International Journal for Parasitology: Drugs and Drug Resistance 14 (2020) 105-117

Contents lists available at ScienceDirect

International Journal for Parasitology:
Drugs and Drug Resistance

ELSEVIER

journal homepage: www.elsevier.com/locate/ijpddr

Check for

The use of ITS-2 rDNA nemabiome metabarcoding to enhance anthelmintic &
resistance diagnosis and surveillance of ovine gastrointestinal nematodes

Camila Queiroz?, Michel Levy ", Russell Avramenko ?, Elizabeth Redman “, Kelsey Kearns®,
Lana Swain“, Haley Silas”, Fabienne Uehlinger ©, John S. Gilleard ™

& Department of Comparative Medicine and Experimental Biology, Host-Parasite Interactions Program, Faculty of Veterinary Medicine, University of Calgary, Calgary,
Alberta, 3330, Canada Hospital Dr T2N4N1, Canada

Y Department of Production Animal Health, Faculty of Veterinary Medicine, University of Calgary, Calgary, Alberta, 3330, Canada Hospital Dr T2N4N1, Canada

¢ Department of Large Animal Clinical Sciences, University of Saskatchewan 52 Campus Dr S7N5B4

ARTICLE INFO ABSTRACT (300 WORDS)

Keywords:

Amplicon sequencing
Molecular diagnostics
anthelmintic resistance

A lack of quantitative information on the species composition of parasite communities present in fecal samples is
a major limiting factor for the sensitivity, accuracy and interpretation of the diagnostic tests commonly used to
assess anthelmintic efficacy and resistance. In this paper, we investigate the ability of ITS-2 rDNA nemabiome
metabarcoding to enhance fecal egg count reduction testing by providing information on the effect of drug

FECRT T . . s . .
Haemonchus treatments on individual parasite species. Application of ITS-2 rDNA nemabiome metabarcoding to fecal samples
Benzimidazoles from ewes from over 90 flocks across western Canada revealed high gastrointestinal nematode infection in-

tensities in many flocks with Haemonchus contortus being the most abundant species followed by Teladorsagia
circumcincta and then Trichostrongylus colubriformis. Integration of ITS-2 rDNA nemabiome metabarcoding with
pre- and post-treatment fecal egg counting revealed consistently poor efficacy of producer-applied ivermectin
and benzimidazole treatments against H. contortus, but much better efficacy against T. circumcincta and
T. colubriformis, except for in a small number of flocks. Integration of nemabiome ITS-2 rDNA metabarcoding
with Fecal Egg Count Reduction Tests (FECRT), undertaken on farm visits, confirmed that ivermectin and fen-
bendazole resistance is widespread in H. contortus but is currently less common in T. circumcincta and
T. colubriformis in western Canada. FECRT/nemabiome testing did not detect moxidectin resistance in any GIN
species but suggested the early emergence of levamisole resistance specifically in T. circumcincta. It also revealed
that although poor efficacy to closantel was relatively common, based on total fecal egg counts, this was due to
its narrow spectrum of activity rather than the emergence of anthelmintic resistance. This study illustrates the
value of ITS-2 rDNA nemabiome metabarcoding to improve fecal egg count resistance testing, perform large-
scale anthelmintic resistance surveillance and direct more targeted rational anthelmintic use.

1. Introduction

Fifty years have passed since the earliest reports of anthelmintic
resistance in sheep (Drudge et al., 1964; Smeal et al., 1968) and the
problem now has grown and spread to all continents, occurring in
multiple nematode species and against multiple classes of drugs
(Chandrawathani et al., 2003; Cernanska et al., 2006; Domke et al.,
2012; Papadopoulos et al., 2012; Falzon et al., 2013; Chandra et al.,
2014; Geurden et al., 2014; Lyndal-Murphy et al., 2014; Rose et al.,
2015; Learmount et al., 2016a; Garcia et al., 2016; Salgado and Santos,
2016; Ploeger and Everts, 2018). However, the methods used to
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diagnose anthelmintic resistance have changed very little and predom-
inantly rely on determining the reduction of fecal egg counts following
anthelmintic treatment. One major limitation of these approaches is that
coinfection commonly occurs with multiple nematode species which
have strongyle-type eggs that can only be distinguished to the genus
level by microscopy and with specialist expertise. Consequently, a
simple percentage strongyle egg count reduction has limited sensitivity
and accuracy for detection of anthelmintic resistance when the parasite
populations consists of a mixture of resistant and susceptible species.
The methods available to identify nematode species include cop-
roculture combined with L3 morphology and morphometry,
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conventional PCR, real-time PCR, droplet digital PCR (Elmahalawy
et al., 2018) and pyrosequencing (Alvarez-Sanchez et al., 2005; Roeber
et al., 2011, 2017; Milhes et al., 2017). Each of these approaches have
different limitations. Larval coproculture and morphological identifi-
cation of L3 larvae takes 7-14 days, requires specialist expertise and is
subject to inaccuracy due to species-specific culture biases. It is often not
performed for routine clinical diagnosis and is very time consuming
when applied to large-scale research and surveillance studies (Coles
et al., 1992, 2006; Lichtenfels and Pilitt, 2000; McMurtry et al., 2000;
Van Wyk et al., 2004; Amarante, 2011; Barrere et al., 2013; Ljungstrom
et al., 2018). Real-time PCR-based and ddPCR approaches are more
accurate but require careful optimisation and validation between labo-
ratories for accurate quantitation. Further, assays need to be individu-
ally validated for each species and only those species anticipated to be
present will be identified (Roeber et al., 2011, 2017).

Nemabiome metabarcoding is a recently developed “microbiome-
style” approach which involves short-read next generation sequencing
of the internal transcribed spacer (ITS-2) rDNA amplicons for nematode
species identification and relative quantitation (Avramenko et al.,
2015). It was initially developed for the relative quantitation of cattle
gastrointestinal nematode (GIN) species from larval L3 coproculture, but
has more recently been validated for use on eggs and L1 larvae isolated
from sheep fecal samples (Redman et al., 2019). It has also been applied
to bison (Avramenko et al., 2018), horses (Mitchell et al., 2019) and
wildlife fecal samples (Barone et al., 2020). It has several advantages
including sensitivity, specificity, versatility, scalability and high
cost-efficacy for large sample sets (Avramenko et al., 2015; Redman
etal., 2019). ITS-2 rDNA nemabiome metabarcoding allows hundreds of
samples to be pooled and sequenced in a single sequencing run, most
commonly the Illumina MiSeq (Illumina Inc., San Diego, CA, USA),
reducing the individual sample cost. Another advantage is the high ac-
curacy, generating thousands to millions reads from hundreds or thou-
sands of eggs or larvae per sample that are compared against a reference
database for species identification, without the need of species-specific
primers. It can also identify a single larva in a pool of thousands,
which is an advantage for surveillance and identification of rare species,
that would probably be missed in conventional methods such as
morphology.

In this paper, we investigate the integration of ITS-2 rDNA meta-
barcoding with fecal egg count reduction testing to provide specific in-
formation on parasite surveillance, anthelmintic efficacy and
anthelmintic resistance for individual GIN species. We demonstrate the
value of this approach using a large-scale study of anthelmintic efficacy
and resistance on sheep flocks across western Canada, a region where
essentially no such information has been previously reported.

2. Materials and methods

2.1. Survey of the effectiveness of producer-applied anthelmintic
treatments

2.1.1. Sample collection

To evaluate the effectiveness of anthelmintic treatments undertaken
by producers in western Canada, annual surveys were carried out be-
tween June and September from 2014 to 2018 in which 7 producers
from British Columbia (BC), 55 from Alberta (AB), 18 from Saskatch-
ewan (SK) and 12 from Manitoba (MB) participated. Recruitment of
producers was predominantly from respondents to advertisements pos-
ted in producer newsletters asking for participants with flocks of at least
20 ewes.

Producers were requested to wait at least eight weeks from the last
anthelmintic treatment in order to participate. Treatment and sampling
was undertaken by producers, supplied with a sampling kit, question-
naire, gloves, plastic bags for collection of individual fecal samples and
an instruction sheet. Producers were asked to collect fecal samples from
20 ewes, either per rectum or freshly voided on pasture, followed by
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treatment with their current drug of choice and collection of a second set
of fecal samples from the same ewes two weeks later.

The samples were sealed in plastic bags, firmly pressed to remove air
and prevent egg hatching and sent within 24 h of collection by prepaid
courier to the laboratory. Producers were asked not to refrigerate or
freeze the samples before shipping. At the laboratory, fecal samples were
stored at room temperature and processed within 24 h of arrival. For
farms that participated more than once between 2014 and 2018, only
the results from the most recent year of participation are included here.
Producers who did not send a post-treatment sample, did not followed
the two weeks interval or whose samples were damaged or not sealed
were not included in the treatment effectiveness study.

2.1.2. Calculation of fecal egg count reduction (FECR)

In the laboratory, individual samples were thoroughly mixed and
pooled by equal weight, adding the maximum amount possible based on
the smallest sample, with a minimum of 6 g. To determine the number of
strongyle-type eggs per gram (EPG) of feces before and after drug
treatment, we calculated the mean of four independent fecal egg counts
performed on 2 g of each pooled sample, using a modified McMaster
method with a sensitivity of 16.66 EP G (Paracount-EPG™, Chalex,
LCC). Anthelmintic treatment effectiveness was assessed by comparing

the mean EPG of the pool of 20 ewes in the pre- and post-treatment,

postEPGmean) A

using the following formula: Efficacy = 100%*(1 — SreEPGmean

treatment efficacy of below 95% was considered suboptimal.

2.2. Fecal egg count reduction test (FECRT)

2.2.1. Sample collection

Eleven farms in Alberta and three farms in Saskatchewan were
visited twice at an interval of two weeks, between June to September
from 2014 to 2018, to collect samples to perform Fecal Egg Count
Reduction Tests. The criteria for inclusion of farms in this part of the
study were for them to be located within a 3-h drive from University of
Calgary or University of Saskatchewan, to have at least 80 ewes, to have
history of high GIN infection intensities (based on an average fecal egg
count higher than 400 eggs per gram on samples from 20 randomly
selected ewes, sent two to three weeks before the first visit) and, in some
cases, producer concern about parasite control problems. At the first
visit, adult ewes were randomly assigned into treatment groups, with
20-25 animals each. The ewes were identified by their radio frequency
identification (RFID) or ear tag number and weighed. Fecal samples
were collected per rectum and anthelmintics were given orally according
to the manufacturer’s recommendations. Fecal samples were collected
in accordance with an approved Animal Use Protocol (Animal Care
Committee, Study #AC13-0157, University of Calgary), which is in
accordance with the principles outlined in the current Guidelines of the
Canadian Council on Animal Care. The anthelmintics tested included
ivermectin, fenbendazole, closantel, levamisole and moxidectin (see
Supplementary Table 1 for detailed information of drug classes, com-
mercial brands, dosage and activity of anthelmintics used in this study).
At the second visit, fecal samples were collected from the same ewes.

2.2.2. FECR calculation

Strongyle-type eggs in each individual sample were counted using
the Modified McMaster technique described above. Reduction in num-
ber of eggs was assessed by comparing fecal egg counts from the same
group of animals before and after treatment, FECR was calculated using
the same equation described on 2.1.2 and the confidence interval as
described by Levecke et al. (2018), equation 1. All ewes with positive
fecal egg counts pre-treatment were included in the calculation. We
aimed to count in the pre-treatment samples a minimum of 400 eggs
under the microscope per treatment group, adding an extra slide
chamber and changing the multiplication factor as necessary, to increase
the power of the study (Levecke et al., 2018). A pooled sample with 2 g
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of each individual sample was prepared for nematode species identifi-
cation later.

2.3. First stage larvae isolation

First stage larvae were obtained from pre- and post-treatment sam-
ples for DNA lysate preparation, using a protocol adapted from Mes et al.
(2007). A 24 g aliquot of each of the pooled samples was thoroughly
mixed with 100 mL of 13% sodium chloride solution (1.06 specific
gravity) and washed through a coarse kitchen sieve, allowing eggs to
pass whilst retaining large particulate matter. The egg-containing
filtrate was equally distributed into four 50 mL Falcon tubes and
centrifuged at 3600 G for 5 min at room temperature to float the eggs.
The supernatant was transferred to new 50 mL Falcon tubes and equal
volume of distilled water was added, following centrifugation at the
same conditions. Using vacuum pump aspiration, the supernatant was
carefully removed and 5 mL of 13% sodium chloride solution was added
to resuspend the eggs in the pellet before another 5 min centrifugation at
3600 G. The supernatant from the four tubes was then combined into a
new 50 mL Falcon tube, an equal amount of distilled water added, and
the tube centrifuged again at 3600 G for 5 min and the supernatant
removed by vacuum aspiration. The pellet was resuspended with 25 mL
of distilled water and washed through a pre-wetted 20 um sieve to retain
the eggs and remove remaining salt solution. The eggs retained in the
sieve were washed into a Petri dish and incubated with tap water at 22
°C for 24-48 h to hatch the eggs. After incubation, L1 suspension was
refrigerated at 4 °C for 3 h and then centrifuged at 4500 G at 4 °C for 10
min. Supernatant was removed with vacuum aspiration, and harvested
L1 were fixed in 70% ethanol and stored at 4 °C until use. The egg hatch
rate was determined by counting unhatched eggs and L1 in three 500 pL
aliquots of suspension (mean 88%, range 48%-100%, median 91%,
Supplementary Table 2).

2.4. Genomic DNA extraction and ITS-2 rDNA nemabiome amplicon
sequencing

2.4.1. Lysate preparations for DNA extraction

Approximately 500 larvae harvested from each pooled fecal sample
were used to prepare DNA lysates earlier in the study (2014-2016).
However, after demonstration of the reliability of ITS-2 rDNA nem-
abiome metabarcoding for lower numbers of larvae (Redman et al.,
2019), subsequent DNA lysates were prepared with 200 larvae,
following method described by Avramenko et al. (2015). Supplementary
Table 3 documents the number of larvae included in each lysate. In those
samples with less than a total of 200 larvae, for example in
post-treatment samples with low FECs due to high drug efficacies, DNA
lysates were prepared from all larvae harvested from the sample.
Ethanol fixed L1 larvae were washed three times by centrifugation at 13,
000 G with made-in-house lysis buffer (50 mM KCl, 10 mM Tris pH 8.3,
2.5 mM MgCly, 0.45% Nonidet p-40, 0.45% Tween-20, 0.01% gelatin) to
remove excess ethanol. The pellet was resuspended in 50 pL lysis buffer,
placed in —80 °C for 1 h and then lysed by adding 6 pL of 20 mg/mL
proteinase K (Thermo Scientific) and heating at 55 °C for 120 min;
followed by 95 °C for 20 min to inactivate proteinase K. A 1:10 dilution
of the resulting lysate was made with molecular grade water to use as
PCR template and the remaining original lysate was stored at —80 °C.

2.4.2. PCR amplification and nemabiome metabarcoding of the ITS-2
rDNA locus

Deep amplicon sequencing was performed on ITS-2 rDNA amplicons
generated from L1 larvae populations harvested from pooled fecal
samples. The 311-331 bp ITS-2 rDNA locus was PCR amplified using
modified primers NC1 and NC2, complementary to 5.8 S and 28 S coding
regions, as previously described (Gasser et al., 2008; Avramenko et al.,
2015; Redman et al, 2019). A total of four forward (NC1_Adp,
NC1_AdplN, NC1_Adp2N, NC1_Adp3N) and four reverse (NC2_Adp,
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NC2_AdplN, NC2_Adp2N, NC2_Adp3N) primers were used, where Adp
is the Illumina Adapter sequencing tag, added to allow further annealing
of sequencing primers, and N is the number of random nucleotides
added between the primer sequence and the adapter to introduce di-
versity of amplicons to prevent fluorescence signal saturation during
[lumina sequencing (Avramenko et al., 2015). The PCR reaction con-
ditions were 5 pL 5X KAPA HiFi Buffer, 0.75 pL NC1 primer mix (10
mM), 0.75 pL NC2 primer mix (10 mM), 0.75 pL dNTPs (10 mM), 0.5 pL
KAPA HiFi HotStart Polymerase (0.5 U, KAPA Biosystems, USA), 13.25
pL ddH20 and 4 pL 1:10 diluted lysate. Thermocycling parameters were
95 °C for 2 min, followed by 25 cycles of 98 °C for 20 s, 62 °C for 15, 72
°C for 15 s and a final extension of 72 °C for 2 min.

PCR products were purified with AMPure XP Magnetic Beads
(Beckman Coulter, Inc) before Illumina barcoding indices and P5/P7
tags were added with a limited-cycle PCR amplification. In this step, 8
forward and 12 reverse barcoded primers were used to make 96 unique
barcode combinations. Primer sequences were obtained from the Illu-
mina Customer Sequencing Letter (September 7, 2012, Oligonucleotide
sequences 2007-2012 Illumina, Inc. All rights reserved) as described by
Avramenko et al. (2015). PCR reaction conditions were 5 pL. 5X KAPA
HiFi HotStart Fidelity Buffer (KAPA Biosystems, USA), 1.25 pL Forward
Primer (S502-S522) (10 pM), 1.25 pL Reverse Primer (N701-N729) (10
uM), 0.75 pL dNTPs (10 mM), 0.5 pL KAPA HiFi HotStart Polymerase
(0.5 U), 13.25 pL molecular grade dH»0, and 3 pL of first round purified
PCR product as template. Thermocycling parameters were 98 °C for 45 s,
followed by nine cycles of 98 °C for 20 s, 63 °C for 20 s, 72 °C for 2 min.
Amplicons were purified with AMPure XP magnetic (Beckman Coulter,
Inc). The concentration of each purified amplicon was determined using
a NanoVue plus Spectrophotometer (GE) and 50 ng aliquots pooled to
create a library. The final concentration of the pooled library was
assessed with the KAPA qPCR Library Quantification Kit (KAPA Bio-
systems, USA), following the manufacturer’s protocol. The library was
then diluted to 4 nM and run on an Illumina Desktop Sequencer using a
500-cycle paired-end reagent kit (MiSeq Reagent Kit, v2, MS-103-2003,
[lumina Inc., San Diego, CA, USA) at a final concentration of 15 pM,
with the addition of 25% PhiX control v3 (Illumina, FC-110-3001).

2.5. Bioinformatic and statistical analysis

Samples were automatically de-multiplexed with the MiSeq software
on the basis of their index combinations. Sequence data was analyzed
using a previously described bioinformatic pipeline (Avramenko et al.,
2017; Redman et al., 2019) based on Mothur software version 1.36.1
(Schloss et al., 2009). Briefly, forward and reverse sequences were
aligned to make contigs which were filtered to remove reads shorter
than 200 bp and longer than 450 bp. The remaining sequences were
compared to a bespoke trichostrongylid nematode ITS-2 rDNA database
(Avramenko et al., 2017) and filtered for a minimum similarity of 90%.
Sequences were then taxonomically classified, using the k-nearest
neighbor method with k = 3. Further details and protocols of the anal-
ysis can be found on https://www.nemabiome.ca/mothur workflow.
html.

Samples with total number of reads of less than 1000 were removed
from the study. Classified read counts were corrected for species-specific
representation biases using correction factors previously described and
validated for sheep gastrointestinal nematodes (Redman et al., 2019).
The relative abundance of each species was calculated based on the total
number of sequence reads from each sample.

Statistical analyses were performed on GraphPad Prism version 8.1.0
for macOS, GraphPad Software, San Diego, California USA, www.gra
phpad.com (refer to figures for details on tests performed). Alpha di-
versity of each sample for the survey of species abundance was calcu-
lated using the inverse Simpson index, performed in Mothur v.1.36.1.
All samples were subsampled to 1000 reads to ensure equal comparison.
Samples that did not meet this threshold were removed from this anal-
ysis. To compare the inverse Simpson index between provinces, we
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performed a One-way ANOVA on SPSS (IBM Corp. Released 2012. IBM
SPSS Statistics for Macintosh, version 26.0. Armonk, NY:IBM Corp),
assuming non-equal variances and using Games-Howell post-hoc com-
parison test. Beta diversity between surveyed populations was estimated
using MetaStats plugin in Mothur v.1.36.1, with default parameters
(White et al., 2009). P < 0.05 was considered significant in all tests
performed. The bar charts and scatter plots were created in GraphPad
Software. The map displayed in Fig. 1 was created using package rgdal
(Bivand et al., 2019) in R studio version 1.2.1335.

3. Results

3.1. ITS-2 rDNA nemabiome metabarcoding reveals high gastrointestinal
nematode infection intensities and a predominance of H. contortus in
western Canadian sheep flocks

A total of eleven operational taxonomic units (OTUs) were identified
on the dataset: Chabertia ovina, Oesophagostomum venulosum, Cooperia
oncophora, Haemonchus contortus, Haemonchus placei, Ostertagia ostertagi,
Teladorsagia circumcincta, Trichostrongylus axei, Trichostrongylus colu-
briformis, Trichostrongylus vitrinus and Trichostrongylus sp (unclassified).
We first investigated the infection intensities of different species of
gastrointestinal strongylid nematodes in ewes for 92 sheep flocks across
western Canada using a combination of fecal egg counting and ITS-2
rDNA nemabiome metabarcoding. The strongyle fecal egg count
ranged from 17 epg to 3915 epg (mean 785, median 446, standard de-
viation 864). Eggs from Nematodirus sp, Trichuris sp and Moniezia sp, as
well as Eimeria oocysts, were only occasionally seen in small number,
and are not discussed in this paper.

Haemonchus contortus was the most abundant strongylid nematode
species overall (p < 0.0001, Kruskal-Wallis, followed by Dunn’s multiple
comparison) and was detected in all but 5 flocks in Alberta. Teladorsagia
circumcincta was the next most abundant species followed by
T. colubriformis. Teladorsagia circumcincta and T. colubriformis abundance
was significantly different (p < 0.0001) from the abundance of all the
other species identified (p values ranged from <0.0001 to > 0.9999).
There was no significant difference in abundance between
T. circumcincta and T. colubriformis (p > 0.9999, Fig. 1B and C). Of the 92
ewe flocks surveyed, H. contortus, T. circumcincta and T. colubriformis
were the most abundant species in 69, 14 and 7 flocks respectively. In
two flocks, Trichostrongylus vitrinus was the most abundant species (Farm
5 with 26% and Farm 90 with 50%, both in AB). Other species such as
Chabertia ovina, Oesophagostomum venulosum and Trichostrongylus axei
also had a high relative abundance in a few flocks (Fig. 1C). There was
significant difference in beta-diversity of T. colubriformis between BC
and AB (p = 0.02). Supplementary Table 6 shows comparison of beta
diversity of H. contortus, T. circumcincta and T. colubriformis between
provinces.

3.2. ITS-2 rDNA nemabiome metabarcoding as a tool to assess the
effectiveness of producer-applied anthelmintic treatment against specific
gastrointestinal nematode species

From the 92 farms that participated in the nematode species abun-
dance survey, we investigated the effectiveness of producer-applied
anthelmintic treatments for 56 western Canadian sheep flocks. Fecal
egg counts were determined for pooled samples collected by producers.
The percentage post-treatment reduction in total strongyle fecal egg
counts was less than 95% in 32/32 flocks, 11/11 and 10/13 for iver-
mectin, fenbendazole and albendazole respectively (Fig. 2A, grey violin
plots and Supplementary Fig. 1, upper histogram bars). The overall
mean strongyle fecal egg count reduction after treatment was 41%
(median 38%, range 0-91%), 41% (median 60% range 0-85%) and 59%
(median 65% range 0-100%) for ivermectin, fenbendazole and alben-
dazole respectively (Supplementary Table 5A).

We used the pre- and post-treatment ITS-2 rDNA nemabiome
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metabarcoding data to interpolate species-specific fecal egg count values
and percentage fecal egg count reductions for each of the three major
GIN species for producer-applied ivermectin, fenbendazole and alben-
dazole treatments (Fig. 2A and B, and Supplementary Table 5A). All
samples with at least 5% abundance of each species pre-treatment were
included, which equates to at least 10 larvae in each 200 larvae pooled
sample or 25 in samples where 500 larvae were used being taxonomi-
cally classified as H. contortus, T. circumcincta, or T. colubriformis. In the
case of ivermectin, the effectiveness of producer-applied treatments was
below 95% in 30/31 flocks, 4/14 flocks and 7/14 flocks for H. contortus,
T. circumcincta and T. colubriformis respectively. In the case of fenben-
dazole, the effectiveness of producer-applied treatments was below 95%
in 11/11 flocks, 1/8 flocks and 4/8 flocks for H. contortus, T. circumcincta
and T. colubriformis respectively. In the case of albendazole, the effec-
tiveness of producer-applied treatments was below 95% in 10/13 flocks,
2/9 flocks and 2/8 flocks for H. contortus, T. circumcincta and
T. colubriformis respectively (Fig. 2B).

Ivermectin was less effective against H. contortus compared to the
other two species (p < 0.0001 and p < 0.03 for T. circumcincta and
T. colubriformis, respectively, Kruskal-Wallis followed by Dunn’s multi-
ple comparison test) (Fig. 2). Treatment effectiveness with fenbendazole
was significantly higher against T. circumcincta compared to H. contortus
(p < 0.0005) (Fig. 2). Treatment effectiveness with albendazole was
significantly lower against H. contortus compared to T. circumcincta (p <
0.03) (Fig. 2). The total strongyle mean % effectiveness and standard
deviation of these drugs against the three species are summarized in
Fig. 2A and B and Supplementary Table 5A. Other nematode species
were also present after treatment with ivermectin and benzimidazoles at
a lower abundance, such as O. venulosum, T. vitrinus and T. axei (Sup-
plementary Fig. 1).

3.3. Integration of ITS-2 rDNA nemabiome metabarcoding and fecal egg
count reduction testing (FECRT) for the diagnosis of anthelmintic
resistance

We investigated the presence of anthelmintic resistant gastrointes-
tinal trichostrongylid nematodes against several different anthelmintic
drugs by performing FECRT on fecal samples from visited farms. Based
on the WAAVP criteria, resistance is present if the percentage reduction
is less than <95% and the lower 95% confidence interval is less than
90%. Confidence intervals were calculated according to equation 1 in
Levecke et al. (2018). Anthelmintic resistant strongylid nematodes were
determined to be present against ivermectin, fenbendazole, moxidectin
and levamisole on 10/13 flocks, 9/13 flocks, 0/6 flocks and 1/4 flocks,
respectively (Fig. 3A and Supplementary Fig. 2).

We used ITS-2 rDNA nemabiome metabarcoding data from the
FECRT pre- and post-treatment samples to interpolate species-specific
fecal egg counts and fecal egg count reductions for H. contortus,
T. circumcincta and T. colubriformis (Fig. 3A and B and Supplementary
Table 5B). All samples with at least 5% abundance of each species in the
pre-treatment were included, which equates to at least 10 larvae in each
200 larvae or 25 larvae in each 500 larvae pooled sample being taxo-
nomically classified as H. contortus, T. circumcincta, or T. colubriformis
(Supplementary Table 3 shows the number of larvae included in each
lysate preparation, samples not included in the specific treatment effi-
cacy dataset are marked with “*“). In the case of ivermectin, 11/13
flocks, 3/8 flocks and 1/9 had a fecal egg count reduction less than 95%
for H. contortus, T. circumcincta and T. colubriformis respectively. In the
case of fenbendazole, 9/10 flocks, 0/7 flocks and 1/6 had a less than
95% fecal egg count reduction for H. contortus, T. circumcincta and
T. colubriformis respectively. In the case of levamisole, 0/4 flocks, 4/4
flocks and 0/1 had a less than 95% fecal egg count reduction for
H. contortus, T. circumcincta and T. colubriformis respectively. In the case
of moxidectin, no flock had a less than 95% fecal egg count reduction for
any of the species studied (Fig. 3B). Ivermectin treatment efficacy was
significantly higher (p < 0.0034, Kruskal-Wallis, followed by Dunn’s
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Figure 1. ITS-2 rDNA nemabiome
metabarcoding enabled survey of
gastrointestinal nematode species
infection intensities in western Can-
ada. Data shown in Panels A, B and C is
from 92 sheep flocks based on fecal egg
counts (Modified McMaster) and ITS-2
rDNA  nemabiome  metabarcoding
applied to pooled samples from 20 ewes/
flock taken between 2014 and 2018 (7
farms from British Columbia, 55 farms
from Alberta, 18 farms from Saskatch-
ewan and 12 farms from Manitoba).
Panel A. Distribution of gastrointes-
tinal nematode infection intensities
in ewes from sheep flocks across
western Canada. BC - British
Columbia, AB — Alberta, SK — Saskatch-
ewan, MB — Manitoba. Calgary location
is shown as the grey shaded pin. To
preserve data privacy, approximate
location of each farm based on Post of-
fice coordinates were transformed into a
Special Points data frame and plotted
using package rgdal on RStudio Software
Version 1.2.1335 using boundary shape
files of Canada available on Statistics
Canada. Pre-treatment fecal egg counts
(eggs per gram) were determined by
Modified McMaster technique and flocks
were categorized according to their fecal
egg counts as blue (0-500 epg), orange
(501-2000 epg) and red (2001-4000
epg).

Panel B. Relative abundance of
gastrointestinal nematode species in
ewes from 92 western Canadian sheep
flocks determined by fecal egg
counting and ITS-2 rDNA nemabiome
metabarcoding in pre-treatment sam-
ples. Pre-treatment fecal egg counts for
each flock are represented as black bars
on the upper histogram. Relative species
composition (%), determined by ITS-2
rDNA nemabiome metabarcoding of at
least 200 L, larvae in each pre-treatment
sample and are represented by the lower
coloured stacked bars. Province location
is indicated below the chart (BC-British
Columbia, AB-Alberta, SK-Saskatch-
ewan, MB-Manitoba).

Panel C. Summary of gastrointestinal
nematode species abundance in ewes
from western Canadian sheep flocks.
The violin plot summarizes the relative
abundance of the different gastrointes-
tinal nematode species on each of 92
sheep flocks determined by ITS-2 rDNA
nemabiome metabarcoding of pre-
treatment samples. Beta diversity anal-
ysis was performed using the command
MetaStats on mothur software v.1.36.1.
Abundance of H. contortus was signifi-
cantly higher compared to all other
species (a, p < 0.0001). Teladorsagia
circumcincta and Trichostrongylus colu-
briformis abundance was significantly
different (b, p < 0.0001) than all species
identified, except for each other.
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Figure 2. Use of ITS-2 rDNA nemabiome metabarcoding to determine effectiveness of producer-applied anthelmintic treatments against specific gastrointestinal
nematode species in western Canada.

Panel A. Reductions in fecal egg counts following producer-applied treatments interpolated from ITS-2 rDNA nemabiome data for specific gastrointestinal
nematode species.

Relative species abundance, determined by ITS-2 rDNA nemabiome metabarcoding in each sample pre- and post-treatment, was used to interpolate species-specific
eggs counts and treatment effectiveness for each group in 56 producer-applied treatment samples. Violin plots show drug effectiveness based on the reduction of total
strongyle-type fecal egg counts (grey) and the effectiveness against Haemonchus contortus (pink), Teladorsagia circumcincta (teal) and Trichostrongylus colubriformis
(orange) for ivermectin, fenbendazole and albendazole, respectively. Dotted lines represent quartiles and solid lines represent median of each violin plot. Statistical
significance of the differences between the groups was determined by Kruskal-Wallis followed by Dunn’s multiple comparisons test using GraphPad Prism version
8.1.0 for macOS, GraphPad Software, San Diego, California USA, www.graphpad.com.

Panel B. Numbers of flocks with suboptimal producer-applied treatment effectiveness . Each cell in the table shows the number of flocks with specific
treatment effectiveness below 95%/total number of flocks tested with ivermectin, fenbendazole and albendazole against Haemonchus contortus, Teladorsagia cir-
cumcincta and Trichostrongylus colubriformis respectively.

multiple comparison test) against T. colubriformis compared to fecal egg counts (<90% lower 95% confidence interval) on 7/7 flocks.
H. contortus. Efficacy of fenbendazole treatment was significantly lower We used ITS-2 rDNA nemabiome metabarcoding data from the pre- and
against H. contortus, compared to the other two species (p < 0.01 and p post-treatment FECRT samples from six flocks to interpolate species-
= 0.009). There was no difference between treatment efficacy with le- specific fecal egg counts and fecal egg count reductions for
vamisole and moxidectin against the three species. H. contortus, T. circumcincta, T. colubriformis and T. vitrinus. In 5/6 flocks

We also undertook FECRT for closantel, on seven flocks (Fig. 4A and there was a greater than 95% reduction in interpolated fecal egg counts

B). Based on total fecal egg count data, there was a <95% reduction of for H. contortus (Fig. 4, panels A and B). In contrast, 6/6 flocks, 2/3
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Fig. 3. Integration of ITS-2 rDNA nemabiome metabarcoding with formal Fecal Egg Count Reduction Tests (FECRT) to investigate anthelmintic resistance
against specific gastrointestinal nematode species in western Canada.

Panel A. ITS-2 rDNA nemabiome data for specific gastrointestinal nematode species. Relative species abundance in each sample pre- and post-treatment, as
determined by ITS-2 rDNA nemabiome metabarcoding, was used to interpolate species-specific fecal egg counts and to show Fecal Egg Count Reduction Test
treatment efficacy data for individual gastrointestinal nematode species. Violin plots show drug efficacy based on the reduction of total strongyle-type fecal egg
counts (grey), and efficacy against Haemonchus contortus (pink), Teladorsagia circumcincta (teal) and Trichostrongylus colubriformis (orange) for ivermectin, fenben-
dazole, levamisole and moxidectin, respectively. Not all anthelmintics were tested in all farms. Dotted lines represent quartiles and solid lines represent median of
each violin plot. Statistical significance of the differences between the groups was determined by Kruskal-Wallis followed by Dunn’s multiple comparisons test using
GraphPad Prism version 8.1.0 for macOS, GraphPad Software, San Diego, California USA, www.graphpad.com.

Panel B. Numbers of flocks with species-specific efficacy below 95% from Fecal Egg Count Reduction Test (FECRT) data. Each cell in the table shows number of flocks
with specific treatment effectiveness below 95%/total number of flocks tested with ivermectin, fenbendazole, levamisole and moxidectin against Haemonchus
contortus, Teladorsagia circumcincta and Trichostrongylus colubriformis respectively.

flocks and 2/2 had a less than 95% fecal egg count reduction for sheep, anthelmintic resistance compromising control and climate
T. circumcincta, T. colubriformis and T. vitrinus respectively. Closantel change. Further research will be needed to determine the relative
treatment efficacy was significantly higher (p < 0.047, Kruskal-Wallis, importance of these and other factors.
followed by Dunn’s multiple comparison test) against H. contortus Although H. contortus was found to be the predominant species in
compared to T. circumcincta. western Canada, T. circumcincta and T. colubriformis were also present at
relatively high abundance on several flocks in the region. This suggests
4. Discussion that the risk of diarrheal disease associated with parasitic gastroenteritis
should also be considered. It is worth contrasting these results with a
4.1. ITS-2 rDNA nemabiome metabarcoding reveals mixed previous study in eastern Canada where H. contortus comprised over
gastrointestinal nematode species infections with a predominance of 80% species abundance in 18/18 flocks pre-anthelmintic treatment
H. contortus in western Canada (Falzon et al., 2013). Whether the higher levels of T. circumcincta and
T. colubriformis reflects regional differences in species abundance or just
There has been no published data on gastrointestinal species prev- different methodological or sampling strategies remains to be
alence, infection intensities and anthelmintic resistance status on sheep determined.

farms in western Canada for over 15 years, with only two small scale
studies published in the last 40 years (Moteane et al., 1979; Colwell
et al., 2002). Over the last 10-15 years there have been an increasing
number of anecdotal reports from sheep producers and veterinarians of
clinical haemonchosis in spite of widespread use of both ivermectin and
benzimidazole drugs. Consequently, the situation in western Canada
provided us with an opportunity to apply ITS-2 rDNA nemabiome
metabarcoding to produce a precise contemporary picture of infection
intensities and anthelmintic resistance status of specific ovine GIN spe-
cies. Of the 92 ewe flocks surveyed between 2014 and 2018, infection
intensities were high in many flocks, with 44 flocks (48%) having FECs
of >500 epg pre-treatment.

Haemonchus contortus, T. circumcincta and T. colubriformis were the
most abundant species with a mean overall abundance of 64%, 18% and
13% respectively. Haemonchus contortus was the species with highest
infection intensity in 69 of the flocks, T. circumcincta in 14 of the flocks
and T. colubriformis in 7 of the flocks. The high infection intensity and
predominance of H. contortus was consistent with the frequent anecdotal
reports of clinical haemonchosis but is in marked contrast to the pre-
viously available data. In the two previous necropsy-based studies,
H. contortus infection intensities were generally low with Teladorsagia,
Trichostrongylus and Nematodirus being the predominant genera reported
(Moteane et al., 1979; Colwell et al., 2002). H. contortus was not re-
ported by Colwell et al. (2002), and Moteane et al. (1979) reported only
very low infection intensities with mean abomasal adult worm counts of
62 (range 4-600). Although these previous studies were small, the re-
sults support the suggestion that H. contortus prevalence and infection
intensities have increased in the region in the last 15-20 years. The high
prevalence and infection intensities of H. contortus that we have found in
western Canada is similar to recent work from other regions with
temperate climates and cold winters such as eastern Canada (Barrere
et al., 2013; Falzon et al., 2013). The ability of H. contortus to thrive in
these regions, despite originally being a tropical/sub-tropical parasite
(O’Connor et al., 2006), is likely due to its ability to undergo arrested
larval development and survive inside the host during the cold dry
winters (Waller et al., 2004, 2006; O’Connor et al., 2006; Abbott et al.,
2012; Falzon et al., 2014; Westers et al., 2016). The reason for an in-
crease in H. contortus in western Canada over the last 15-20 years could
be due to several factors, including introduction and spread by imported

4.2. Integration of ITS-2 rDNA nemabiome metabarcoding with fecal egg
count reduction testing reveals benzimidazole and ivermectin resistance to
be widespread in H. contortus but less frequent in T. circumcincta and

T. colubriformis in western Canada

Both producer-applied anthelmintic treatment efficacy testing and
formal Fecal Egg Count Reduction Testing (FECRT) shows that iver-
mectin and benzimidazole resistance is widespread in strongylid nem-
atode species in western Canada. The integration of ITS-2 rDNA
metabarcoding with these methods provided an additional layer of in-
formation revealing that resistance to both these drugs is essentially
ubiquitous in H. contortus but still relatively rare for the second two most
important GIN parasite species T. circumcincta and T. colubriformis.
Caution is needed when interpreting the results of fecal egg count
reduction data from producer-applied anthelmintic treatments, since
treatments may be sub-optimal not just due to anthelmintic resistance
but also to other factors such as incorrect dosing of animals, use of
expired drug, failure to collect samples from the same animals and other
factors. However, it is interesting to note that there was no statistically
significant difference between mean percentage fecal egg count reduc-
tion values for total strongyle eggs or the species-specific interpolated
egg counts when the two data sets were compared (Fig. 5). This argues
that the lack of efficacy in the larger dataset of producer-applied treat-
ments (56 farms) is predominantly due to anthelmintic resistance rather
than other methodological factors. This in turn suggests that ivermectin
and fenbendazole resistance in H. contortus are truly widespread in the
region. Nevertheless, there is a general trend for the mean fecal egg
count reductions to be lower for producer-applied treatments than for
the FECRT data and so caution is still needed when interpreting the
details of producer applied treatment data (Fig. 5).

The widespread and, in many cases high level, of resistance to both
ivermectin and benzimidazole in H. contortus is both interesting and
concerning given the nature of anthelmintic use in western Canada.
Although these two drug classes have been the mainstay of ovine
parasite control in western Canada for over 30 years, ivermectin is the
only licensed anthelmintic for use in sheep in Canada, while fenbenda-
zole and albendazole are licensed for use in cattle and often used in
sheep extra-label (Supplementary Table 1). In addition, most producers
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Fecal Egg Count Reduction Test data for specific Strongylid gastrointestinal
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Fig. 4. Integration of ITS-2 rDNA nemabiome metabarcoding with formal Fecal Egg Count Reduction Test to investigate closantel efficacy against specific
gastrointestinal nematode species.

Panel A. Fecal egg count and ITS-2 rDNA nemabiome data for Fecal Egg Count Reductions Tests (FECRT) conducted to assess closantel efficacy. Pre- and
post-treatment fecal egg counts, from Fecal Egg Count Reduction Tests (FECRT), are represented as scatter dot plots (grey). Individual dots represent egg counts of
individual animals in each group, pre- and post-treatment. Grey bars represent mean egg counts of each group of animals, pre- and post-treatment. Numbers above
scatter dot plots are the overall percentage fecal egg count reduction comparing pre and post treatment egg counts with closantel, calculated according to Levecke
et al. (2018) (green: susceptible, red: resistant). Relative species composition (%) were determined by ITS-2 rDNA nemabiome metabarcoding of at least 200 first
stage larvae in each pre- and post-treatment sample, represented at the bottom stacked bars. Panel B. Fecal Egg Count Reduction Test (FECRT) data for closantel
interpolated from ITS-2 rDNA nemabiome data for specific gastrointestinal nematode species.

Relative species abundance in each sample pre- and post-treatment, as determined by ITS-2 rDNA nemabiome metabarcoding, was used to interpolate species-specific
fecal egg counts and treatment efficacy for closantel groups from Fecal Egg Count Reduction Test data. Violin plots show drug efficacy based on the reduction of total
strongyle-type egg counts (grey) and the efficacy against Haemonchus contortus (pink), Teladorsagia circumcincta (teal), Trichostrongylus colubriformis (orange) and
Trichostrongylus vitrinus (yellow) for Closantel. Dotted lines represent quartiles and solid lines represent median of each violin plot. Statistical significance of the
differences between the groups was determined by Kruskal-Wallis followed by Dunn’s multiple comparisons test using GraphPad Prism version 8.1.0 for macOS,
GraphPad Software, San Diego, California USA, www.graphpad.com.

113


http://www.graphpad.com

C. Queiroz et al. International Journal for Parasitology: Drugs and Drug Resistance 14 (2020) 105-117

Comparison of Overall Strongyle egg count reduction and Species-specific reduction data from
Producer-applied treatment and FECRT farms
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Fig. 5. Comparison of producer-applied treatment effectiveness and Fecal Egg Count Reduction Test data . Relative species abundance determined by ITS-2
rDNA nemabiome metabarcoding in each sample pre- and post-treatment was used to interpolate species-specific fecal egg count reduction of Haemonchus contortus
(pink), Teladorsagia circumcincta (teal), and Trichostrongylus colubriformis (orange), in producer-applied treatment and Fecal Egg Count Reduction Test flocks, for both
benzimidazole and ivermectin treatments. Solid lines represent the mean fecal egg count reduction, dotted red lines mark the 95% threshold. Statistical significance
of the differences between the groups was determined by Kruskal-Wallis followed by Dunn’s multiple comparisons test using GraphPad Prism version 8.1.0 for
macOS, GraphPad Software, San Diego, California USA, www.graphpad.com. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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only treat ewes and lambs once a year and yet the levels of resistance we
have detected are as high, or higher, than in many countries with more
frequent anthelmintic use. For example, in a United Kingdom study
published in 2012 from 188 farms surveyed, only 22 had confirmed
anthelmintic resistance and none had resistance to ivermectin (Burgess
et al., 2012). There are a number of potential reasons for this high level
of benzimidazole and ivermectin resistance in western Canada in spite of
mainly once yearly treatments of ewes and lambs. Since H. contortus
does not overwinter on pastures in regions with cold winters, the early
spring is a time when most of the parasite population is within the host
and refugia is low (Waller et al., 2004; Troell et al., 2005; Grosz et al.,
2013; Falzon et al., 2014). Treatment around lambing time has been
previously shown to be associated with high selective pressure in the UK
(Leathwick et al., 1995). This is particularly the case when the whole
flock is treated with anthelmintic at the same time which has been
relatively common in western Canada. The role of low refugia during
early spring treatments of ewes may also, at least partially, explain why
anthelmintic resistance is less advanced in T. circumcincta and
T. colubriformis than H. contortus. The former two parasites have been
shown to overwinter on pastures to some extent in eastern Canada which
would increase refugia and reduce selection (Falzon et al., 2014). There
are also a variety of other potential risk factors relevant to western
Canadian sheep flocks including animal movement and importing stock
from places such as the United States, where there are high levels of both
benzimidazole and ivermectin resistance in H. contortus together with
the lack of rigorous quarantine procedures for recently introduced ani-
mals. This discussion underlines how the factors driving anthelmintic
resistance are much more complex than simply the frequency of
anthelmintic treatment (Learmount et al., 2016b).

4.3. Integration of ITS-2 rDNA nemabiome metabarcoding with fecal egg
count reduction testing to assess moxidectin, levamisole and closantel
resistance in western Canada

Given the high level of resistance to ivermectin and benzimidazole
drugs in H. contortus and emerging resistance in T. circumcincta and
T. colubriformis in western Canada, there is a need for judicious use of
other drugs against which resistance is less common. Consequently, we
also used FECRT/nemabiome metabarcoding to assess resistance to
several other anthelmintic that are less commonly used in western
Canada. Moxidectin has been used extensively in the United States but
less so in western Canada to date. We found moxidectin to be highly
effective against all the major trichostrongylid species present in all four
flocks in which it was tested (Fig. 3). We found levamisole efficacy,
based on total fecal egg counts, high for all four flocks tested. However,
although the species-specific fecal egg count reductions, interpolated
from the nemabiome data, indicated high efficacy against H. contortus,
the efficacy against T. circumcincta was less than 95% on all four flocks.
Although the total strongyle fecal egg count reductions were 93%, 99%,
96% and 96% (Supplementary Table 5), the interpolated efficacy for
T. circumcincta was only 69%, 92%, 85% and 94% efficacy. Levamisole
was originally reported to have high efficacy against both H. contortus
and T. circumcincta, including against inhibited L4 larvae (McKenna,
1974; Andrews, 2000) and so this sub-optimal efficacy specifically
against T. circumcincta may suggest the early emergence of resistance in
this species. Evidence of T. circumcincta resistant to levamisole have
been reported in T. circumcincta from multiple countries, including
Greece, New Zealand, Brazil, Ireland and Spain (Cezar et al., 2010;
Martinez-Valladares et al., 2012; Geurden et al., 2014; Keegan et al.,
2015; Leathwick et al., 2015). Levamisole was licensed for use in sheep
in Canada until 2005 and is still used to some extent in eastern Canada,
and so some drug selection with levamisole has occurred. The integra-
tion of ITS-2 nemabiome metabarcoding into the FECRT suggests the
early emergence of levamisole resistance in T. circumcincta which was
not detected as an overall loss of efficacy in the FECRT data alone.
Sequencing of the T. circumcincta acr-8 genre from these and other
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populations would be useful to help confirm levamisole resistance and
monitor further development.

In 2016, closantel (Flukiver©) was licensed for sheep in Canada
providing an important new option for parasite control. The efficacy of
this drug, based on the FECRT data on western Canadian sheep farms,
varied between 0% and 89%. Since the spectrum of activity of this drug
is restricted to blood-feeding parasites such as H. contortus, it is not
possible to assess whether this variable efficacy is due to closantel
resistance using the FECRT based on total strongyle egg counts alone
because many of the farms comprise mixed species infections. Integra-
tion of the ITS-2 rDNA nemabiome data revealed that the drug was still
highly effective against its target parasite H. contortus in all cases and the
apparent low efficacy was due to the narrow spectrum of activity of the
drug and the mixed species composition of the parasite communities.
This provides a good illustration of how the integration of nemabiome
metabarcoding into the FECRT can provide critical information to the
diagnosis and confirmation of anthelmintic resistance.

5. The value of nemabiome-metabarcoding enhanced
anthelmintic efficacy testing

This work illustrates the power of integrating ITS-2 rDNA nem-
abiome metabarcoding into both routine pre- and post-treatment fecal
egg count efficacy testing and the Fecal Egg Count Reduction Test
(FECRT). An example of the benefit is in how the approach revealed
benzimidazole and ivermectin resistance to be at an advanced stage in
H. contortus but a much earlier stage in T. circumcincta and
T. colubriformis in western Canada. This opens up the possibility of a
more targeted use of these older drugs whilst reserving newer, often
more expensive, drugs for when they are specifically needed. For
example, effective treatment outcomes could be achieved on some farms
by closantel alone and on other farms by a combination of closantel with
fenbendazole or ivermectin. However, on some farms, other drugs such
as moxidectin or abamectin/derquantel would be required. Nemabiome
metabarcoding-enhanced anthelmintic resistance testing could be used
to direct such rational drug choices in a way not possible by fecal egg
count-based efficacy testing alone. The ITS-2 nemabiome metabarcod-
ing also revealed evidence for the early emergence of levamisole resis-
tant in T. circumcincta which was not apparent by the FECRT data alone.
It also enabled the status of closantel resistance to be assessed, which
again was not possible using the FECRT based on total fecal egg counts
alone. The merits of nemabiome metabarcoding, relative to other
methods used to quantify relative species abundance, has been discussed
in detail elsewhere (Avramenko et al., 2015, 2017; Redman et al., 2019).
Important key benefits include greater precision (assignment to species
level), flexibility (no need to anticipate the species present or have
pre-validated protocols for each individual species) and its scalability for
large surveillance and research projects. The current main limitation for
routine diagnostic use on individual farms is the need to batch large
numbers of samples on a single sequencing run to make the cost per
sample economically viable. In spite of this limitation, the approach has
significant potential for routine diagnostic use in larger diagnostic fa-
cilities processing large numbers of samples. Also, sequencing platforms
and costs are rapidly changing and so we suggest that nemabiome
metabarcoding methodology will continue to evolve for more flexible
smaller scale use in the future.
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