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Many parasites manipulate the behaviour or appearance of
their host to improve their own survival or transmission,
with manipulation timing tightly linked to a parasite’s
developmental stage. However, host manipulations are
complicated by the presence of co-occurring parasites
within the same host. Conspecific co-occurring parasites of
similar developmental stages may interact collaboratively
to manipulate a host. However, co-occurring parasites
of different developmental stages will conflict with one
another, especially when the manipulation is fatal to
developmentally immature co-occurring parasites. Kin
selection further complicates these interactions by predicting
that closely related co-occurring parasites may not interfere
with the other’s manipulation. Co-occurring hairworm
(Nematomorpha) parasites are common, and the water-
seeking manipulation mature worms induce is probably
lethal to co-occurring juvenile worms. To understand the
role that kin selection may have on these interactions, we
assess kin relationships in a wild hairworm population.
We sequence, to our knowledge the first, New Zealand
hairworm (Gordius paranensis) genome and use reduced
representation sequencing to estimate relatedness among
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co-occurring worms. We show that co-occurring hairworm relatedness varies from unrelated to
highly related and that both mature and immature worms inhabit the same host. We discuss how
these developmental and kinship dynamics may shape host manipulations and hairworm survival.

1. Introduction
Nematomorpha or hairworms are an entirely parasitic phylum that infect arthropods [1]. Their
complicated life history involves passing between two hosts and moving from freshwater to a
terrestrial environment and back again [1–3]. The movement from a terrestrial to a freshwater
environment is accomplished by a manipulation of the terrestrial arthropod host to enter water [3].
This has led to them being touted as a classic example of host manipulation or extended phenotype
[4], where the genes of the parasite alter the phenotype of the host [5]. Though not nearly as extreme
as at times suggested in the literature [6], research does suggest that terrestrial insect hosts can be
manipulated to enter water to facilitate the transfer of the parasite to the freshwater environment
[7–10]. Little genomic work has been conducted on this phylum, and worm development, including the
mechanism of the extended phenotype, is not well understood.

However, manipulation of the host may not simply involve a fully developed worm initiating
a phenotype change. Co-occurring conspecific hairworm infections, i.e. the presence of more than
one worm in a single host, have been observed, with records of up to 12% of infections involving
multiple worms [11]. Co-infections by the same or different species of manipulating parasites have
been documented across a range of taxa [12–14], and the limited studies in this area to date have
shown that co-occurring parasitic interactions can involve various levels of collaboration or conflict
[15–22]. Co-occurring parasites sharing the same host may be at different development stages, i.e.
different ages, with only fully developed individuals potentially benefitting from host manipulation
[15]. Conspecific interactions are further complicated by kin selection which predicts that co-occurring
parasites are more likely to collaborate with close kin and conflict with non-kin [23–25]. Brown [21]
developed a theoretical cost-benefit model of host manipulations with co-occurring parasites that
incorporated kin selection, however, there is very little information on how naturally co-occurring
conspecific parasites vary in relatedness [25,26].

Hairworms, with their commonly observed co-infections and fatal host manipulation, may provide
a promising system to better understand the impacts of co-occurring parasite interactions. If worms
can detect the presence of a co-occurring worm, we assume their response will probably depend on
two factors: (i) age difference between the worms, and (ii) the relatedness of the worms (figure 1).
Co-occurring worms of the same age, i.e. dual infections resulting from a single infection exposure,
may work together to drive any host phenotypic changes (sharing the metabolic cost of driving a
manipulation), or one worm may drive the host manipulation while the other assumes a passive
role (avoiding the metabolic cost of the manipulation). However, co-occurring worms resulting from
multiple infection exposures at different times may not be at comparable life stages. When mature
and juvenile worms reside in the same host, the mature worm manipulating the host to enter water is
probably lethal to any co-occurring immature worms. Though laboratory studies have shown hosts do
not always die upon emergence [27], it has been observed that hosts may be eaten upon entering the
water [9,28], suggesting that their survival post-manipulation in the wild is probably low. However, the
fatal conflict between worms is further complicated by the potential role of kin selection. If the worms
can detect kin, as has been shown in some nematodes [29,30], the immature worm may not attempt to
sabotage the mature worm’s manipulation, or the mature worm may delay a host manipulation until
the close kin immature worm is ready.

Kin selection may play an integral role in the development of the collaborations or conflicts between
co-occurring conspecific parasites. The complicated two-host life cycle (figure 2) of a hairworm means
that a co-occurring infection involving different lineages in the final host could be the result of either
the paratenic/aquatic host feeding on different egg clutches (becoming infected with two lineages) or
the final host feeding on multiple paratenic hosts (increasing their exposure to different lineages). In
either scenario, the final host is exposed to and infected with more than one lineage. Understanding
how co-occurring worm relatedness varies in a natural population represents a first step in under-
standing whether hairworm infections can be used to better understand parasite–parasite interactions.
In this study, we generated a genome for the New Zealand hairworm Gordius paranensis Camerano,
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1892. This represents one of the few genomes available for this phylum and an important genomic
resource [31,32]. We then sampled a range of infected hosts and free-living worms from the same
location and conducted genotype-by-sequencing (GBS) on the worms to generate kinship estimates
between co-occurring worms to assess the relatedness between worms and determine what role, if any,
kin selection may have in naturally co-occurring hairworm infections.

2. Methods
2.1. Sampling
Hairworms (G. paranensis) were collected from cave wētā (Pleioplectron simplex) hosts or free-living
mating tangles (gordian knots) found within an adjacent stream from the Cass region of Te Waipou-
namu Aotearoa, South Island, New Zealand (43°02′ 3.254″ S, 171°45′ 50.612″ E; figure 3). At this
location, G. paranensis has only been observed in tree wētā (Hemideina sp.) and cave wētā hosts;
however, as cave wētā are easier to sample in this location, collections from live hosts were limited to
cave wētā. This hairworm species has also been observed in two species of ground beetle and a wolf

Figure 1. Overview of five possible scenarios from a dual infection. In these scenarios, worms are infected by a single (a) or dual
infection (b–e). Shading to the right shows predicted host manipulation times occurring when a worm reaches maturity. Vertical red
and blue lines indicate the onset of host manipulation by the worm. Horizontal lines indicate the gene expression changes in the
worms associated with the manipulation. Gene expression changes in the worm probably involve both the upregulation (solid line)
and downregulation (broken line) of genes. (a) Single infection worm resulting in behavioural manipulation and host death. (b) Dual
infection of similar aged worms resulting in host death (in this example, both worms contribute to a host manipulation, and an
alternative scenario would be for one worm to assume a passive role). (c) Dual infection of different aged worms with no kin selection
(worms are in conflict); here, the immature worm delays the behavioural manipulation (gene expression changes of manipulation
interference indicated with dark blue lines). (d) Dual infection of different aged worms with no kin selection (worms are in conflict);
here, the immature worm fails to counter the mature worms’ behavioural manipulation and dies with the host. (e) Dual infection with
kin selection, here the immature worm does not attempt to counter the host manipulation and dies with the host (an alternative
scenario would be for the larger worm to delay the host manipulation until the immature worm has matured).
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spider at another collection site in the South Island [11]. Adult free-living hairworms collected from
the field probably represent a mix of worms from both tree and cave wētā hosts. In total, 83 hairworm
samples were collected, representing an approximately 11.5% infection rate in cave wētā hosts (figure
2, overview of life cycle). Of these 83 hairworms, 56 worms were collected from within their host,
and 27 free-living hairworms were collected directly from the stream (figure 3). The 56 worm samples
collected directly from hosts represented 10 co-infections (ranging from 2 to 9 worms) and 13 single
infections.

Samples were either frozen on site using a dry shipper or hosts were captured and returned to the
laboratory. Hosts returned to the laboratory were kept in a temperature-controlled room and killed
(liquid nitrogen) as part of other experiments, worms were collected either within the host during
infection or at the time of emergence. Where possible, worms collected from hosts were photographed
and measured; however, owing to the nature of various experiments, not all worms were measured.
Dissected worms were classed as either juvenile (pale, unmelanized worms with a thin juvenile cuticle)
or mature (large, melanized worms with a thick adult cuticle). Individual worms were stored at −80°C
until extraction.

2.2. Species identification
Species identification was confirmed by the examination of a single male hairworm. Body sections of
about 1 mm length from the middle region and the entire posterior end of one male were dehydrated
in a series of increasing ethanol concentrations, critical point dried in a Leica EM CPD300 Critical
Point Dryer, sputter coated with gold Sputter Coater and investigated with a LEO SEM 1524 scan-
ning electron microscope. Identification was based on morphological characteristics, i.e. the cuticular
structure and especially the presence of a semicircular row of bristles anterior to the cloacal opening, a
distinguishing feature of G. paranensis [33].

2.3. Genome sequencing
A hybrid genome assembly was generated using 10× Genomics linked reads and Nanopore reads. A
male hairworm (XY/XX system) was extracted using a Nanobind Tissue Big DNA kit (Circulomics,
USA). This individual (code W136) was used for both 10× Genomic linked read library preparation

Figure 2. Overview of Gordius paranensis life cycle.
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and Nanopore long-read sequencing. Linked read libraries were prepared as per the manufacturer’s
instructions. Briefly, DNA samples underwent an RNase A treatment before quantification on a Qubit
2.0 fluorometer. DNA was then size selected for fragments over 40 kbp using a BluePippin (Sage
Science, USA), and a 10× Chromium linked read (10× Genomics, USA) library was prepared following
the 10× Genomics linked read’s instructions. The library was sequenced on the Illumina NovaSeq 6000
platform for 2 × 150 bp reads at the Garvan Institute, Australia.

Long-read sequencing libraries for Oxford nanopore sequencing were prepared using 3000 ng of
total DNA per run with the SQK-LSK109 ligation sequencing kit (Oxford Nanopore Technologies,
Oxford, UK) following the manufacturer’s instructions. The prepared libraries were sequenced using
two R9 MinION flow cells (FLO-MIN106) run for 72 h.

2.4. RNA sequencing transcriptome
To improve the annotation quality of the genome, RNA was extracted from five worms (codes
W3_small (unsexed), W3_large (unsexed, juvenile), W32 (unsexed, juvenile), W35 (unsexed, juvenile)
and W134_worm2 (female mature)) using a Direct-zol RNA miniprep kit (Zymo) with on-column
DNase-1 treatment to profile the transcriptome. RNA quality and quantity were assessed using a
Bioanalyser and Qubit. Samples were prepared at the Otago Genomics Facility (New Zealand) using
a TruSeq Illumina Stranded messenger RNA (mRNA) kit and sequenced for 2 × 100 bp reads on an
Illumina Hiseq 2000.

2.5. Reduced representation sequencing
We assessed the relationship between co-occurring hairworms using a reduced representation
sequencing approach, GBS. A total of 56 worms were sequenced using a GBS approach from the single
Cass population; owing to difficulties in extracting high-quality DNA, not all available worms were
successfully extracted and sequenced. Of the 56 worms sequenced, 30 were from co-infections (each
contained 2–9 worms); these represented nine total co-infected hosts, and the rest comprised single
infection worms (10 total) or free-living hairworms sampled outside of a host (16 worms). DNA was
extracted using a lithium chloride and chloroform salting-out method [34]. DNA quality and quantity
were checked post-extraction using agarose gel electrophoresis, Denovix and Qubit. For many of the
worms, a limited amount of DNA was available (e.g. <10 ng ul−1) and to meet the requirements for
GBS sequencing (30 μl at 20 ng μl−1), 19 samples were amplified using REPLI-g Mini Kit (Qiagen) as
per the manufacturer’s instructions. To confirm the presence of a single species, a 255 bp fragment of
cytochrome c oxidase subunit I (COI) was amplified using the hairworm COI primers developed by
[35] and a neighbour-joining tree with hairworm sequences downloaded from The National Center for
Biotechnology Information (NCBI) [36] was generated in Geneious Prime v. 2024.0.5. This confirmed
the presence of a single monophyletic cluster of sequences sister to previously sequenced G. paraenesis
species from New Zealand (KY172753-6, KY172776, KY172782, KY172811-3) and 12 other undescribed
Gordius sp. sequences. The successful 56 extractions were then sent for GBS library preparation using

Figure 3. (a) Gordius paranensis emerging from a tree wētā host at Cass, New Zealand. (b) Emergence of four hairworms from a single
cave wētā host. Photo credits: Jean-François Doherty.
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the restriction enzymes APeKI and MspI and sequencing across a NovaSeq for 1 × 100 single ended
reads at AgResearch (Invermay, Dunedin).

2.6. Genome assembly
The genome assembly is available from NCBI JBMBTH000000000. To ascertain the most appropriate
method of combining the two sequencing approaches (10× Genomics linked reads and Nanopore long
reads), two draft assemblies were generated, a Supernova v. 2.1.1 [37] assembly from linked reads
and a Flye v. 2.9.1 [38] assembly from the long reads, and compared using BUSCO (implemented
via compleasm v. 0.2.5) [39,40] and QUAST v. 5.2.0 [41]. Owing to the higher quality of the initial
Flye assembly, we used the long reads to generate our base assembly with the linked reads used for
scaffolding at later steps (figure 4). An estimate of the genome size was undertaken using the forward
linked read; the read was trimmed using Trimmomatic v. 0.38 [42] to remove TruSeq adapters, 10×
Genomics adapters (first 16 bp), low-quality reads (sliding windows 2:30:10) and reads less than 35 bp
long. A histogram of kmers was generated using KMC v. 3.1.1 [43] with a kmer length of 21, before the
resulting histogram was visualized in GenomeScope v. 2.0 [44] online.

All long reads were base-called using Guppy v. 6.2.1 (Nanopore), with summary statistics
generated using pycoQC v. 2.5.2 [45], before adapters were trimmed using Porechop v. 0.2.4
(github.com/rrwick/Porechop). A draft assembly was then built using Flye v. 2.9.1 [38] and
polished using four rounds of Racon v. 1.4.3 (github.com/isovic/racon) and one round of medaka2
(github.com/nanoporetech/medaka) using the raw long reads. Duplicate haplotigs were then
removed using Purgehaplotigs v. 1.2.5 [46] before linked reads exported using Longranger basic
v. 2.2.2 (10× Genomics) were used to scaffold the genome using Scaff10× v. 4.2 (github.com/
wtsi-hpag/Scaff10X) and Tigmint and Arks v. 1.2.8 [47]. The draft assembly was then cleaned
to remove scaffolds less than 50 bp, before the RNA sequencing data were mapped to it using
STAR v. 2.7.10 [48], and BlobTools2 v. 4.1.5 [49] was used to identify and remove scaffolds
that did not hit any of the available sequences for Nematomorpha on NCBI and had no RNA
sequencing mapping consistent with gene regions (e.g. contigs with no hits to Nematomorpha
and only homopolymer mapping were excluded). The cleaned genome underwent a final round
of long-read scaffolding using Rails v. 1.5.1 [50] and Ragtag v. 2.1.0 [51] before a final round of

Figure 4. Overview of the steps undertaken to generate the final annotated assembly, including initial sequencing and assembly
(blue), scaffolding and polishing (red), decontamination (orange), repeat masking (green), annotation (purple) and functional
annotation (yellow). Data used are indicated above the arrow as either Oxford Nanopore Technologies (ONT, long reads), 10× (linked
reads), RNA (mRNA sequence reads) or Prot Seq (protein sequences downloaded from NCBI).
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error correction using the long-read polisher NextPolish v. 1.4.0 (github.com/Nextomics/NextPol-
ish).

2.7. Genome annotation
Before annotation, repetitive content was annotated using the Earl Grey pipeline 4.1.0 [52] and
a soft-masked genome was generated. Protein gene annotation was undertaken in Braker3 v.
3.0.3 [53] using both protein and RNA sequencing hints. Reference protein sequences comprised
both the OrthoDB 11 Metazoan database (as recommended by Braker and Prothint v. 2.6.0
(github.com/gatech-genemark/ProtHint)) and available Nematomorpha protein sequences from the
species Gordionus montsenyensis and were pre-processed for Braker3 using Prothint. RNA sequencing
hints solely comprised those reads generated in this study for G. paranensis. Following Braker3,
TSEBRA v. 1.1.2 [54] was rerun using the Augustus [55] and Braker hints file, and a final gtf and
protein prediction file were generated. Functional annotation of predicted genes was assessed using
InterProScan v. 5.64 (github.com/ebi-pf-team/interproscan) with both mappings to gene ontology
terms and MetaCyc and Reactome pathways (option -goterms and -pathways) and blastp v. 2.16
[56] (e-value threshold 1 × 10−6) of protein sequences to the SwissProt database. Functional annota-
tions were merged into the gff file (agat_sp_manage_functional_annotation.pl) and summary statistics
(agat_sq_stat_basic.pl) generated using AGAT v. 1.0 (github.com/NBISweden/AGAT). To understand
the completeness of the profiled transcriptome, a de novo transcriptome assembly was generated using
Trinity v. 2.14.0 [57] and assessed using BUSCO v. 5.6.1 [39].

2.8. Kinship analysis of genotype-by-sequencing data
To generate King, R0 and R1 estimates of the relationship, GBS samples were demultiplexed using the
process_radtags v. 2.65 script from STACKS2 [58] before reads were mapped to the assembled genome
using BWA v. 0.7.17 [59]. Bam mapping files were then used as inputs into ANGSD v. 9.4 [60] to
generate an allele frequency input file for NgsRelate v. 2 [61]. Kinship values generated in NgsRelate
and KING-robust estimates plotted for pairs with more than 400 single nucleotide polymorphism
(SNP) sites in R v. 4.4.1 [62]. KING-robust relationship inference estimates are applicable to samples
from the same population when allele frequencies are unknown and can be used to infer if individuals
are parent–offspring, full-sibling, half-sibling/grandparent–grandchild, first cousin or unrelated [62].

3. Results
3.1. Genome and transcriptome assembly
The haploid genome size estimate based on the forward-linked read in genome scope was 143.942 Mb
(min) to 152.297 Mb (max) with a heterozygosity level of 5.44% (min) to 5.68% (max). A total of more
than 123 million paired-end 10× linked reads were generated. Supernova estimated a genome size of
360 Mb, and the draft Supernova assembly (input reads down-sampled to 56× coverage) had a total
length of 205 Mb across 16 942 scaffolds, with an N50 of 39 790, and L50 of 1376 (table 1). Compleasm
reported a complete BUSCO score of 67% and a partial BUSCO score of 8% using the Metazoa OB10
database.

The long-read sequencing yielded >11.67 Gb of passing (as called in Guppy, approx. 14.5 Gb raw
data) data across two Nanopore minion flow cells. The median passing read length and PHRED score
were 1240 bp and 11.7, respectively. Flye generated a draft assembly of 244 Mb, across 14 095 contigs,
with an N50 of 1 493 312 and L50 of 361. Compleasm reported a complete BUSCO score of 72% and
a partial BUSCO score of 3% using the Metazoan OBD10 database. The long-read assembly was more
complete with better contiguity than the draft linked-read assembly (table 1). As such, this assembly
underwent further scaffolding, correcting and cleaning using both the long reads and linked reads to
generate a final assembly (figure 4).

The final assembly had a length of 164.051 Mb, similar to the genome scope estimate of 143–152 
Mb, across 360 scaffolds with an L50 of 40 (table 1). The compleasm BUSCO score to the Eukaryote
database was 87% complete, with a further 3.9% fragmented. This suggests that despite the extremely
high levels of estimated heterozygosity, the final genome is relatively complete and contiguous.
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3.2. Genome annotation
Transposable elements (TEs) identified using the Earl Grey pipeline [52] comprised 22.3% of the
genome (figure 5). These largely comprised unclassified TEs (14.4%), long interspersed nuclear
elements (LINE) (3.9%), DNA (1.7%) and long terminal repeats (LTR) (1%).

For genome annotation, more than 2.1 Gb of short-read Illumina RNA sequencing data were
generated from profiling the transcriptome of immature G. paranensis worms. The de novo transcrip-
tome assembly generated using Trinity suggested that the profiled transcriptome was missing some
genes (13.6% of metazoan BUSCO genes were missing); this probably would have been improved by
the inclusion of other life stages (e.g. larval, early and mature free-living worms). In total, 15 272 836
metazoan and Nematomorpha protein sequences were downloaded, prepared in Prothint and run
alongside the RNA sequencing data as hints in Braker3. Annotation in Braker3 resulted in 10 646
genes predicted with an average of 7.7 exons per transcript. BUSCO analysis on the predicted genes

Figure 5. Summary of the repeats annotated through the Earl Grey pipeline. The ‘other’ category comprised simple, microsatellite and
RNA repeats.

Table 1. Assembly statistics from the draft linked read (10× Genomics) and long-read (Nanopore) assemblies, along with the final
assembly. (BUSCO scores were estimated in compleasm using the eukaryote (BUSCO E %) and metazoan (BUSCO M %) database.)

assembly length
(Mb)

no.
scaffolds

GC% N50 L50 Ns per 100
kbp

BUSCO E %
compleasm

BUSCO M %
compleasm

raw linked read
assembly

214.812 16 942 31.06 39 790 1376 1,415.7 61.18 (s)
14.90 (d)
14.51(f)

54.30 (c)
12.68 (d)
8.07 (f)

raw long-read
assembly

253.382 14 095 30.89 1 49 312 361 0.00 72.94 (s)
12.55 (d)
4.71(f)

63.00 (c)
9.33 (d)
3.35 (f)

final assembly 164.051 360 31.02 1,137,137 40 0.00 85.5% (c)
1.57 (d)
3.9% (f)

71.17 (c)
0.63 (d)
3.25 (f)
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was similar to that of the transcriptome complete (16.7% of metazoan BUSCO genes were missing),
with 19.6% duplicated (table 2).

Table 2. Final assembly statistics. (Transcriptome and annotation BUSCO completeness scores were generated using the Eukaryote and
Metazoa OB10 database. Gene and annotation statistics were generated using AGAT.)

statistic assembly

RNA-seq produced transcriptome (BUSCO) de novo transcriptome (TRINITY)

BUSCO (transcriptome: Eukaryote) N:255 (genes checked)

complete single 45.5% (N:116)

complete duplicated 35.3% (N:90)

fragmented 12.5% (N:32)

missing 6.7% (N:17)

BUSCO (transcriptome: Metazoa) N:954 (genes checked)

complete single 43.4% (N:414)

complete duplicated 29.4% (N:280)

fragmented 13.6% (N:130)

missing 13.6% (N:130)

gene prediction (compleasm) final assembly

BUSCO (Eukaryote_obd10) N:255 (genes checked)

complete single 64.3% (N:164)

complete duplicated 24.3% (N:62)

fragmented 46.3% (N:16)

missing 5.1% (N:13)

BUSCO (Metazoan_obd10) N:954 (genes checked)

complete single 58.6% (N:559)

complete duplicated 19.6% (N:187)

fragmented 5.1% (N:49)

missing 16.7% (N:159)

genes

total number 10 646

average length 6904 bp

mean transcripts per gene 1.2

transcripts

total number 12 923

average length 7024 bp

mean exons per transcript 7.7

coding DNA sequence (CDS)

total number 12 923

average length 1516 bp

exons
total number 98 716

mean length 193 bp

gene function
total number genes with functional annotation 9096

total number mRNA with functional annotation 11 196
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3.3. Kinship estimates
Over the course of this study, 23 infected cave wētā hosts were collected, of which 10 had co-occurring
parasite infections, suggesting co-infection is common. In total, 56 worms, including representatives
from nine co-infections, had enough DNA for GBS. Samples had an average sequence read count
passing filter of 5 413 098. Kinship was estimated from only mapped reads, with mapping rates
averaging 44% to the assembled genome. Blasting of unmapped reads suggested that the lower-than-
expected mapping rate was a result of host and bacterial contamination, the latter of which was
probably exacerbated by the use of whole genome amplification prior to library preparation [63]. To
understand how relatedness varied in co-occurring worms, KING-robust estimates were generated in
NgsRelate. Relatedness estimates across all the worms varied from unrelated to highly related (KING
estimates >0.354, which in a large, outbred population is a theoretical limit for a monozygotic twin).
Of the nine hosts with co-occurring worms sequenced, two hosts contained worms that were highly
related (KING >0.25), the rest contained unrelated worms (figure 6).

3.4. Size variation
Worm size varied from 6 to 449 mm for all worms and 64–449 mm for mature free-living worms and
mature dissected worms (large worms with brown cuticle pigmentation; figure 3). It was not possible
to determine the host of worms caught free living, however, some probably emerged from larger tree
wētā hosts (approx. 10 times heavier than P. simplex cave wētā). From the worms dissected from cave
wētā, nine were classified as mature worms (large worms with brown cuticle pigmentation) and 21
were classified as juvenile (white in appearance) (figure 7). Juvenile worms were generally smaller
than adult worms, suggesting that size is a proxy for age. Within the worms dissected from the nine
hosts with co-occurring parasites, the ratio of worm sizes ranges from 0.06 to 0.99 (table 3). Both
highly related co-occurring parasites were of a similar size (ratios of 0.84 and 0.99), while unrelated
co-occurring parasites ranged from highly dissimilar ratios (0.06) to very similar ratios (0.97).

Figure 6. Relatedness estimates (KING-robust) for all worm comparisons with more than 400 SNPs in a pairwise comparison. Of the
nine hosts with co-occurring worms, two hosts contained highly related worms (dots above the pink line). The remaining co-occurring
worms were unrelated (below the blue line). Dashed lines represent the theoretical limits for familial relationships in KING-robust
kinship, based on large, outbred populations (below blue = unrelated, purple = half-siblings, pink = full siblings).
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4. Discussion
Hairworms (Nematomorpha) have been largely understudied genetically despite their fascinating life
history [31,32]. Here, we add to the sparse genomic resources for this phylum with a relatively draft
genome for the New Zealand species G. paranensis.

Cunha et al. [31] found that the genome assemblies of Acutogordius australiensis and Nectonema
munidae had a rampant loss of universal metazoan genes as determined by BUSCO scores. Here,
we report a complete and fragmented score against the metazoan gene set of 75% (missing 25%),
somewhat higher than the values reported for the available genomes (67–73%). However, our predicted

Figure 7. Size ranges of Gordius parenensis collected from Cass. Not all worms were able to be sexed, and ‘all worms’ probably
represent worms from a mix of both tree and cave wētā hosts.

Table 3. Information on co-occurring worms that underwent sequencing (GBS). (Owing to the challenges associated with extracting
high-quality DNA from hairworms, not all were successfully sequenced. Numbers reflect the sequenced worms with the values for all
worms present in a host (regardless of successful sequencing) indicated within the brackets.)

wētā
individual

number of worms
sequenced
(number present)

sequenced worm
ages (present worm
ages)

sequenced worm
size range mm
(present worm
range)

maximum size ratio
variation (present
worm maximum
ratio)

KING-robust
estimates

W58 8 (13) juvenile 7–89 (6–89) 0.08 (0.07) <0

W133 2 (3) mature (juvenile) 102–103 (60–103) 0.99 (0.58) 0.42

W134 2 (4) mature 102–122 (64–122) 0.84 (0.52) 0.36

W138 2 (2) mature + juvenile 120–133 0.9 <0

14 7 (9) NA 29–118 (29–118) 0.25 (0.25) <0

17 2 (2) NA 76–78 0.97 <0

24 2 (2) NA 162–212 0.76 <0

29 2 (2) NA 174–179 0.97 <0

Ch11 3 (4) juvenile (mature) NA <0
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gene set had a far lower missing rate of 16.7% and the profiled transcriptome was missing even
less (13.6%) despite using only one life stage. Given that the genome is not at the chromosome level
and improvements in assembly and annotation will improve gene annotation, it is unlikely that the
rampant loss of universal metazoan genes noted in other hairworm genomes is universal across the
phylum. Detailed comparative analyses using a broader range of Nematomorpha genomes are needed
to better understand the evolution of this phylum.

Co-infections (i.e. two or more parasites sharing the same individual host) are common in para-
sites, but their implications for parasite manipulation are not well studied [12–14,20]. In hairworms,
co-infections will impact both worm development via competition for resources and, if the develop-
ment stage differs, the timing of host manipulation (and resulting host death), which would be lethal to
undeveloped co-occurring parasites. Understanding how relatedness and development vary between
wild co-occurring hairworms is a crucial step to evaluating whether hairworms represent a good
model of parasite co-infection. Of the 23 hosts collected throughout the course of this study, 10 were
co-infected. It is not clear what co-infection rates are in other hairworm species, but with a co-infection
rate of almost 50% at this sampling location, G. paranensis represents a useful study system to better
understand conspecific co-occurring parasite infections.

Kin selection has been shown to be a factor in co-occurring parasite interactions [25,26]. Our
results are limited by our small sample size that reflects the difficulty of sampling large numbers
of infected hosts from the wild; nevertheless, relatedness varied between co-occurring worms. Though
not significant, we found co-occurring unrelated worms to be more common than co-occurring related
worms (seven out of nine cases). Co-occurring unrelated worms ranged from similar sizes to highly
different sizes, suggesting that infections by unrelated worms probably represented hosts co-infected
from both a single infection event (consumption of a single paratenic host infected by several worm
lineages) and hosts co-infected from multiple infection events. The two infections of highly related
worms comprised worms of similar sizes, suggesting that they probably represented one infection
event, perhaps occurring from the wētā host feeding on a single paratenic host that was infected
with closely related larval worms. If most kin infections occur from a single infection event and reach
maturity at a similar time, kin selection may not contribute significantly to co-occurring hairworm
interactions. Though collaboration to induce host manipulation would reduce the individual metabolic
cost incurred by each worm, a lack of collaboration may enable the passive worm to avoid any
metabolic cost associated with manipulation. However, our sample size (only two cases) is too low to
conclude that these relationships always involve worms of a similar age.

Co-occurring parasites of different development stages are likely to be in conflict with each other
when the older reaches the final stages of infection (figure 1). These conflicts could lower the fitness
of worms forced to emerge too early and worms forced to delay their emergence (emerging too late).
Host manipulation timing and worm maturity have been tightly linked to worm fecundity, with an
over threefold decrease in fecundity in worms emerging too early or too late [10]. Several of the
co-occurring worms in this study are likely to be in conflict with one another. For example, two
hosts harboured worms with highly different sizes (likely to result in a mismatching of manipulation
timing), and despite having worms of similar sizes (size ratio of 0.9), host W138 harboured both a
mature and an immature worm. Further work is needed to determine whether co-occurring hairworms
can not only detect one another within a host but also distinguish kin from non-kin. Nevertheless,
despite the limitations of this study, many co-occurring worms appear to be in clear and direct conflict
of interest regarding the timing of host manipulation.

5. Conclusion
It is unknown whether hairworms can strategically adjust their strategy to either collaborate in the
manipulation effort or thwart the manipulation effort of a co-infecting worm. However, the high rates
of co-infections and varying levels of relatedness and maturity between co-occurring worms uncovered
here, along with previous work highlighting the impacts of worm maturity on fecundity [10], suggest
there would be advantages to worms capable of interfering with one another’s host manipulation.
Studies, such as this one, from wild systems are important to show how co-occurring worm relatedness
naturally varies. However, given the low infection rates (approx. 11.5% of which 50% have co-occur-
ring worms), further behavioural and genomic work using laboratory infections of single and dual
parasite infection exposures with unrelated and related worms would be needed to fully understand
how co-occurring hairworms interact with one another inside a host. Hairworm species can be used in
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controlled laboratory infection trials [64], and they represent a promising system to better understand
conspecific parasite–parasite interactions.
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