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Abstract
Gastrointestinal nematodes (GINs) are a common threat faced by pastoral livestock. Since their major introduction to the UK 
in the early 1990s, South American camelids have been cograzed with sheep, horses, and other livestock, allowing exposure 
to a range of GIN species. However, there have been no molecular-based studies to investigate the GIN populations present 
in these camelids. In the current study, we sampled nine alpaca herds from northern England and southern Scotland and used 
high-throughput metabarcoded sequencing to describe their GIN species composition. A total of 71 amplicon sequence vari-
ants (ASVs) were identified representing eight known GIN species. Haemonchus contortus was the most prevalent species 
found in almost all herds in significant proportions. The identification of H. contortus in other livestock species is unusual in 
the northern UK, implying that alpacas may be suitable hosts and potential reservoirs for infection in other hosts. In addition, 
the camelid-adapted GIN species Camelostrongylus mentulatus was identified predominantly in herds with higher faecal egg 
counts. These findings highlight the value of applying advanced molecular methods, such as nemabiome metabarcoding to 
describe the dynamics of gastrointestinal nematode infections in novel situations. The results provide a strong base for fur-
ther studies involving cograzing animals to confirm the potential role of alpacas in transmitting GIN species between hosts.

Keywords Alpaca gastrointestinal nematodes · Nemabiome metabarcoding sequencing · Haemonchus contortus · 
Camelostrongylus mentulatus · Internal transcribed spacer 2

Introduction

Gastrointestinal nematodes (GINs) impact animal health 
and welfare through both direct pathological and indirect 
immune-mediated effects (Stromberg and Gasbarre 2006), 
leading to a reduction in productivity and significant eco-
nomic losses to the livestock industry worldwide (Charlier 
et al. 2009; Mavrot et al. 2015). In addition, they substan-
tially increase the industry’s carbon footprint due to con-
sequential higher maintenance requirements for natural 
resources relative to production output. Mathematical mod-
elling suggests controlling the spread and severity of nem-
atode infections can help to reduce these effects (Kenyon 
et al. 2013; Nieuwhof and Bishop 2005).

GINs live in complex communities of multiple coinfect-
ing species (Agneessens et al. 1997; Burgess et al. 2012; 
Giudici et al. 1999; Stromberg et al. 2015; Vlassoff 1976), 
with each having potentially different epidemiology, patho-
genicity, clinical presentation, and drug resistance status 
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(Besier et al. 2016; Whitlock et al. 1980). The composition 
of these communities is affected by various factors such as 
temperature and humidity (O’Connor et al. 2006), differ-
ent farming practices, and the age and immune status of 
the host animals (Redman et al. 2019). GIN species are 
adapted to characteristics of different hosts, and many are 
considered host-specific (Van Wyk et al. 2004), albeit cross-
infections of these species can occur. For example, Haemon-
chus contortus is generally considered a small ruminant-
adapted nematode with a host preference for sheep but has 
also been reported in cattle, buffalo, and bison (Avramenko 
et al. 2018; Ali et al. 2019). Thus, coinfections arising from 
cograzing domestic and wild animal populations must be 
considered when exploring GIN infections within specific 
host populations.

Traditionally, the morphological identification of coproc-
ultured third-stage larvae  (L3) has been the primary method 
employed to determine the species composition of nematode 
populations. This relies on the microscopic examination of 
the shape, size, and arrangement of various anatomical fea-
tures in  L3s (Saidi et al. 2020; Van Wyk et al. 2004; Van 
Wyk and Mayhew 2013). This classical approach has served 
as the basis for nematode identification for decades, provid-
ing valuable insights into the taxonomy and epidemiology 
of parasites of farmed small and large ruminants for which 
keys have been developed. However, this approach is time-
consuming and highly dependent on the expertise of skilled 
taxonomists. In addition, distinguishing between  L3 of 
closely related species with overlapping morphological traits 
poses significant challenges in discerning between species 
accurately; thus necessitating the exploration of advanced 
molecular techniques (Roeber and Kahn 2014).

High-throughput metabarcoding of ribosomal nematode 
DNA provides an example of how next-generation sequenc-
ing technology has revolutionised the field of nematode 
identification. This technique referred to as ‘nemabiome 
metabarcoding’ involves extracting nematode DNA from 
nematode eggs, first  (L1), or third-stage larvae  (L3) and 
targeting conserved rDNA ITS-2 primer binding regions 
to amplify and sequence nematode clade V-specific DNA 
(Avramenko et al. 2017). The resulting amplicon sequence 
variants are then filtered and compared to reference data-
bases to identify the nematode species present.

In recent years, nemabiome sequencing has been suc-
cessfully employed in various livestock hosts including 
small ruminants (Redman et  al. 2019), large ruminants 
(Avramenko et al. 2017), and horses (Sargison et al. 2022) 
to determine the composition and diversity of nematode 
communities. These studies have demonstrated the utility 
of nemabiome metabarcoding sequencing in accurately iden-
tifying gastrointestinal nematode species and providing a 
comprehensive understanding of the parasitic landscape 
within these hosts.

Compared to traditional methods, nemabiome meta-
barcoding sequencing offers several distinct advantages. 
Firstly, it provides a rapid and high-throughput approach 
for nematode identification, allowing for the simultaneous 
detection and characterisation of multiple nematode species 
within a single sample. This capability is particularly valu-
able when dealing with mixed infections, or when studying 
the dynamics of nematode populations over time. Secondly, 
nemabiome sequencing enhances the accuracy and objec-
tivity of nematode species identification. Unlike traditional 
morphological methods, which are prone to subjectivity and 
intra- and inter-observer variability, nemabiome sequenc-
ing relies on DNA sequence data, which provides a robust 
and reproducible basis for species determination. This 
objectivity minimises biases and increases the consistency 
of results, enabling comparisons and interpretations across 
studies. Furthermore, even when compared to species-spe-
cific molecular methods, nemabiome metabarcoding has 
the potential advantage of uncovering amplicon sequence 
variants representing previously unknown or cryptic species 
and hybrids. Phylogenetic analysis of amplicon sequence 
variants can detect subtle genetic variations that may indi-
cate the presence of new, or closely related species (Sargi-
son et al. 2022). Such discoveries contribute to the broader 
understanding of nematode biodiversity and aid in refining 
taxonomic classifications.

The use of nemabiome metabarcoding outside of tradi-
tional farm animal species is comparatively uncommon, 
partly because of the difficulty in creating reference data-
bases containing sequences for GINs that might be pre-
sent in these wildlife, or other unusual hosts. Recently, we 
developed a sequence library for horses that included the 
sequences for many wildlife species (Sargison et al. 2022). 
In the current study, we applied this library to study the pres-
ence and proportional abundance of nemabiome amplicon 
sequence variants of GINs present in alpacas in the north-
ern UK. The work aimed to improve understanding of the 
GIN communities infecting UK camelid herds, as a basis for 
improved control strategies.s

Methods

Sample collection and processing

Faecal samples were collected from nine alpaca farms in the 
north of England and south of Scotland between July and 
November 2018. The freshly voided samples were obtained 
from the ground of communal defecation sites. Precautions 
were taken to avoid any cross-contamination for the fae-
ces of any cocrazing animals. Available information was 
gathered on cograzing and GIN management, as shown in 
Table 1.
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Then, 1 g of faeces from each sample was used to perform 
a faecal egg count (FEC) using a saturated salt flotation and 
the cuvette method with a detection threshold of 1 egg per 
gram (epg) (Christie and Jackson 1982). Equal amounts of 
the remaining faecal material (> 10 g) were pooled for each 
farm and incubated at about 20 °C for 14 days for  L3 coproc-
ulture.  L3 were isolated by Baermannisation (Großbritannien 
1986) and fixed in 70% ethanol. All of the  L3 obtained from 
the coprocultures were used to produce DNA lysates.

For DNA extraction, 1000 μl Direct PCR Lysis Reagent 
(Viagen), 50 μl of proteinase K (Quiagen) solution, and 50 
μl of 1 M dithiothreitol (DDT) were added to create a worm 
lysis solution. Then, 20 μl of this worm lysis solution was 
added to each sample and incubated at 60 °C for 2 h, fol-
lowed by 15 min at 85 °C to inactivate the proteinase K 
(Evans et al. 2021). The lysates were stored at – 20 °C until 
further use.

Adapter and barcoded PCRs

Previously published primers and conditions (Avramenko 
et al. 2015) were used to amplify the rDNA ITS-2 region. 
PCR products were purified with AMPure XP magnetic 
beads according to the manufacturer’s guidelines, followed 
by the second round of PCR amplification to add unique 
barcode combinations to each sample using the previously 
described method (Rehman et al. 2020). Finally, the sam-
ples were pooled (10 µl PCR product from each sample) 
and purified using a Qiagen gel extraction and purification 
kit, followed by further purification through AMPure XP 
magnetic beads. Then, 20 μl of the pooled sample was sub-
mitted to Edinburgh Genomics for Illumina MiSeq, using a 
500-cycle paired-end reagent kit (MiSeq Reagent Kits v2, 
MS-103–2003) at a concentration of 15 nM with the addi-
tion of 15% PhiX Control v3 (Illumina, FC-11–2003). Each 
resequencing step followed Illumina’s standard protocol.

The numbers of  L3 recovered varied greatly between 
farms, and the DNA amount could not be equalised between 
samples; hence, the results are focused on describing the 
GIN species present on individual farms, rather than direct 
proportional comparisons.

GIN species analysis

The FASTQ files obtained from the post-run Illumina 
MiSeq processing, representing sequences present in 
each index-recognised sample, were analysed following 
the adapted Illumina MiSeq protocols for nemabiome in 
Mothur v1.39.5 (Schloss et al. 2009). The steps involved 
joining paired forward and reverse reads and screening 
sequences shorter than 200 bp, longer than 450 bp, or with 
any ambiguous bases before they were aligned to a bespoke 
reference sequence library (https:// github. com/ drosa mazah 

id/ uk_ alpaca) containing ruminant, horse, camelid, and wild 
animal nematode species using a Needleman-Wunsch pair-
wise alignment method, following the described workflow 
(https:// www. nemab iome. ca/ mothur_ workfl ow. html). The 
sequence library had previously been developed and used 
to study equine GIN populations, for which there was lim-
ited a priori knowledge of what species might be present 
(Sargison et al. 2022). The sequences were then classified 
into different species/groups according to the taxonomy 
file of the reference library using the k-nearest neighbor 
algorithm (knn) method. Finally, a summary file showing 
a total of about 342,000 (average 38,000 per sample; range 
6176–74,168) aligned sequences belonging to different spe-
cies in each sample was created and inputted to R (R Core 
Team 2021) for further analysis. Before calculating the rela-
tive abundance of different species, any species which had 
less than 1% of the total reads (3420) was removed to avoid 
stochastic effects arising from low egg counts and to negate 
the effects of bleeding/index hoping during the sequencing 
process, leaving 337,000 total reads (average 37,444 per 
sample; range 6176–70,951). Correction factors (available 
at https:// www. nemab iome. ca/ mothur_ workfl ow. html) were 
not used, as none are available for Camelostrongylus men-
tulatus. Bar charts were produced to show the proportion 
reads and intensity of infection (obtained by multiplying 
the proportion reads with FEC) of GIN species on different 
farms (Figs. 1 and 2).

Confirmation of species identity

Sequences of each species were separated, and the identical 
sequences present at least twice were collapsed using FaBox 
DNA collapser (https:// birc. au. dk/ ~palle/ php/ fabox/ dnaco 
llaps er. php) to obtain amplicon sequence variants (ASVs). 
A total of 61 ASVs were obtained which were then blasted 
on NCBI to confirm their identities. These matched 100% 
with the results obtained from our library. The top five blast 
results for each ASV, along with their percentage identity 
match with the previous sequences in NCBI GenBank are 
available at https:// github. com/ drosa mazah id/ uk_ alpaca.

Phylogenetic analysis

Phylogenetic trees of both the field sequences and the NCBI 
GenBank sequences of all the species found in the field sam-
ples were constructed in MEGA X to show where the field 
sequences aligned with previously reported NCBI Gen-
bank sequences. The GenBank sequences were obtained by 
manually searching for each species. Partial sequences were 
removed and duplicates were merged before constructing the 
tree using the Tamura 3-parameter model (Tamura 1992) 
The tree with the highest log likelihood (− 25,627.67) is 
shown in Fig. 3. Initial tree(s) for the heuristic search were 

https://github.com/drosamazahid/uk_alpaca
https://github.com/drosamazahid/uk_alpaca
https://www.nemabiome.ca/mothur_workflow.html
https://www.nemabiome.ca/mothur_workflow.html
https://birc.au.dk/~palle/php/fabox/dnacollapser.php
https://birc.au.dk/~palle/php/fabox/dnacollapser.php
https://github.com/drosamazahid/uk_alpaca
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obtained automatically by applying neighbor-join and BioNJ 
algorithms to a matrix of pairwise distances estimated using 
the Tamura 3-parameter model and then selecting the topol-
ogy with superior log-likelihood value. A discrete gamma 
distribution was used to model evolutionary rate differences 
among sites (5 categories (+ G, parameter = 0.9576)). This 
analysis involved 207 nucleotide sequences, and there was 
a total of 362 positions in the final dataset.

Results

Faecal egg count and management data

The mean FEC results are shown in Table 1. Overall, the 
counts were low and varied between 1 and 24 eggs per gram 
(epg) for trichostrongyle eggs and 1 and 8 epg for Nemato-
dirus spp. eggs. Cograzing animals and anthelmintic treat-
ments of the alpacas during the previous 12 months are also 
shown in Table 1. Most of the herds had been treated with 
one of moxidectin, doramectin, ivermectin and fenbendazole 
during the previous six months, except farm 6 which had 

no anthelmintic treatment history. Similarly, all but farm 
3 had a history of cograzing with different animals includ-
ing sheep, horses, donkeys, cattle, pigs, and wild deer. It is 
worth noting that the study adopted a convenience-based 
sampling approach; hence, it is possible that the selected 
farms might not be wholly representative of alpaca herds in 
the northern UK.

The abundance of different GIN species

The species analysis confirmed six known GIN species 
in the nine herds studied (Fig. 1). Haemonchus contortus 
was the most common species, present in all except farm 
4, where a very low FEC and consequent  L3 yield might 
have accounted for its detection failure. Trichostrongylus 
axei was found in all herds, except those on farms 1 and 
4. Trichostrongylus colubriformis and C. mentulatus, which 
were present in six (farms 1, 3, 4, 6, 7, and 9) and four (farms 
2, 5, 7, and 9) herds, respectively. Cooperia oncophora was 
identified on farms 3 and 5, and Trichostrongylus vitrinus 
on farms 5 and 7.

Fig. 1  The relative abundance of nematode species on different 
farms. Each color represents a separate species, and each bar is a dif-
ferent farm. The x-axis shows the sequence reads proportion for each 
GIN species, with different farms on the y-axis. Each farm’s mean 

faecal worm egg count is shown on the top of each bar. The legend 
shows the colour of each GIN species as well as their arrangement 
within the bar chart
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The GIN populations identified in the herds on farms 5 
and 7 showed the greatest diversity with five different GIN 
species present. Those on farms 3 and 9 were ranked second 
with four GIN species each, followed by three species each 
on farms 2 and 6. Only two species each were identified in 
the herds on farms 1 and 8. Farm 4 showed the least diversity 
with just one GIN species; albeit the FEC was very low (1.2 
epg), and consequently, a minimal number of larvae may 
have been amplified.

The proportional FEC chart (Fig. 2) shows most species 
to have similar abundances in different herds, regardless of 
the total egg count. The most abundant species are H. con-
tortus and T. axei, while C. mentulatus seems to be predomi-
nant on farms with relatively higher egg counts.

Phylogenetic analysis

The ML tree of the field and NCBI Genbank ASVs (Fig. 3) 
shows the GIN species separated into different clades. The 
Trichostrongylus spp. sit very close to each other in a single 
large clade. C. oncophora, C. mentulatus, and H. contortus 
are separated into their own clades. The tree also shows all 

field samples sitting with their respective clades of GenBank 
sequences, supporting the species identity of those ASVs.

Discussion

Camelids have been kept in increasing numbers in the UK 
since major imports during the 1990s, especially alpacas 
which are mostly kept for fibre production, recreational 
enterprises, and as therapy animals and pets. Nevertheless, 
except for a few faecal egg counts, copro-cultured larval 
morphology studies, and post-mortem reports (de B Welch-
man et al. 2008; Mitchell et al. 2016; Tait et al. 2002), there 
is little published information regarding their GIN infec-
tions and none involving confirmation through molecular 
techniques.

The current study, based on high-throughput sequenc-
ing (Avramenko et  al. 2015), provides a robust insight 
into the GIN species present in UK alpacas. The FECs 
were low in all the samples, in agreement with the previ-
ous studies (Kultscher et al. 2019). This might be partially 
attributed to the distinct alpaca behaviour of establishing 

Fig. 2  The proportional faecal egg count (FEC) of each nematode 
species in different farms. Each color represents a separate species, 
and each bar is a different farm. The x-axis shows the proportional 
FEC for each GIN species, obtained by multiplying the FEC with 

proportional reads. Different farms are on the y-axis. The legend 
shows the colour of each GIN species as well as their arrangement 
within the bar chart
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communal defecation and urination sites referred to as 
latrines (McGregor 2002; McGregor and Brown 2010). 
Since alpacas do not normally graze around these latrines 
when sufficient grazing is available, they may avoid acquir-
ing a high level of infection. It is important to note that this 

is not always the case and that alpacas have been found to 
have higher FECs (> 300 epg) in some studies (Bedenice 
et al 2022); which might be attributed to the differences in 
the location of these latrines. It is not the scope of this study, 
but it will be interesting to investigate how this behaviour 

Fig. 3  Phylogenetic tree of GIN species found in alpaca herds in the 
northern UK and the GenBank sequences. The phylogenetic tree of 
field ASVs and Genbank sequences was constructed using the maxi-
mum likelihood method and the Tamura 3-parameter model. The tree 
with the highest log likelihood (− 25,627.67) is shown. Initial tree(s) 
for the heuristic search were obtained automatically by applying 
neighbor-join and BioNJ algorithms to a matrix of pairwise distances 
estimated using the Tamura 3 parameter model and then selecting the 
topology with the superior log-likelihood value. A discrete gamma 
distribution was used to model evolutionary rate differences among 

sites (5 categories (+ G, parameter = 0.9576)). This analysis involved 
207 nucleotide sequences, and there was a total of 362 positions in 
the final dataset. Evolutionary analyses were conducted in MEGA 
X. The numbers on branches show bootstrap values. Triangles show 
GenBank sequences with their accession number identity, while cir-
cles represent field ASVs. Each colour represents a different GIN spe-
cies. The Genbank accession numbers are shown in brackets after the 
name. The second bracket shows the number of identical GenBank 
sequences merged to simplify the analysis
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changes the overall composition of GINs in alpacas as it 
might favour certain GIN species over others. It might also 
be important to study any cograzing animals, as they may 
maintain and spread most of the GIN species found, and 
could affect the challenge and burdens in the camelids.

The low FECs highlight a limitation of the study. Nev-
ertheless, they do not greatly impact our results, because 
adequate numbers of sequence reads from multiple GIN 
species were generated from each sample (except for those 
from farm 4). DNA was extracted from copro-cultured  L3 
to allow easy processing of samples with low FECs. Other 
methods to isolate DNA directly from faeces (Pafčo et al. 
2018), from eggs (Redman et al. 2019), or from  L1 (Quei-
roz et al. 2020) have been described along with arguments 
concerning their ability to represent GIN diversity that is 
present. However, the choice of method ought not to affect 
the presence/absence of GIN species, which was the focus of 
this study. There are correction factors available for some of 
the GIN species to account for slight differences in the effi-
ciency of DNA amplification (https:// www. nemab iome. ca/ 
mothur_ workfl ow. html). However, we did not apply these, 
primarily because they are unavailable for camelid-adapted 
GIN species, C. mentulatus in particular.

Another potential limitation arises from the methodology 
of pooling samples for each farm regardless of individual 
FEC and the lack of DNA quantification before sequenc-
ing. While this approach reflects the real-world conditions 
within farms, it complicates comparisons across different 
farms. Additionally, the variability in anthelmintic treatment 
schedules among the farms adds another layer of complex-
ity. For instance, moxidectin was potentially administered 
within 12 weeks of sampling at farms 1 to 3, which could 
influence parasite loads and species dynamics. Given these 
challenges, the study’s results and discussions have been 
primarily focused on analysing the dynamics of individual 
GIN species, with particular focus on H. contortus and C. 
mentulatus, rather than making broad comparisons between 
farms.

Most of the GIN species identified in the current study 
were of presumed small-ruminant origin (H. contortus and 
Trichostrongylus sp.), while C. oncophora is considered a 
cattle species. No apparent correlation was seen between 
the GIN species found and the cograzing or anthelmintic 
treatment history, albeit the small sample size prevented any 
kind of statistical analysis.

Nematodirus lamae was previously identified in UK 
Alpacas (Becklund 1963; Mitchell et al. 2016). While Nema-
todirus sp. eggs were identified in the current study, these 
would not have consistently hatched in the coprocultures 
(Zajac 2006). Hence, it was not possible to confirm their 
species identity using molecular methods.

The predominance of H. contortus is noteworthy because 
it is relatively very uncommon in its preferred sheep hosts in 

the study region in the northern UK (Sargison et al. 2007). 
Similar results have also been reported in German alpaca 
herds (Kultscher et al. 2019). The distinct digestive physi-
ology or grazing behaviour of camelids might make them a 
well-adapted host for H. contortus. The investigation of the 
potential for alpacas to act as a reservoir for H. contortus 
affecting small ruminants could be worthwhile.

Camelostrongylus mentulatus was the only camelid-
specific GIN species found. Interestingly, it was present 
on the 3 farms with the highest FECs. This species has 
previously been reported in UK alpacas (de B Welchman 
et al. 2008), but its presence has not been confirmed with 
molecular biology. Camelostrongylus mentulatus has also 
been reported to infect small ruminants in different coun-
tries (Beveridge and Ford 1982; de Ybáñez et al. 2003; 
Hilton et al. 1978; Mayo et al. 2013); hence, it will be 
interesting to investigate the GINs in sheep and goats 
cograzing with alpacas in future studies.

In summary, the study demonstrates the value of next-
generation resequencing methods to study the composition 
and diversity of GIN communities in a novel host species. 
The results confirm the presence of at least six different 
GIN species in alpacas in the northern UK. The unexpect-
edly high prevalence of H. contortus and predominance of 
C. mentulatus in herds with the highest FECs prompt the 
need to revise the sustainable GIN control practices for 
alpacas and cograzing livestock species. The study also 
shows the importance of molecular techniques such as 
nemabiome sequencing to describe changing GIN coinfec-
tions in different hosts and inform effective and sustainable 
parasite control.
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