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Abstract

Background: Many trichostrongylid nematode species are reported to infect bison, some of which are major
causes of disase and production loss in North American bison herds. However, there is little information on the
species distribution and relative abundance of these parasites in either commercial or conservation herds. This is
largely because trichostrongylid nematode species cannot be distinguished by visual microscopic examination
of eggs present in feces. Consequently, we have applied ITS2 rDNA nemabiome metabarcoding to describe the
trichostrongyle parasite species diversity in 58 bison production groups derived from 38 commercial North
American plains bison (Bison bison bison) herds from across western Canada, and two bison conservation herds
located in Elk Island National Park (EINP) [plains bison and wood bison (Bison bison athabascae)] and one in
Grasslands National Park (GNP) (plains bison).

Results: We report much higher infection intensities and parasite species diversity in commercial bison herds than
previously reported in beef cattle herds grazing similar latitudes. Predominant trichostrongyle parasite species in
western Canadian commercial bison herds are those commonly associated with Canadian cattle, with Ostertagia
ostertagi being the most abundant followed by Cooperia oncophora. Combined with high fecal egg counts in
many herds, this is consistent with significant clinical and production-limiting gastrointestinal parasitism in western
Canadian bison herds. However, Haemonchus placei was the most abundant species in five of the production
groups. This is both surprising and important, as this highly pathogenic blood-feeding parasite has not been
reported at such abundance, in any livestock species, at such northerly latitudes. The presence of Trichostrongylus
axei as the most abundant parasite in four herds is also unusual, relative to cattle. There were striking differences
in parasite communities between the EINP and commercial bison herds. Most notably, Orloffia bisonis was the
predominant species in the wood bison herd despite being found at only low levels in all other herds surveyed.

Conclusions: This study represents the most comprehensive description of parasite communities in North
American bison to date and illustrates the power of deep amplicon sequencing as a tool to study species diversity
in gastrointestinal nematode communities.
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Background

The North American bison industry currently comprises
almost 500,000 farmed North American plains bison
distributed across approximately 4000 farms [1, 2]. In con-
trast, less than 20,000 bison (~4% of the total population)
are managed for conservation purposes [3] across 62 con-
servation herds, the majority of which are small (i.e. < 400
animals) [2].

Demand for bison meat in the USA has increased
26% over the last three years, and 360 million US dol-
lars were spent on bison meat products in 2016 [4].
Bison meat is marketed as a natural food, raised with-
out the use of antimicrobial drugs, and high in protein,
low in total fat, with a favorable omega fatty acid profile
[5]. Gastrointestinal nematode parasites, particularly
the trichostrongylid group, are one of the most import-
ant causes of disease and production loss in commer-
cial bison [6]. There is convincing anecdotal evidence
from practicing veterinarians that the clinical and pro-
duction impacts of gastrointestinal parasitism are more
severe in bison than those seen in beef cattle under
similar climate and grazing situations. Clinical disease
and visible effects on body condition are not uncom-
mon, with Ostertagia ostertagi being considered the
most pathogenic species overall. Clinical case reports
describe fatalities and classic parasitic gastroenteritis
signs such as diarrhea, emaciation and anemia [7, 8].
As parasites can have detrimental effects on host survival
and lead to trade-offs between reproductive effort and
parasite resistance in wild ungulate populations [9, 10],
parasitism has implications also for management of bison
free-ranging and conservation herds.

There are many different trichostrongylid nematode
species reported to infect bison in North America based
upon necropsy work and clinical case reports. These in-
clude Ostertagia ostertagi, Orloffia bisonis, Haemonchus
contortus, Haemonchus placei, Trichostrongylus axei,
Trichostrongylus longispicularis (syn. T. lerouxi), Cooperia
oncophora, Cooperia surnabada, Nematodirus helvetia-
nus, Oesophagostomum radiatum and Chabertia ovina
[8, 11, 12]. The majority of these species have visually
indistinguishable eggs, making their differentiation to
the species level very difficult. Culturing of feces to
harvest and morphologically identify third-stage larvae
(L3) is a time-consuming, skilled task and because it
generally only determines identity to the genus level,
is rarely done. Similarly, molecular identification has
only rarely been applied to bison parasites and scal-
able quantitative molecular assays have not yet been
developed [8]. Consequently, the relative prevalence
of each species in different geographical regions, types
of herd, and production systems, is largely unknown.
As different trichostrongylid nematode species vary in
terms of clinical signs and pathogenicity potential for
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their hosts, addressing such a knowledge gap is relevant
for both the commercial bison industry and conservation.

We have recently developed a deep amplicon ITS2
rDNA sequencing approach, termed “nemabiome” meta-
barcoding, for identification of strongylid L3 larvae cul-
tures from cattle feces [13, 14]. This allows accurate
relative quantification of strongylid nematode species in
fecal samples on a much larger scale than previously pos-
sible. In this paper, we illustrate the value of this approach
in a survey of 58 North American plains bison (Bison
bison bison) production groups from 38 commercial herds
across western Canada, as well as three national park con-
servation bison herds located in Canadian national parks:
2 plains bison (Bison bison bison) and 1 wood bison (Bison
bison athabascae). The data presented provide the most
comprehensive insights into nematode parasite species
distribution in bison herds to date and reveal a high level
of trichostrongylid nematode species diversity both within
and between Canadian bison herds.

Methods

Fecal collection and parasitological analysis

Fecal samples were collected from 58 bison production
groups from 38 herds across western Canada [British
Columbia (n = 5), Alberta (1 = 24), Saskatchewan (# = 15)
, Manitoba (1 = 14)] between October 14, 2014 and Janu-
ary 16, 2015, in accordance with an approved Animal Use
Protocol (Animal Care Committee, Study #AC13-0157,
University of Calgary). The commercial herds were origin-
ally described in Bras et al. [15], who provide detailed de-
scriptors in regards to how the herds were selected. In this
paper, a ‘herd’ is operationally defined as all bison produc-
tion groups managed by a single producer. Between 10
and 20 individual, freshly voided fecal pats (correspond-
ing to ~4-8% of the herd on average) were sampled
and pooled from the pasture of each of the main pro-
duction groups within a herd during farm visits. The
production groups were defined as: cow-calf groups
(mature cows and bulls, replacement heifers and calves)
or feeder groups (yearling bison being fed for slaugh-
ter). Pooled samples from each production group were
kept separate, resulting in between 1 and 4 groups be-
ing sampled per herd (Fig. 1).

Fecal samples were also collected from three different
family groups, each in distinct bison herds in two Canad-
ian national parks: the Grasslands National Park (GNP,
Saskatchewan) plains bison herd (19 samples), the Elk Is-
land National Park (EINP, Alberta) wood bison herd (16
samples) and the EINP plains bison herd (23 samples).
Fecal samples were collected per rectum in a squeeze
chute during round-up activities, when individuals were
differentiated in age groups based on tooth eruption and
wear. All fecal samples were placed in separate plastic
bags with the air expelled and shipped with cool packs.
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Fig. 1 The proportions of parasitic nematode species from commercial and conservation bison herds are shown. a Fecal samples were collected
from 58 bison production groups from 38 commercial herds from across western Canada: BC (n = 5); AB (n = 24); SK (n = 15); MB (n = 14). Each
stacked bar-chart represents the species composition of a production group as determined by nemabiome sequencing. 10-20 fecal pats were
sampled and pooled together from each production group within a herd. Two fecal egg counts (FEC) were performed on each pool, counting
strongyle, Nematodirus and Trichuris eggs. The mean of these egg counts is displayed above each bar chart. Triangles represent cow-calf production
groups; circles represent feeder production groups. Lines indicate that the groups belong to the same herd, and are likely to have similar management
protocols and have close geographical proximity to one another. b Fecal samples were collected from individual bison from three conservation bison
herds found within Canadian national parks, each stacked bar-chart represent the species composition of an individual animal sampled: GNP, plains
bison herd (n = 19); EINP, plains bison herd (n = 23); EINP, wood bison herd (n = 16). Two fecal egg counts (FECs) were performed on each pool,
counting strongyle, Nematodirus and Trichuris eggs. The mean of these egg counts is displayed above each bar chart. Animal age is indicated by a
triangle (calves), circle (yearlings), X’ (sub-adults) or square (adults)
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Following homogenization of each pooled sample
from commercial bison herds, fecal egg counts (FECs)
were performed using the Paracount-EPG 3-chamber
McMaster Fecal Egg Count Test following the manu-
facturers recommended procedure. FECs from national
park bison samples were performed using a modified
Wisconsin method [16]. Eggs of strongyle, Nemato-
dirus, Trichurius, Moniezia, Capillaria, Toxocara and
Strongyloides and oocysts of Eimeria were identified
and counted separately. Two FECs were performed on
each pooled sample and the mean of the two counts
used for data analysis. In order to determine the species
composition of the strongyle nematode communities,
coprocultures were set up with the remaining feces as
described by Roberts & O’Sullivan [17], but with the
use of vermiculite rather than sawdust and incubated at
room temperature (~21 °C) for 21 days. The L3 larvae
were harvested and stored in tap water at 6 °C. Only
strongyle species develop to L3 during coproculture.
Strongyle L3 larvae were harvested from each sample
into aliquots of 1000-2000 larvae dependent on the
total number of larvae obtained, fixed in 70% ethanol,
and stored at -80 °C until needed.

Deep-amplicon sequencing of ITS2 rDNA region

Bulk DNA lysates were prepared from larval popula-
tions, and the ITS2 rDNA fragment was PCR-amplified
and sequenced by deep amplicon sequencing as previ-
ously described and validated for the nemabiome meta-
barcoding assay [13]. Sequencing was completed on the
Mlumina MiSeq with the 2x 250 v2 Reagent Kit. An
average read depth of ~19,000 was obtained for each
sample. Samples were removed if they did not have at
least 2000 reads, as this was taken to indicate suboptimal
PCR amplification.

Sanger sequencing ITS2 derived from individual L3 larvae
Individual larvae were picked, lysed, PCR amplified
and sequenced as previously described in Avramenko
et al. [13].

Bioinformatic analysis

Samples were analyzed using the Mothur bioinformatic
tool version 1.36.1 [18]. Raw pair-end reads were assem-
bled creating single contigs. Reads were filtered and
removed if they were < 200 bp or > 450 bp or if there
were ambiguities between the overlapping reads. A data-
base containing ITS2 rDNA sequences from all relevant
nematodes was created from public databases and can
be found in Additional file 1: FASTA Database. Reads
were aligned to the ITS2 rDNA database and were dis-
carded if they did not align to at least 10% of an ITS2
rDNA amplicon with at least 90% sequence similarity.
Remaining sequences were classified as corresponding to
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reference sequences in the database, using the k-nearest-
neighbor method with k = 3. Sequences in which the
three nearest matches were not a single species were
then assessed at the next taxonomic level until a consen-
sus could be reached. Read counts were adjusted to
account for inherent assay biases that could include
species-specific differences in DNA content, DNA lysis
efficiency, ITS2 amplification, or copy number as previ-
ously described in Avramenko et al. [13]. Read counts
assigned to each species were multiplied using previ-
ously validated correction factors: C. oncophora = 1.
183576925; T. axei = 1.296071418; T. colubriformis = 0.
584257283; C. punctata = 2.779407405; O. ostertagi = 1.
294841767; and H. placei = 0.919208106. Percentage
species composition of each sample was calculated by
dividing the total reads assigned to each species by the
total number of reads per sample to obtain a relative
percentage of each species. Species with a prevalence
below 0.05% were removed, as this translates to less than
1 worm per sample and is thus likely to be contamin-
ation or misidentification of reads [13]. Sequences iden-
tified as Nematodirus were removed from the analysis,
as the coproculture technique does not allow for the
suitable culturing of the species. Since Nematodirus eggs
are visually distinguishable, estimations of Nematodirus
intensities were provided by the observed egg counts.

Statistical analysis

Descriptive statistics including mean, standard deviation,
standard error and 95% confidence intervals were calcu-
lated using the Descriptives function of SPSS Statistics
(IBM Corp. Released 2016. IBM SPSS Statistics for Mac-
intosh, Version 24.0. Armonk, NY: IBM Corp). To assess
differences in strongyle, Nematodirus and Trichuris egg
counts between populations, a one-way ANOVA, assum-
ing non-equal variances using a Games-Howell post-hoc
test, was performed using SPSS Statistics.

Alpha diversity of each assessed sample was calculated
through the inverse Simpson index [19]. The calculations
were performed in Mothur v.1.36.1 using the built-in in-
verse Simpson calculation. All samples were subsampled
to 2000 reads to ensure equal comparisons. Samples with
fewer than 2000 reads were removed from analysis. To as-
sess whether the inverse Simpson index differed signifi-
cantly between different populations, a one-way ANOVA,
assuming non-equal variances and using a Games-Howell
post-hoc test, was performed using SPSS Statistics.

Diversity was additionally measured with an AMOVA
(Analysis of Molecular Variance), using the calculator
built into Mothur v.1.36.1. The AMOVA calculations
were performed with alpha set to 0.05 and 1000 itera-
tions. To assesses the level of dissimilarly in compos-
ition between defined groups and populations, beta
diversity (ranging from 0 for complete identity to 1 for
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complete diversity between the populations) was calcu-
lated using the weighted Bray-Curtis dissimilarity index,
performed in Mothur v.1.36.1 using the weighted-
UniFrac function [20, 21].

To identify which features (i.e. species) are differentially
abundant between two populations, beta diversity estima-
tions between populations on a species and genera basis
were accomplished with the MetaStats plugin in Mothur
v. 1.36.1, using 1000 permutations and default parameters
[22]. As MetaStats assumes the non-normal distribution
of data, it runs a modified nonparametric t-test to assign a
P-value of significance [22]. As this method can overesti-
mate the significance of lowly abundant features, statistical
differences were not considered if the species were present
at less than 2% on average in one of the comparable
groups.

The bar charts displayed in figures were created in R
Studio version 0.99.489.

Sequence analysis and phylogenetic trees

For the interrogation of unclassified sequences, consensus
sequences representing all parasite species included in the
analysis were created. A list of all sequences and accession
numbers used are provided in Additional file 1: FASTA
Database. For each species, all available sequences were
aligned using Geneious (version 10.1.3 (created by Bio-
matters), available from http://geneious.com/), using the
MUSCLE algorithm with default parameters. A consensus
sequence was generated for each species, from each align-
ment, with a 75% threshold.

Unclassified Trichostrongylus sequences identified dur-
ing the species analysis were extracted from all samples
using the “get.lineage” command in Mothur. These se-
quences were visualized in Geneious, and aligned using
MAFFT, with the FFT-NS-1 algorithm. Once aligned, the
file was split according to the dominate sequence variant
observed visually. The variant file was then re-aligned, and
a consensus sequence generated using a 75% threshold.

All consensus sequences were then aligned in Geneious
using MUSCLE, with default parameters and a phylogen-
etic tree was computed with the MrBayes plugin with the
GTR substitution model, with 500,000 chain length and
rooted on the Trichuris discolor consensus sequence.

Results

Parasite herd-level prevalence and infection intensities in
commercial and conservation bison herds

Fecal egg/oocyst counts for strongyle, Nematodirus,
Trichuris, Eimeria, Moniezia, Capillaria, Toxocara and
Strongyloides were determined for 58 commercial bison
production groups from 38 herds and three national
park conservation herds (fecal samples from individuals
in each herd). The summary statistics for the fecal egg
count data are shown in Tables 1 and 2, and Fig. 1a, b
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Table 1 Fecal egg counts for commercial bison herd
production groups (58 groups sampled)

Parasite No. of positive EPG + SD Prevalence
production groups  (range) (%)
Strongyle 57 720 £ 996 (0-493) 983
Nematodirus 15 5.1+ 11.0 (0-42.5) 259
Trichuris 9 18.0 £ 614 (0-408) 155
Moniezia 11 20.7 £ 579 (0-306) 190
Capillaria 1 0.7 + 48 (0-34) 1.7
Strongyloides 0 na 0
Toxocara 0 na 0
Eimeria 49 656.7 £ 11242 84.5
(0-7174.0)

Abbreviation: na not applicable

(breakdown of FECs by province can be viewed in
Additional file 2: Table S1).

In the case of the commercial bison herds, the overall
mean strongyle, Nematodirus, Trichuris and Moniezia
FECs were 72.0, 5.1, 18.0 and 21.3 epg, respectively. No
significant differences were found in the strongyle (one-
way ANOVA: Fg3, 54y = 0.174, P = 0.913), Nematodirus
(one-way ANOVA: F3, 54 = 0.078, P = 0.972), or Monie-
zia (one-way ANOVA: F3, 47) = 1.080, P = 0.367) mean
FECs between provinces. However, Trichuris fecal egg
counts were substantially higher in Saskatchewan (69.1
mean epg, one-way ANOVA: F(3 54y = 5.882, P = 0.002),
Additional file 2: Table S1), compared to the other prov-
inces, although this was no significance after post-hoc
testing (Games-Howell post-hoc: AB vs SK P = 0.105; BC
vs SK P = 0.105; MB vs SK P = 0.109). The average
strongyle egg count of the cow-calf production groups
from all provinces was 55.2 epg, while for the feeder
production groups it was 101.8 epg. However, this differ-
ence was not statistically significant (independent sam-
ples t-test: f20063) = -1.313, P = 0.203, equal variances
not assumed). Strongyloides and Toxocara were not de-
tected in any of the commercial herds and Capillaria
was present in only one Alberta herd (34 epg). Eimeria
oocysts were detected on all farms with a mean oocyst
per gram (opg) of 656.7, with no significant differences
between provinces or age groups (one-way ANOVA:
F3, 47y = 1.833, P = 0.154).

There were significant differences in the mean stron-
gyle fecal egg counts among all three conservation
herds (one-way ANOVA: F(5, 55 = 18.241, P < 0.0001,
Games-Howell post-hoc, P < 0.007). The bison from the
GNP plains bison herd had a mean strongyle egg count
of 10.1 epg, while bison from the EINP plains and wood
bison herds had mean strongyle egg counts of 175.0
and 45.5 epg, respectively. Nematodirus eggs were ob-
served in the GNP bison herd (mean = 0.04 epg), the
EINP plains herd (mean = 1.32 epg) and the EINP
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Table 2 Fecal egg counts for conservation bison herds
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Herd (n) Parasite No. of positive individuals EPG + SD (range) Prevalence (%)
GNP plains bison herd (n = 19) Strongyle 19 11.2 £ 10.1 (2-42.0) 100
Nematodirus 4 0.04 £ 0.08 (0-0.2) 210
Trichuris 1 0.05 + 0.22 (0-1.0) 53
Moniezia 6 486 + 106.2 (0-400) 31.6
Capillaria 0 na na
Strongyloides 0 na na
Toxocara 0 na na
Eimeria 2 0.28 + 0.86 (0-3.6) 105
EINP plains bison herd (n = 23) Strongyle 23 175.0 + 143.2 (27.6-400) 100
Nematodirus 6 13 +38(0-18) 26.1
Trichuris 0 na na
Moniezia 3 26 £ 84 (0-356) 130
Capillaria 7 0.25 £ 0.70 (0-3.2) 304
Strongyloides 0 na na
Toxocara 0 na na
Eimeria 16 55.7 £ 92.7 (0-400) 69.6
EINP wood bison herd (n = 16) Strongyle 16 455 4+ 378 (11.2-130.2) 100
Nematodirus 4 0.76 + 1.96 (0-7.2) 25
Trichuris 3 0.06 £ 0.16 (0-0.6) 188
Moniezia 8 266 + 439 (0-133.3) 50
Capillaria 4 0.19 £ 051 (0-2) 25
Strongyloides 0 na na
Toxocara 0 na na
Eimeria 14 793 + 97.1 (0-300) 875

Abbreviations: GNP Grasslands National Park, EINP Elk Island National Park, n number of individuals, na not applicable

wood bison herd (mean = 0.76 epg). Trichuris eggs
were only observed at a low level in the GNP herd
(mean = 0.05 epg) and the EINP wood bison herd
(mean = 0.06 epg), and were not observed in the EINP
plains bison herd (Table 2). Neither Strongyloides nor
Toxocara were detected in any of the conservation park
herds. Capillaria was observed in 8 out of 23 bison
sampled (mean = 0.25 epg) in the EINP plains bison
herd, and in 3 out of 16 bison in the EINP wood bison
herd (mean = 0.19 epg), but it was not detected in any
animals from GNP. Eimeria was detected in GNP, EINP
plains and EINP wood bison at 0.28 opg, 55.74 opg and
79.3 opg, respectively. Moniezia was detected in GNP
(8/19 animals), EINP plains bison (3/23 animals) and
EINP wood bison (8/16 animals) at a mean of 48.64
epg, 2.62 epg and 26.6 epg, respectively.

Relative abundance of trichostrongylid nematode species
in commercial and conservation bison herds determined
by nemabiome metabarcoding

Deep amplicon ITS2 rDNA nemabiome sequencing
was performed on 1000-2000 larvae harvested from

coprocultures to determine the individual species pro-
portions of the different trichostrongylid nematode spe-
cies that contribute to the strongyle egg count (Fig. 1).
In the case of the commercial bison herds, Cooperia
oncophora (43.1%) was the most abundant trichostron-
gylid nematode species overall, closely followed by
Ostertagia ostertagi (39.9%), with these two species pre-
dominating in most herds (Figs. 1a, 2). The next most
abundant trichostrongylid nematode species overall
was Haemonchus placei, with the overall percentages of
9.2% in Alberta, 16.6% in Saskatchewan, 1.7% in Mani-
toba, and 0.03% in BC (Fig. 2). However, the distribu-
tion of this parasite species was highly variable between
farms, often being absent but being the predominant
parasite in several herds (Fig. 1a). Trichostrongylus axei
was similar in this regard being absent from most herds
but being the predominant trichostrongyle species in
one herd (two production groups) in Saskatchewan and
two herds in Manitoba (Figs. 1a, 2). Orloffia bisonis was
present at a low level in many herds, but was not the
predominant parasite in any herd, and had an overall
prevalence of ~2% in herds from all provinces (Fig. 1a).
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Fig. 2 The mean nematode species proportions and egg counts by province, national park, production group and animal displayed in Fig. 1
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The parasite species proportions were very similar in
cow-calf production groups and feeder production
groups. The only statistically significant difference was
that cow-calf groups had a higher proportion of Orlof-
fia bisonis (2.8%) compared to feeder groups (0.59%)
(MetaStats: P = 0.02; Additional file 3: Table S2). The
feeder groups also had a higher proportion of H. placei
(12.5%) compared to cow-calf groups (3.6%); however,
this was not significantly different (MetaStats: P = 0.14)
(Additional file 3: Table S2).

The parasite communities present in the conservation
herds were very different to those of the commercial
bison herds and as well as to each other (Fig. 1b). The
plains bison herd in GNP was the most similar to the
commercial herds, with the most abundant trichostron-
gyle species being C. oncophora and O. ostertagi (75.0
and 16.0%, respectively) (Figs. 1b, 2). In contrast, the
most abundant trichostrongyle species in EINP plains
bison herd were T. axei (39.8%), C. oncophora (38.3%)
and O. ostertagi (9.8%). It is noteworthy that C. punc-
tata was present at 6.5% abundance in this herd but
was not detected in any other herd in the study. Also of
note was the difference between young (< 1 yr) and
older animals (> 1 yr) in the EINP plains bison herd
where C. oncophora (66.8%) and T. axei (60.9%) pre-
dominated, respectively (Fig. 2, Additional file 4: Table
S3). The parasite community in the wood bison herd in
EINP was the most different to all bison herds with
abundant Orloffia bisonis, which was absent in the
EINP plains bison herd, even though it was located in
the same national park but in a separated fenced area
(Figs. 1b, 2).

Comparison of alpha diversity of trichostrongylid

nematode communities by province and by national park
The alpha diversity, as measured by the inverse Simpson
index, was determined for each commercial herd
combined by province and each of the three national
park herds: BC (1.8246); Alberta (1.9564); Saskatchewan
(2.1277); Manitoba (2.0238); GNP plains bison herd
(1.5179); EINP plains bison herd (1.9322); EINP wood
bison herd (1.8564); all commercial herds (2.0003); all
conservation herd samples (1.7841). There were no
significant differences between observed alpha diver-
sities (taking into account only number and evenness
of species present) (one-way ANOVA: F 109) = 2.
380, P = 0.034, Games-Howell post-hoc all comparisons:
P > 0.069). However, when the populations were assessed
with an AMOVA, all were significantly different
(AMOVA: P < 0.001). This suggests that while the overall
number and evenness of parasite species present is not
significantly different between these populations, there
were differences in the particular species present.

Comparison of beta diversity of trichostrongylid nematode
communities by province and by national park

Beta diversity, at the population level, among provinces
and conservation herds was assessed with the weighted
UniFrac function in Mothur, which revealed marked dif-
ferences in the species present between populations
(where a score of 0 indicates that populations are identical
and a score of 1 indicates they are completely different)
(Table 3). Overall, the EINP wood bison herd had the
greatest difference in parasite community composition
compared to the other herds (Table 3). The beta-diversity



Avramenko et al. Parasites & Vectors (2018) 11:299

Page 8 of 13

Table 3 Uni-Frac results. The Uni-Frac value assesses how similar the population structure of each of the populations is. A score of 0
indicates the populations are identical, while a score of 1 indicates they are entirely different. Pairwise comparisons are shown

BC AB SK MB GNP-Plains EINP-Plains EINP-Wood

BC - 0.655 0.628 0.301 0401 0.583 0.697
AB 0.655 - 0.269 0472 0.607 0.706 0.770
SK 0628 0.269 - 0449 0.583 0617 0.807
MB 0.301 0472 0449 - 0.339 0471 0.712
GNP-Plains 0401 0.607 0.583 0.339 - 0.523 0.691
EINP-Plains 0.583 0.706 0617 0471 0.523 - 0.763
EINP-Wood 0.697 0.770 0.807 0.712 0.691 0.763 -

(UniFrac) between all commercial herds and all conserva-
tion herd populations was 0481378, while the beta-
diversity (UniFrac) between the cow-calf production
groups compared to the feeder production groups for the
commercial herds was 0.256381.

Beta diversity, at the species level, among populations
was assessed with the MetaStats function in Mothur
(pairwise P-values provided in Additional file 3: Table S2
and differences in species prevalence by animal age for
the conservation herds is provided in Additional file 4:
Table S3). While significant differences in species abun-
dance were incorporated into the section in which the
relative species abundance was presented, a complete
breakdown of all observed significant differences can be
found in Additional file 3: Table S2 and Additional file 4:
Table S3).

A novel Trichostrongylus ITS2 rDNA sequence variant from
Canadian bison herds

An ITS2 rDNA sequence was identified in both the con-
servation and commercial bison herds that was distinct
from those of any Trichostrongylus species present in the
public databases (Figs. 1a, b, 3, and Additional file 2: Table
S1). Although this novel sequence had the highest level of
identity to T. vitrinus (Additional file 5: Table S4), at 95.
6% identity, it was phylogenetically closer to Trichostron-
gylus longispicularis sequences from the public databases
despite only sharing 93.3% sequence identity (Fig. 3). Fur-
ther, this sequence variant was always observed at a simi-
lar fixed ratio with T. longispicularis sequences in every
population in which they were present (Fig. 1). This sug-
gests that this novel sequence variant is an unreported
ITS2 rDNA sequence variant of T. longispicularis. To con-
firm this, we directly sequenced ITS2 rDNA amplicons
from 30 individual L3 larvae from a bison fecal sample by
conventional Sanger sequencing. One of these larvae was
identified as T. longispicularis by sequence identity, in
addition to 20 C. oncophora and 9 O. ostertagi. The for-
ward and reverse ITS2 rDNA sequence chromatograms
from this T. longispicularis L3 was aligned to the two T.
longispicularis sequences in the public databases

(Accession Nos.: KY355070.1 and KY355068.1) and the
novel Trichostrongylus sequence variant (Additional file 6:
Figure S1). At each nucleotide position where the novel
variant differs from the T. longispicularis reference se-
quences (highlighted), there is a double chromatogram
peak corresponding to both sequence types. This confirms
the novel sequence variant was derived from the same in-
dividual L3 larvae as contained the T. longispicularis ITS2
rDNA reference sequences.

Discussion

Despite their clinical and economic importance, remark-
ably little is known about the prevalence and relative
infection intensities of various parasite species in bison,
and how these vary with geographical region or produc-
tion system. Dies & Coupland (2001) conducted a fecal
survey of 431 domestic bison from 22 herds to deter-
mine the prevalence of gastrointestinal helminth eggs
[23]. Strongyle-type eggs were detected in 100% of sam-
ples, and Capillaria sp. in 63.6%, Moniezia sp. in 54.6%,
Nematodirus sp. in 50%, Trichuris sp. in 40.9%, and
Strongyloides sp. in 9.1% of fecal samples [23]. In 2014, a
survey of parasite communities was undertaken on 98
farms in Manitoba and Saskatchewan to estimate the
prevalence of Toxocara vitulorum in un-weaned bison
calves [6]. That study estimated the prevalence of T.
vitulorum at about 12% and 0% of herds in Saskatchewan
and Manitoba, respectively. Herd-level prevalence for tri-
chostrongyle eggs, Eimeria oocysts, Monieza, Capillaria,
Nematodirus, Trichuris and Strongyloides eggs were esti-
mated at 100%, 97%, 73%, 14%, 14%, 5% and 0% of herds,
respectively [6]. However, the relative infection intensities
of these parasites in each herd were not determined. A
recent study used molecular techniques and PCR to
identify genera of trichostrongyle in fecal samples taken
from a large bison herd in South Dakota. Forty-eight of
the 51 samples analyzed by PCR showed at least one
trichostrongyle genera. Ostertagia sp. was demonstrated
in 68.6% of the samples, Cooperia sp. in 80.39%,
Haemonchus sp. in 73% and Trichostrongylus sp. in 16%
of the 103 total samples taken from the herd. Bison were
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Subfamily
Trichostrongylus tenuis consensus
Trichostrongylus colubriformis consensus
Trichostrongylus axei consensus
Trichostrongylus capricola consensus
Trichostrongylus longispicularis consensus
Unknown Trichostrongylus spp seque@
Trichostrongylus probolurus consenus
Trichostrongylus retortaeformis consensus
Trichostrongylus rugatus consensus
Trichostrongylus vitrinus consensus —J
Ostertagia gruehneri consensus
Ostertagia leptospicularis consensus
Ostertagia ostertagi consensus
Teladorsagia trifurcata consensus
Teladorsagia circumcincta consensus
Orloffia bisonis consensus —
Cooperia punctata consensus
Cooperia spatulata consensus
Cooperia oncophora consensus
Cooperia curticei consensus
Cooperia pectinata consensus J—

1—— Bunostomum phlebotomum consensus

Trichostrongylinae

Ostertagiinae

Cooperiinae

Bunostominae

0.96

0.2

Fig. 3 Phylogenetic tree of [TS2 consensus sequences from all species in analysis database. Consensus sequences for each Trichostrongylus spp.
was generated from all available ITS2 sequences in GenBank (see Additional file 1: FASTA Database for sequences and accession numbers). The
consensus sequence threshold was 75% and was generated using Geneious 10.1.3. The phylogenetic tree was computed using the MrBayes
plugin with GTR substitution model, with 500,000 chain length, and rooted on the Trichuris consensus sequences (being Clade | nematodes
compared to the other species which are primarily Clade V nematodes), using Geneious version 10.1.3 (created by Biomatters). Available from
http://geneious.com/ [27]. Posterior probability values over 0.5 are shown, with values over 0.8 being considered significant. Sub-families are
outlined, and the Trichostrongylus spp. sequence variant is highlighted with a red bracket

Bunostomum trigonocephalum consensus__|
Ashworthius sidemi consensus ]
Haemonchus longistipes consensus
Haemonchus similis consensus

Haemonchus contortus consensus
Haemonchus placei consensus p—
Oesophagostomum columbianum consensus]|
Oesophagostomum dendatum consensus
Oesophagostomum venulosum consensus
Chabertia erschowi consensus
Chabertia ovina consensus
Oesophagostomum radiatum consensus
Nematodirus helvetianus consensus
Nematodirus spathiger consensus
Nematodirus fillicollis consensus
Nematodirus battus consensus

Trichuris ovis consensus

Trichuris discolor consensus

Haemonchinae

Oesophagostominae/
Chabertiinae

Nematodirinae

Trichurinae

commonly infected with combinations of Haemonchus,
Ostertagia and Cooperia [8].

High trichostrongyle nematode parasite infection
intensity and species diversity in bison relative to cattle
herds in western Canada

We have previously studied and reported on gastro-
intestinal trichostrongyle parasite communities in west-
ern Canadian beef cattle herds [14]. Although this study
was not undertaken in parallel to the bison study, it was
conducted in the same regions (British Columbia,
Alberta, Saskatchewan and Manitoba) using a similar ap-
proach and so, it is interesting to compare the infection
intensities and trichostrongyle species diversity found
between the cattle and bison studies. The overall mean
strongyle egg count for the 58 commercial bison produc-
tion groups was 72.0 epg, compared to 12.5 epg for the
33 western Canadian beef cattle cow-calf herds sampled
in 2012. This supports previous anecdotal opinion that
commercial bison herds typically have much higher
gastrointestinal parasite infection intensities than beef

cattle. The nemabiome metabarcoding data suggests that
there is also greater species diversity of trichostrongyle
parasite communities in commercial bison herds than in
beef cattle herds grazing similar pastures in western
Canada [12].

Our study found the gastrointestinal trichostrongyle
parasite communities of western Canadian beef cattle to
be generally low, with Ostertagia ostertagi and Cooperia
oncophora predominating in all herds and other parasite
species rarely contributing more than > 1% of the para-
site community [14]. There was a statistically significant
difference in the overall parasite population diversity
between the 58 western Canadian bison production
groups (inverse Simpson Index: 2.006) studied here and
the 33 western Canadian beef herds previously studied
(inverse Simpson Index: 1.7410) (¢-test: £gg773) = -3.359,
P = 0.001, equal variances not assumed) [14]. This differ-
ence was also significant when assessed with an AMOVA
(AMOVA: P < 0.001).

Although O. ostertagi and C. oncophora were also the
most common trichostrongyle species in many commercial
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western Canadian bison herds, other trichostrongyle spe-
cies were present at high levels, and indeed predominated
in some herds. A number of the commercial bison herds
had high levels of Haemonchus placei and this was the
most abundant trichostrongyle species in five of the pro-
duction groups surveyed (Fig. 1a). This is an important ob-
servation because this blood-feeding parasite is highly
pathogenic and is not normally considered a major compo-
nent of parasite communities at such northerly latitudes
[14]. Although, H. placei is an important pathogen of cattle
in the mid-western United States and further south, it is
only present at very low levels in Canadian beef cattle herds
(rarely more than 1% of the parasite community in a herd)
[14]. The presence of H. placei at much higher levels in
bison than in cattle grazing in the same climatic zone sug-
gests bison are more permissive hosts for this parasite spe-
cies. Trichostrongylus axei was the predominant species
present in four of the 58 commercial bison production
groups. This species is rarely reported as the predominant
gastro-intestinal trichostrongyle species in livestock and it
is unclear what would predispose this parasite to predomin-
ate in particular western Canadian bison herds. However, it
again suggests the greater permissiveness of bison hosts
compared to cattle for this parasite and underpins the im-
portance of bison-specific investigations. The presence of
Orloffia bisonis was of interest because this parasite, which
is closely related to O. ostertagi, is considered to have co-
evolved with bison, and is generally not found in domestic
cattle. This is different to most of the other stronglyid para-
sites found in this study for which Bovidae are the primary
natural hosts. Orloffia bisonis was detected in 18 of 58 pro-
duction groups but was never the predominant species.
There is limited information in regards to the pathogenicity
of O. bisonis; however, it seems reasonable to assume it
would have similar pathogenicity to Ostertagia spp. Never-
theless, these results suggest this bison parasite is likely to
play a less important role in production and health impacts
than the parasite species more commonly associated with
cattle.

Species composition of parasite communities in three
conservation herds showed distinct differences to those
of the commercial bison herds

We also investigated the gastrointestinal trichostrongyle
parasite communities of three conservation national
park bison herds. Elk Island National Park hosts the Na-
tional Recovery herds for both plains bison and wood
bison, which are kept in different containment areas in a
virtually identical habitat, entirely separated by a high-
way and perimeter fencing. As both EINP and GNP
herds are contained within entirely fenced areas (EINP
plains bison: 136 km? EINP wood bison: 64 km? GNP:
181 km?), both parks currently manage their bison herds
through biennial surplus to maintain the herd at pre-
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defined population targets (EINP) or carrying capacity
(GNP: 400 + 100 individuals). As per management
guidelines for bison conservation herds [2], bison in
both national parks are not typically treated with anthel-
mintics or vaccinated, unless major disease concerns
arise. There were higher strongyle egg counts observed
in the EINP plains bison (mean: 175.0 epg) compared to
the GNP plains bison herd (mean: 11.2 epg).

There were some striking differences in the parasite
communities of the conservation bison herds compared
to the commercial bison herds, particularly for the EINP
herds. Indeed, the parasite community structure differed
more between the commercial and the conservation
bison herds than between the commercial bison and cat-
tle herds (weighted-UniFrac values of 0.481378 and 0.
322076, respectively). The GNP herd was the most simi-
lar of the conservation herds to the commercial bison
herds. In calves less than 1 year-old from the GNP herd,
the parasite communities were almost exclusively C.
oncophora, with O. ostertagi becoming increasingly
predominant in older animals. Although our sample size
is small, what is observed is similar to the situation com-
monly reported in cattle where acquired immunity is
much more effective against C. oncophora leading to
older cattle having much higher levels of O. ostertagi
[24, 25]. In contrast, the parasite communities in the
EINP plains bison herd were very different to the com-
mercial herds. Although the major trichostrongyle para-
site species present in calves < 1 year of age was also C.
oncophora, T. axei overwhelmingly predominated in
older animals in the EINP plains bison herd, comprising
60.9% of population (Fig. 2). In addition, C. punctata
was seen at moderate levels in this herd even though it
was not detected at all in any other commercial or con-
servation herd. The species profile of the EINP wood
bison herd was notable by virtue of Orloffia bisonis being
the most predominant trichostrongyle species present
(Figs. 1b and 2). Interestingly, O. bisonis was either ab-
sent or only detected at very low levels in the commer-
cial bison herds and the two plains bison conservation
herds. This may reflect the different captive and eco-
logical histories of the two bison types (wood and plains
bison) present in EINP. Plains bison were introduced in
1907 directly from northern Montana. Wood bison also
came from the southern part of the Northwest Territories.
Since the two bison types have remained completely sepa-
rated from each other and from local commercial cattle
herds, they likely represent host-adapted parasites that
were originally translocated with the founder animals and
have persisted over time.

The predominance of Ostertagia ostertagi and Hae-
monchus placei in the commercial bison herds but not in
the conservation herds is noteworthy. Because modern
commercial bison herds largely graze on pastures
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previously used in cattle operations, it is likely that these
two, primarily cattle parasite species, were originally ac-
quired and maintained from pastures contaminated by
cattle. It is possible that these parasite species have a
higher pathogenicity in bison than in cattle since the
former did not co-evolve with these parasites.

One caveat of this study to note is the propensity of
Ostertagia ostertagi (and potentially Orloffia bisonis), to
undergo hypobiosis in the winter months and sometimes
re-emerge in the spring causing type-II ostertagiasis.
Consequently, there could be significant numbers of
inhibited O. ostertagi larvae present in some animals/
herds. This would lead to an underestimation of the
prevalence/infection intensities of O. ostertagi in this
dataset as the inhibited larvae would not be reflected in
the fecal egg count data.

A novel Trichostrongylus ITS2 rDNA sequence present in
bison is likely to be a divergent T. longispicularis
sequence variant

An ITS2 rDNA sequence variant was identified in a
number of the commercial and conservation herds for
which there was no unambiguous sequence match in
the public databases (Figs. 1 and 2). Although the high-
est overall sequence identity was with 7. vitrinus (95.6%
identity) sequences, it was most closely phylogenetically
related to T. longispicularis (synonym T. leroxi) se-
quences (Additional file 6: Figure S1). It was considered
possible that the sequence variant could be one of the
ruminant Trichostrongylus spp. for which there are no
available ITS2 rDNA reference sequences. These in-
clude T. affinis, T. drepanoformis, T. dosteri, T. falcula-
tus, T. hamatus, T. orientalis, T. skrjabini and T.
askivali. However, single worm sequencing determined
the sequence variant to be present in the same individ-
ual L3 larva as those matching the publically available
T. longispicularis sequences. This strongly suggests this
is a T. longispicularis ITS2 rDNA sequence. If this is
the case, the intra-species sequence identity of 93.3% is
unusually low, as intra-species sequence identity is gen-
erally 97% or higher in trichostronglyid nematodes due
to concerted evolution. It is possible that the sequenced
individual larva was the progeny of hybridization of
two closely related Trichostrongylus species as has been
shown to occur in the genus Haemonchus [26].
However, this seems highly unlikely given the fixed ra-
tio between the novel sequence variant and the T. long-
ispicularis reference sequences in all populations where
either one is present. This latter observation is much
more consistent with the novel sequence variant being
present in the same polycistronic array as the T. longispi-
cularis reference sequences. Overall, this demonstrates the
need for ITS2 rDNA databases with morphologically vali-
dated species and more representation to capture the full
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extent of sequence variation and enable reliable species
assignment.

Conclusions

The trichostrongyle group of gastrointestinal nematode
parasites are an important cause of clinical disease in
North American bison and of significance for both the
commercial farming industry and conservation efforts.
The group of parasites in this study includes many differ-
ent species that cannot be distinguished by visual micro-
scopic examination of eggs present in feces. Consequently,
we recently developed a new approach to quantify the spe-
cies composition of trichostrongyle nematode communi-
ties in cattle based on deep amplicon sequencing of the
ITS2 rDNA locus in populations of L3 larvae harvested
from fecal cultures. Here, we show the power of this ap-
proach applied to bison herds. It has allowed us to screen
a large number of bison herds to quantify the parasite tri-
chostrongyle species present on a scale that would not
have been possible using traditional morphological tech-
niques. The dataset presented in this paper represents the
most comprehensive assessment of trichostrongyle infect-
ing bison to date, by far. We report that the predominant
trichostrongyle parasite species in commercial western
Canadian bison herds are those normally associated with
cattle; however, they are present at higher infection inten-
sities and higher parasite species diversity than occurs in
beef cattle grazing at the same latitude. Ostertagia oster-
tagi is the predominant species overall, which combined
with high fecal egg counts in many herds, supports the
view that there is a significant risk of clinical disease and
production impacts associated with gastro-intestinal
nematode parasites in western Canadian bison herds. Of
particular note was the fact that H. placei was also present
at high levels in some herds, which is of significant con-
cern as this is a highly pathogenic parasite. This trichos-
trongyle species is not considered likely to thrive at such
northerly latitudes and is only present at very low level in
cattle parasite communities in Canada or the northern
United States. Finally, we have found that the trichostron-
gyle parasite communities in bison herds from several
conservation herds differ notably from that in commercial
bison herds, including the presence of O. bisonis in the
wood bison conservation herd.
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