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The identification of gastrointestinal helminth infections of humans and livestock almost exclusively
relies on the detection of eggs or larvae in faeces, followed by manual counting and morphological char-
acterisation to differentiate species using microscopy-based techniques. However, molecular approaches
based on the detection and quantification of parasite DNA are becoming more prevalent, increasing the
sensitivity, specificity and throughput of diagnostic assays. High-throughput sequencing, from single PCR
targets through to the analysis of whole genomes, offers significant promise towards providing
information-rich data that may add value beyond traditional and conventional molecular approaches;
however, thus far, its utility has not been fully explored to detect helminths in faecal samples. In this
study, low-depth whole genome sequencing, i.e. genome skimming, has been applied to detect and char-
acterise helminth diversity in a set of helminth-infected human and livestock faecal material. The
strengths and limitations of this approach are evaluated using three methods to characterise and differ-
entiate metagenomic sequencing data based on (i) mapping to whole mitochondrial genomes, (ii) whole
genome assemblies, and (iii) a comprehensive internal transcribed spacer 2 (ITS2) database, together
with validation using quantitative PCR (qPCR). Our analyses suggest that genome skimming can success-
fully identify most single and multi-species infections reported by qPCR and can provide sufficient cov-
erage within some samples to resolve consensus mitochondrial genomes, thus facilitating phylogenetic
analyses of selected genera, e.g. Ascaris spp. Key to this approach is both the availability and integrity
of helminth reference genomes, some of which are currently contaminated with bacterial and host
sequences. The success of genome skimming of faecal DNA is dependent on the availability of vouchered
sequences of helminths spanning both taxonomic and geographic diversity, together with methods to
detect or amplify minute quantities of parasite nucleic acids in mixed samples.
� 2023 The Author(s). 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 life stages are typically detected using microscopy-based
Diagnostic assessment of intestinal helminths predominantly
relies on the detection of eggs or larval stages in faeces. These early
approaches – for example, Kato-Katz for the detection of human-
infective soil-transmitted helminth (STH) and Schistosoma eggs,
and McMaster technique for counting eggs of livestock parasites
– whereby eggs are recovered and differentiated morphologically
to identify species present. Although microscopy-based techniques
are cost-effective and can be performed in the field, they are also
time-consuming, require specific expertise, and vary in their diag-
d live-

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ijpara.2022.12.002
http://creativecommons.org/licenses/by/4.0/
mailto:t.littlewood@nhm.ac.uk
https://doi.org/10.1016/j.ijpara.2022.12.002
http://www.sciencedirect.com/science/journal/00207519
http://www.elsevier.com/locate/ijpara
https://doi.org/10.1016/j.ijpara.2022.12.002


M. Papaiakovou, N. Fraija-Fernández, K. James et al. International Journal for Parasitology xxx (xxxx) xxx
nostic sensitivity and specificity. Advances in automated
approaches, such as artificial intelligence methods for parasite
identification (Dacal et al., 2021; Ward et al., 2022), have the
potential to increase the throughput of microscopy-based methods
(Moser et al., 2018; Tyson et al., 2020). Nonetheless, the ability to
scale up microscopy-based methods remains limited.

Molecular approaches, based on the detection, quantification,
and discrimination of different helminth species based on their
DNA sequences, offer a number of advantages over microscopy-
based techniques. PCR-based molecular approaches, and especially
quantitative PCR (qPCR)-based diagnosis, are relatively inexpen-
sive, can be performed at higher throughput, and can be highly
sensitive and species-specific, offering the prospect of diagnosing
even very low level helminth infections (Pilotte et al., 2016;
Easton et al., 2017; Grant et al., 2019). These benefits emphasise
their suitability toward supporting the World Health Organisation
(WHO) roadmaps to achieve elimination of helminth infections of
public health concern (Lim et al., 2018; Gass, 2020; Papaiakovou
et al., 2021). However, PCR-based approaches have their own
caveats (Papaiakovou et al., 2019a); given that PCR-based diagnos-
tics typically rely on targeting conserved genes or repetitive
regions of helminth genomes of specific species and are often
tested only on a few, geographically restricted samples, they run
the risk of being unable to detect and measure (and may in fact
be confounded by) within- and between-species genetic variation.

Whole genome sequencing is increasingly being applied to the
determination of within- and between-species genetic variation,
in part due to the increasing availability of helminth reference gen-
omes (International Helminth Genomes Consortium, 2018; Doyle,
2022) and open access repositories, e.g. WormBase ParaSite
(Howe et al., 2017). These resources have enabled comparative
genomics analyses to understand fundamental biological differ-
ences between species (International Helminth Genomes
Consortium, 2018), as well as large-scale population genomics
studies to understand parasite dispersal over space and time (Søe
et al., 2018; Sallé et al., 2019; Doyle et al., 2022b), and genome-
wide characterisation of drug resistance traits (Le Clec’h et al.,
2021; Doyle et al., 2022a). Understanding parasite genetic diver-
sity, parasite population structure, and how they adapt to change,
has important implications for their control. However, such studies
have typically required large amounts of DNA from individual par-
asite specimens, which can be difficult to access from live hosts,
especially in endemic regions. Similarly, although it is feasible to
directly sequence DNA of eggs or larvae from some helminth spe-
cies (Doyle et al., 2019), it is not an efficient or cost-effective
approach, especially if applied at scale. Whole metagenome
sequencing of DNA isolated from faecal samples represents a pow-
erful alternative. Deep amplicon sequencing and shotgun metage-
nomics are increasingly being applied to the field of parasitology
(Papaiakovou et al., 2022). For example, application of untargeted
shotgun metagenomics to detect conserved 18S rDNA has enabled
broad taxonomic detection of eukaryotic parasites (Cannon et al.,
2018; Wylezich et al., 2020). However, highly conserved ribosomal
sequences are unlikely to reveal inter- and intra-population
genetic variation. Shallow whole genome sequencing, termed gen-
ome skimming, has the potential to reveal a greater amount of
within and between species diversity beyond amplicon
sequencing-based approaches. It has been previously used in biodi-
versity studies with organisms preserved in ethanol and low
amounts of input DNA (Denver et al., 2016; Trevisan et al., 2019)
and to study genome structure and endosymbionts in plant-
parasitic nematodes (Denver et al., 2016; Trevisan et al., 2019).
However, to date, genome skimming has not been evaluated in this
context on mixed helminth communities in faeces.

Herein, we apply low-depth genome skimming to detect hel-
minth infections in human and livestock faecal samples, and assess
2

the sensitivity and specificity of genome skimming by analysis of
whole genomes, mitochondrial genomes, and internal transcribed
spacer 2 (ITS2) sequences against established qPCR assays. We dis-
cuss the utility of these techniques and data, including the recov-
ery of whole mitochondrial consensus genome sequences, and
emphasise the importance of high-quality reference genomes for
the interpretation of helminth genetic features from metagenomic
data.
2. Materials and methods

2.1. Sample acquisition and ethical approvals

Twenty faecal DNA extracts were used in this study (Supple-
mentary Table S1), including 17 human samples and three live-
stock samples. The human samples consisted of:

� two samples from Ethiopia (ET018, ET103; Ethical Review Com-
mittee, Faculty of Medicine and Health Sciences / University
Hospital, Ghent University, Belgium [Ref: B670201627755 and
PA2014/003], Jimma University, Ethiopia (Ref:
RPGC/547/2016))

� one sample from the Democratic Republic of Congo / University
Hospital, Ghent University, Belgium (M104; Catholic University
of Bukavu, Democratic Republic of the Congo [Ref: UCB/CIE/
NC/016/2016], the Ministry of Public Health, Democratic
Republic of the Congo [Ref: 062/CD/DPS/SK/2017])

� six samples from Sri Lanka (HA9, HA15, HA16I, KA4E, MA1G,
RA5C; Ethical Review Committee, Faculty of Medicine, Univer-
sity of Peradeniya, Sri Lanka [Ref: 2015/EC/58]) (Jenkins et al.,
2017)

� two samples from Italy (CAM1, CAM2; Ethical Review Commit-
tee for the Province of Verona; Comitato Etico per la Sperimen-
tazione Clinica delle Province di Verona e Rovigo, Italy (Ref:
34678)) (Jenkins et al., 2018)

� six samples from Myanmar (TKU23, TKU25, TKU102, NDK63,
NDK92, NDK113; Imperial College London, UK, Ethical Review
Ref: 17IC4249 and 17IC4249 NoA1) (Dunn et al., 2020)

The three faecal DNA extracts samples came from livestock: one
from alpaca (Vicugna pacos) (L1B) and two from domesticated pig
(Sus scrofa domesticus) (L2B, L3B; Ethical Review Committee, Fac-
ulty of Veterinary Medicine, Ghent University (Ref: EC2016_96)).
2.2. DNA extraction and sequencing

A total of four different extraction kits were used to isolate DNA
from the faecal samples (Supplementary Table S1), a consequence
of collating a collection of diverse samples from four different lab-
oratories. The six human-derived Myanmar samples were pro-
cessed using the FAST DNA SPIN kit for soil (MP Biomedicals,
Santa Ana, CA, USA) with modifications (Papaiakovou et al.,
2019b), including an extraction control and a high-speed homoge-
niser to break open the most resistant nematode eggs (i.e., Trichuris
trichiura). The three human- and three animal-derived samples
obtained from Ghent University were processed using QIAsym
robotics DS path and the Virus Mid kit (QIAGEN, Germany) with
modifications, including the use of a high-speed homogeniser
(Vlaminck et al., 2018). The human samples from the University
of Cambridge were processed either using Magnapure L.C2 and
DNA isolation kit 1 (n = 2) (Roche, Switzerland) or Powersoil kit
(Mobio, QIAGEN, Germany) (n = 6), including a negative/blank
extraction control.
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2.3. Library preparation and sequencing

Sequencing libraries were prepared from DNA extracts using
the Nextera DNA Flex Library Preparation Kit (Illumina) and
sequenced on a single lane of an Illumina HiSeq X Ten platform
(Novogene, Hong Kong) using 2 � 150 bp paired-end chemistry,
allocating approximately 5 gigabases (Gb) of sequencing data per
sample.

Sequencing data have been submitted to the Short Read Archive

(SRA) under the project accession number PRJNA847183. Sequenc-
ing reads derived from human faecal DNA extracts were filtered
prior to submission to only contain helminth reads. For livestock
samples, all raw reads were submitted. Individual sample acces-
sions are described in Supplementary Table S2.

2.4. Bioinformatics analyses

A schematic workflow summarising the set of bioinformatic
analyses implemented in this study is provided in Fig. 1.

2.4.1. Taxonomic classification of raw reads
Raw sequencing reads were trimmed using Trimmomatic v.0.38

(Bolger et al., 2014) and their quality was evaluated using FastQC

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
and MultiQC (Ewels et al., 2016). Trimmed reads were assigned to
taxonomy (according to Bacteria, Archaea, Eukarya and Unclassi-
fied) using Kraken2 (Wood et al., 2019) v.2.0.7-beta (--confidence
0.25) and a database built using the full NCBI nucleotide (nt) data-
set. The Kraken2 output was visualised using KronaTools v.2.7.1
(Ondov et al., 2011). The relative abundance of helminth species
in each sample was visualised using Krona plots (available from
https://figshare.com/articles/figure/Krona_Plots_Fig_S1/
21815847).

2.4.2. Mapping to mitochondrial and whole genome assemblies
Reference fasta files were collated from WormBase ParaSite

(WBSP17; https://parasite.wormbase.org/) or NCBI representing
the mitochondrial genomes and/or whole genome assemblies of
helminths previously reported to be found in the faeces of human
or livestock hosts. Although the actual species present in any given
sample is highly contextual, the reference database was con-
structed with all available genomes to enable generic classification
of any sample. An improved, recently published genome assembly
of T. trichiura (Doyle et al., 2022b) was used in lieu of the version
available from WormBase ParaSite. In total, 25 mitochondrial gen-
omes and 21 whole genome assemblies were collated (Supplemen-
tary Table S3). Relevant reference sequences per host, i.e., livestock
or human, were combined to generate a metagenomic reference
set for each of the mitochondrial or whole genome sequence sets.
By doing so, metagenomic sequencing reads composed of one or
multiple species could map competitively and specifically to the
reference genome of the species from which they were derived.

The reference fasta files were first indexed using Burrow-
Wheeler Aligner (BWA); subsequently, trimmed metagenomics
reads were mapped using BWA-MEM(Maximum Exact Match) (Li,
2013). Unmapped reads were filtered using samtools view, retain-
ing reads > 130 bp in length. Mapped reads were further filtered
to remove soft and hard clipped (based on CIGAR pattern) reads
using samclip v.0.4.0 and only uniq alignments were retained from
the sorted bam files using sambamba v.0.8.2.

To determine the number of mapped reads across samples and
species, mapped data were analysed using: i) samtools flagstats
from the original sam alignment files and ii) bedtools multicov using
the uniq bam files and genomics coordinates of the whole mito-
chondrial genome or 10 kb interval bed files from whole genome
3

assemblies. The depth of coverage was calculated using samtools
depth. For all datasets, the depth was normalised to enable compar-
ison between samples and varying genome sizes. Normalisation
was achieved by first dividing the number of reads mapped by
the total number of reads per sample and then dividing by the gen-
ome size in Mb. For the whole genome analysis, depth of coverage
was calculated in 10 kb windows throughout the genome, from
which the mean reads mapped throughout the genome was deter-
mined; this was to account for variable contig and scaffold sizes
within and between genome assemblies and the disproportionate
frequency of collapsed repeats in small contigs that will have
inflated sequencing depth. Data describing the depth and number
of reads mapped were imported into RStudio (R v.4.2.0; https://
www.rstudio.com) for visualisation using the ggplot2 and lattice
packages.

2.4.3. Mapping to ITS2 database
To detect additional species within the metagenomic reads that

lacked a reference genome, reads were scanned against a compre-
hensive database of nematode ITS2 nuclear ribosomal sequences

(https://www.nemabiome.ca/its2-database.html) (Workentine
et al., 2020). The database contained a total of 11,763 sequences,
many of which represented different isolates from the same spe-
cies. From this dataset, a single representative ITS2 sequence per
species was chosen, resulting in 1,671 unique species identifiers
and sequences. Raw sequencing reads were compared against the
ITS2 database using VSEARCH v.2.15.2 (Rognes et al., 2016) (param-
eters: --usearch_global --id 0.95 --strand both --minseqlength 50
--mincols 50 --maxaccepts 3 --blast6out), from which hits longer
than 100 bp and greater than 98% similarity were considered qual-
ity matches. Initial testing of the approach revealed some raw
reads mapped toMarshallagia spp., which when analysed by BLAST,
resulted in hits to Escherichia coli genomes. As these were poten-
tially false-positive hits, we removed Marshallagia spp. ITS2
sequences from the curated reference set.

2.5. Generating consensus mitochondrial genomes from mapped data

The relatively higher coverage of Ascaris mitochondrial reads
enabled the generation of consensus sequences for some samples.
Briefly, trimmed raw reads were mapped against a reference
Ascaris mitochondrial genome (GenBank accession number:
HQ704900) in Geneious Prime v.2019.2 using the built-in Geneious
mapper (mapping parameters: maximum gaps per read = 5%, min-
imum overlap = 75, word length = 20, ignore words repeated more
than = 12, maximum mismatches per read = 10%, maximum gap
size = 5, minimum overlap identity = 95%, index word length = 13,
maximum ambiguity = 4). For each sample, the consensus with the
highest mapping quality was extracted and used as a reference;
raw reads from each sample were individually mapped to the ref-
erence to ensure capturing of genuine sequence variants. Mapping
was performed iteratively (n = 5) with strict parameters (maxi-
mum gaps per read = 2%, minimum overlap = 50, word length = 14,
ignore words repeated more than = 12, maximum mismatches per
read = 2, maximum gap size = 3, minimum overlap identity = 95%,
index word length = 13, maximum ambiguity = 4). Consensus
sequences for each sample are available in GenBank (see Supple-
mentary Table S4 for accession numbers).

2.6. Phylogenetic analysis of Ascaris spp.

To understand the genetic relationship between the newly
recovered Ascaris consensus mitochondrial genomes, we under-
took phylogenetic analyses together with 36 complete Ascaris
mitochondrial genomes and the mitochondrial genomes of two

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://figshare.com/articles/figure/Krona_Plots_Fig_S1/21815847
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Fig. 1. Overview of the bioinformatics pipeline to diagnose and classify helminth species. Sequencing reads were first trimmed before analysed for quality and for broad
taxonomic classification, before being mapped to either mitochondrial genomes or whole genome assemblies of helminths expected to be found in the faeces of humans or
livestock. Sequencing reads were also analysed by matching to a reference database of over 1,600 ITS2 sequences of free-living and parasitic worms. Due to the higher
coverage of Ascaris mitochondrial reads, consensus sequences were made, which could be placed phylogenetically among a global cohort of Ascaris reference sequences.
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outgroup taxa (Parascaris univalens and Baylisascaris procyonis)
available from GenBank (see Supplementary Table S4 for accession
numbers). The nucleotide sequences of the reference and consen-
sus mitochondrial genomes were aligned using MAFFT (Katoh
and Standley, 2013) (parameters: L-INS-i algorithm, scoring matrix
200 PAM/k = 2, gap penalty = 1.53, offset value = 0.123) in Geneious
Prime v.2019.2, and visualised to ensure protein-coding genes
remained in-frame. Sites of uncertain homology were excluded
using Gblocks (Castresana, 2000) (parameters: minimum number
of sequences for a conserved position: lowest possible; minimum
number of sequences for a flank position: lowest possible; maxi-
mum number of contiguous nonconserved positions: 10; mini-
mum length of a block: 5; allowed gap positions: with half).

Mesquite (https://www.mesquiteproject.org/) was used to obtain
the ’excluded’ regions from GBlocks. The evolutionary model for
the mitochondrial nucleotide data set was selected using the

Akaike Information Criterion in MrModelTest2 v.2.4 (https://

github.com/nylander/MrModeltest2) and the model GTR + I + G
was chosen, which is the most complex model that accounts for
4

high heterogeneity in the data. Bayesian inference (BI) analysis
was performed using MrBayes v.3.2.6 (Huelsenbeck and Ronquist,
2001). Two parallel runs were carried out and DendroPy sumtrees
v.4.2.0 was used to summarise the best tree, dropping any low
nodal support (parameters: effective sample size (ESF) value > 200,
potential scale reduction factor (PSRF) = 1). Chains were run for
5,000,000 generations and sampled every 1,000th generation. The
burn-in was set at the point at which the average standard devia-
tion of split frequencies was < 0.01. Clades were considered to have
high nodal support if BI posterior probabilities were > 0.95.

2.7. Diagnostics analysis using qPCR

The samples ET018, ET103, M104 were screened by qPCR for the
presence of Ascaris lumbricoides, Ancylostoma spp., Necator ameri-
canus, T. trichiura, Strongyloides stercoralis, Schistosoma mansoni
and Enterobius vermicularis using previously established protocols
and assays (Köller et al., 2020). The samples NDK63, NDK92,
NDK113, TKU23, TKU25, and TKU102 were screened for all STHs
using both Kato-Katz and qPCR (Dunn et al., 2020). The samples

https://www.mesquiteproject.org/
https://github.com/nylander/MrModeltest2
https://github.com/nylander/MrModeltest2
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HA15, HA16I, HA9, KA4E, MA1G, and RA5C were screened for hel-
minths using sucrose flotation (Jenkins et al., 2017) and their hel-
minth loads were confirmed using established qPCRs targeting
species-specific repetitive elements for STHs (Pilotte et al., 2016;
Papaiakovou et al., 2017). The livestock samples L1B, L2B and
L3B were screened for helminths using the McMaster methodology
(Gordon and Whitlock, 1939; Ministry of Agriculture, Fisheries and
Food, 1986). Details on qPCR primers, gene/loci targets, reaction
conditions and microscopy methods used for each of the samples
are described in Supplementary Tables S5, S6.

2.8. Comparison between genome skimming and qPCR

To assess the sensitivity and specificity of genome skimming
versus qPCR, we compared the results obtained using the two
approaches. A confusion matrix of true positives, true negatives, false
positives, and false negatives between these two approaches, where
qPCR was considered as the ‘reference test’, was used to determine
the precision, sensitivity, and F1 score, where:

Sensitivity = True Positives / (True Positives + False Negatives)

Precision = True Positives / (True Positives + False Positives)

F1 score = 2 * (Sensitivity* Precision) / (Sensitivity + Precision)

For each score, a value of 0 is attributed to no agreement and a
value of 1 is perfect agreement.

To provide a differential cost estimate of genome skimming and
qPCR, we calculated the cost of the experiments presented. We
note that these estimates are specific to the UK, reagents and pro-
viders used, whose cost may differ in different regions of the world.
The per sample cost of genome skimming was approximately £160
for 5 Gb of data. This included DNA extraction, library preparation,
sample shipping to the sequencing provider, sequencing, prelimi-
nary data QC and Cloud data storage. Note that some degree of
labour cost is built into the sequencing price by the external provi-
der. The cost of qPCR was approximately £25 per sample. This
included DNA extraction and species-specific PCR for five main hel-
minth species (plus internal control) and did not include labour
costs.

2.9. Data accessibility

Sequencing data have been submitted to the Short Read Archive
(SRA) under the project accession PRJNA847183 (Biosample codes:
SAMN28922036-SAMN28922055). Submitted mitochondrial gen-
ome sequences for A. lumbricoides can be found under
ON725081-ON725086 and ON725090. Custom code for data anal-
ysis and visualisation are provided in https://github.com/Mari-
naSci/IJP_genome_skimming.

3. Results

3.1. Metagenomic sequencing and classification of raw reads from
human and livestock samples

Metagenomic sequencing of faecal DNA extracts yielded an
average of 36.6 million reads per sample (range: 23.7–45.1 million
reads; Supplementary Table S2). Trimming excluded low-quality
reads, with an average reduction number of 235,631 reads per
sample. Trimmed sequence data were first classified using Kraken2
into broad taxonomic groups, including eukaryotic, bacterial,
archaeal, as well as reads that could not be classified. Within the
eukaryotic classification, reads were assigned to helminths (specif-
ically, Acanthocephala, Platyhelminthes or Nematoda), or hosts. On
average, 0.82% or reads were classified as eukaryotic in origin; of
these, 0.04% were identified as helminths and 0.08% as host reads.
5

The remaining reads were unclassifiable by Kraken2 (average
75.7%), with one sample from pig including > 90% of unclassified
reads. The average bacterial recovery per sample was 22% of the
total reads.

3.2. Three approaches to classify helminth DNA in human and livestock
samples by genome skimming

3.2.1. Mapping to mitochondrial genomes
To classify reads to species level using reference sequences, we

mapped trimmed reads from each sample to a collection of mito-
chondrial genomes of helminth species known to infect human
or livestock species (Fig. 2). Ascaris was identified in most samples,
with A. lumbricoides detected in 12 of 17 human samples and A.
suum in two of three livestock samples. Reads mapping to Ascaris
were also the most abundant following normalisation of depth of
coverage, indicating a higher burden of infection relative to other
helminth species. Most samples contained only a single helminth
species; however, five samples displayed evidence of mixed infec-
tions, including seven helminth species (which included Ancy-
lostoma ceylanicum and Strongyloides stercoralis) detected in a
single human sample (NDK92). Notably, T. trichiura, a particularly
challenging species to recover DNA from faecal samples due to
their eggs being highly environmentally resistant and having low
DNA yield, was detected in two human samples. Conversely, differ-
ent DNA extracts from pigs (L2B and L3B) contained reads match-
ing A. suum, whereas analysis of raw (non-normalised) reads from
alpaca revealed hits to Trichostrongylus axei that were, however,
below the significance threshold.

3.2.2. Mapping to whole genome assemblies
The reference-based analysis was extended to available whole

genome assemblies in order to characterise genome-wide variation
that might be present within these samples. Further, given the
higher copy number but variable ratio of mitochondrial-to-
nuclear genomes per species (Doyle et al., 2019), estimates of the
relative abundance of species based on nuclear genomes may bet-
ter reflect their true abundance in a given sample. The relative pro-
portion of normalised reads per sample was substantially lower in
the whole genome analysis relative to the mitochondrial genomes
(Fig. 3). Nonetheless, we detected A. lumbricoides in the same six
human samples which had a high abundance of Ascaris mitochon-
drial reads. We also detected the presence of Anisakis simplex and S.
mansoni, both from a single sample (NDK63). We detected the
presence of E. vermicularis at a low level in eight human samples,
and moderate to high levels in three samples (Fig. 3). Considering
E. vermicularis was only detected in two samples following mito-
chondrial analyses, we further explored this result. BLAST analysis
of contigs with reads mapped—typically small contigs less than
10 kb—revealed matches to bacterial sequences, thus revealing
likely bacterial contamination in the reference genome. Follow-
up analyses of depth of coverage after exclusion of E. vermicularis
contigs < 10 kb revealed low but likely positive signal in three sam-
ples NDK113, TKU23 and RA5C, above a persisting background
level of contamination (Supplementary Fig. S1). Similar analysis
of scaffolds with the larger number of hits against A. simplex and
Taenia solium, revealed matches to Escherichia coli and sequenc-
ing/cloning vectors, respectively, thus also indicating contamina-
tion of the reference sequence. However, we did detect confident
BLAST matches to A. simplex genes in some of the larger scaffolds
with read coverage.

Analysis of the whole genome of helminths in livestock samples
contrasted the mitochondrial analysis of the same samples. Here,
Ascaris was not detected, however, we did detect low levels of
Echinococcus canadensis and Trichuris suis (Supplementary
Fig. S2). Results from BLAST searches of the top scaffolds matching

https://github.com/MarinaSci/IJP_genome_skimming
https://github.com/MarinaSci/IJP_genome_skimming


Fig. 2. Estimation of the relative abundance of human- and livestock-infective helminths based on mapping to mitochondrial genomes. Output reads from the mapping
against reference mitochondrial genomes were normalised by the total number of reads per sample per genome size, to obtain ‘reads mapped per million reads per Mb’. A
minimum normalised coverage threshold of 10 was applied.
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Ec. canadensis returned Sus s. domesticus (pig) mitochondrial and
chromosomal hits, suggestive of host contamination in the parasite
genome.

3.2.3. Rapid screening of an ITS2 sequence database
Mapping to either the mitochondrial genome or whole genome

assemblies relied on the availability of relevant genome assemblies
for targeted species. However, many helminth species lack refer-
ence genomes. In an attempt to verify the presence of DNA from
any additional species, we compiled a much larger database of
ITS2 representative of > 1,600 species of free-living and parasitic
worms (Workentine et al., 2020). Using this approach, we identi-
fied Ascaris in seven of 12 samples (100% sequence similarity to
both A. suum and A. lumbricoides ITS2 sequences); we note that
these samples contained the most abundant mitochondrial reads
for Ascaris, suggesting that the detection of mitochondrial reads
was more sensitive than ITS2 reads. For two human samples, we
identified E. vermicularis (95.2% and 97.8% sequence similarity in
NDK113 and TKU23, respectively), thus suggesting a genuine
occurrence of infection. Finally, we detected a number of species
for which a reference genome is currently unavailable, including
Camelostrongylus mentulatus and Spiculopteragia houdemeri (L1B
from an Alpaca host; 100% and 95.7%, respectively) and Marshalla-
gia occidentalis (CAM2; 96% sequence similarity). Camelostrongylus
mentulatus, a nematode common amongst Old World camelids, is
known to infect alpacas across Europe (Ballweber, 2009). Marshal-
lagia occidentalis is a gastrointestinal parasite of ruminants and,
therefore, represents a false-positive misclassified hit; however,
the imperfect sequence similarity between the sequencing read
and the ITS2 hit (96%) suggests that it may in fact be closely related
to a human-infective Trichostrongylidae species. The complete list
of positive sequence read matches to the ITS2 database, including
match length and sequence similarity, is available in Supplemen-
tary Table S7.

3.3. Ascaris mitochondrial genomes and phylogenetic placement

The proportionally larger number of Ascaris reads allowed us to
generate complete or nearly complete, consensus Ascaris mito-
chondrial genomes from DNA extracts from seven human samples.
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First, we mapped the consensus sequence to the A. lumbricoides ref-
erence HQ704900, revealing between 83% (ET103) to 99% (NDK63,
NDK63, TKU25, TKU102) coverage of the reference by the consen-
sus. We further evaluated the consensus sequences by mapping
the reads to each individual consensus sequence, revealing rela-
tively even coverage across the majority of the genome with a
decrease of coverage in the main non-coding region (Supplemen-
tary Fig. S3). The coverage varied between samples, from 2.5✕ of
ET103 to 178✕ of TKU102 (Supplementary Fig. S3).

Whole alignments of Ascaris mitochondrial genomes, including
the seven consensus sequences and two outgroups, resulted in a
conserved alignment length of 13,948 bp. The number of missing
and/or ambiguous base calls in the alignment was not evenly dis-
tributed among the samples, with the metagenomic environmental
studies of ancient DNA (KY68754-KY687663, MH059555) harbour-
ing the greatest proportion of missing data and ambiguous base
calls (Supplementary Table S4).

The Bayesian Inference (BI) phylogeny for Ascaris mitochondrial
genomes is shown in Fig. 4. The Ethiopian isolate (ET103), an
incomplete sequence with the lowest sequence coverage, is
resolved as the earliest divergent A. lumbricoides lineage; the A.
suum isolate (unpublished sequence KY045804 from England,
UK) is resolved as the earliest divergent Ascaris mitochondrial gen-
ome. Two well-supported clades of mixed A. suum and A. lumbri-
coides isolates are also resolved. The Myanmar samples of A.
lumbricoides fall into three clusters in the first of these clades:
NDK63, NDK92 and NDK113 (all from Nyaungdon) clustering with
isolates of A. suum, TKU25 and TKU102 (each from Taik Kyi) as sis-
ter taxa in a clade with TKU23 (also Taik Kyi) and mixed Ascaris
spp. including predominantly East African (Kenyan, Tanzanian,
Ugandan) isolates. The second major clade comprises Chinese sam-
ples, European archaeological samples, additional Kenyan isolates
and Ascaris spp. from sheep and captive zoo primates. Overall,
the phylogeny demonstrates structure with well-supported nodes
differentiating the new Ethiopian and Myanmar samples; however,
a relatively poorly resolved clade including European archaeologi-
cal samples (mitochondrial genomes with the greatest proportion
of missing bases and ambiguous base calls; Supplementary
Table S4) and a global mix of both A. suum and A. lumbricoides iso-
lates (Fig. 4) suggests further geographic sampling may be required



Fig. 3. Estimation of the relative abundance of human-infective helminths based on mapping to whole genome assemblies. The relative proportion of normalised reads,
measured as reads mapped per million reads per Mb, is presented. Note that the high frequency of Enterobius vermicularis reads is largely due to bacterial sequences in the E.
vermicularis reference genome causing a false positive signal; when these are removed, this signal is significantly reduced (Supplementary Fig. S1).
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to resolve the true phylogenetic structure of this genus. Inclusion
of historic and archaeological samples will be of interest when
sampling is broadened, notwithstanding the limitations in
sequence depth and accuracy in handling DNA from archaeological
samples, but may here be reducing the ability to resolve interrela-
tionships amongst the European, most derived clade. The lack of
genetic distinction between mitochondrial genomes of our isolates
of A. lumbricoides and publicly available DNA sequences of A. suum
and A. lumbricoides (and perhaps also Ascaris ovis) further supports
that Ascaris spp. are indistinguishable as discrete taxonomic units
based on mitochondrial genome data alone, consistent with previ-
ous analyses of the Ascaris genus (Leles et al., 2012; Nejsum et al.,
2017; Easton et al., 2020; Chen et al., 2021).
7

3.4. Comparison of genome skimming with qPCR

To validate the genome skimming data, we compared positive
hits against qPCR data, currently considered the gold standard for
diagnosis of infections by helminths from stool specimens. A total
of 14 species identified by genome skimming were also positive
by qPCR, whereas four positive genome skimming hits were neg-
ative for qPCR; see Fig. 5. However, 13 of 28 qPCR-positive infec-
tions were negative by genome skimming, suggesting that the
sensitivity of genome skimming is lower than that of qPCR.
Together, the precision and sensitivity of genome skimming rela-
tive to qPCR were 0.78 and 0.52, respectively, resulting in an F1
score of 0.62.



Fig. 4. Phylogenetic relationships between Ascaris spp. Bayesian inference phylogeny of new and publicly available mitochondrial genome sequences of Ascaris, rooted
against ascaridid species Parascaris univalens and Baylisascaris procyonis. Species, country of origin (where known, or ‘?’ likely) and GenBank accession numbers are indicated,
together with non-human hosts (including captive in zoos); selected Kenyan samples and isolates are from Easton et al.(2020). Nodal support is indicated as posterior
probability (pp). Scale bar indicates the number of substitutions per site.
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4. Discussion

In this study, we evaluated genome skimming as a method to
detect and characterise helminth infections from faecal samples
from both livestock and humans. Genome skimming of faecal
DNA to sample the ‘‘helminth metagenome”, achieved by low-
8

coverage whole genome sequencing, has the potential to provide
new insight into the genetic composition of helminth communities
in the gut, and to provide information-rich diagnostic data over
current diagnostic technologies. Genome skimming also offers a
generic approach to assay multiple sample types without the need
for species-specific assays, thus representing an attractive
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approach for diagnosing mixed helminth infections of human and
livestock importance (Papaiakovou et al., 2022). Using 20 well-
characterised faecal DNA extracts, we found that genome skim-
ming is specific, but not as sensitive as qPCR-based diagnostics.
Herein, we discuss the strengths and limitations of such an
approach.

We used three methods to identify helminth-derived sequences
in the metagenomics data, each providing a different level of reso-
lution. Mapping metagenomic reads to the mitochondrial genomes
of helminths in either human or livestock faeces was the most
informative of the three approaches, likely due to the higher copy
number of mitochondrial versus nuclear genomes (Doyle et al.,
2019). The increasing availability of reference mitochondrial gen-
ome sequences allows greater phylogenetic resolution to differen-
tiate between species (relative to a single gene, e.g. cytochrome
oxidase I (cox1) which is commonly used as a marker or molecular
barcode to differentiate species) as well as to identify genetic vari-
ation between and among individuals within a given species. The
small size of mitochondrial genomes, relative to that of whole gen-
omes, also provides greater ease and higher confidence in their
assembly and a lower risk of bacterial contamination. Mapping
against whole genome assemblies was suboptimal, largely due to
the low sequencing depth per sample; we note that this limitation
can be addressed with higher sequencing coverage, albeit at a
higher cost per sample. Herein, it was evident that the presence
of bacterial and/or host contamination of helminth genomes
resulted in false-positive signals, as in the case of the E. vermicu-
laris, Ec. canadensis and A. simplex genomes; bacterial contamina-
tion also features in the T. trichiura genome on WormBase
ParaSite v17 (and earlier releases), although the current study
included an improved version of the genome largely free of bacte-
rial contamination. Although direct sequencing and analysis of hel-
minth DNA is unlikely to be impacted by low levels of bacterial
contamination, sequencing of faecal DNA, which contains large
proportions of host and bacterial DNA, may represent a significant
challenge for genome skimming. To overcome this challenge, exist-
ing reference genomes must be carefully curated to ensure that
they are free of non-helminth sequences (Doyle, 2022). Finally,
by comparing sequencing reads against a comprehensive ITS2
9

database (Workentine et al., 2020), we could extend our analysis
beyond the available reference genomes and explore the occur-
rence of uncharacterised species in the faecal samples. This
approach was less sensitive than mapping reads against helminth
mitochondrial genomes, as testified by the smaller number of
Ascaris infections detected by this method. This is likely attributa-
ble to the stringent matching parameters applied, that required the
vast majority of the sequencing read to match the ITS2 reference
sequence and discounted the greater proportion of legitimate but
partial sequencing read matches. The direct sequencing of ITS2
PCR products, such as the nemabiome sequencing toolkit devel-
oped for selected livestock parasites (Avramenko et al., 2015;
Redman et al., 2019; Sargison et al., 2022) has proven highly sen-
sitive to detecting and discriminating species within mixed hel-
minth populations; however, to date, no comparable assays for
diagnosis of human parasites are available. All three approaches
relied on the availability of a reference sequence from a known hel-
minth species for comparative analyses; therefore, genome skim-
ming approaches are intrinsically limited by the availability of
high-quality reference genomes. Integrating the catalogue of refer-
ence genomes from helminth species affecting humans and live-
stock alike is therefore paramount for the success of this approach.

We demonstrated one example where genome skimming pro-
vided additional benefits over conventional diagnostics
approaches. The relatively high sequencing depth of selected sam-
ples included in this study enabled complete consensus mitochon-
drial genomes of Ascaris to be resolved, thus allowing phylogenetic
placement. Although partial mitochondrial gene fragments, fre-
quently from cox1, have been used for establishing haplotypes
within Ascaris (Anderson et al., 1995; Monteiro et al., 2019), the
potential to resolve full mitochondrial genomes points towards
the ability of faecal metagenomics to further support population-
level studies. Higher sequencing depth than applied to samples
from this study (i.e. 5 Gb) would increase the likelihood of resolv-
ing more mitochondrial genomes from additional samples. Charac-
terising the genetic makeup of worms may prove useful in control
programmes, as it could provide the opportunity to better under-
stand patterns of parasite movement within and across geograph-
ical regions, as well as population genetics and routes of
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transmission (Webster et al., 2017; Cotton et al., 2018; Hedtke
et al., 2019). What is yet to be determined is the genetic resolution
from these types of data, i.e. consensus sequences derived from a
mixed population of parasites, given that any pooled sequencing
approach ignores the genetic variation of individual parasites.
Nonetheless, consensus sequences may still provide sufficient
genetic information to differentiate broadly geographically dis-
tributed parasites from non-admixing populations. Although we
only recovered consensus mitochondrial genomes from seven out
of 20 samples, future studies could increase the likelihood of recov-
ery by prioritising samples with higher burdens of infection. In
addition, assessing the limits of detection of such an approach
using well-characterised sample sets with known egg/larvae num-
bers are also needed.

There are still a number of technical and logistical challenges to
be overcome before genome skimming can be confidently applied
to parasitological research directly from faecal specimens. In addi-
tion to limitations already discussed, our opportunistic approach to
sampling in this study has resulted in a collection of samples in
which different sample handling and DNA extraction approaches
were applied, likely resulting in variation in the quality and yield
of DNA and, in turn, differences in the recovery of species detected.
Similarly, different approaches likely had different efficacy in their
ability to recover certain species. For example, T. trichiura eggs are
difficult to lyse and require the use of a high-speed homogeniser/
bead beater to efficiently recover DNA (Kaisar et al., 2017). Further
work is needed to determine the optimal balance between suffi-
cient homogenisation to disrupt eggs to obtain DNA whilst main-
taining the integrity of the targeted DNA for high-throughput
sequencing.

Studies of the human microbiome have emphasised the need to
standardise preservation and extraction methods, avoiding tech-
niques that bias or reduce data collection (Knight et al., 2018).
We note that these concerns are not specific to genome skimming,
but will likely influence the outcome of any molecular approach to
detect parasite DNA, including qPCR. Nonetheless, it is clear that
optimisation and harmonisation of sample preservation and
extraction methods for shallow metagenomics analysis require
further exploration. Genome skimming may not be competitive
against conventional diagnostic practice for the foreseeable future,
at least not until costs associated with sequencing approaches
decrease substantially and/or the additional information gained
by genome skimming is deemed valuable enough to warrant a
higher cost. For this experiment, the cost per sample of genome
skimming was� 6.5-fold higher than the cost of qPCR to detect five
helminth species. In the short to medium term, genome skimming
may complement existing diagnostic approaches to explore
genetic diversity and connectivity between populations, a task that
qPCR or microscopy methods cannot fulfil. The optimal depth of
sequencing needs to be determined, as there are potential benefits
for higher sequencing coverage at a higher cost per sample. Costs
may be further optimised, for example, by enriching helminth
DNA in the faecal sample, e.g. via isolation of eggs and/or removal
of bacterial/host material prior to sequencing. Such steps will
increase sequencing efficiency, thus reducing the sequencing cov-
erage needed per sample and, ultimately, its cost. The growth of
metagenomic and meta-transcriptomic studies demands a con-
comitant growth of reliable, verified helminth reference sequences
for interrogation, especially when opening, and identifying, the
veritable ‘can of worms’ that is non-targeted sequencing.
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