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Improving the consistency of experimental 
swine dysentery inoculation strategies
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Abstract 

Swine dysentery (SD) caused by pathogenic Brachyspira spp. is an economic challenge for the swine industry. In 
research settings, experimental reproduction of swine dysentery typically relies on intragastric inoculation which 
has shown variable success. This project aimed to improve the consistency of the experimental inoculation proto‑
col used for swine dysentery in our laboratory. Over six experiments, we evaluated the influence of group housing 
in inoculated pigs using a frozen-thawed broth culture of strongly hemolytic B. hyodysenteriae strain D19 (Trial A), 
compared the relative virulence of B. hyodysenteriae strains D19 and G44 (Trial B), compared inoculum volumes (50 mL 
vs 100 mL) for G44 and B. hampsonii 30446 (Trial C), and performed three independent trials evaluating intragastric 
inoculation using different oral inoculation methods: oral feed balls (Trial D), and oral syringe bolus of 100 mL (Trial 
E) or 300 mL (Trial F). Intragastric inoculation with a fresh broth culture of B. hyodysenteriae strain G44 resulted in a 
shorter incubation period and a higher proportionate duration of mucohemorrhagic diarrhea (MMHD) compared to 
D19. Intragastric inoculation with either 50 or 100 mL of B. hampsonii 30446 or B. hyodysenteriae (G44) were statisti‑
cally equivalent. Oral inoculation with 100 mL or 300 mL also yielded similar results to intragastric inoculation but was 
more expensive due to the additional work and supplies associated with syringe training. Our future research will use 
intragastric inoculation with 100 mL of a fresh broth culture containing B. hyodysenteriae strain G44 as it yields a high 
incidence of mucohaemorrhagic diarrhea with a reasonable cost.

Keywords  Brachyspira hampsonii, Brachyspira hyodysenteriae, mucohemorrhagic, bloody, diarrhea, experimental, 
virulence, oral

Introduction
Swine dysentery (SD) is a production-limiting disease of 
grower or finishing pigs caused by the colonization of the 
large bowel by pathogenic Brachyspira hyodysenteriae or 
B. hampsonii, resulting in mucoid or mucohemorrhagic 

diarrhea (MMHD). The first description of SD was in 
1921, describing the transmission of the disease in a field 
outbreak after the arrival of feeder hogs [1, 2] but the 
causal spirochete was not identified until 1972 [3]. By the 
mid-1990s, the prevalence of swine dysentery in the US 
and Canada was low, but outbreaks of bloody diarrhea in 
the late-2000s signalled its re-emergence [4].

Current strategies to prevent the disease include 
maintaining strict biosecurity measures, nutritional 
modifications [5–7] and the use of a limited number of 
experimental vaccines in some countries [8]. On the 
other hand, the impact of a SD outbreak is often reduced 
with antimicrobials, but the minimum inhibitory concen-
trations of some antibiotics used to treat the most patho-
genic Brachyspira species have increased [9]. Moreover, 
dissemination of multi-drug resistant isolates [10] has 
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hampered eradication programs and prompted the devel-
opment of strategies to avoid the repercussions of antibi-
otic resistance in animal agriculture.

In experimental settings, multiple strategies have been 
used to induce SD in naïve pigs including direct contact 
with infected pigs (seeder pig model) [11], intragastric 
inoculation with homogenates of large intestine and its 
contents from affected pigs [12], or inoculation with bac-
terial cultures grown on solid or liquid media [13–15]. 
However, success of these experimental models in our 
lab and others has been variable in terms of inducing 
SD, which could be related to the additive effect of mul-
tiple animal factors including but not limited to pig age, 
weight, housing, diet [6, 7], genetics [16], events such as 
environmental and social stresses, dietary changes, or 
prior exposure to pathogenic Brachyspira spp. In addi-
tion, inocula-related factors such as delivery method, 
concentration and volume, infectious dose, strain viru-
lence, and inoculation schedule (number and frequency 
of treatment) may have an impact.

The most common inoculation technique to induce SD 
through experimental challenge is intragastric inocula-
tion of B. hyodysenteriae propagated in solid or liquid 
media for one or multiple consecutive days. While there 
are minor laboratory specific modifications, this tech-
nique has shown an incidence of MMHD ranging from 
20 to 100% [11, 17–21]. In our lab, intragastric inocula-
tion is the gold standard technique to induce SD in chal-
lenge experiments. It involves three daily inoculations 
following a 12–15  h fasting period, premedication with 
gastric acid-reducing drugs, propagation of Brachyspira 
in liquid media, and the use of sedatives prior to insertion 
of a feeding tube while the pig is lying in lateral recum-
bency. After the oral feeding tube is passed through into 
the stomach, the inoculum is administered, followed by 
a sterile volume of PBS to empty the inoculant remnant 
from the gastric tube. For B. hampsonii (genomovar I or 
II) incidence rates have ranged from 20 to 72%, whereas 
incubation period and duration of clinical signs ranged 
from 5 to 13 days, and 3 to 12 days, respectively [12, 13, 
22]. It is clear from these studies that the results of exper-
imental inoculation are highly variable, which is prob-
ably a reflection of the variety conditions used across the 
experiments.

The aim of the present study was to improve the con-
sistency of our experimental SD inoculation proto-
col using broth cultures through an iterative approach 
including comparing the virulence of three Brachyspira 
species/strains: B. hampsonii genomovar II strain 30446, 
and B. hyodysenteriae strains D19 and G44. Three less-
invasive oral inoculation methods (oral feedballs and oral 
syringe bolus of 100 or 300 mL) were also evaluated. The 
context of this research was to optimize an inoculation 

protocol that would result in near 100% incidence of 
MMHD with a short, consistent incubation period for 
use in small groups of seeder pigs (n = 3 to 6) in future 
natural transmission experiments.

Materials and methods
General and laboratory procedures
Isolates of Brachyspira hampsonii 30446, B. hyodysenteriae 
G44 and D19
The source of B. hampsonii (ST7) and B. hyodysenteriae 
G44 (ST 177) have been reported previously [11, 23, 24]. 
B. hyodysenteriae D19 is a unique field strain that does 
not match any reported sequence type in the PubMLST 
database [25] (Hill et  al., unpublished). D19 originated 
from a fecal sample collected from a pen with MMHD 
in a commercial Saskatchewan farm in 2019. D19 was 
initially subcultured multiple times on BJ agar [26] for 
purification purposes prior to propagation in BHIS broth 
(BHI broth with 10% (v/v) FBS and 1% (w/v) glucose) for 
preparation of frozen aliquots for future use. Sequence 
typing was conducted in silico (whole-genome MLST) 
[25] by searching for the MLST targets established for 
Brachyspira [27] using the PubMLST database.

Inocula preparation and viability evaluation
The inocula were prepared as described previously [11]. 
Briefly, the frozen purified isolates of B. hampsonii, B. 
hyodysenteriae G44 or D19 were cultured in JBS [12] or 
BHIS (trial A only) broth, anaerobically incubated, and 
scaled up every 24-h using a 1:9 dilution of broth culture 
(v/v) in JBS or BHIS until the required volume for inocu-
lation was achieved. The purity of each inoculum aliquot 
was assessed by PCR amplification and sequencing of the 
nox gene [28]. The concentration of B. hyodysenteriae 
D19, G44, and B. hampsonii in the inocula was deter-
mined by quantitative PCR [11]. For trial A that used 
frozen-thawed inocula, the complete volume of purified 
inocula was first produced, then frozen and subsequently 
thawed to room temperature in daily aliquots 15  min 
before each inoculation.

The viability of the inocula was confirmed for all tri-
als by culturing an aliquot on BJ agar and evaluating the 
presence of strongly beta-hemolytic zones 48 and 96  h 
later. Additionally, the inocula of trials C, E and F was 
evaluated using a Brachyspira viability test. Each batch 
of inocula was used for inoculation only if > 95% of cells 
were viable.

The Brachyspira viability test was developed using the 
Bacterial Live Dead BacLight assay (Thermo Fisher Sci-
entific, Product L7007). Briefly, equal volumes of SYTO9 
(3.34  mM) and propidium iodide (20  mM) were mixed, 
then diluted in distilled water to achieve a 1:40 dilution. 
To evaluate the inoculum, 5  µL of viability stain was 
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added to 100 µL of inoculum, vortexed, and incubated in 
the dark for 15 min. Following centrifugation at 1000 × g 
for 2  min, 70  µL of supernatant was discarded and the 
sample vortexed. Five µL of the stained inoculum were 
dropped between a slide and an 18 mm square coverslip. 
A minimum 200 Brachyspira cells were counted at 100 × 
magnification using a fluorescent microscope (Zeiss 
Axiovert 135) to determine the percentage of dead (red) 
versus live (green).

Inoculation
Feeders were removed from all pens for ~ 14  h prior to 
each inoculation and were re-introduced into the pens 
for about 8  h between three daily inoculations. Water 
was removed from the pens about 2 h before each inoc-
ulation to empty the stomach of fluid. Ninety minutes 
before inoculation, all pigs received an oral dose of a his-
tamine-H2-receptor antagonist (ranitidine 0.75 mg/kg or 
famotidine 1 mg/kg, PO) to reduce gastric acid secretion. 
Additionally, on 3 consecutive days [0 to 2  days post-
inoculation (dpi)], each intragastrically inoculated animal 
was sedated intramuscularly (IM) with xylazine (2  mg/
Kg, Rompun®, Bayer®), ketamine (8  mg/Kg, Ketalean®, 
Vetoquinol®), and acepromazine (0.1 mg/Kg, Acevet 25®, 
Vetoquinol®). When sedated, an 18" French foal feed-
ing tube was inserted while the pig was lying in lateral 
recumbency, and 10 mL sterile PBS (0.1 M, pH 7.0) was 
administered to help ensure the tube was not placed in 
the trachea. When correct placement was confirmed, 
the appropriate volume of broth culture inoculum was 
administered, followed by 30  mL of sterile PBS. Water 
was made available immediately after each inoculation.

Sample collection and fecal culture
Fecal samples from all pigs were collected free-fall or 
digitally (per rectum) scored for consistency, and plated 
on BJ selective agar culture plates during acclimation 
(4–6 times over 1–2 weeks), post-inoculation and at ter-
mination of each trial. The culture plates were evaluated 
based on the presence of strongly beta hemolytic zones 
as a proxy for fecal shedding. The presence of any zones 
of strong beta hemolysis was semi-quantified using the 
quadrant method and considered a positive result. Cul-
ture plates were interpreted by two laboratory techni-
cians. Jugular blood was collected from each pig one day 
prior to the first inoculation. Sera was separated and fro-
zen for future use.

DNA extraction and PCR
The DNA extraction and species-specific B. hyodysen-
teriae and B. hampsonii quantitative real-time PCR 
(qPCR) were performed as previously described in [11] 
from 200 mg feces and 20 mg caecal tissue. Samples were 

tested in duplicate and each qPCR plate included a no-
template control, an extraction negative control, and a 
plasmid standard curve from 100 to 107 copies/reaction. 
PCR results were reported as log base 10 genome equiv-
alents (GE) per unit (mL for broth culture). DNA was 
extracted from cecal tissue collected at termination from 
individual samples, then pooled per group, and submit-
ted to the Prairie Diagnostic Services Inc., Saskatoon for 
PCR testing to detect the presence of Lawsonia intracel-
lularis and Salmonella spp. as previously described [29, 
30].

Pig source, housing, and diets
Animals were sourced from one of two isolated, highly 
biosecure commercial farms depending on the trial; Prai-
rie Swine Centre Inc. (Saskatoon, Canada) for trials A, B, 
D, and Olymel (Humboldt, Canada) for trials C, E, and F. 
The farms were free of SD based on the historic absence 
of characteristic clinical signs, interviews with herd vet-
erinarians and farm managers, review of available pro-
duction records and pathology reports, and long-term 
absence of antibiotics in feed and water. Feces from all 
pigs collected during the acclimation period were culture 
negative for B. hyodysenteriae and B. hampsonii.

Pens had solid concrete floors with rubber mats cover-
ing 25% of the pens. Except for trial B, the lower 1/3 of 
each sidewall was covered with plastic arena board (tri-
als C, E and F) or the pens were separated by a 60 cm (2 
ft) space (trials A and D) to prevent cross contamination 
between open-sided pens. In all trials, sandbags were 
placed at the front of the pens to prevent cross-contam-
ination by water and effluent on floor, and boots were 
rinsed between pens. Shovels were rinsed if they moved 
between pens, or different shovels were used per pen.

Ad libitum water and a non-medicated custom SD diet 
(#19277) were provided in trials A, B, D, and E. For trials 
C and F, a new custom Brachyspira diet (JH002_CFRC) 
was developed and fed to provide a higher concentration 
of insoluble fibre. However, due to an inadvertent formu-
lation error, the limestone was omitted from this diet. 
Diet ingredients and nutrient specifications are described 
in Additional file 1.

Clinical assessment, termination and pathology
Fecal consistency (FCS) was scored twice daily as: 0 = nor-
mal/formed, 1 = wet cement/loose cow pie, 2 = runny/
watery, 3 = mild mucoid, 3.5 = severe mucoid, 4 = mild 
bloody, 4.5 = severe bloody diarrhea (Additional file 2). The 
incidence of MMHD was based on pigs developing FCS 
≥ 3 post-inoculation (diarrhea containing mucous and/or 
blood). For the duration of MMHD and the proportionate 
duration of MMHD, only the pigs that developed MMHD 
were included in the median calculation. Trial length (14 
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to 21 dpi depending on the trial) was established at a fixed 
time for each subgroup (Table  1). All pigs were humanely 
euthanized using cranial captive bolt and exsanguination at 
the scheduled termination day, unless euthanized earlier for 
humane reasons. A qualitative assessment of gross pathol-
ogy was routinely performed on ileum, apex spiral colon, and 
cecum post-mortem, and mucosal lesions scored as: 0 = nor-
mal, 1 = mild focal hyperemic, 1.5 = mild diffuse hyperemic, 
2 = moderate focal hyperemic, 2.5 = moderate diffuse hyper-
emic, 3 = severe diffuse hemorrhagic. A 3 × 0.5 cm piece of 
cecum was collected from each animal. For trials D, E and 
F it was subjected to Brachyspira culture and nox PCR to 
detect the presence of Brachyspira species. Positive results 
were confirmed by B. hampsonii, B. hyodysenteriae G44 or 
D19 qPCR, as appropriate for the trial.

Experimental procedures
Methods specific to each trial are described below and 
supplemented with additional details provided in Table 1. 
The individual animal was considered the experimental 
unit for each trial.

Trial A. Evaluation of B. hyodysenteriae D19 using two 
housing strategies
The specific objective of this trial was to determine if the 
incidence of SD differed between individually housed 
versus group housed pigs inoculated with a frozen-
thawed broth culture of B. hyodysenteriae D19. Eight 
healthy, 6-week old, crossbred barrow pigs were indi-
vidually identified at arrival and blocked by weight into 
two treatment groups within one room. Four pigs were 
individually housed in 4ʹ × 4ʹ ft (1.21 × 1.21 m) open sided 
pens, and four pigs were group housed in one 8ʹ × 4ʹ 
ft (2.43 × 1.21  m) open sided pen. These pen sizes were 
consistent with those used in normal research condi-
tions. Blinding of animal care personnel was not possible. 
Non-medicated custom swine dysentery diet (#19277) 
(Additional file  1) and ad  libitum water were provided 
during the acclimation and post inoculation period. Each 
pig was intragastrically inoculated for 3 consecutive days 
(0–2 dpi) with 100  mL of a frozen/thawed BHIS broth 
culture of B. hyodysenteriae D19 with an average daily 
dose of 3.47 × 109 GE/mL.

Trial B. Relative virulence of B. hyodysenteriae G44 
versus D19
Given the unexpectedly low incidence of SD in trial 
A, the specific objective of trial B was to determine if 
B. hyodysenteriae D19 was as virulent as G44. Twelve 
healthy, 7-week old, crossbred barrow pigs, blocked 
by weight, were assigned to two identical rooms, each 
housing 6 pigs individually in 4ʹ × 4ʹ ft (1.21 × 1.21  m) 
open sided pens. One B. hyodysenteriae strain (G44 or 

D19) was designated per room. All personnel involved 
in animal handling, data collection and statistical analy-
sis were blinded to strain used per room. Each pig was 
intragastrically inoculated for 3 consecutive days (0–2 
dpi) with 50 mL JBS broth with an average daily dose of 
3.43 × 108 GE/mL for D19 and 3.28 × 109 GE/mL for G44.

Trial C. Evaluation of inoculum volume for B. hampsonii 
and B. hyodysenteriae G44
In several previous experiments conducted in our labo-
ratory, inoculation success using B. hampsonii was vari-
able [11] and it was our impression that use of greater 
volumes of inoculum may be more effective at inducing 
SD. In trial C, a 2 × 2 factorial design was used to com-
pare two volumes (50 and 100 mL) of intragastric inocula 
for each of two species (B. hampsonii and B. hyodysen-
teriae G44). Sixteen healthy, 7-week-old crossbred bar-
row pigs were individually allocated to eight 4ʹ × 4ʹ ft 
(1.21 × 1.21  m) open sided pens in one of two rooms. 
Each room was assigned with either B. hampsonii or B. 
hyodysenteriae G44. Beginning 0 dpi, pigs were intra-
gastrically inoculated on 3 consecutive days using either 
a 100  mL (n = 4) or 50  mL (n = 4) volume of either B. 
hampsonii or G44 JBS broth culture (per room) with an 
average daily dose of 1.72 × 108 GE/mL or 4.58 × 109 GE/
mL, respectively. Personnel involved in animal handling, 
data collection and statistical analysis during the experi-
ment were blinded to Brachyspira species per room and 
the volume of inoculum used for each pig.

Trial D. Oral inoculation with 100 mL B. hyodysenteriae G44 
in feedballs
Intragastric inoculation involves sedation during which 
animals lie in lateral recumbency and gastric motil-
ity may be reduced [31]. The objective of this trial was 
to evaluate an oral inoculation strategy that did not 
require sedation. Seven healthy, 7-week-old crossbred 
barrow pigs were individually housed in seven 4ʹ × 4ʹ ft 
(1.21 × 1.21  m) open sided pens in the same room. Pigs 
were blocked by weight to one of two treatment groups 
systematically arranged within the room with intragas-
tric pens interposed by two oral feedball treatment pigs. 
During the acclimation period, pigs in the feedball group 
(n = 4) were individually trained to consume feedballs 
made with grower diet mixed with peanut butter (reward 
reinforcer) in plastic buckets fixed to the pen. At each 
training session, only one feedball was delivered to each 
pig in the feedball group. For inoculation, the feedball 
group received a feedball made with 100 mL G44 inocu-
lum mixed in a small amount of feed (~ 1:10 ratio inoc-
ulum: feed). Pigs in the intragastric group (n = 3) were 
sedated and intragastrically inoculated (100  mL JBS) as 
previously described. Blinding was not possible for this 
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trial. Both groups were inoculated for 3 consecutive days 
(0 to 2 dpi) with of an average daily dose of 4.94 × 109 GE/
mL.

Trial E. Oral inoculation with 100 mL B. hyodysenteriae G44 
using a syringe
The gastric emptying time in pigs for liquid food is 
reported to be shorter than for solid food of equivalent 
nutrient density [32]. Given that feedballs in trial D were 
unsuccessful, the objective of trial E was to evaluate 
oral inoculation of non-sedated animals using a syringe. 
Seven healthy, 5-week-old crossbred barrow pigs, were 
individually housed in 4ʹ × 4ʹ ft (1.21 × 1.21 m) open sided 
pens. Pigs were blocked by body weight to a treatment 
group. During the acclimation period, the oral group 
(n = 3) were trained to consume 100  mL of JBS media 
until one day before inoculation. The JBS was given 
from a syringe with a plastic tube attached at 5 cm above 
shoulder height of the pig. The outside tip of the plastic 
tube was covered with corn syrup before each training 
session (reward reinforcer). Each pig in the intragastric 
group (n = 3) was sedated and intragastrically inoculated 
for 3 consecutive days (0 to 2 dpi) with 100 mL of a 24 h 
JBS broth culture of G44 with an average daily dose of 
1.05 × 109  GE/mL. The oral group was not sedated and 
inoculated for 3 consecutive days with 100  mL of the 
same 24 h broth culture used for the intragastric group, 
administered with a syringe as describe above. Blinding 
was not possible for this trial.

Trial F. Oral inoculation with 300 mL of B. hyodysenteriae G44 
using a syringe
While oral inoculation in trial E showed promising 
results, trial F was undertaken to determine if a higher 
oral inoculum volume would be more effective based on 
the presumption that the increased volume (decreased 
concentration) would result in faster transit through the 
stomach and a greater number of viable Brachyspira cells 
surviving to colonize the colon. Ten healthy, 7-week-old 
crossbred barrow pigs, were individually housed in 4ʹ × 4ʹ 
ft (1.21 × 1.21 m) open sided pens. Pigs were blocked by 
body weight to a treatment group. During the acclima-
tion period (14 days), all pigs were trained to orally con-
sume 10  mL of BHIS media for 5  days, then 50  mL for 
2 days. Four days before inoculation, the pigs to be orally 
inoculated with 300  mL (n = 5) were selected based on 
willingness to drink the media, and the training volume 
increased to 100 mL of BHIS until one day before inocu-
lation. Training was conducted as described on trial E. 
Each pig from the intragastric group (n = 5) was sedated 
and intragastrically inoculated for 3 consecutive days (0 
to 2 dpi) with 100 mL of a 24 h JBS broth culture of G44 
with an average daily dose of 1.42 × 109 GE/mL. The oral 

group was inoculated without sedation for 3 consecu-
tive days with a 1:2 JBS:BHIS broth solution comprised 
of 100  mL of the same 24  h broth JBS culture used for 
the intragastric group mixed with 200 mL BHIS, admin-
istered using a syringe as describe above. The average 
daily dose of the intragastric and oral groups was iden-
tical, however, the oral inocula was diluted (concentra-
tion 4.73 × 108 GE/mL). Blinding was not possible for this 
trial.

Economic analysis (trials E and F)
An economic analysis was undertaken for trials E and F 
to compare the relative costs of the inoculation methods 
including cost of housing pre-inoculation to accommo-
date longer training period, additional feed used during 
the training period, sedatives required for the intragastric 
group, and culture media for inoculation and training. 
Previous experiences had shown that most pigs could be 
trained to drink from a syringe in approximately 13 days. 
Because of this, the acclimation period was standardized 
at 7 (minimum allowable) and 13  days for intragastric 
and oral inoculation, respectively. The cost of sedatives 
used in the intragastric group was based on the current 
purchase price and volume used. The additional cost of 
media required for training (100 mL and 300 mL groups) 
was based on the present reagent costs. Technician 
labour was excluded from all calculations. Cost specifica-
tions are described in Table 2 and are reported in Cana-
dian dollars (CAD).

Statistical analyses
Non-parametric tests were used due to the small treat-
ment group sizes and limitations in assessing normal-
ity. Because the trial length varied and animal condition 
generally decreases as MMHD (FCS ≥ 3) persists, the 
proportionate duration of MMHD (duration of MMHD 
as a percentage of trial days) was calculated as a proxy 
for disease severity. Group differences in the incidence 
of MMHD were evaluated using a 2-sided Fisher’s exact 
test. Because of the presence of censored data, incuba-
tion period (number days between first inoculation and 
first appearance of MMHD) was assessed using Kaplan 
Meier survival analysis for trials A to E, and Mann Whit-
ney test for trial F. Analysis of potential group differences 
in the duration of MMHD (sum of days with a FCS ≥ 3), 
proportionate duration of MMHD used a Mann Whit-
ney test that only included pigs that developed MMHD. 
Lesion scores were also analysed using a Mann Whitney 
test and included all animals. All variables were ana-
lysed during the post-inoculation period. The incidence 
of MMHD in all trials and the incubation period for tri-
als with censored data (A to E) were analysed using the 
R environment for statistical computing (R version 3.5.3). 
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Incubation period of trial F, duration of MMHD, and pro-
portionate duration of MMHD were analysed using Stata 
(version 15.1). For trial C, the inoculation volume was 
calculated on a GE/kg basis based on the body weight of 
the pig at inoculation. Relationships between inoculation 
volume (GE/kg) and disease outcomes were evaluated 
using Spearman’s correlation. For all analyses, an α level 
of 0.05 was used to determine statistical significance.

Results
A summary of incidence, incubation period, duration 
of MMHD, and proportionate duration of MMHD for 
all trials is presented in Table  3. During the acclima-
tion period of all trials, no pigs were culture positive for 
strongly hemolytic Brachyspira. However, in trial E, a 
Brachyspira strain associated with intermediate beta-
hemolysis was isolated in the acclimation period. It was 
subsequently identified as B. murdochii based on nox 
PCR and sequencing.

Trial A. Evaluation of B. hyodysenteriae D19 using two 
housing strategies
Only 1 pig per group developed MMHD, with incu-
bation periods of 5 and 7  days for the individual and 

group housed pigs, respectively. The remaining pigs 
from each group did not develop MMHD within 15 dpi 
and were terminated at the end of the study. Brachy-
spira DNA was detected by qPCR in feces of all pigs 
between 0 and 3 dpi indicative of inoculum passage 
through the gastrointestinal tract but only one pig per 
group showed persistent fecal shedding along with 
clinical signs (pig #477 and #482) (Figure 1). The dura-
tion of MMHD was 4  days in the group housed pig 
(#477) and 8 days in the individually housed pig (#482). 
Similarly, the proportionate duration of MMHD was 
numerically lower in the group housed pig (26.7%, 
4/15) compared to the individually housed pig (53.3%, 
8/15). Post-mortem evaluation showed no abnormali-
ties in ilea and lesion scores in spiral colon apex and 
cecum did not differ significantly by group (Table  4). 
Across all pigs, mild and moderate lesions consistent 
of swine dysentery (score ≥ 1) were detected in spiral 
colon apex and cecum in 37.5% (3/8) of pigs (Figure 1), 
but only two pigs (#477 and 482) had MMHD during 
the trial. No clinical signs consistent with Salmonella 
or Lawsonia intracellularis were evident in ilea, spi-
ral colon apex, or cecum. No Salmonella DNA was 
detected in cecal tissue by PCR, however, presence of 
Lawsonia intracellularis DNA was suspected (Ct = 38) 

Table 2  Partial budget comparing inoculation cost of trials E and F 

: Canadian dollars, IG: intragastric, JBS/BHIS: Brachyspira liquid culture media.

Cost of labor is excluded from all calculations.

A) Input costs
Item

Trial E-Oral 100 mL Trial F-Oral 300 mL

Acclimation period (days) 13 (oral) 7 (IG)

Accommodation (CAD/pig/day) 6.80

Feed consumption (kg/day) 0.89

Diet (CAD/kg) 1.10

Sedatives (CAD/pig/3 days) 6.90

Oral training media requirement (L/pig) 0.8 (JBS) 0.37 (BHIS)

IG inoculation media requirement (L/pig/3 days) 0.33

Oral inoculation media requirement (L/pig/3 days) 0.33 (JBS) 0.33 (JBS) + 0.60 (BHIS)

JBS media (CAD/L) 59.60

BHIS media (CAD/L) 27.50

B) Cost estimates per inoculation method
Item (CAD/pig) IG 100 mL Trial E-Oral 100 mL Trial 

F-Oral 
300 mL

Accommodation 47.60 88.40 88.40

Diet 6.85 12.73 12.73

Inoculation cost 19.65 19.65 36.15

Oral training 47.68 10.18

Sedatives 6.90

Inoculation cost total 81.00 168.46 147.45
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in group housed pigs. In summary, the trial was incon-
clusive in terms of the preferred housing strategy due 
to the low incidence in both groups, but raised doubts 
regarding the use of frozen inocula.

Trial B. Relative virulence of B. hyodysenteriae G44 
versus D19
Inoculation with G44 resulted in a numerically higher 
incidence of MMHD (5/6) compared to D19 (3/6), 

however, this difference was not statistically significant. 
Pigs inoculated with G44 had a shorter (P = 0.01) incu-
bation period (median 7, range 2–11  days) than pigs 
inoculated with D19 (median 13, range 12–20 days). No 
significant differences were found in duration of MMHD 
(P = 0.24) between strains, however, the proportionate 
duration of MMHD was higher (P = 0.04) in pigs inocu-
lated with G44 (median 7/17, 41.2%, range 5.9–58.8%) 
compared to D19 (median 3/21 14.3%, range 4.8–33.3%) 

Figure 1  Fecal consistency, fecal shedding and intestinal lesion scores in trial A comparing individual versus group housing. Fecal 
consistency by pig following inoculation with B. hyodysenteriae strain D19. Diarrhea severity is represented by an increasing intensity of green. 
Fecal culture result was evaluated based on the presence ( +) or absence (−) of strong beta hemolysis. Brachyspira DNA concentration per gram 
feces is reported numerically. Note that only one pig per group developed mucoid or mucohemorrhagic diarrhea (MMHD).

Table 4  Summary of Brachyspira lesion scores and PCR 

NA: not applicable, ND: non detected.
a Score values are given as median, refer to text for lesion scoring system.
b PCR values are given as Ct values.

Group Inoculum Ileuma Spiral colon apexa Cecuma PCRb

Score 
(min–
max)

P value Score (min–
max)

P value Score (min–
max)

P value Lawsonia 
intracellularis

Salmonella

Individual IG 100 mL Bhyo D19 0 NA 0 0.31 0 .8 (0–2.5) 0.40 38.0 (suspect) ND

Group housed IG 0 0 (0–1) 0 (0–1.5) ND ND

Individual IG 50 mL Bhyo D19 0 NA 1.3 (0–1.5) 0.16 1.3 (0–3) 1 39.2 (suspect) ND

50 mL Bhyo G44 0 1.5 (0–2.5) 1.5 (0–2.5) ND ND

Individual IG 50 mL Bhamp 0 NA 1.5 (0–2.5) 0.34 1.5 (1.5–1.5) 0.12 ND ND

100 mL Bhamp 0 0.8 (0–1.5) 0.8 (0–1.5) ND ND

50 mL Bhyo G44 0 NA 0.8 (0–1.5) 1 1 (0–1.5) 0.34 ND ND

100 mL Bhyo G44 0 0.8 (0–1.5) 0 (0–1.5) ND ND

Individual IG 100 mL Bhyo G44 0 NA 0 (0–1.5) 1 0 (0–1) 0.43 ND ND

Individual Feed‑
balls

0 0 (0–3) 0.8 (0–2.5) ND ND

Individual IG 100 mL Bhyo G44 0 NA 1.5 (0–2.5) 0.12 1.5 (1.5–2.5) 0.09 38.3 (suspect) ND

Individual Oral-
syringe 100 mL

0 3 (2–3) 2.5 (2.5–3) ND ND

Individual IG 100 mL Bhyo G44 0 NA 1.5 (0–2.5) 0.55 1.5 (0–2.5) 1 37.5 (positive) ND

Individual Oral-
syringe 300 mL

300 mL Bhyo G44 0 1.5 (0–1.5) 1.5 (0–1.5) ND ND
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(Figure  2) (Table  3). On post-mortem, no abnormalities 
in ilea were observed, and lesion scores of spiral colon 
apex and cecum did not differ by group (Table 4). Across 
all pigs, mild to severe lesions consistent of swine dysen-
tery (score ≥ 1) were detected in spiral colon apex and 
cecum in 91.6% (11/12) of pigs (Figure 2). Of the 11 pigs 
with lesions, eight showed at least one day with FCS ≥ 3. 
The remaining three pigs (#654-9, 651-12, 654-12) had 
mild to severe lesions but did not have clinical signs of 
SD or fecal shedding during trial. No clinical signs of 
Salmonella or Lawsonia intracellularis were evident in 
ileum, spiral colon apex, or cecum. PCR analysis of cecal 
tissue did not detect of Salmonella DNA, however, Law-
sonia intracellularis DNA was suspected (Ct = 39.2) in 
pigs inoculated with D19. In summary, B. hyodysenteriae 
G44 was more virulent than D19.

Trial C. Evaluation of inoculum volume for B. hampsonii 
and B. hyodysenteriae G44
There were no significant statistical differences in inci-
dence, incubation period, duration or proportionate 
duration of MMHD by volume of inoculum for either B. 
hampsonii or B. hyodysenteriae (Table  3) or by species 
(P > 0.4 for all). The incidence of MMHD in all groups was 
75% or greater. The median proportionate duration of 
MMHD was 25% (5/20, range 20–70%) and 50% (10/20, 
range 5–60%) following inoculation with 50 or 100  mL 
of B. hyodysenteriae G44, respectively. The median pro-
portionate duration of MMHD was 31.6% (6/19) for both 
50 or 100 mL of B. hampsonii, with a slight difference in 
the range (5.3–31.6% for 50 mL, 31.6–36.8% for 100 mL) 
(Figure  3). Inoculation concentration (GE/kg) ranged 
from 9.52 × 109 to 2.32 × 1010 for B. hyodysenteriae, and 
3.61 × 108 to 98.96 × 108 for B. hampsonii, but was not 

correlated with incubation period, average FCS, dura-
tion, or proportionate duration (P > 0.1 for all) in either 
Brachyspira spp.. There were no ileal lesions observed 
and no statistical group differences in lesion scores in 
colon or cecum (Table 4). Across all pigs, mild and mod-
erate lesions consistent of swine dysentery (score ≥ 1) 
were detected in colon apex and cecum in 75% (12/16) of 
pigs (Figure 3). Of those with lesions, all showed MMHD 
at least one day except two animals (#2-70 and 11-261) 
that were both repeatedly culture negative. No evidence 
of Lawsonia intracellularis or Salmonella were observed 
based on gross pathology or PCR. In summary, the inoc-
ulation volumes used had no effect on outcome in either 
species, however, only G44 at 100  mL resulted in 100% 
disease incidence.

Trial D. Oral inoculation with 100 mL B. hyodysenteriae G44 
in feedballs
Inoculation using feedballs resulted in 1/4 (25%) pigs 
developing MMHD (Figure  4) with an incubation time 
of 9  days, duration of MMHD of 6  days, and a median 
proportionate duration of MMHD of 42.9% (6/14). Feces 
from this animal was culture positive on 12 and 14 dpi. 
The remaining three pigs in this group did not develop 
MMHD or a culture positive result by 14 dpi. In con-
trast, all three pigs challenged intragastrically devel-
oped MMHD with a median incubation of 5 days (range 
4–10) and median duration of MMHD of 5 days (range 
4–7). The median proportionate duration of MMHD was 
35.7% (5/14, range 28.6–50%). The incidence of MMHD, 
incubation, duration and proportionate duration of 
MMHD percentage did not differ significantly between 
the inoculation strategies (Table  3). Brachyspira fecal 
shedding was confirmed in all pigs of the intragastric 

Figure 2  Fecal consistency, culture and intestinal lesion scores in trial B comparing two B. hyodysenteriae strains. Fecal consistency by 
pig following inoculation with B. hyodysenteriae strain D19 or G44. Diarrhea severity is represented by an increasing intensity of green. Fecal culture 
result was evaluated based on the presence ( +) or absence (−) of strong beta hemolysis. Note the greater incidence and duration of diarrhea when 
inoculated with the culture broth of B. hyodysenteriae G44 compared to inoculation with B. hyodysenteriae D19.
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group. At termination, Brachyspira was isolated from 
caecal tissue by culture in 1/4 (25%) pigs in the feedball 
group and in all the pigs (3/3) in the intragastric group 
(Figure 4). All ilea were grossly normal and no significant 
differences were found in lesion scores in colon apex and 
cecum (Table 4). Across all pigs, mild and severe lesions 
consistent of swine dysentery (score ≥ 1) were detected 
in colon apex and cecum in 57.1% (4/7) of pigs (Figure 4). 

From those with lesions, all animals showed at least five 
days with FCS ≥ 3 except one pig (#471) with no MMHD 
during the trial. By contrast, one pig (#470) had 4  days 
with MMHD and Brachyspira shedding but did not show 
gross lesions on necropsy. No Lawsonia intracellularis or 
Salmonella were detected by PCR. In summary, in spite 
of no significant differences between group, the 100% 

Figure 3  Fecal consistency, culture and intestinal lesion scores in trial C comparing relative virulence of B. hyodysenteriae G44 and B. 
hampsonii. Fecal consistency scores following intragastric inoculation with B. hampsonii strain 30446 or B. hyodysenteriae strain G44 using either 100 
or 50 mL inoculation volume. Diarrhea severity is represented by an increasing intensity of green. Fecal culture result was evaluated based on the 
presence ( +) or absence (−) of strong beta hemolysis. No differences in SD outcome were observed among group.

Figure 4  Fecal consistency, culture and intestinal lesion scores in trials evaluating inoculation using feedballs (trial D), oral 100 mL 
inoculation (trial E), and oral 300 mL inoculation (trial F). Fecal consistency scores following intragastric versus oral or feedball inoculation 
with B. hyodysenteriae strain G44. Diarrhea severity is represented by an increasing intensity of green. Fecal culture result was evaluated based on 
the presence ( +) or absence (−) of strong beta hemolysis. Note the greater incidence and duration of diarrhea using the intragastric inoculation 
compared to feedballs in trial D.
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incidence of MMHD and shedding in the intragastric 
group suggests it is more consistent than feedballs.

Trial E. Oral inoculation with 100 mL B. hyodysenteriae G44 
using a syringe
One pig from the oral group (#491) was feverish and 
reluctant to stand on -2 dpi from a non-SD related condi-
tion. Data from this pig was excluded from the statistical 
analysis. The oral inoculation of 100 mL of B. hyodysente-
riae G44 using a syringe resulted in 2/3 (67%) pigs devel-
oping MMHD, with a median incubation period of 9 days 
(range 7–11). One pig (#493) did not develop MMHD, 
but did shed bacteria in feces on 10, 14 and 15 dpi. The 
median duration of MMHD was 7 days (range 5–9), and 
median proportionate duration of MMHD was 46.7% 
(7/15, range 33.3–60%). Following intragastric inocula-
tion, 3/3 (100%) pigs developed MMHD, with a median 
incubation time of 5 days (range 4–8) and median dura-
tion of MMHD of 4  days (range 3–9). Two intragastri-
cally inoculated pigs (#492 and #494) were still showing 
signs of MMHD on 15 dpi (trial termination) (Figure 4). 
The median proportionate duration of MMHD was 
26.7% (4/15, range 20–60%). Brachyspira shedding in 
feces was confirmed in all intragastrically inoculated pigs 
(6/6 100%) and B. hyodysenteriae G44 was isolated from 
intestinal tissue collected at termination from all pigs 
regardless of group. All ilea were grossly normal. Lesion 
scores in cecum trended higher (P = 0.09) in the orally 
inoculated pigs (Table  4), and were numerically higher 
in colon apex (P = 0.12) compared to the intragastrically 
inoculated group. All animals had mild to severe lesions 
consistent with swine dysentery (score ≥ 1) and showed 
at least three days with FCS ≥ 3, except one pig (#493) 
that shed Brachyspira for 4  days but did not develop 
MMHD. No lesions consistent with Salmonella or Law-
sonia intracellularis were observed and no Salmonella 
DNA was detected. However, Lawsonia intracellularis 
DNA was suspected (Ct value = 38.3) in pigs orally inoc-
ulated with 100  mL. In summary, there were no group 
differences in the incidence, incubation period, duration 
or proportionate duration of MMHD (Table 3) between 
group, however, the cost of inoculation was greater for 
the oral strategy (168.46 CAD) compared to the intragas-
tric strategy (81 CAD) by 87.45 CAD per pig (Table 2).

Trial F. Oral inoculation with 300 mL of B. hyodysenteriae 
G44 using a syringe
All ten pigs developed MMHD, however, one pig from 
the oral group (#NN) did not consume the entire dose 
(180/300 mL) of inoculum on each inoculation day. Data 
from this pig was excluded from the statistical analysis 
and pathology evaluation. All pigs orally inoculated with 
300  mL had a median incubation period of 3  days (no 

range), median duration of MMHD of 5 days (range 4–8), 
and median proportionate duration of MMHD of 35.7% 
(5/14, range 28.6–57.1%). Brachyspira fecal shedding was 
confirmed in 4/4 (100%) pigs, and B. hyodysenteriae G44 
was isolated from intestinal tissue collected at termina-
tion in all pigs. In the intragastric inoculation group, 
the median incubation period was 3  days (range 2–5), 
median duration of MMHD was 7  days (range 6–13), 
and median proportionate duration of MMHD of 50.0% 
(7/14, range 42.9–92.9%). Fecal shedding of B. hyodysen-
teriae G44 was confirmed in all pigs, as well as in intes-
tinal tissues collected at necropsy (Figure  4). No group 
differences in the incidence, incubation period, dura-
tion of clinical signs, or proportionate MMHD duration 
(Table 3). Post-mortem evaluation showed no abnormali-
ties in ilea. No statistically significant group differences 
were seen in lesion scores of spiral colon apex and cecum 
(Table 4). Across all pigs, mild and moderate lesions con-
sistent of swine dysentery (score ≥ 1) were detected in 
colon apex and cecum in 88.8% (8/9) of pigs (Figure 4). 
All eight animals showed at least four days with FCS ≥ 3 
during trial. Lesions consistent with Salmonella or Law-
sonia intracellularis infection were not observed, and 
Salmonella DNA was not detected in cecal tissue. A low 
level of Lawsonia intracellularis DNA was detected (Ct 
value = 37.5) in the intragastrically inoculated group. In 
summary, both techniques were very successful but the 
cost of inoculation per pig was 66.45 CAD greater for the 
300  mL oral inoculation group (147.45 CAD/pig) com-
pared to the intragastric strategy (81 CAD/pig) (Table 2).

Discussion
The development of a consistent natural transmission 
model for SD relies on successful seeder pig inoculation 
that results in mucohemorrhagic diarrhea with a consist-
ent, short incubation period, high incidence, and long 
duration with persistent fecal shedding. The findings 
from this study underscore that the Brachyspira strain, 
inoculation method, and state of the inoculum (frozen 
or fresh) may influence the consistency and reliability of 
experimental SD challenge models using broth culture 
inoculum.

Multiple B. hyodysenteriae genotypes have been 
reported with important strain variation worldwide 
[23]. Emerging Brachyspira species and strains require 
the development of fast and cost-effective diagnostic 
tools for identification, as well as techniques to evaluate 
changes in biological properties and virulence properties. 
The intensity of the beta-hemolysis observed on blood 
agar plates has been used to infer virulence potential. 
While normally strongly hemolytic, there are reports of 
low virulence, weakly hemolytic B. hyodysenteriae strains 
[33]. Currently, techniques like the MLST have been used 
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in an international effort to identify and track the spread 
of new clonal groups of B. hyodysenteriae [27]. In the pre-
sent study, a Canadian B. hyodysenteriae strain named 
“D19” was isolated from a clinical case and used in two 
challenge trials. Unexpectedly, the intragastric inocula-
tion of a frozen-thawed culture broth of B. hyodysenteriae 
D19 resulted in only one pig developing MMHD using 
either the individual or group housing strategy. Other 
researchers evaluating the efficiency of intragastric inoc-
ulation using frozen-thawed B. hampsonii inocula also 
reported an inconsistent frequency, duration, and onset 
of disease when compared to fresh inocula [34]. While 
this suggests that frozen inocula may be less successful, 
the result must be interpreted with caution because side-
by-side experiments comparing fresh and frozen-thawed 
inocula have not been rigorously undertaken.

Intragastric inoculation of fresh broth culture was used 
to evaluate the relative virulence of three Brachyspira 
species/strains (B. hampsonii, B. hyodysenteriae G44, 
and B. hyodysenteriae D19). In trial B, B. hyodysente-
riae G44 was observed to be more virulent than B. hyo-
dysenteriae D19, as evidenced by the shorter incubation 
period and a higher proportionate duration of MMHD, 
along with a numerically (non-significant) higher inci-
dence of MMHD. Although genes related to virulence 
have shown to be well conserved across B. hyodysenteriae 
isolates, gene variation may contribute to an increase in 
the pathogenicity of some B. hyodysenteriae strains [35], 
including but not limited to virulence and/or virulence 
lifestyle genes related to aero-tolerance, hemolysis, iron 
metabolism, and outer membrane proteins [36]. In terms 
of future research, it would be useful to compare gene 
expression patterns of each of the evaluated strains.

B. hampsonii (clade/genomovar II) produces simi-
lar, if not indistinguishable, lesions compared to those 
resulting from infection with B. hyodysenteriae 204 [15]. 
Moreover, B. hampsonii and B. hyodysenteriae G44 have 
shown similarities in the mechanisms that lead to mal-
absorptive diarrhea [37]. In trial C, there were no sta-
tistically differences in incidence, incubation period or 
duration between the species (B. hyodysenteriae G44 
or B. hampsonii) or between inoculation volume (50 vs. 
100 mL) administered intragastrically indicating the sim-
ilar virulence of both species. Moreover, the concentra-
tion of intragastric inocula calculated on a GE/kg basis 
was not associated with disease outcome. This result sug-
gest that inoculation success is not dose dependent pro-
vided a theoretical minimum infective dose is achieved 
and sufficient organisms survive gastric acid exposure. 
While the present experiments were not designed to 
establish a minimum infective dose, it is noteworthy that 
all pigs G44 inoculated intragastrically with > 2.37 × 1011 
GE total dose over three days developed MMHD. In a 

previous study by our lab [11], an unsuccessful attempt to 
induce SD using 50 mL intragastric B. hampsonii inocu-
lation (1.05 × 1011 GE total dose over 3 days) was followed 
by the full induction of SD in all pigs after B. hyodysente-
riae G44 reinoculation with 2.5 × 1011 GE total dose over 
three days. Whether these inoculation doses truly reflect 
of a minimum infectious dose is unknown but may be 
a starting point for further investigation. Although trial 
results from different labs need to be compared with 
extreme caution due to differences in the Brachyspira 
strain used and experimental protocols, research groups 
experiencing low or variable inoculation success should 
consider evaluating minimum infectious dose specific to 
the experimental conditions used in their laboratories. 
Examples of previous published research help to high-
light this point and how challenging Brachyspira inocu-
lation can be. For instance, intragastric inoculation of 
40 mL of a strongly hemolytic strain of B. hyodysenteriae 
(strain B204) broth containing 1 × 108 colony forming 
units (CFU)/mL for 3  days (1.2 × 1010  CFU total dose) 
resulted in 55.5% (5/9) SD incidence (Trial 2 of [20]), 
whereas intragastric inoculation of 50 mL (1 × 109 CFU/
mL) of a Danish field isolate of B. hyodysenteriae broth 
following a similar methodology (1.5 × 1011  CFU total 
dose) resulted in only 20.8% (10/48) incidence of SD by 
another laboratory [21]. This variability in incidence 
highlights the need to establish minimum infective doses 
for the Brachyspira species/strains and experimental 
conditions specific to each laboratory, and the impor-
tance of full disclosing all methodological details in stud-
ies to help decipher differences among B. hyodysenteriae 
strains, environmental factors, and host related factors 
like genetics and microbiota. To improve the consistency 
of inoculation, the Brachyspira research community may 
benefit if a limited number of geographically relevant ref-
erence strains were agreed upon for future research.

Previous studies have shown success when inoculat-
ing by feed. All non-vaccinated pigs (5/5) inoculated 
using feed mixed with B. hyodysenteriae B204 broth on 
two successive days developed MMHD [38], whereas the 
inoculation with agar from plates cultured with a mixture 
of strongly hemolytic B. hyodysenteriae strains chopped 
in feed during four successive days resulted in 70.83% 
(17/24) incidence of SD [14]. In trial D of the current 
study, only one animal inoculated with the oral feed ball 
method (1.48 × 1012 GE total dose over 3 days) developed 
MMHD, whereas 3/3 intragastrically inoculated pigs did. 
Although group differences in this trial were not statis-
tically different, the lack of consistency with the feedball 
method at our laboratory indicates there is no advantage 
of employing this technique at this time.

Oral delivery of liquid inoculum offers numer-
ous advantages over intragastric inoculation if it is as 
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effective. In one previous study, the oral inoculation of 
a strongly hemolytic strain of B. hyodysenteriae (strain 
B204) for two consecutive days resulted in 100% (5/5) 
incidence of SD, however, too few methodological details 
were provided to verify the inoculation strategy [39]. 
Previous experiments have shown that inoculation for 
two consecutive days using a mixed inoculation strat-
egy of oral (pure cultures) or intragastric inoculation 
(broth culture) followed by feed with inocula, resulted 
in 75% (52/68) incidence and no clinical disease for 25 
strongly and 13 weakly hemolytic strains, respectively 
[40]. Other studies have shown less favourable results. 
For example, the oral inoculation of 40 mL of a strongly 
hemolytic strain of B. hyodysenteriae (strain 8dII) broth 
administered for three consecutive days induced SD in 
33% (2/6) of pigs (trial 1 of [20]). In trials E and F of the 
present research, oral inoculation of pigs on three con-
secutive days with 100 mL (3.15 × 1011 GE total dose over 
3 days) or 300 mL (4.26 × 1011 GE total dose over 3 days) 
of B. hyodysenteriae strain G44 broth culture resulted 
in MMHD incidence of 67% (2/3) and 100% (10/10), 
respectively. Although oral and intragastric inoculation 
resulted in equivalent outcomes in these trials, the cost of 
oral inoculation was substantially more than intragastric 
inoculation. These results highlight that oral inoculation 
can be an effective method to induce MMHD in a sus-
ceptible population without the use of sedatives or skilled 
workers manually restraining the pigs, and the value of 
performing an economic analysis to inform choice of 
inoculation strategy.

The dietary composition has been suggested to be an 
important risk factor for the development of SD. How-
ever, the protective or mitigating effects of carbohydrates 
and fiber types against SD infection have been conflicting 
in several studies. Pigs fed with a highly digestible diet 
using cooked rice or with high levels of fiber resistant to 
complete enzymatic degradation (e.g. inulin at 80  g/kg) 
but not lupin offered protection from the disease after B. 
hyodysenteriae challenge [41, 42]. Recent studies evalu-
ating different levels of soluble or insoluble dietary fiber 
have also showed variable results. On one hand, fiber 
concentration (high vs. low) and type (soluble vs. insolu-
ble) did not effect fecal score in a Danish study, however, 
this result should be taken with caution due to the low 
incidence of MMHD across all groups [21]. On the other 
hand, several USA studies indicate high concentration 
of insoluble fiber in the diet promotes expression of SD. 
For example, the addition of 30% distillers’ dried grains 
with solubles (DDGS) shortens the incubation period of 
clinical signs and shedding after challenge with strongly 
hemolytic B. hampsonii (strain EB107) or B. hyodysen-
teriae (strain B204) [43]. DDGS are co-products from 
the biofuel and milling industries used in swine diets to 

reduce the cost of feeding. Unfortunately, most of these 
co-products are lowlily fermentable, have low nutri-
tive value for pigs, and have a high fiber content. Recent 
studies have demonstrated that replacing insoluble fibre 
(provided as DDGS) with highly fermentable fiber and 
resistant starch (provided as sugar beet pulp and resist-
ant potato starch) delayed the onset and reduced the 
incidence of SD following the challenge with B. hyod-
ysenteriae [6, 7]. In the present study, pigs were fed with 
a commercial grower diet (#12977), or a custom diet 
(JH002) manufactured to increase the susceptibility to SD 
infection by increasing the insoluble fibre content using 
ingredients such as DDGS, wheat bran, and canola meal, 
as well as using highly digestible carbohydrates such as 
high-quality wheat to minimize the colonic fermentation.

Infection with Lawsonia intracellularis is character-
ized by proliferation of immature crypt cells in jejunum 
and ileum resulting in proliferative hemorrhagic enter-
opathy or intestinal adenomatosis, the acute and chronic 
presentations of the disease, respectively. A recent study 
found correlation between the presence of B. hyodysen-
teriae and Lawsonia intracellularis in European farms. 
Additionally, mixed infection seems to be frequent in 
countries including Germany, Denmark and the United 
Kingdom [44]. In the present trials, 4/14 pooled cecal 
samples were PCR positive at termination with high Ct 
values (very low DNA levels). Positive samples were 
inconsistent across treatment groups, unrelated to pig 
source, only in a single group in any trial, and not associ-
ated with characteristic gross lesions of Lawsonia infec-
tion. For these reasons, Lawsonia infection is unlikely 
influencing the incidence or severity of SD in the pre-
sent trials. Infection with Salmonella is associated with 
thickened jejunum and colon with necrotic debris on 
the mucosal surface. Although Salmonella can coexist 
with Lawsonia intracellularis and Brachyspira spp., the 
frequency of mixed infections involving B. hyodysente-
riae and Salmonella is not common as evidenced in Pol-
ish pig herds [45]. In the present study, no Salmonella 
DNA was detected. The Salmonella PCR was designed 
for use on feces following enrichment, but this step was 
omitted because DNA extracted from cecal tissue was 
used instead. That said, there was no evidence of infec-
tion contributing to Brachyspira severity. Gross lesions at 
termination were indicative of B. hyodysenteriae and B. 
hampsonii infection (score ≥ 1) with no lesions indicative 
of other disease processes. However, individual lesion 
scores varied widely from normal to severe which is likely 
related to the clinical state at termination (no clinical 
disease, recovered or active MMHD) with higher lesion 
scores likely reflecting longer incubation periods, more 
severe infection and/or longer duration.
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The omission of limestone from the JH002 diet fed in 
trials C and F was unintentional. This diet was developed 
hastily to overcome supply issues when the previous diet 
(#12977) could not be supplied. While the omission of 
limestone certainly affected the dietary calcium level, cal-
cium: phosphorus ratio, and acid binding capacity, what 
effect it had on SD susceptibility is unknown. In theory, 
pigs consuming the JH002 diet would have a decreased 
acid binding capacity and more acidic contents that 
would have adversely affected Brachyspira survival in the 
stomach and upper intestines. However, based on the 
high incidence of MMHD in trials C and F, this inadvert-
ent issue is not likely an influential factor.

These trials were designed and implemented using an 
iterative strategy, with each one building on previous 
results. The trials were undertaken over a 24- month 
period during which there were changes in pig source, 
feed supplier and diet formulation. Some experimental 
procedures such as the Brachyspira viability test were 
implemented for later trials, while others evolved or were 
adapted to accommodate improvements and/or resource 
limitations. Despite these limitations and variations in 
the experimental protocols, this series of trials was use-
ful for our laboratory to overcome inoculation chal-
lenges and develop best practices. The small sample sizes 
used were a reflection of the limited resources available, 
and more importantly, the overarching context of the 
research. Our natural transmission experiments [11] use 
a small group of inoculated seeder pigs to naturally trans-
mit B. hyodysenteriae or B. hampsonii via fecal shedding 
to a larger group of naïve contact pigs using a 1:2 or 1:3 
seeder:contact ratio. A near 100% incidence of MMHD 
and a short, consistent incubation period is required 
following seeder pig inoculation to ensure the exposure 
period (co-mingling of seeder and contact pigs) is con-
sistent across multiple pens. The small group sizes used 
in these trials reflect that context, and the results inform-
ative despite the lack of statistical differences reported in 
most trials herein. Outliers and non-responder seeder 
pigs are very problematic in a natural transmission exper-
iment because there is limited capacity to inoculate extra 
seeder pigs to compensate for a low incidence of MMHS, 
or pigs with outlier incubation periods or short dura-
tion of clinical signs and shedding. For our purposes, an 
inoculation protocol resulting in a consistently high inci-
dence (near 100%) in small groups of inoculated pigs is 
imperative. Moving forward, further work could be done 
to determine the minimum infective dose for relevant 
Brachyspira strains, modifying inoculation techniques 
to accommodate larger pigs, and assessing the effect of 
host genetics and season on inoculation consistency. For 
these research experiments, larger group sizes would be 
warranted. However, given the challenges and historic 

inconsistency of inoculation faced by researchers around 
the world, best practices for inoculation will need to be 
laboratory specific based on the experimental conditions, 
expertise and local resources available.

In conclusion, under the conditions of the trials 
reported herein, intragastric inoculation with B. hyod-
ysenteriae G44 in individually housed grower pigs yielded 
a more consistent model compared with B. hyodysente-
riae D19. No significant differences were found when 
comparing inoculation with B. hyodysenteriae G44 to 
equivalent challenge with B. hampsonii 30446. Further-
more, the intragastric inoculation of 100  mL of fresh 
broth culture containing ~ 108 genomic equivalents (GE)/
mL B. hyodysenteriae G44 yielded the most consistent 
and lowest cost model for the experimental reproduction 
of swine dysentery in a susceptible grower pig population 
under the experimental conditions used in this research.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13567-​023-​01180-y.

Additional file 1: Custom Brachyspira #12977 and JH002 diet ingredi-
ent and nutrient specs. 

Additional file 2: Fecal consistency score. 

Additional file 3: Arrive 10 check list. 

Additional file 4: Humane Intervention Point checklist. 

Additional file 5: Raw data for all trials. 

Acknowledgements
We thank Boehringer Ingelheim Vetmedica® for providing the B. hyodysente-
riae G44 strain. Additionally, we also thank the Animal Care Unit technicians at 
the WCVM for providing technical support.

Authors’ contributions
Conceptualization and methodology: JCSH, JPA, CF and JEH; Implementation: 
JPA, RN, JCSH and CF; Formal analysis: JPA and JCSH; Resources: JCSH, JEH; 
Data curation: JPA and JCSH; Manuscript preparation: JPA and JCSH; Supervi‑
sion: JCSH; Project administration and funding acquisition: JCSH. All authors 
read and approved the final manuscript.

Funding
The Agriculture Development Fund administered by the Saskatchewan Min‑
istry of Agriculture and Food (project 20180046) supported this project. Addi‑
tionally, the project was supported by a graduate student scholarship from 
the University of Saskatchewan. The funders had no role in study design, data 
collection and analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials
All raw data related to the trials published herein are included in Figures 1, 2, 3, 
4 and Additional file 5.

Declarations

Ethics approval and consent to participate
All trials reported herein were performed in the Animal Care Unit (biocon‑
tainment level 2 facilities) at the University of Saskatchewan, Saskatoon, 
Canada. The design and experimental procedures were in compliance 
with the Canadian Council for Animal Care and approved by the Animal 
Research Ethics Board (Protocol #20180046). The ARRIVE 2.0 guidelines [46] 

https://doi.org/10.1186/s13567-023-01180-y
https://doi.org/10.1186/s13567-023-01180-y


Page 16 of 17Parra‑Aguirre et al. Veterinary Research           (2023) 54:49 

were adhered to and are reported in Additional file 3. Animal care staff and 
researchers observed every animal twice daily and monitored clinical status 
according to Humane Intervention Points (HIP) (Additional file 4). Trial length 
was established at a fixed time after the recovery of most pigs, except when 
their wellbeing was compromised. The latter included unresponsiveness, 
rectal temperature above 41.5 °C or below 35 °C, extreme hyperemia, or bluish 
discoloration of the skin and mucous membranes, tachypnea and dyspnea, or 
persistent MMHD with moderate emaciation. Euthanasia was by cranial cap‑
tive bolt followed by exsanguination.

Competing interests
The authors declare that they have no competing interests.

Received: 15 February 2023   Accepted: 17 May 2023

References
	1.	 Burrough ER (2017) Swine dysentery: etiopathogenesis and diagnosis of 

a reemerging disease. Vet Pathol 54:22–31
	2.	 Whiting R, Doyle LP, Spray RS (1921) Swine dysentery. Purdue Univ Agric 

Exp Stn Bull 257:3–15
	3.	 Harris D, Glock R, Christensen CR, Kinyon JM (1972) Inoculation of pigs 

with Treponema hyodysenteriae (new species) and reproduction of the 
disease. Vet Med Small Anim Clin 67:61–64

	4.	 Harding J, Chirino-Trejo M, Fernando C, Jacobson M, Forster Z, Hill JE 
(2010) Detection of a novel Brachyspira species associated with haemor‑
rhagic and necrotizing colitis. In: Proceedings of the International Pig 
Veterinary Society Congress. Vancouver, July 2010. p 65–70

	5.	 Siba PM, Pethick DW, Hampson DJ (1996) Pigs experimentally infected 
with Serpulina hyodysenteriae can be protected from developing swine 
dysentery by feeding them a highly digestible diet. Epidemiol Infect 
116:207–216

	6.	 Helm ET, Lin SJ, Gabler NK, Burrough ER (2020) Brachyspira hyodysenteriae 
infection reduces digestive function but not intestinal integrity in grow‑
ing pigs while disease onset can be mitigated by reducing insoluble fiber. 
Front Vet Sci 7:587926

	7.	 Helm ET, Gabler NK, Burrough ER (2021) Highly fermentable fiber alters 
fecal microbiota and mitigates swine dysentery induced by Brachyspira 
hyodysenteriae. Animals 11:396

	8.	 Swine dysentery vaccine. https://​www.​aquil​oncyl.​com/​en/​rd-​proje​cts/​
swine-​dysen​tery-​vacci​ne/. Accessed 23 Oct 2022

	9.	 Hampson DJ, Lugsomya K, La T, Phillips ND, Trott DJ, Anraham S (2019) 
Antimicrobial resistance in Brachyspira—an increasing problem for 
disease control. Vet Microbiol 229:59–71

	10.	 Rugna G, Bonilauri P, Carra E, Bergamini FS, Luppi A, Gherpelli Y, Magistrali 
CF, Nigrelli A, Alborali GL, Martelli P, La T, Hampson DJ, Merialdi G (2015) 
Sequence types and pleuromutilin susceptibility of Brachyspira hyodysen-
teriae isolates from Italian pigs with swine dysentery: 2003–2012. Vet J 
203:115–119

	11.	 Parra-Aguirre J, Nosach R, Fernando C, Hill JE, Harding JCS (2022) Experi‑
mental natural transmission (seeder pig) models for reproduction of 
swine dysentery. PLoS One 17:e0275173

	12.	 Rubin JE, Costa MO, Hill JE, Kittrell H, Fernando C, Huang Y, O’Connor B, 
Harding JCS (2013) Reproduction of mucohaemorrhagic diarrhea and 
colitis indistinguishable from swine dysentery following experimental 
inoculation with “Brachyspira hampsonii” strain 30446. PLoS One 8:e57146

	13.	 Costa MO, Hill JE, Fernando C, Lemieux HD, Detmer SE, Rubin JE, Harding 
JCS (2014) Confirmation that “Brachyspira hampsonii” clade I (Canadian 
strain 30599) causes mucohemorrhagic diarrhea and colitis in experi‑
mentally infected pigs. BMC Vet Res 10:129

	14.	 La T, Phillips ND, Coiacetto F, Hampson DJ (2019) An atypical weakly 
haemolytic strain of Brachyspira hyodysenteriae is avirulent and can be 
used to protect pigs from developing swine dysentery. Vet Res 50:47

	15.	 Burrough ER, Strait EL, Kinyon JM, Bower LP, Madson DM, Wilberts 
BL, Schwartz KJ, Frana TS, Songer GJ (2012) Comparative virulence of 
clinical Brachyspira spp. isolates in inoculated pigs. J Vet Diagn Invest 
24:1025–1034

	16.	 Jacobson M, Fellström C, Lindberg R, Lindberg R, Wallgren P, Jensen-
Waern M (2004) Experimental swine dysentery: comparison between 
infection models. J Med Microbiol 53:273–280

	17.	 Hyatt DR, Ter Huurne AAHM, Van der Zeijst BAM, Joens LA (1994) 
Reduced of virulence Serpulina hyodysenteriae hemolysin-negative 
mutants in pigs and their potential to protect pigs against challenge with 
a virulent strain. Infect Immun 62:2244–2248

	18.	 Diego R, Lanza I, Carvajal A, Rubio P, Cármenes P (1995) Serpulina hyo-
dysenteriae challenge of fattening pigs vaccinated with an adjuvanted 
bivalent bacterin against swine dysentery. Vaccine 13:663–667

	19.	 Stanton TB, Jensen NS (1993) Monitoring experimental swine dysentery: 
rectal swab blood test and Serpulina (Treponema) hyodysenteriae detec‑
tion. Vet Microbiol 34:389–396

	20.	 Mahu M, Boyen F, Canessa S, Marchan JZ, Haesebrouck G, Martel A, 
Pasmans F (2017) An avirulent Brachyspira hyodysenteriae strain elicits 
intestinal IgA and slows down spread of swine dysentery. Vet Res 48:59

	21.	 Lee GI, Hedemann MS, Jensen BB, Knudsen KEB (2022) Influence of 
infection with Brachyspira hyodysenteriae on clinical expression, growth 
performance, and digestibility in growing pigs fed diets varying in type 
and level of fiber. J Anim Sci 100:skac066

	22.	 Wilberts BL (2014) Investigation of swine dysentery associated with 
“Brachyspira hampsonii” strain EB107 and comparison of diagnostic 
methods. PhD thesis, Department of Veterinary Pathology, Iowa State 
University, USA

	23.	 Black M, Moolhuijzen P, Barrero R, La T, Phillips N, Hampson D, Herbst W, 
Barth S, Bellgard M (2015) Analysis of multiple Brachyspira hyodysenteriae 
genomes confirms that the species is relatively conserved but has poten‑
tially important strain variation. PLoS One 10:e0131050

	24.	 Mirajkar NS, Bekele AZ, Chander YY, Gebhart CJ (2015) Molecular epide‑
miology of novel pathogen “Brachyspira hampsonii” reveals relationships 
between diverse genetic groups, regions, host species, and other patho‑
genic and commensal Brachyspira species. J Clin Microbiol 53:2908–2918

	25.	 Jolley KA, Bray JE, Maiden MCJ (2018) Open-access bacterial population 
genomics: BIGSdb software, the PubMLST.org website and their applica‑
tions. Wellcome Open Res 3:124

	26.	 Kunkle RA, Kinyon JM (1988) Improved selective medium for the isolation 
of Treponema hyodysenteriae. J Clin Microbiol 26:2357–2360

	27.	 Råsbäck T, Johansson KE, Jansson DS, Fellström C, Alikhani MY, La T, Dunn 
DS, Hampson DJ (2007) Development of a multilocus sequence typing 
scheme for intestinal spirochaetes within the genus Brachyspira. Microbi‑
ology 153:4074–4087

	28.	 Rohde J, Rothkamp A, Gerlach GF (2002) Differentiation of porcine 
Brachyspira species by a novel nox PCR-based restriction fragment length 
polymorphism analysis. J Clin Microbiol 40:2598–2600

	29.	 Nathues H, Holthaus K, Grosse Beilage E (2009) Quantification of Law-
sonia intracellularis in porcine faeces by real-time PCR. J Appl Microbiol 
107:2009–2016

	30.	 Kurowski PB, Traub-Dargatz JL, Morley PS, Gentry-Weeks CR (2002) Detec‑
tion of Salmonella spp. in fecal specimens by use of real-time polymerase 
chain reaction assay. Am J Vet Res 63:1265–1268

	31.	 Anderson DL, Bartholomeusz FD, Kirkwood ID, Chatterton BE, Sum‑
mersides G, Penglis S, Kuchel T, Sansom L (2002) Liquid gastric emptying 
in the pig: effect of concentration of inhaled isoflurane. J Nucl Med 
43:968–971

	32.	 Davis SS, Illum L, Hinchcliffe M (2010) Gastrointestinal transit of dosage 
forms in the pig. J Pharm Pharmacol 53:33–39

	33.	 Mahu M, De Pauw N, Vande Maele L, Verlinden M, Boyen F, Ducatelle R, 
Haesebrouck F, Martel A, Pasmans F (2016) Variation in hemolytic activity 
of Brachyspira hyodysenteriae strains from pigs. Vet Res 47:66

	34.	 Muehlenthaler C (2019) A comparison of Brachyspira hampsonii isolates 
and the evaluation of proteinase K vaccine preparations in swine. MSc 
Thesis, Department of Veterinary Microbiology and Preventative Medi‑
cine, Iowa State University, USA

	35.	 La T, Rohde J, Phillips ND, Hampson DJ (2016) Comparison of Brachy-
spira hyodysenteriae isolates recovered from pigs in apparently healthy 
multiplier herds with isolates from herds with swine dysentery. PLoS One 
11:e0160362

	36.	 Barth S, Gömmel M, Baljer G, Herbst W (2012) Demonstration of genes 
encoding virulence and virulence life-style factors in Brachyspira spp. 
isolates from pigs. Vet Microbiol 155:438–443

https://www.aquiloncyl.com/en/rd-projects/swine-dysentery-vaccine/
https://www.aquiloncyl.com/en/rd-projects/swine-dysentery-vaccine/


Page 17 of 17Parra‑Aguirre et al. Veterinary Research           (2023) 54:49 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	37.	 Enns CB, Keith BA, Challa N, Harding JCS, Loewen ME (2020) Impair‑
ment of electroneutral Na+transport and associated downregulation 
of NHE3 contributes to the development of diarrhea following in vivo 
challenge with Brachyspira spp. Am J Physiol-Gastrointest Liver Physiol 
318:G288–G297

	38.	 Gabe JD, Chang RJ, Slomiany R, Andrews WH, McCaman MT (1995) Isola‑
tion of extracytoplasmic proteins from Serpulina hyodysenteriae B204 and 
molecular cloning of the flaB1 gene encoding a 38-kilodalton flagellar 
protein. Infect Immun 63:142–148

	39.	 Wilson-Welder JH (2009) In vitro and in vivo evaluation of novel biode‑
gradable polymer adjuvants for vaccine delivery. PhD Thesis, Depart‑
ment of Veterinary Microbiology and Preventative Medicine, Iowa State 
University, USA

	40.	 Kinyon JM, Harris DL, Glock RD (1977) Enteropathogenicity of various 
isolates of Treponema hyodysenteriae. Infect Immun 15:638–646

	41.	 Hansen CF, Hernández A, Mansfield J, Hidalgo A, La T, Phillips ND, Hamp‑
son DJ, Pluske JR (2011) A high dietary concentration of inulin is neces‑
sary to reduce the incidence of swine dysentery in pigs experimentally 
challenged with Brachyspira hyodysenteriae. Br J Nutr 106:1506–1513

	42.	 Pluske JR, Durmic Z, Pethick DW, Mullan BP, Hampson DJ (1998) 
Confirmation of the role of rapidly fermentable carbohydrates in the 
expression of swine dysentery in pigs after experimental infection. J Nutr 
128:1737–1744

	43.	 Wilberts BL, Arruda PH, Kinyon JM, Frana TS, Wang C, Magstadt DR, 
Madson DM, Patience JF, Burrough ER (2014) Investigation of the impact 
of increased dietary insoluble fiber through the feeding of Distillers Dried 
Grains with Solubles (DDGS) on the incidence and severity of Brachyspira-
associated colitis in pigs. PLoS One 9:e114741

	44.	 Arnold M, Swam H, Crienen A, Schüpbach-Regula G, von Berg S, Nathues 
H (2023) Prevalence and risk factors of Brachyspira spp. in pig herds with a 
history of diarrhoea in six European countries. Prev Vet Med 213:105862

	45.	 Dors A, Pomorska-Mól M, Czyzewska E, Wasyl D, Pejsak Z (2015) Preva‑
lence and risk factors for Lawsonia intracellularis, Brachyspira hyodysente-
riae and Salmonella spp. in finishing pigs in Polish farrow-to-finish swine 
herds. Pol J Vet Sci 18:825–831

	46.	 Du Sert NP, Ahluwalia A, Alam S, Avey MT, Baker M, Browne WJ, Clark 
A, Cuthill IC, Dirnagl U, Emerson M, Garner P, Holgate ST, Howells DW, 
Hurst V, Karp NA, Lazic SE, Lidster K, MacCallum CJ, Macleod M, Pearl 
EJ, Petersen OH, Rawle F, Reynolds P, Rooney K, Sena ES, Silberberg SD, 
Steckler T, Würbel H (2020) Reporting animal research: explanation and 
elaboration for the arrive guidelines 2.0. PLoS Biol 18:e3000411

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Improving the consistency of experimental swine dysentery inoculation strategies
	Abstract 
	Introduction
	Materials and methods
	General and laboratory procedures
	Isolates of Brachyspira hampsonii 30446, B. hyodysenteriae G44 and D19
	Inocula preparation and viability evaluation
	Inoculation
	Sample collection and fecal culture
	DNA extraction and PCR
	Pig source, housing, and diets
	Clinical assessment, termination and pathology

	Experimental procedures
	Trial A. Evaluation of B. hyodysenteriae D19 using two housing strategies
	Trial B. Relative virulence of B. hyodysenteriae G44 versus D19
	Trial C. Evaluation of inoculum volume for B. hampsonii and B. hyodysenteriae G44
	Trial D. Oral inoculation with 100 mL B. hyodysenteriae G44 in feedballs
	Trial E. Oral inoculation with 100 mL B. hyodysenteriae G44 using a syringe
	Trial F. Oral inoculation with 300 mL of B. hyodysenteriae G44 using a syringe

	Economic analysis (trials E and F)
	Statistical analyses

	Results
	Trial A. Evaluation of B. hyodysenteriae D19 using two housing strategies
	Trial B. Relative virulence of B. hyodysenteriae G44 versus D19
	Trial C. Evaluation of inoculum volume for B. hampsonii and B. hyodysenteriae G44
	Trial D. Oral inoculation with 100 mL B. hyodysenteriae G44 in feedballs
	Trial E. Oral inoculation with 100 mL B. hyodysenteriae G44 using a syringe
	Trial F. Oral inoculation with 300 mL of B. hyodysenteriae G44 using a syringe

	Discussion
	Anchor 30
	Acknowledgements
	References


