other genome sequence identity methods)
should not be used as a strict boundary for species delineation. A species can include strains with
DDH values <50% if these strains are not clearly distinguishable based on other properties such
as phenotypic characteristics (42). Ursing et al. (51) recommends that such genomic groups be
classified as ‘genomovars’ of a single species, with the possibility for reclassification as different
species once clear and stable discriminative phenotypic properties are identified. Although the
genotypic properties (i.e. gene sequence comparisons (7), MLST (31), MLSA (31), GGD, ANI
and AAI) reliably discriminate several genetic groups of “B. hampsonii”, currently, analysis of
the available phenotypic properties (i.e. beta-hemolysis on blood agar (7), biochemical profiles
(7), MALDI protein spectra (26), antibiograms (27) and pathogenicity (28-30)) is unable to
clearly and consistently differentiate them. Thus, based on a comprehensive genotypic,
phenotypic and genomic evaluation we propose that Brachyspira hampsonii sp. nov. should be
considered a single novel species with multiple genomovars. To that effect, the various “B.
hampsonii” genetic groups (31) (previously called clades (7)) should henceforth be referred to as
‘genomovars’, such that genetic groups I, II and III be replaced by the terms genomovars I, 11

and III, respectively.

Description of Brachyspira hampsonii sp. nov.

Brachyspira hampsonii (hamp.so’ni.i N.L. masc. gen. n. hampsonii of Hampson), in recognition
of Dr. David J. Hampson for his extensive work on the Brachyspira genus, as first proposed by

Chander et al. (7).
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Brachyspira hampsonii sp. nov. is a Gram-negative, oxygen-tolerant anaerobe and strongly beta-
hemolytic spirochete. B. hampsonii cells measure 5-10 um x 0.25-0.38 um, have slightly tapered
ends, and have one to two flat serpentine coils. Each spirochete cell has 10 to 14 periplasmic
flagella inserted at each end of the cell. Growth occurs after inoculated agar (stationary) or broth
(rotating at ~80 rpm) has been incubated at 37°C for four days under anaerobic (80% N, - 10%
CO; - 10% Hy;) conditions. Growth on tryptic soy agar containing 5% defibrinated sheep blood is
observed as tiny transparent colonies with underlying strong beta-hemolysis that is most distinct
in areas of cuts made in the agar (known as the ‘ring phenomenon’). Growth in brain-heart
infusion broth containing 10% fetal bovine serum is observed as light turbidity. Strains are
indole negative, hippurate negative, a-galactosidase negative and a-glucosidase negative, and
either positive or negative for B-glucosidase. Strains of this species colonize pigs in which they
induce swine dysentery characterized by mucohemorrhagic diarrhea. They also are recorded as
naturally colonizing species of waterfowl including feral ducks and geese. They are highly
susceptible to the antimicrobials tiamulin, valnemulin and carbadox. Strains of this species can
be genetically differentiated from other Brachyspira species by the use of Nnox gene sequencing,
MLST and whole genome sequencing, as well as species-specific PCRs based on the nox gene.
The draft genome of B. hampsonii sp. nov. strain NSH-16 has a DNA G+C content of 27.4% and
an approximate genome size of 3.2 Mb. Multiple genotypic (MLST, 16S rRNA and nox gene
sequence comparisons), genomic (GGD, ANI and AAI) and phenotypic measures (hemolysis,
biochemical profiles, MALDI and antibiograms) support the taxonomic classification of
Brachyspira hampsonii sp. nov. They also support the detection of several genetically diverse yet
phenotypically similar groups that have now been designated as genomovars (I, II, and IIT). The

type strain for Brachyspira hampsonii sp. nov. is NSH-16". The type strains for B. hampsonii sp.
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nov. genomovar I, B. hampsonii sp. nov. genomovar Il and B. hampsonii sp. nov. genomovar I11
are designated as NSH-16, NSH-24 and P280/1, respectively. B. hampsonii sp. nov. strain NSH-
16" (= ATCC® BAA-2463™ = NCTC 13792) and B. hampsonii sp. nov. strain NSH-24 (=
ATCC® BAA-2464™ = NCTC 13793) have been deposited with two recognized culture

collections in two different countries (ATCC, USA and NCTC, UK).
Accession numbers:

The Whole Genome Shotgun projects for B. hampsonii strains NSH-16", B. hampsonii NSH-24
and B. hampsonii P280/1 have been deposited at DDBJ/ENA/GenBank under the accessions
LZOF00000000, LZOG00000000 and MDCO00000000, respectively. The versions described in

this paper are LZOF01000000, LZOG01000000 and MDCO01000000, respectively.
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538 TABLES

539  Table 1: Comparison of mean cell dimensions of B. hampsonii strains

NSH-16" NSH-24" P280/1°

Length Width Length Width Length Width
Mean 5.43 0.34 5.06 0.28 10.49 0.33
SD’ 0.43 0.01 0.37 0.03 0.41 0.01

540 Legend for Table 1:
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541  *Measurements in pm
542 bSD, standard deviation
543

544  Table 2: Genome Assembly Statistics and Annotation Features of B. hampsonii strains

S Genome Features NSH-16" NSH-24 P280/1
g Genome status Draft Draft Draft
o Total Assembly size 3,161,271 bp 2,969,002 bp 3,186,631 bp
% Number of contigs 77 178 16
N50 88,495 bp 29,547 bp 690,165
L50 13 29 2
G+C content 27.4% 27.5% 27.5%
Number of subsystems 309 307 309
Number of coding sequences | 2822 2576 2945
Number of predicted RNAs | 36 35 39
545
546

547  Table 32: Genome to Genome Distance comparisons of B. hampsonii and other valid

548  Brachyspira species
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Genome to Genome Distance values [Model C.L.]"
Reference genome B. hampsonii B. hampsonii B. hampsonii
NSH-16" NSH-24 P280/1
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551

552

553
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561

Microbiology

. hampsonii NSH-16"

100 [100 - 100%]

50.5[47.9 — 53.2%]

53.2[50.5 — 55.9%]

hampsonii 30599

98.8 [98.2 - 99.2%]

51.3[48.7 - 54%]

53.9[51.2 - 56.5%]

. hampsonii NSH-24

50.5 [47.9 — 53.2%)]

100 [100 - 100%]

57.2 [54.4 — 59.9%]

hampsonii 30446

50.2 [47.6 — 52.9%]

99.6 [99.3 - 99.8%]

56.9 [54.1 - 59.7%]

. hampsonii P280/1

53.2[50.5 — 55.9%)]

57.2 [54.4 —59.9%]

100 [100 - 100%]

hyodysenteriae B-78 "

34.6 [32.2 - 37.2%)

34 [31.5-36.5%]

34.2[31.8 - 36.7%]

suanatina AN4859/03"

34.7[32.2 -37.2%)]

34.3[31.9 —36.8%]

.intermedia PWS/A T

35 [37.2-42.3%]

34.4[31.9-36.9%]

34.6 [32.2 —37.1%]

. murdochii 56-150 T

30.2 [27.8 — 32.7%]

29.6 [27.2 —32.1%)]

30.2 [27.8 — 32.7%]

.innocens B256 "

29.7[27.3-32.2%

29.5 [27.1 - 32%)]

29.8 [27.4 — 32.3%]

W|W|w| 0| w| W ®| o w| e w

_alvinipulli 911207/C1"

25.8[23.5-28.3%

25.6 [23.3 — 28.1%)]

25.6[23.2 — 28%]

B. pilosicoli P43/6/78"

24.7[22.3 = 27.1%]

24.9 [22.6 — 27.4%)]

B. aalborgii 513A"

]
]
24.9[22.6 — 27.4%]
20.9 [18.6 — 23.3%]

[
[
[
[
[
[
34.1[31.7 - 36.6%]
[
[
[
[
[
[

20.2 [18 —22.6%)]

21.1[18.8 —23.5%]

Legend for Table 3:

* GGD values have been calculated using the recommended Formula 2 as it is independent of the

length of genomes, and thus robust against the use of draft genomes.

Table 4: Average Nucleotide Identity of B. hampsonii and all valid Brachyspira species

Reference genome ANI values >4
B. hampsonii B. hampsonii B. hampsonii
NSH-16" NSH-24 P280/1 555

B. hampsonii NSH-16" 100% 93.39% 93.70%

B. hampsonii 30599 99.83% 93.33% 93.72%

B. hampsonii NSH-24 92.82% 100% 94.50% >°°

B. hampsonii 30446 92.82% 99.9% 94.44%

B. hampsonii P280/1 93.52% 94.52% 100% 557

B. hyodysenteriae B-78 88% 87.63% 87.83%

B. suanatina AN4859/03" 88.06% 87.7% 87.96%

B. intermedia PWS/A " 88.19% 87.8% 88.01% >°°

B. murdochii 56-150 " 84.71% 84.3% 84.74%

B. innocens B256 84.35% 84.5% 84.59% 559

B. alvinipulli 911207/C1" 82.07% 81.75% 81.86%

B. pilosicoli P43/6/78" 78.26% 78.25% 78.16%

B. aalborgii 513A" 74.88% 74.91% 74.78% >
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562  Table 5: Average Amino Acid Identity of B. hampsonii and all valid Brachyspira species

Accepted Manuscripf Posted Online

Reference genome AAI values 563
B. hampsonii B. hampsonii B. hampsonii
NSH-16" NSH-24 P280/1 o,
B. hampsonii NSH-16 " 100% 94.07% 94.09%
B. hampsonii 30599 99.72% 94.03% 94.16%
B. hampsonii NSH-24 94.09% 100% 95.04% 565
B. hampsonii 30446 94.07% 99.95% 95.12%
B. hampsonii P280/1 94.08% 95.04% 100% s
B. hyodysenteriae B-78 © 89.59% 89.11% 89.06%
B. suanatina AN4859/03" 89.27% 88.92% 88.88%
B. intermedia PWS/A " 89.58% 88.95% 88.94% 567
B. murdochii 56-150 " 84.87% 84.90% 85.42%
B. innocens B256 " 84.41% 84.78% 84.55% __.
B. alvinipulli 911207/C1" 80.98% 80.61% 80.50%
B. pilosicoli P43/6/78" 75.04% 75.05% 74.96%
B. aalborgii 513A" 71.57% 71.62% 71.55% 569
570
>
g)
g 571  Table 6: Comparison of B. hampsonii to known valid bacterial genomes using Specl
= Query genome Result Closest match
NCBI Taxonomy Average %
name identity
B. hampsonii NSH-16 Could not be Brachyspira 93.31%
(genomovar I) assigned a species | hyodysenteriae WAI
B. hampsonii NSH-24 Could not be Brachyspira 92.92%
(genomovar II) assigned a species | intermedia PWS/A
B. hampsonii P280/1 Could not be Brachyspira 93.34%
(genomovar I1T) assigned a species | intermedia PWS/A
572
573

574 FIGURE LEGENDS

575  Figure 1: Phase contrast micrograph of B. hampsonii strain NSH-24 cells viewed at 100X

576  showing one to two flat serpentine coils and slightly tapered ends.
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577

578  Figure 2: Electron micrograph of negatively stained B. hampsonii strain NSH-16" showing
579 12 periplasmic flagella at one end of the cell. The cell was viewed at 60,000X magnification

580 and the scale bar represents 500 nm.
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