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Next-generation deep amplicon sequencing, or metabarcoding, has revolutionized the study of microbial
communities in humans, animals and the environment. However, such approaches have yet to be applied
to parasitic helminth communities. We recently described the first example of such a method - nema-
biome sequencing - based on deep-amplicon sequencing of internal transcribed spacer 2 (ITS-2) rDNA,
and validated its ability to quantitatively assess the species composition of cattle gastro-intestinal nema-
tode (GIN) communities. Here, we present the first application of this approach to explore GIN species

ﬁ?{: :t:idosr:ne diversity and the impact of anthelmintic drug treatments. First, we investigated GIN species diversity
Metabarcoding in cow-calf beef cattle herds in several different regions, using coproculture derived L3s. A screen of
Ivermectin 50 Canadian beef herds revealed parasite species diversity to be low overall. The majority of parasite
Ostertagia communities were comprised of just two species; Ostertagia ostertagi and Cooperia oncophora. Cooperia
Cooperia punctata was present at much lower levels overall, but nevertheless comprised a substantive part of
Anthelmintic resistance the parasite community of several herds in eastern Canada. In contrast, nemabiome sequencing revealed
Beef cattle

higher GIN species diversity in beef calves sampled from central/south-eastern USA and Sao Paulo State,
Brazil. In these regions C. punctata predominated in most herds with Haemonchus placei predominating in
a few cases. Ostertagia ostertagi and C. oncophora were relatively minor species in these regions in con-
trast to the Canadian herds. We also examined the impact of routine macrocyclic lactone pour-on treat-
ments on GIN communities in the Canadian beef herds. Low treatment effectiveness was observed in
many cases, and nemabiome sequencing revealed an overall increase in the proportion of Cooperia spp.
relative to O. ostertagi post-treatment. This work demonstrates the power of nemabiome metabarcoding
to provide a detailed picture of GIN parasite community structure in large sample sets and illustrates its
potential use in research, diagnostics and surveillance.
© 2017 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

There is a need to develop better tools with which to qualita-
tively and quantitatively assess the species composition of gastro-
intestinal nematode (GIN) communities in both humans and
animals. Approaches utilizing next-generation sequencing tech-
nologies, similar to those used to study the microbiome, hold mas-
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sive potential in this regard but have yet to be seriously explored for
helminths (Avramenko et al., 2015). GIN infections of livestock are
an excellent system in which to explore such approaches because
complex co-infections are common and cause both clinical disease
and sub-clinical production loss worldwide (Stromberg and
Gasbarre, 2006; Grisi et al., 2014). Control is largely reliant on the
routine application of anthelmintic drugs, the high effectiveness
of which has allowed farmers to maximize stocking rates and
increase production returns for many years. However, these para-
sites are still often poorly controlled (Gasbarre et al., 2015). Results
of a recent survey of the National Animal Health Monitoring System
(NAHMS) in the United States (US), suggest that GINs are as preva-
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lent in cattle today as they were before the wide-scale introduction
of broad-spectrum anthelmintic use over 30 years ago (Stromberg
et al., 2015). Furthermore, cattle parasites resistant to the macro-
cyclic lactone drugs are now emerging, making the reliance on
chemical control increasingly unsustainable (Gasbarre et al.,
2009; Kaplan and Vidyashankar, 2012).

There are many different GIN species that infect cattle, and
many of these differ in their pathogenicity, production impact, epi-
demiology and drug sensitivity (Taylor et al, 2015). However,
there is remarkably little contemporary data published on the
prevalence and infection intensities of different parasite species
in different geographical regions and production systems. Most
information for North America is based on a small number of regio-
nal studies, many of which are over 40 years old, or on anecdotal
information from veterinarians, parasitologists and diagnostic lab-
oratories (Hitchcock, 1956; Zimmerman and Hubbard, 1961;
Ciordia, 1975; Stromberg et al., 2015). Additionally, there is a need
for more information regarding which parasite species are devel-
oping resistance to each drug class and how drug treatments are
impacting parasite species diversity and community composition.

One of the main barriers to obtaining large-scale quantitative
data on parasite species prevalence, infection intensities and the
impact of anthelmintic use is the lack of appropriate tools.
Although conventional PCR assays are increasingly used to detect
cattle parasites, these are not quantitative and only indicate the
presence or absence of different parasite species in a sample
(Zarlenga et al., 2001). The more commonly available PCR assays
also only allow discrimination to the genus level (Stromberg
et al., 2015). A real time PCR assay has been developed for Osterta-
gia ostertagi and Cooperia oncophora but these tests require signif-
icant optimization between laboratories and only detect two of the
many species commonly present in cattle parasite communities in
different regions (Roeber et al., 2012; Hoglund et al., 2013).

We have recently developed and validated a new approach,
nemabiome sequencing or metabarcoding, which accurately quan-
tifies the relative proportions of parasitic nematode larvae isolated
from cattle feces (Avramenko et al.,, 2015). It is based on deep
amplicon next generation sequencing of the internal transcribed
spacer 2 (ITS-2) rDNA locus and is equivalent to 16S rDNA
sequencing of bacterial communities used in microbiome studies
(Avramenko et al., 2015). In this paper, we apply nemabiome
metabarcoding to investigate the species composition of parasite
communities, and how those are impacted by macrocyclic lactone
treatments, in calves from 50 Canadian cow-calf beef herds. We
also compare the species composition of parasitic nematode com-
munities in Canadian beef cattle with those from the mid/southern
US, as well as Sao Paulo State, Brazil. This work illustrates how
nemabiome metabarcoding provides a powerful new approach to
obtain an unprecedented amount of quantitative information on
parasite community composition with many applications, not only
in cattle, but in a variety of different host-parasite systems.

2. Materials and methods
2.1. Collection of fecal samples

2.1.1. Canada

Samples were collected from 50 beef herds from across Canada
from June through December of 2012; British Columbia (BC) (1),
Alberta (23), Saskatchewan (7), Manitoba (2), Ontario (16) and
Quebec (1). 20 individual animal fecal samples were collected,
either per rectum or as freshly voided on pasture, from groups of
calves from 50 different herds either at pasture or at feedlot entry.
An additional 20 fecal samples were collected from the same group
(but not necessarily from the same animals) 14 days after anthel-

mintic treatments were applied by the producer using their own
protocols. Fecal samples were collected under an approved Animal
Use Protocol (Animal Care Committee, Study #AC13-0157, Univer-
sity of Calgary, Canada), which is in accordance with the principles
outlined in the Guidelines of the Canadian Council on Animal Care.
Fecal samples were placed in plastic bags, which following exclu-
sion of air were sealed and shipped with cool packs. Fecal egg
counts (FECs) were performed using the Modified Wisconsin Tech-
nique (Ito, 1980). Three grams of feces were used for each FEC with
all eggs being counted providing a detection threshold of 0.33 eggs
per gram of feces (epg). Coprocultures were set up as described in
Roberts and O’Sullivan (1950), however vermiculite was used in
place of sawdust, and incubated at room temperature (~20 °C)
for 21 days. Larvae harvested from each individual fecal sample
were pooled by herd (keeping pre-treatment and post-treatment
samples separate). Larvae were fixed in 70% ethanol and stored
at —80 °C in aliquots of ~1000-2000 larvae where possible. In
the case of post-treatment fecal samples larvae were obtained
from only 42 out of 50 herds assessed and, in some cases, fewer
than 1000 larvae were obtained (range 100-1000).

2.1.2. US

Fecal samples from the US were collected from 38 individual
stocker cattle entering feedlot operations throughout 2014 in Okla-
homa (22), Arkansas (3) and Nebraska (13). Each calf was from a
different stocker cattle delivery from farms across the mid/south-
ern US, and thus likely to be derived from different farms. Fecal
samples were collected per rectum, stored and subsequently cul-
tured for 14 days using the same protocol as for the Canadian fecal
samples. Larvae were fixed in 70% ethanol until needed.

2.1.3. Brazil

Fecal samples were collected from 26 farms, from animals 6-
9 months of age, across Sao Paulo State in Brazil during August
and September, 2015. Three fecal samples from each farm were
collected, set up individually for coproculture and the resulting
L3s pooled together. Coprocultures were set up as previously
described at room temperature (~25 °C). Larvae were collected
and fixed in 70% ethanol until needed.

2.2. Calculation of drug treatment effectiveness

For the Canadian samples, mean egg counts of each group were
compared pre- and post-anthelmintic treatment. Drug treatment
effectiveness was calculated using the eggCounts R Statistical
package, using the web interface with default parameters
(Torgerson et al., 2014). The percentage reduction in egg counts
was calculated separately for both strongyle and Nematodirus egg
counts. This produced a FEC reduction for each farm with 95% con-
fidence intervals (CIs). In order to assess the effectiveness of the
anthelmintic treatments against each nematode species, we parti-
tioned the strongyle FECs into separate species by multiplying the
total egg count by the fraction of each species in the sample as
determined by the nemabiome sequencing data from the L3 cul-
tures. A similar approach has been used by others using species
proportions determined by visual morphological analysis of L3s
from fecal cultures (Waghorn et al., 2006; McMahon et al., 2013).
Drug treatment effectiveness was not assessed for species that
had fewer than 1 epg pre-treatment. Percent effectiveness tests
for each species were calculated by the following formula: (Egg-
sPre — EggsPost)/(EggsPre) * 100. As the species analysis was com-
pleted on pooled data, calculation of S.D. and/or CIs was not
possible on a per farm basis. Statistical differences between effec-
tiveness for each species, across all farms, were determined with a
repeated-measures ANOVA, with a Sidak confidence interval
adjustment.
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2.3. Deep amplicon sequencing of the ITS-2 rDNA region

Bulk DNA lysates were obtained from larval populations, and
the ITS-2 rDNA fragment was PCR amplified and sequenced by
deep amplicon sequencing as previously described and validated
for the nemabiome assay (Avramenko et al., 2015). Sequencing
was completed on the Illumina MiSeq platform with the 2x250
v2 Reagent Kit (Illumina Inc., San Diego, CA, USA). An average read
depth of ~45,000 was obtained for each sample. Samples were
removed if they did not have at least 2000 reads, as this is indica-
tive of poor amplification, which can diminish the accuracy of the
assessment of species proportions (Avramenko et al., 2015). All
samples were prepared and sequenced in duplicate from a single
DNA lysate preparation.

2.4. Bioinformatic analysis

Samples were analyzed using the Mothur bioinformatic tool ver-
sion 1.36.1 (Schloss et al., 2009). Reads from each sample duplicate
were merged to create a single file for analysis. Raw paired-end
reads were assembled to create single contigs. Reads were filtered
and removed if they were <200 bp or >450 bp or if there were ambi-
guities between the overlapping paired-end reads. A database con-
taining available ITS-2 sequences from all relevant nematodes was
created from the public databases and our own reference samples,
and can be found in Supplementary Data S1. Detailed information
regarding analysis protocols can be viewed at www.nemabiome.
ca. Reads were aligned to this ITS-2 database and discarded if they
did not align to at least 10% of any ITS-2 amplicon with at least 90%
sequence similarity. The remaining sequences were classified as
corresponding to reference sequences in the database, using the
k-nearest-neighbor method with k=3. Sequences in which the
three nearest matches did not map to a single species were then
assessed at a higher taxonomic level, until an agreeable classifica-
tion could be made. Read counts were adjusted to account for biases
that might be introduced by species-specific differences in DNA
content, extraction efficiency, ITS-2 amplification and/or copy num-
ber as previously described in Avramenko et al. (2015). Observed
read counts were multiplied using each of the previously validated
correction factors: Nematodirus helvetianus = 0.68871028, C. onco-
phora=1.183576925, Trichostrongylus axei=1.296071418, Tri-
chostrongylus colubriformis = 0.584257283, Cooperia punctata =
2.779407405, O. ostertagi=1.294841767 and Haemonchus pla-
cei =0.919208106 (Avramenko et al., 2015). The percentage species
composition of samples was calculated by dividing the total reads
assigned to each species by the total number of reads per sample
to obtain the relative percentage of each species. All species with
prevalence below 0.05% were removed, as this relates to fewer than
one worm per sample, thus counts this low are likely to be due to
contamination or misidentification of reads as previously described
(Avramenko et al., 2015).

2.5. Statistical analysis

The alpha diversity of each assessed sample was calculated
through the inverse Simpson index (Simpson, 1949). The calcula-
tions were performed in Mothur v.1.36.1 using the built-in inverse
Simpson calculation. All samples were subsampled to 2000 reads
to ensure an equal comparison during diversity estimations. Sam-
ples that did not meet this threshold were removed from analysis.
Each sample was individually assessed, taking into account the
evenness and richness of the species distribution. To assess
whether the inverse Simpson index differed significantly between
populations, a one-way ANOVA, assuming non-equal variances and
using a Games-Howell post-hoc test, was performed using SPSS

Statistics (IBM Corp. Released 2012. IBM SPSS Statistics for Macin-
tosh, Version 21.0. Armonk, NY: IBM Corp).

Beta diversity calculations between different groups and popu-
lations were calculated using the weighted Bray-Curtis dissimilar-
ity index (Bray and Curtis, 1957). Calculations were performed in
Mothur v.1.36.1, using the weighted-UniFrac function (Lozupone
and Knight, 2005). This calculation is used to assess the level of
dissimilarity between the compositions of two groups, and is used
to answer the question whether two communities differ in their
composition. A score of 0 means they are identical, while a score
of 1 indicates they are completely different (i.e. no species are
shared).

Beta diversity estimations between populations on a species
and genus basis were accomplished with the MetaStats plugin in
Mothur v. 1.36.1, using 1000 permutations and default parameters
(White et al., 2009). This method highlights which features (i.e.
species) differ in abundance between two different populations
or groups. This method assesses how two communities differ in
their species composition. The underlying assumption made by
MetaStats is that the data is not normally distributed, and thus
uses a modified non-parametric t-test to assign a P-value of signif-
icance (White et al., 2009). As this can overestimate the signifi-
cance of lowly abundant features, we refrain from claiming
significance if the species are present at less than 2% on average
in one of the comparable groups. P < 0.05 was considered signifi-
cant for all statistical tests implemented.

The bar charts, dot plots and boxplots displayed in figures were
created in R Studio version 0.99.489.

3. Results
3.1. Species composition of GIN communities in Canadian beef cattle

We performed FECs and nemabiome sequencing of L3s cultured
from feces to assess the species composition of GIN communities in
50 beef herds across Canada: British Columbia (1), Alberta (23),
Saskatchewan (7), Manitoba (2), Ontario (16) and Quebec (1)
(Fig. 1A). The mean strongyle FECs ranged from 0.5 to 54 epg with
an overall mean of 12.7 epg. Nematodirus eggs were detected in
33/50 herds ranging from 0.02 to 26.8 epg with an overall mean
of 2.8 epg in positive herds. Trichuris eggs were detected in
10/50 herds, ranging from 0.02 to 0.12 epg, with an overall mean
of 0.045 epg in positive herds.

The two most prevalent species of the parasite community
overall were O. ostertagi and C. oncophora with these two species
making up the majority of parasite communities in all herds
(59.1% and 37.6%, respectively) (Fig. 1A). The next most preva-
lent species was C. punctata, which was detected in some, but
not all, herds and showed a marked regional distribution, only
being present at high levels in some Ontario herds. Haemonchus
spp., Oesophagostomum spp. and Trichostrongylus spp. were also
present on several farms but comprised a low percentage of
the community in all cases and thus did not contribute signifi-
cantly to the observed species diversity (Fig. 1A). The samples
were grouped into prairie provinces (BC, Alberta, Saskatchewan
and Manitoba) and eastern provinces (Ontario and Quebec) to
assess geographical differences in parasite community composi-
tion. The average inverse Simpson diversity index for the prairie
provinces was 1.74, while the average diversity for the eastern
provinces was 2.00, which was significantly different (P = 0.004,
one-way ANOVA). Cooperia spp. were significantly differently
represented in the eastern provinces compared with the prairie
provinces (P<0.001) when assessed with MetaStats (White
et al., 2009).
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Fig. 1. Infection intensities and species composition of gastro-intestinal parasitic nematode communities in calves from Canadian beef cattle herds before and after
anthelmintic treatment. (A) The upper portion of the chart shows the mean fecal egg counts (FEC) of 20 calves (for both strongyle and Nematodirus eggs) from each of 50 beef
cattle herds across Canada (y-axis units are eggs per gram of feces). The lower portion of the chart shows the relative proportion of each parasite species present in each herd
as determined by nemabiome sequencing (represented by the colour indicated in the inset legend). Sequencing was performed on ~1000 L3s extracted from cultures of feces
pooled from the 20 sampled animals from each herd. The province of origin (British Columbia (BC), Saskatchewan (SK), Manitoba (MB), Quebec (Q)) and the respective herd
number is shown on the x-axis. (B) The upper portion of the chart shows the mean FEC from 20 calves 14 days after anthelmintic treatment from 50 the herds shown in A. The
lower portion of the chart shows the proportions of the different parasite species present in each herd as determined by nemabiome sequencing of ~100-1000 L3s extracted
from cultures of feces pooled from the 20 sampled animals from each herd (species represented by the colour indicated in the inset legend). Blank bars indicate the seven
herds from which larvae were not obtained from post-treatment samples, due to high treatment effectiveness. The province of origin and herd number is shown on the x-axis.
The square symbols indicate the four farms that used fenbendazole whereas all other farms used a pour-on macrocyclic lactone drug (further details in Supplementary
Table S1). (C) Proportion of different parasite species present overall pre- and post- macrocyclic lactone treatment when based on the mean of data from A and B, respectively.
The diversity as measured by the inverse Simpson index decreased significantly after treatment (from 1.826 to 1.472: P < 0.001; one-way ANOVA). MetaStats was used to
calculate significant differences in abundance. Cooperia oncophora and Ostertagia ostertagi were significantly differently abundant after treatment (P < 0.001). Cooperia
punctata was not found to be significantly differently abundant after treatment. Significance values were not calculated for fenbendazole treatment samples, as there were too
few observations to draw meaningful conclusions. BZ, fenbendazole.

3.2. Effectiveness of anthelmintic treatments and their impact on GIN
communities

range —100 to +100%) and 98.6% (median 99.4%, range 96.0-99.7%)
for macrocyclic lactone and fenbendazole treatment, respectively
(Figs. 1A, 2). Nematodirus eggs were still detected in feces 14 days

FECs, per gram of feces, were obtained for 20 animals per herd
before and after anthelmintic treatment and the mean percentage
reduction in egg count was determined (results summarized in
Figs. 1 and 2). Drug treatment history by farm can be viewed in
Supplementary Table S1. Strongyle eggs were still detected in the
feces 14 days post-treatment in 45 out 49 herds. However, L3s
were only obtained from 42 out of 49 herds. The mean percentage
reductions in the strongyle egg counts were 69.3% (median 85.1%,

post-treatment in 23 out 49 herds. The mean percentage reduction
in the Nematodirus egg count was 64.8% (median 84.3%, range
—100 to +100%) for macrocyclic lactone treatments (Figs. 1A, 2).
Only one sample had Nematodirus eggs before treatment with fen-
bendazole and this was 100% effective. There were no significant
regional differences between the provinces in the percentage
reduction of either strongyle or Nematodirus egg counts following
anthelmintic treatment (data not shown).
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Fig. 2. Effectiveness of anthelmintic treatments on Canadian beef herds. (A) The percentage reduction in arithmetic mean strongyle egg counts from 20 calves from each of 49
beef herds following anthelmintic treatment calculated using the eggCounts R package (Torgerson et al., 2014). The gray bars indicate the percentage reduction in strongyle
egg counts with 95% confidence intervals, and were calculated with the eggCounts R package (Torgerson et al., 2014). Macrocyclic lactone treatments were used in all herds
except for the last four herds on the chart, which were treated with fenbendazole as indicated (BZ) (further details in Supplementary Table S1). Within each gray bar, the
mean fecal egg count (FEC) before treatment (left bar) and after treatment (right bar) is shown for each herd (strongyle egg counts are shown in black, while Nematodirus egg
counts are shown in pink). Farms with a fecal egg count reduction (FECR) below 0% (indicating an increase in egg counts) are indicated with an *. The gray dashed line
indicates 90% effectiveness. (B) The effectiveness of anthelmintic treatments plotted separately for strongyle eggs, Nematodirus eggs, Ostertagia ostertagi, Cooperia oncophora
and Cooperia punctata. The percentage effectiveness for the individual species was determined using the species proportions as determined by the nemabiome sequence data
as described in Section 2. The herd number and province of origin (Saskatchewan (SK), Manitoba (MB), Quebec (Q)) is indicated on the X-axis. If there were fewer than the
equivalent of 1 epg per species before treatment, the% effectiveness was not plotted for that species. (C) A boxplot of the overall percentage effectiveness of anthelmintic
treatments for each of the major parasite species based on the pooled data from the herds treated with macrocyclic lactones. A repeated measures ANOVA was performed,
with a Sidak confidence interval adjustment, to determine if the percentage effectiveness differed significantly between each species (""P < 0.001). Both C. oncophora and O.
ostertagi are significantly different from the overall strongyle percent effectiveness (P < 0.001), and significantly different from each other (P < 0.001). There were too few
observations of C. punctata to draw statistical significance from the results.
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There were significant changes in the species compositions of
nematode communities following anthelmintic treatment
(Fig. 1B). The average alpha diversity index, as measured by the
inverse Simpson index, significantly decreased from 1.826 before
to 1.474 after macrocyclic lactone treatment (P < 0.001) (Fig. 1C).
The Cooperia genus as a whole (P<0.001) and C. oncophora as a
species (P<0.001) significantly increased in abundance after
macrocyclic lactone treatment. Although the proportion of C. punc-
tata also increased following treatment, this change was not signif-
icantly different. The proportion of O. ostertagi reduced
significantly after treatment (P < 0.001).

The percent reduction for each species was calculated by multi-
plying the total strongyle egg count by the species proportion
determined by nemabiome sequencing and plotted for each farm
arranged by province (Fig. 2B, C). The average percent effectiveness
of macrocyclic lactone treatment for both C. oncophora
(Mean = 41.6%; Median =67.1%) and O. ostertagi (Mean = 84.4%;
Median = 97.7%) differ significantly from each other and the aver-
age overall strongyle (Mean=69.3%; Median=85.1%) percent
effectiveness (P < 0.001) using a repeated measures ANOVA. There
were too few data points for Nematodirus spp. (Mean = 64.8%; Med-
ian = 84.3%) and C. punctata (Mean = 56.0%; Median = 92.3%) for a
repeated measures ANOVA of significance, as all species must be
present in the same sample to make a valid comparison. There
were no significant differences in percentage reductions between
any of the provinces at the species level.

3.3. Comparison of the species composition of GIN communities in beef
cattle from Canada, the mid/southern US and Sao Paulo State, Brazil

We used nemabiome sequencing to determine the species com-
position of GIN communities in beef cattle from three US states as
well as Sao Paulo State in Brazil. We assessed the parasite commu-
nities in calves derived from 38 beef herds from the mid/southern
US (Arkansas, Oklahoma and Nebraska) (Fig. 3A) and from 26 herds
in Sao Paulo State in Brazil (Fig. 3B). Compared with the Canadian
samples, a greater number of species were present in the US and
Brazilian samples (Fig. 3C). Cooperia punctata was the most preva-
lent species in both the US and Brazilian samples, with H. placei
being the next most prevalent in both cases. Overall, the alpha spe-
cies diversity (inverse-Simpson index) was significantly lower
(P<0.001) for Canadian nematode populations (1.830), compared
with the US (2.518) and Brazilian (2.767) populations (Fig. 3D).
Although there was a higher overall species diversity in the Brazil-
ian samples than those from the US, this was not statistically sig-
nificant (Fig. 3D). Beta-diversity was assessed at the population
level (weighted UniFrac). The results are as follows: Canada versus
US = 0.903308; Canada versus Brazil = 0.909951; US versus Bra-
zil = 0.456751. This indicates that Canadian parasite populations
shared little population structure with either the US or Brazilian
populations. We can also observe that while the diversity is similar
between the US and Brazil, the community structure is quite differ-
ent. This indicates that different species are present in differing
proportions between the two regional communities. Beta-
diversity assessments were also used to identify differences in
the abundance of each individual parasite species (Table 1) and
genera (Table 2). Overall, O. ostertagi was significantly less preva-
lent in the US and Brazilian populations compared with Canada.
In addition, H. placei was significantly more prevalent in the United
States and Brazil compared with Canada. Overall, C. oncophora was
significantly more abundant in Canada compared with the US
(P<0.001), and absent from Brazil. However, at the genus level,
there were no significant differences in abundances observed for
Cooperia.

4. Discussion

Deep amplicon next-generation sequencing approaches have
revolutionized the study of complex microbial communities in
humans and animals (Morgan and Huttenhower, 2012; McCann
et al., 2014; Achberger et al., 2016). The use of these approaches
to study the microbiome is revolutionizing biomedical research
and changing our understanding of how microorganisms are
involved in many physiological processes in previously unsus-
pected ways (Zmora et al., 2016). The basic profiling of microbial
species diversity has predominantly been based on deep amplicon
sequencing of the variable regions of the bacterial 16S rDNA locus
(de la Cuesta-Zuluaga and Escobar, 2016). More recently, these
approaches have also been used to study both microbial and inver-
tebrate communities in environmental ecosystems where the term
metabarcoding is commonly used (Taberlet et al., 2012; Yu et al,,
2012; Kartzinel and Pringle, 2015). These approaches have huge
potential as research and diagnostic tools for protozoan and hel-
minth parasites of both humans and animals. PCR amplification
and Sanger sequencing of different regions of the rDNA cistron
have been used for many years in the molecular identification of
helminth species. However, next-generation sequencing
approaches have yet to be widely applied in the profiling of hel-
minth communities. We recently reported the development a deep
amplicon sequencing approach to determine the species composi-
tion of parasitic nematode larvae isolated from cattle fecal samples
(Avramenko et al., 2015). In this case, we used the ITS-2 rDNA locus
as the target locus since it provides the appropriate level of inter-
species versus intra-species sequence variation for the most
important cattle GIN species, most of which belong to the super-
family Trichostrongyloidea. L3s were selected as the stage from
which to make DNA because they are a definitive developmental
end point, which can ensure consistency between samples. Other
sources of DNA template could potentially be used such as eggs
or L1s. However, differential development of these stages could
introduce additional sources of variance between samples. Any dif-
ference in shipping or storage conditions between samples could
lead to differences in the developmental stages present, leading
to differences in DNA content. This could result in biases in the
apparent proportional representation of species based on the
nemabiome sequencing assay. More work is needed to explore
these issues in order to adapt the technique for use with eggs or
L1s.

The nemabiome method provides a large number of advantages
over previous approaches such as conventional PCR, real-time PCR
and multiplex-tandem (MT)-PCR, in the identification of parasite
species present in livestock fecal samples (Roeber et al., 2012,
2017; Hoglund et al., 2013). First, this method requires no prior
assumptions regarding which parasite species may be present in
a sample. Both real-time and MT-PCR rely on species-specific pri-
mers to be designed for each species targeted, which can miss spe-
cies entirely as well as create PCR biases if the primers have
differing reaction efficiencies. In the case of nemabiome sequenc-
ing, a single pair of PCR primers (NC1 and NC2) are anchored in
the 5.8S and 28S rDNA coding regions, flanking the ITS-2 region;
these primer sites are conserved across Clade V of the strongylid
nematode group (Gasser et al., 1993; Avramenko et al., 2015). Con-
sequently, unanticipated or novel species can be detected, and the
same assay can be applied in different climatic and geographical
regions without methodological changes or re-optimization. Sec-
ondly, since the output is ITS-2 rDNA sequence data, the approach
can distinguish between even very closely related strongylid
nematode species, as all the major cattle GIN species have at least
several species-specific single nucleotide polymorphisms (SNPs) at
this locus (eg. C. oncophora versus C. punctata or H. contortus versus
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Fig. 3. Species composition of gastro-intestinal parasitic nematode communities in calves from mid/southern US and Sao Paulo state, Brazil. (A) The proportions of the
different parasite species determined by nemabiome sequencing of ~1000 L3s extracted from cultured feces collected from 38 individual calves entering feedlot operations
from pasture at different locations in the mid/southern US (Oklahoma (OK), Arkansas (AR) and Nebraska (NE)). Each sample was assessed twice with the sequencing assay,
(from the same worm lysate) and the mean is displayed. (B) The proportions of the different parasite species determined by nemabiome sequencing of ~1000 L3s extracted
from cultured feces collected from 26 herds throughout Sao Paulo State in Brazil. For each herd, fecal samples from three calves were pooled together for fecal cultures. The
pooled samples were assessed twice with the sequencing assay, (from the same worm lysate) and the mean is displayed. (C) Comparison of parasite species proportions in the
pooled data from all samples from Canada, US and Brazil (excluding the post-treatment samples from Canada). (D) Comparison of alpha diversity of the gastrointestinal
parasitic nematode communities from Canada, US and Brazil (""P < 0.001). The mean inverse Simpson index for all herds from each country was calculated and the result is
displayed. Error bars correspond to two-times the SE for each sample. The mean diversity index is as follows: Canada (Mean = 1.830, SD = 0.308, SE = 0.044), United States
(Mean = 2.518, SD = 0.979, SE = 0.159), Brazil (Mean = 2.767, SD = 0.832, SE = 0.163). A one-way ANOVA was calculated assuming non-equal variances, and using a Games-
Howell post-hoc test (Canada-US: P<0.001, Canada-Brazil: P<0.001, US-Brazil: P=0.522). We can observe that the diversity of Canadian nematode population is
significantly lower when compared with either the US or Brazil. The average nematode population diversity is lower in the US than Brazil; however, this result is not
statistically significant at the sample size used.
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Table 1
Comparing beta-diversity (MetaStats) significance for individual parasite species in samples from Canada, US and Brazil.
Species Mean (%) = SE Mean (%) + SE Mean (%) + SE P Value (Canada- P Value (Canada- P Value (US-
(Canada) (us) (Brazil) us) Brazil) Brazil)
Bunostomum phlebotomum 0.00 + 0.00 0.00 + 0.00 1.07 £0.95 1.000 0.001 0.007
Oesophagostomum radiatum  0.05 + 0.02 3.68 £0.95 8.08 +1.72 0.001 0.001 0.011
Oesophagostomum 0.03 £ 0.02 0.00 £ 0.00 0.00 + 0.00 <0.001 <0.001 1.000
venulosum
Cooperia curticei 0.00 £ 0.00 0.00 £ 0.00 0.15+0.15 1.000 0.001 0.001
Cooperia oncophora 37.64 +2.50 9.46 +4.08 0.00 £ 0.00 0.001 0.001 0.001
Cooperia pectinata 0.00 £ 0.00 0.15+0.10 4.70 + 1.60 0.003 0.001 0.001
Cooperia punctata 3.05+1.05 55.26 +4.56 55.52+5.04 0.001 0.001 0.562
Cooperia spatulata 0.00 + 0.00 1.55+0.75 1.92+0.40 0.001 0.001 0.752
Haemonchus contortus 0.02 +0.01 0.51+0.35 1.25+£0.75 0.034 0.159 0.382
Haemonchus placei 0.05 +0.04 21.33+4.10 20.17 £3.95 0.001 0.001 0.943
Haemonchus similis 0.00 + 0.00 0.00 + 0.00 3.43+2.10 1.000 0.001 0.001
Orloffia bisonis 0.01£0.01 0.00 + 0.00 0.00 £ 0.00 0.009 0.054 1.000
Ostertagia ostertagi 59.12 +2.68 7.65+1.36 0.00 + 0.00 0.001 0.001 0.001
Trichostrongylus axei 0.00 £ 0.00 0.39+0.18 3.69+2.34 0.038 0.001 0.095
Trichostrongylus 0.00 + 0.00 0.00 + 0.00 0.02 £ 0.02 0.000 0.880 0.519

colubriformis

H. placei). As other platforms utilize species-specific primers, it can
be difficult or impossible to differentiate between closely related
species, and those can thus only provide identification to the genus
level (Roeber et al., 2012, 2017; Hoglund et al., 2013). Third, the
method has been validated and optimized using mock parasite
communities for each of the most important major cattle strongyle
GIN species and provides accurate quantitation of relative species

proportions (Avramenko et al., 2015). Fourth, the method is highly
sensitive and can detect minor species in samples; the current pro-
tocol and analysis pipeline can detect species present at as little as
0.1% of the population in a sample but in principal this could be
modified to further improve sensitivity if required. This is poten-
tially more sensitive than traditional morphological identification,
as 1000 larvae would need to be visually identified. Fifth, the
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Comparing beta-diversity (MetaStats) significance for the different parasite genera in samples from Canada, US and Brazil.

Genus Mean (%) + SE (Canada) Mean (%) +SE (US) Mean (%) + SE (Brazil) P Value (Canada-US) P Value (Canada-Brazil) P Value (US-Brazil)
Cooperia 40.69 +2.70 66.43 +4.36 62.3+5.50 0.672 0.117 0.285
Ostertagia 59.12+2.68 7.65+1.36 0.00 £ 0.00 0.001 0.001 0.001
Haemonchus 0.07 £0.04 21.8+4.10 24.85+4.70 0.001 0.001 0.442
Oesophagostomum ~ 0.07 + 0.04 3.68+0.95 8.08+1.72 0.001 0.001 0.030
Trichostrongylus 0.04 +0.02 0.40+0.18 3.72+2.34 0.559 0.163 0.087
Bunostomum 0.00 £ 0.00 0.00 + 0.00 1.07 £ 0.95 1.000 0.001 0.012
Orloffia 0.01 +0.01 0.00 £ 0.00 0.00 £ 0.00 0.009 0.054 1.000

method is also scalable. For the data presented in this paper up to
384 amplicons were pooled on a single [llumina MiSeq run (www.

nemabiome.ca). This allows for a large number of samples to be
tested in a cost effective manner. Sixth, it generates sequence data
that can be further analyzed to confirm species identity, investi-
gate potential cryptic species or undertake population genetic
and molecular epidemiology studies. Although the ITS-2 rDNA
locus does not generally contain sufficient intra-species variation
to be used in population genetic studies other, more variable, loci
could be targeted using the nemabiome deep-amplicon sequencing
approach. For example, cox1, or other mitochondrial genes, could
be used to investigate geographical sub-structuring or patterns of
transmission of parasites. Genes encoding drug targets could be
used for molecular epidemiological investigations of anthelmintic
resistance. Markers such as these have been previously used with
conventional Sanger DNA sequencing (Blouin et al., 1995;
Chaudhry et al., 2015; Redman et al., 2015), but deep amplicon
sequencing will potentially allow much larger scale studies to be
performed with much reduced labor and cost.

The application of nemabiome sequencing to investigate the
GIN parasite community structure in beef cattle presented here
illustrates many of the above attributes and power of the approach.
There is a paucity of contemporary information on GIN parasite
prevalence in Canadian beef cattle with only two recent surveys
from Alberta and Saskatchewan and a number of older studies
from over 30 years ago (Polley and Bickis, 1987; Kennedy et al.,
1989; Kennedy, 1990; Beck et al., 2015; Jelinski et al., 2016). This
data is largely confined to FECs, and thus provides little informa-
tion on the prevalence or infection intensities of individual parasite
species. This has led producers and veterinarians to rely on infor-
mation that is either anecdotal, often from commercial drug trials,
or extrapolated from studies in the US or elsewhere. In this study,
we sampled 20 beef calves leaving pasture and entering feedlots
from each of 50 Canadian beef herds in 2012 and applied nema-
biome ITS-2 rDNA sequencing to ~1000 larvae pooled from each
herd. Although the data presented in Fig. 1A was generated from
a single MiSeq run, it provides the most comprehensive view of
the GIN species composition in Canadian beef cattle yet produced.
In almost all herds, the two most predominant species by far were
0. ostertagi and C. oncophora. This in itself is not surprising as they
are known to be well adapted to more temperate climates (Smith
and Grenfell, 1985; Li and Gasbarre, 2009). However, there are a
number of interesting features to the data. The GIN parasite species
diversity in Canadian beef cattle is strikingly low, with the parasite
communities in many herds being comprised almost exclusively of
these two predominant species, O. ostertagi and C. oncophora. The
prevalence of Trichostrongylus spp. was extremely low, with the
highest percentage composition in a single herd of all Tri-
chostrongylus spp. combined at just 0.75% and this is consistent
with a recent survey of US beef cattle (Stromberg et al., 2015).
The presence of C. punctata as a major component of the parasite
community in several herds in Ontario was unexpected as it is gen-
erally considered better adapted to warmer climates. This is a
highly pathogenic parasite associated with significant production
loss, so its emergence in eastern Canada is a major concern

(Stromberg et al., 2012). This parasite species is also associated
with macrocyclic lactone resistance and it is possible that its emer-
gence could be a consequence of selection by long-term macro-
cyclic lactone use.

Ostertagia ostertagi was the most prevalent parasite species
overall, comprising 59.1% of the parasite community across the
50 Canadian cow-calf herds compared with 37.6% for C. oncophora.
This differs from the results reported in the most recent GIN preva-
lence survey in US cow-calf beef cattle herds by the NAHMS Survey
of United States for 2007-2008 (Stromberg et al., 2015). In that
study, Cooperia spp. were the most prevalent overall, based on a
genus-specific PCR assay for larvae harvested from fecal cultures,
with a prevalence of a 91% for Cooperia compared with 79% for
Ostertagia (Stromberg et al., 2015). This US result fits with the sug-
gestion that Cooperia spp. have displaced O. ostertagi as the most
predominant species in US cattle as a result of the selection applied
by several decades of macrocyclic lactone use (Stromberg et al.,
2012). There are two possible reasons for the difference in the US
survey and the results from the Canadian study presented here.
It is possible that O. ostertagi is more predominant in Canada due
to it being better adapted to cooler climates (Pandey, 1972). Alter-
natively, the difference may reflect the two different methodolo-
gies used. In the NAHMS survey, a simple genus-specific PCR
assay was used to determine the presence of each parasite genus
in each herd and did not provide any information on the relative
proportions of the different species in each individual herd. In con-
trast the nemabiome approach used here determines the relative
proportions of each species in each herd and so provides much
more comprehensive information on parasite community compo-
sition. Whatever the situation in the US, the finding of a predomi-
nance of O. ostertagi in Canadian cow-calf beef herds is of concern
as this is the most pathogenic of the cattle GIN species (Smith and
Grenfell, 1985). It is also the least fecund and so makes monitoring
of parasite burdens and the assessment of production loss using
FEC data even more challenging for Canadian beef cattle than for
regions where more fecund parasite species predominate.

The nemabiome results also revealed that the GIN species diver-
sity in US beef calves entering feedlots from Arkansas, Nebraska
and Oklahoma was much higher than that found in Canada. These
mid/southern US parasite communities were dominated by C
punctata in most herds with H. placei also being a major component
in some cases. It is striking how little of the parasite communities
in these regions are comprised of O. ostertagi and C. oncophora, and
this also illustrates the value of the information provided by nema-
biome sequencing. A simple genus-specific PCR assay would be
expected to detect these two parasites in most of these herds
and this could lead to an overestimate of their importance in these
regions. Moving further south, it is noteworthy that O. ostertagi and
C. oncophora were almost completely absent from the samples col-
lected from beef calves from the Sao Paulo State, Brazil. The strik-
ing geographical differences in GIN parasite species community
structure between Canada, central/southern US and Sao Paulo
State, Brazil, serves to emphasize that it is inappropriate to extrap-
olate information between geographical regions. For example, a
FEC of 40 epg in a Canadian beef herd, where O. ostertagi predom-
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inates, is likely to reflect a different production impact compared
with a similar FEC in beef herds in regions where more fecund
and less pathogenic Cooperia spp. predominate.

We also examined the effectiveness of macrocyclic lactone
pour-on treatments applied to calves on feedlot entry, and used
nemabiome sequencing to assess the impact of these treatments
on GIN parasite communities in 45 of the Canadian cow-calf beef
herds. The effectiveness of the anthelmintic treatments was less
than 95% in most cases (69.3% overall) based on a comparison
between pre-treatment and 2 week post-treatment FECs. It should
be emphasized that this survey was an assessment of the effective-
ness of anthelmintic treatments applied by producers, and thus
poor treatment effectiveness may be due to improper drug applica-
tion as well as anthelmintic resistance. Nevertheless, these results
are very similar to those reported from similar studies conducted
in other regions such as the US, Europe and New Zealand where
anthelmintic resistance has been confirmed by subsequent
detailed FEC reduction tests (Waghorn et al., 2006; Gasbarre
et al.,, 2009; McMahon et al., 2013; Geurden et al., 2015).

The nemabiome sequencing data revealed that there was a sig-
nificant increase in Cooperia spp. and a significant decrease in O.
ostertagi following macrocyclic lactone treatments. When the
nemabiome sequencing data was used to apportion the overall
FECs to each individual species, there was a significantly lower
reduction in FEC for C. oncophora (Mean = 41.6%, Median = 67.1%)
compared with O. ostertagi (Mean = 84.4%, Median = 97.7%). This
indicates that the observed lack of effectiveness of macrocyclic lac-
tone treatments was predominantly due to C. oncophora rather
than survival of O. ostertagi. This is consistent with previous studies
from other regions since C. oncophora is known to be the dose lim-
iting species for macrocyclic lactones and is the species for which
macrocyclic lactone resistance has been most commonly reported
to date (Gasbarre et al., 2009; Geurden et al., 2015). However, a
particular concern is the increasing number of confirmed reports
of macrocyclic lactone resistance in O. ostertagi, the most patho-
genic of the cattle GIN parasite species (Edmonds et al., 2010;
Waghorn et al., 2006). This would be a major problem for the beef
cattle industry if it were to become widespread. Consequently,
monitoring for the emergence of macrocyclic lactone- and
benzimidazole-resistant O. ostertagi should be an important prior-
ity over the next few years. However, as can be seen from the data
in Fig. 2, such monitoring is extremely challenging if surveillance is
limited to FEC reduction data and lacking information on individ-
ual parasite species. The results presented here illustrate the
potential role for nemabiome sequencing in monitoring the emer-
gence of resistance in specific parasite species. There were several
herds in this study where the nemabiome sequencing data
revealed that the percentage reduction in O. ostertagi fecal counts
was similar to or less than that of C. oncophora in the same herd
(herds 11, 30 and 47 in Fig. 2B). Such herds may warrant further
investigation for the presence of macrocyclic lactone-resistant O.
ostertagi.
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