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Life at the beach: comparative phylogeography of a
sandhopper and its nematode parasite reveals extreme
lack of parasite mtDNA variation
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Molecular genetics has proven to be an essential tool for studying the ecology, evolution and epidemiology of parasitic
nematodes. However, research effort across nematode taxa has not been equal and biased towards nematodes parasitic in vertebrates. We characterize the evolutionary genetics of the mermithid nematode Thaumamermis zealandica Poinar, 2002 and its host, the sandhopper Bellorchestia quoyana (Milne-Edwards, 1840) (Talitridae: Amphipoda),
across sandy beaches of New Zealand’s South Island. We test the hypothesis that parasite population genetic structure mirrors that of its host. Sandhoppers and their parasites were sampled at 13 locations along the island’s southeastern coast. Sequencing of the mitochondrial gene cytochrome c oxidase subunit 1 (CO1) from B. quoyana reveals a
regional pattern of population structure that suggests a northward pattern of dispersal. Surprisingly, no population
structure was observed for T. zealandica. In fact, sequencing of three commonly used markers revealed no intraspecific parasite variation. This result suggests that mermithid mtDNA may evolve at an extraordinarily slow pace,
perhaps as a result of extensive and frequent changes in gene order and mitochondrial genome length. Furthermore,
a mermithid phylogeny based on sequences of the 18S and 28S ribosomal RNA genes suggests that a systematic
revision of the family is necessary.

ADDITIONAL KEYWORDS: Bellorchestia quoyana – comparative population genetics – host–parasite
phylogeography – Mermithidae – New Zealand – Thaumamermis zealandica.

INTRODUCTION
Nematodes are found in nearly every marine, aquatic
and terrestrial environment, having evolved both freeliving and parasitic forms, and comprising at least
100 000 species (Lambshead, 1993; Blaxter, 2003).
Despite their taxonomic and ecological diversity, studies of nematodes are outnumbered by those of more
charismatic animal taxa (Cobb, 2015; Baldwin, Nadler
& Wall, 2000; De Ley, 2000). This is due in part to the
difficulty with which nematode species are identified, owing to the dearth of easily distinguished morphological traits (Floyd et al., 2002; Powers, 2004).
The advent of molecular genetics, however, has been
invaluable for characterizing nematode diversity and
conducting studies of their ecology, evolution and
epidemiology (Blaxter et al., 1998; Read et al., 2006;
Criscione et al., 2010).
*Corresponding author. E-mail: zactobias44@gmail.com

Parasitism has arisen repeatedly among nematode
lineages, encompassing diverse host taxa including
plants, invertebrates, and vertebrates (Blaxter et al.,
1998; Hu et al., 2003). Due to their importance for
health and agriculture, molecular studies abound for
nematodes that infect humans, crops and livestock
(Pritchard, 2001; Criscione et al., 2007; Opperman
et al., 2008). Parasitic nematode taxa without obvious
socio-economic implications, however, have generally
been neglected, with much of the scientific literature
consisting solely of species descriptions, morphological
studies and host reports.
One such nematode taxon is the family Mermithidae
Braun, 1883. All mermithids are obligate parasites
of invertebrates, most commonly infecting insects
(Poinar, 1991). Most mermithids have a direct life cycle
with a free-living stage, typically emerging from hosts
into an aquatic environment, mating and laying eggs;
transmission to the host is accomplished via ingestion of the eggs or penetration by the hatched larvae
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(Poinar, 1991). Mermithids have gained attention due
to their potential as biocontrol agents of mosquitos
(Platzer, 2007), their unusual mitochondrial genomes
(Hyman et al., 2011) and their ability to manipulate
the behaviour of their hosts (Vance, 1996). However,
little is known of their evolution, both at the species
and population levels.
Thaumamermis zealandica Poinar, 2002 is a
mermithid parasite of the sandhopper Bellorchestia
quoyana (Milne-Edwards, 1840) (Talitridae: Amphipoda)
found on the sandy beaches around Dunedin, New
Zealand (Poinar, Latham & Poulin, 2002). Several studies have investigated its general ecology and potential
host manipulation strategies (Poulin & Rate, 2001;
Poulin & Latham, 2002a, b; Williams, Poulin & Sinclair,
2004; Rasmussen & Randhawa, 2015); however, no
genetic studies have been carried out for this parasite
or its host nor have surveys been conducted outside of
the Dunedin area. Macro- and microevolutionary investigations of T. zealandica and B. quoyana implementing
molecular genetics should yield interesting information
regarding the phylogeny of the family Mermithidae and
the factors influencing migration of the host, and how
this might be reflected in the population genetic structure of the parasite.
Recent population genetic studies of host and parasite have sought to investigate instances of host–parasite co-structure (Dybdahl & Lively, 1996; Criscione
& Blouin, 2004; McCoy, Boulinier & Tirard, 2005).
Because parasites are typically dependent on their
hosts for dispersal, a longstanding assumption in the
field has been that the parasite’s population structure
should reflect that of its host (Jarne & Théron, 2001;
Gandon & Michalakis, 2002). Furthermore, due to
lower effective population sizes and shorter generation
times, parasite populations are expected to exhibit
higher levels of differentiation than those of their hosts
(Jarne & Théron, 2001). Instances for which these
assumptions have been upheld have proven useful for
studying host phylogeography, as the increased levels
of parasite population differentiation have provided
increased spatiotemporal resolution in elucidating the
historical, ecological and geological factors shaping
host distributions (Nieberding et al., 2005; Galbreath
& Hoberg, 2012). While no population genetic or phylogeographical investigations have been conducted
for B. quoyana, there are numerous studies of other
supralittoral talitrids (see Pavesi & Ketmaier, 2013).
These have generally provided evidence for rafting,
the association with floating wrack, as a means of dispersal. Although most of these studies have focussed
on talitrid species in the Mediterranean, numerous
cases of kelp-mediated dispersal for invertebrate taxa
in southern waters, and specifically in New Zealand,
have been documented (Nikula et al., 2010; Fraser,
Nikula & Waters, 2011), suggesting that B. quoyana

may also depend on this means of transport. As T. zealandica is a direct life-cycle parasite with only one
known host, it is expected that its population structure
will be similar to that of B. quoyana and that increased
population differentiation may reveal slight patterns
left uncovered by study of host genetics alone.
The aim of the current study is to investigate the
population genetic structure and phylogeography of
B. quoyana and its parasite T. zealandica, while testing
the assumption that a parasite’s population structure
mirrors that of its host. Additionally, by conducting the
most widespread collection of T. zealandica to date, we
provide new information on the spatial distribution of
the parasite. In obtaining the first genetic data for the
host and parasite, this data set also enable us to investigate the phylogeny of the family Mermithidae. The
findings of this study also have important implications
for the selection of appropriate molecular markers for
future population genetic studies of mermithids.

METHODS
Talitrid and mermithid collection
Bellorchestia quoyana individuals were collected
from 13 sandy beaches along the south-coast of New
Zealand’s South Island from December 2015 to March
2016 (Supporting Information, Table S1). All specimens
were collected by hand from the sediment below patches
of macroalgae. Sandhoppers were placed in 2-L containers with moist sediment, transported to the laboratory
and were maintained at a temperature below 20 °C
while awaiting dissection. Individuals were processed
within 3 days of collection. The four posteriormost pereopods (nos 6 and 7, two each) of the first 30 unparasitized individuals from each site were removed and
preserved in 99% ethanol in a 1.5-mL Eppendorf tube
for genetic analysis. In parasitized individuals, one or
multiple mermithids were removed from the haemocoel
and transferred to a separate petri dish containing sea
water. Mermithids were relaxed using heated seawater
and untangled with fine forceps. Individual mermithids were measured, rinsed to prevent contamination by
B. quoyana internal tissue and ectoparasites and preserved in 95% ethanol in a 1.5-mL Eppendorf tube.

DNA extraction, PCR amplification
and sequencing

Extractions of B. quoyana genomic DNA were performed on 20 samples each for all sites, for a total of
260 B. quoyana samples. DNA was extracted using a
modified Chelex method (Walsh, Metzger & Higuchi,
1991). For each sandhopper, the basis, ischium and
merus (segments 2–4) of one pereopod were macerated
with forceps and placed in 300 µL of an aqueous 5%
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Chelex 100 (Bio-Rad) solution containing 0.2 mg/mL
of proteinase K (Roche). Extractions were incubated at
55 °C overnight and then at 94 °C for 10 min to deactivate the proteinase K. Tubes were then centrifuged at
14 000 rpm for 10 min to pellet Chelex resin and undegraded cuticle. The supernatant was then transferred
to a fresh 1.5-mL Eppendorf tube or 96-well plate
for storage at 4 °C. Extractions of T. zealandica were
performed using the same Chelex protocol as for the
talitrids, except that a ~20-mm segment of the worm
was used as the source tissue. For worms smaller than
20 mm, the entire worm was used. Extractions were
performed on all collected mermithids.
Unless otherwise stated, all PCRs were performed in
a final volume of 15 µL, comprising 3 µL of MyTaqTM
Red 5× reaction buffer (Bioline), 0.75 µL of 10 µM stock
(75 pmol) of each primer, 0.2 µL (1 U) of MyTaqTM
Red DNA polymerase and 3 µL of extracted sandhopper or mermithid genomic DNA. PCR thermal cycling
profiles are provided in Supporting Information, Table
S2. Products were purified of remaining dNTPs and
oligonucleotides using the ExoSap method. Sanger
sequencing by capillary electrophoresis was performed by Genetic Analysis Services, Department of
Anatomy, University of Otago (Dunedin, New Zealand)
or Macrogen Inc. (Seoul, Republic of Korea) using the
same primers as for amplification.
Fo r B. q u o y a n a , a 7 0 9 b p p a r t i a l f r a g ment from the 5′ end of the mitochondrial gene
cytochrome c oxidase subunit 1 (CO1) was amplified using the ‘universal’ primers LCO1498
(5′-GGTCAACAAATCATAAAGATATTGG-3′)
a n d H C O 2 1 9 8 ( 5 ′- TA A A C T T CA G G G T G A C CA
AAAAATCA-3′) (Folmer et al., 1994). Partial CO1 fragments were amplified from a total of 260 B. quoyana
individuals.
For T. zealandica, multiple markers were amplified
via PCR. For CO1, two partially overlapping regions
were amplified. A 418 bp fragment of the I3M11 partition (Erpenbeck, Hooper & Wörheide, 2006), from the
middle of the CO1 gene, was amplified using the primers JB3 (5′-TTTTTTGGGCATCCTGAGGTTTAT-3′)
(Bowles & McManus, 1994) and JB5 (5′-AGCACCTA
AACTTAAAACATAATGAAA-3′) (Derycke et al., 2005).
In total, the I3M11 fragment of CO1 was amplified
from 14 individuals.
For amplification of the M1M6 partition (Folmer
fragment) of CO1, the novel primers MM_M1M6_F
(5′-GGATCTTTCTATTTTATTCTAAGATTGTGG-3′)
and MM_M1M6_R (5′-ATAGTCAGATGTGATAA
GATTCCG-3′) were used. Information of how these
and other novel primers were designed is included in
Supporting Information, File S3. In total, the M1M6
fragment of CO1 was amplified from 83 individuals.
The amplification of a 474 bp partial fragment of
the mitochondrial gene cytochrome b (CYTB) was
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carried out using the novel primers MM_CytB_F
(5′-GCATTTWTAGGGTATGTKYTACCYTGR-3′)
and MM_CytB_R (5′-CGWGGYATMCCATTTAADC
CYAWAAAR-3′). PCRs were performed as previously
stated but with 1.5 µL of 10 µM stock (150 pmol) of
each primer. In total, the partial CYTB fragment was
amplified from 37 individuals.
A 423 bp partial fragment of the mitochondrial
gene NADH dehydrogenase subunit 4 (NADH4)
was amplified using the novel primers TZ_ND4_F
(5′-TCCCATATTATTTTTACTCTTAGG-3′) and TZ_
ND4_R (5′-TTTTAAAATCTCTTTGGAATAAGC-3′). In
total, a partial region of NADH4 was amplified from
37 individuals.
Two partial fragments of mermithid nuclear ribosomal RNA (rRNA) genes were also amplified: the
small ribosomal subunit (18S) and the large ribosomal subunit (28S). For the amplification of a ~1700 bp
partial fragment of the 18S rRNA gene, the primers
1.2F (5′-TGCTTGTCTCAAAGATTAAGC-3′) and 9R
(5′-GATCCTTCCGCAGGTTCACCTAC-3′) were used
(Whiting, 2002). For the amplification of a ~1100 bp
fragment of the 28S rRNA gene, the primers 28S
rd1.2A (5′-CCCSSGTAATTTAAGCATATTA-3′) and
28S B (5′-TCGGAAGGAACCAGCTAC-3′) were used
(Whiting, 2002). In total, partial fragments from both
18S and 28S were amplified from three individuals.

Sequence processing
Raw chromatogram files with base calls were uploaded
into Geneious v8.1.8 (http://www.geneious.com;
Kearse et al., 2012). Sequences were automatically
trimmed with a default error probability limit of 0.05.
All sequences were manually edited for incorrect or
ambiguous base calls. For all non-protein-coding markers, sequences were aligned using MAFFT (Katoh &
Standley, 2013), with the specific algorithm selected
by the ‘Auto’ function in Geneious. For protein-coding
genes, sequences were aligned using the ‘Translation
Align’ tool, implementing MAFFT and using the
BLOSUM62 scoring matrix (Henikoff & Henikoff,
1992). Sequences were then inspected further for obvious incorrect base calls. For protein-coding genes, the
correct reading frame was determined by toggling
frame start positions and examining the alignment for
stop codons. The reading frame was then confirmed by
comparing to reference sequences on GenBank (www.
ncbi.nlm.nih.gov). All sequences from this study are
available on GenBank (accession nos KY264137–65).

Sandhopper population genetics
The final CO1 sequence alignment for B. quoyana
encompassed 622 bp. Calculations of pairwise genetic
distance between haplotypes were performed in MEGA
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v7 (Kumar, Stecher & Tamura, 2016) using the Kimura
2-parameter (K2P) measure of genetic divergence
(Kimura, 1980). Haplotype networks were constructed
with PopART (Leigh & Bryant, 2015) using the median
joining and TCS network inference methods (Bandelt,
Forster & Röhl, 1999; Clement, Posada & Crandall,
2000). Arlequin v3.5 (Excoffier & Lischer, 2010) was
used to calculate the standard indices of haplotype
diversity (h) and nucleotide diversity (π), perform analyses of molecular variance (AMOVAs) and spatial analyses of molecular variance (SAMOVAs) (Dupanloup,
Schneider & Excoffier, 2002), as well as conduct a
Mantel test (Mantel, 1967). For SAMOVA, AMOVA and
Mantel tests, genetic distance was estimated as determined by a model of sequence evolution selected using
the corrected Akaike information criterion (AICc) in
jModelTest v2.1.6 (Guindon & Gascuel, 2003; Darriba
et al., 2012), which was performed remotely using
the CIPRES Science Gateway v3.3 (Miller, Pfeiffer &
Schwartz, 2010). The two best models, TIM2 + G and
TIM2 + I + G, are not implemented in Arlequin, so the
third best model, TrN + G (gamma shape parameter
α = 0.023) was used (Tamura & Nei, 1993). The difference in AICc score between TrN + G and the two
best models was low (1.5531 and 0.0515). Clustering
of sampling locations into groups for hierarchical tests
of population structure was performed using SAMOVA.
Sequential SAMOVA tests were performed both with
and without the inclusion of spatial information, with
the number of groups (K) ranging from 2 to 12 (number
of sites – 1). AMOVA tests (see below) were performed
for all grouping schemes, and the resulting FST, FSC and
FCT were plotted and compared to identify the most
optimal number of groups, similar to the ΔK method
(Evanno, Regnaut & Goudet, 2005) used for microsatellite data in STRUCTURE (Pritchard, Stephens
& Donnelly, 2000), as has been done by others (Kuhn
et al., 2010; Domínguez-Domínguez et al., 2011; Shi,
Kerdelhué & Ye, 2012). Population differentiation was
visualized by creating principal coordinates of analysis
(PCoA) plots of Nei’s uncorrected measure of nucleotide differentiation, DXY, in Genalex (Nei, 1978; Peakall
& Smouse, 2006). Genetic structure was investigated
by three independent AMOVAs, with significance testing done by 10 000 random permutations. One treated
all populations as being separate subpopulations. The
second test used the population groups as determined
from the SAMOVA. The third test used the SAMOVA
groups except one sampling location (TT) was transferred between two groups to preserve geographical
contiguity (see Results). A Mantel test was performed
to investigate genetic isolation by distance. The
Geographic Distance Matrix Generator (Ersts, 2000,
http://biodiversityinformatics.amnh.org/open_source/
gdmg) was used to calculate the linear distance in kilometres between all pairs of sampling locations from

their geographical coordinates. Genetic isolation was
measured as the pairwise difference in Φ ST/(1 − ΦST)
(Rousset, 1997). Significance testing was performed
through 1000 random permutations.

Mermithid phylogenetics
Markers used in phylogenetic tree-building for the
family Mermithidae were the partial 18S rRNA gene,
partial 28S rRNA gene and partial CO1 gene. The
length of each alignment was as follows: 18S = 755 bp,
28S = 277 bp, CO1 = 328 bp. These alignments are
significantly shorter than the fragments amplified
from T. zealandica due to the limited coverage of
many mermithid sequences available on GenBank, as
inclusion of more taxa was prioritized over alignment
length and incorporation of missing data was avoided.
All mermithid sequences available for each marker
on GenBank that fully spanned each alignment were
included, with the exception of identical duplicate
sequences from the same species and source study.
One additional 28S sequence from Amphimermis
sp. B 2007 (EF617373) was excluded. This sequence
has 98.88% nucleotide sequence identity with
Octomyomermis huazhongensis, as opposed to 79.48%
identity with the conspecific Amphimermis sp. A 2007.
These three sequences were all obtained in the same
study (Wang et al., 2007). A list of the mermithid and
outgroup sequences from GenBank used in phylogenetic analyses is provided in Table 1.
Selection of nucleotide substitution models and
optimal partitioning schemes was determined using
PartitionFinder v2.0.0 (pre-release 14) (Lanfear
et al., 2012), which utilizes the software PhyML v3.0
(Guindon et al., 2010). The AICc was used for evaluating the likelihood of the proposed models and partitioning schemes. Phylogenetic tree building was performed
with MrBayes v3.2.6 (Ronquist & Huelsenbeck, 2003)
and RAxML v8 (Stamatakis, 2014) and was performed
remotely using CIPRES. For CO1, the optimal scheme
partitioned the data into two partitions, one containing
codon positions 1 and 2 and the other containing codon
position 3. Substitution saturation of the third codon
position of CO1 was assessed by plots of transitions/
transversions vs. Jukes–Cantor ‘69 distance (Jukes &
Cantor, 1969), created in DAMBE v6.4.2 (Xia, 2013).
For MrBayes, models selected by PartitionFinder for
each marker were used: 18S = GTR + I + Γ, 28S = GTR
+ I + Γ, CO1 (codon positions 1 and 2) = GTR + Γ and
CO1 (codon position 3) = HKY + Γ. For Bayesian analyses, two runs, each consisting of four Markov chains,
were allowed to run for 10 000 000 generations and
were sampled every 1000. A chain heating parameter
of 0.04 was used. The first 2500 trees (25%), were discarded as burn-in, and posterior probabilities were
obtained from a majority-rule consensus. Tracer v1.6
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Table 1. Accession numbers and references of mermithid and outgroup sequences used for phylogenetic analyses
Species

18S

28S

CO1

Reference

Xiphinema americanum
Anatonchus tridentatus
Mononchus tunbridgensis
Mononchus truncatus
Longidorus helveticus
Agamermis changshaensis
Agamermis sp. BH-2006
Agamermis xianyangensis
Allomermis solenopsii
Amphimermis sp. A-2007
Amphimermis sp. B-2007
Gastromermis sp. BH-2006
Gastromermis viridis
Heleidomermis sp. BH-2006
Hexamermis agrotis A
Hexamermis agrotis B
Isomermis lairdi
Isomermis wisconsinensis
Mesomermis camdenensis
Mesomermis flumenalis complex S1
Mesomermis flumenalis complex S2
Mesomermis flumenalis complex W1
Mesomermis flumenalis complex W2
Limnomermis sp. 1 JH-2014
Mermis nigrescens BC, CA 1
Mermis nigrescens BC, CA 2
Mermis nigrescens New Zealand
Mermithid sp. JH-2004
Mermithidae sp. 1 KCK-2013
Mermithidae sp. 2 JH-2014
Mermithidae sp. A-AV-2003
Mermithidae sp. B-AV-2003
Mermithidae sp. C-AV-2003
Mermithidae sp. JR-2009
Mermithidae sp. MHMH-2008
Mermithidae sp. NM1
Mermithidae sp. TB-2009
Nematoda sp. MQ26
Nematoda sp. MQ94
Octomyomermis huazhongensis
Ovomermis sinensis China
Ovomermis sinensis Europe
Romanomermis culicivorax
Romanomermis iyengari
Romanomermis nielseni
Romanomermis sichuanensis
Romanomermis wuchangensis
Strelkovimermis spiculatus
Strelkovimermis spiculatus
isolate Cd Punta Lara
Strelkovimermis spiculatus
isolate Oa Los Hornos
Thaumamermis cosgrovei

AY283170
AY284768
AY593954
AY284762
EF538759
DQ628908
DQ665653
EF617352
DQ533953
EF617354
EF617355
DQ533954

AY580056
AY593065
AY593063
AY593064
EF538753
EF617371

AY382608

Neilson et al. (2004); DS; He et al. (2005)
Holterman et al. (2006); DS
Holterman et al. (2006); DS
Holterman et al. (2006); DS
Kumari et al. (2009)
Wang et al. (2007)
DS
Wang et al. (2007)
Poinar et al. (2007
Wang et al. (2007)
Wang et al. (2007)
DS
St-Onge et al. (2008)
DS
Wang et al. (2007)
DS
Crainey et al. (2009)
St-Onge et al. (2008)
St-Onge et al. (2008)
St-Onge et al. (2008)
St-Onge et al. (2008
St-Onge et al. (2008)
St-Onge et al. (2008)
DS
DS
Blaxter et al. (1998)
Presswell et al. (2015)
Holterman et al. (2006)
Kobylinski et al. (2012)
DS
Vandergast & Roderick (2003)
Vandergast & Roderick (2003)
Vandergast & Roderick (2003)
Ross et al. (2010)
Holterman et al. (2006)
Kubo et al. (2016)
Yeates & Buckley (2009)
Umbers et al. (2015)
Umbers et al. (2015)
Wang et al. (2007)
Wang et al. (2007)
DS
DS; Sonnenberg, Nolte & Tautz (2007)
DS
DS
Wang et al. (2007)
Wang et al. (2007)
DS
Belaich et al. (2015)

EF617370
EF617372

EF538747
EF617362
DQ665656
EF617361
EF617363
EF617364
EU876605

DQ533955
DQ530350

EF617369

EF617360
EF368011

FN400892
EU876606
EU876607
EU876610
EU876611
EU876608
EU876609
KJ636371
DQ518905
AF036641
KF886018
AY284743
KC243312
KJ636328
AY374415
AY374416
AY374417
FJ982324
FJ040480
LC114020
FJ605514
JQ894731
JQ894732
EF617353
DQ520879
KU177046
DQ418791
JX021620
EF612769
DQ520878
DQ665654
KP270700

KF886018

EF617368

EF617359

EF417153

EF154459
EF175764
EF175763
EF617357
EF617356
LN879495

EF617366
EF617365
LN879496

KP270703
DQ665655

Belaich et al. (2015)
DQ520858

DS; Tang & Hyman (2007)

DS, direct submission.

© 2017 The Linnean Society of London, Biological Journal of the Linnean Society, 2017, 122, 113–132

118

Z. J. C. TOBIAS ET AL.

(Drummond & Rambaut, 2007) was used to assess
convergence of the two runs and ensure high effective sample size. For maximum likelihood, the RAxML
default model of GTR + Γ was used for all markers.
Bootstrap support values were obtained using the
rapid bootstrap method with 1000 replicates.
A fourth, concatenated alignment including
sequences from all three markers was also used in
phylogenetic analyses. This alignment included two
dorylaimid outgroup species (Xiphinema americanum
and Longidorus helveticus) and three mononchid outgroup species (Mononchus truncatus, Mononchus tunbridgensis and Anatonchus tridendatus). Mermithid
species included were Agamamermis chanshaensis,
Agamermis xianyangensis, Amphimermis sp. A 2007,
Hexamermis agrotis, Mermis nigrescens, O. huazhongensis, Ovomermis sinensis, Romanomermis culicivorax,
Romanomermis sichuanensis, Romanomermis wuchangensis, Strelkovimermis spiculatus, Thaumamermis
cosgrovei and T. zealandica. Some taxa were included
despite missing data at some loci. No 28S data are available for S. spiculatus and T. cosgrovei. No CO1 data
are available for the three mononchid species or the
mermithid species M. nigrescens. Despite the unavailability of sequence data for the aforementioned markers, these species were included to increase the number
of taxa in the alignment and because missing data are
not expected to have a significant impact on the results
of phylogenetic analyses of multi-locus data (Wiens &
Morrill, 2011; Streicher, Schulte & Wiens, 2016). These
data were partitioned into 18S, 28S, CO1 codon positions
1 and 2, and CO1 codon position 3, utilizing the same
models and parameters as in the individual analyses.

Separate analyses were performed with the third codon
position of CO1 both included and excluded.

RESULTS
Collections
In total, 247 T. zealandica were isolated from 6040
talitrids. Mermithid-infected B. quoyana were found
at 8 of the 13 sampling locations: Long Beach (LB),
Aramoana (AR), Smails (SM), Tomahawk (TK), Taeri
Mouth (TM), Tautuku (TT), Porpoise Bay (PB) and
Oreti (OT) (Table 2). No mermithids were found north
of LB. Among the sites at which infected sand hoppers were found, there was a wide range of prevalence,
from 0.35% at OT to 15.56% at PB. The mean intensity
(number of parasites per infected host) among all sites
was 1.355 (SD = 0.694). The mean mermithid length
among all sites was 67.01 mm (SD = 34.98). The longest mermithid found was 146 mm.

Bellorchestia quoyana:
population genetics

From the 260 B. quoyana CO1 sequences, 23 polymorphic
sites and 20 unique haplotypes were identified, although
two of these (Moeraki_06 and Oreti_08) only differed
from a more common haplotype due to an ambiguous
nucleotide (both T → K at position 16 in alignment).
Standard indices of population genetic diversity are provided in Table 3. Three of the haplotypes (nos 1, 2 and
3) were shared among many individuals, whereas the
remaining 17 were each only found in a single individual.

Table 2. Collection results, including prevalence (% parasitized), intensity (n mermithids per infected host) and mean
mermithid length
Site

n Bellorchestia
quoyana

n parasitized (%)

n Thaumamermis
zealandica

Mean intensity ± SD

Mean Thaumamermis
zealandica length ± SD (mm)

NB
SU
OA
MO
WK
LB
AR
SM
TK
TM
TT
PB
OT
Total

313
275
298*
395
310
967
535
460
133
221
722
482
568
6040

0
0
0
0
0
32 (3.31)
7 (1.31)
24 (5.22)
12 (9.02)
18 (8.14)
10 (1.39)
75 (15.56)
2 (0.35)
180 (3.13)

0
0
0
0
0
46
10
36
18
19
14
102
2
247

N/A
N/A
N/A
N/A
N/A
1.438 ± 0.840
1.429 ± 0.787
1.500 ± 0.885
1.500 ± 0.905
1.056 ± 0.236
1.400 ± 0.966
1.360 ± 0.629
1.000 ± 0.000
1.355 ± 0.694

N/A
N/A
N/A
N/A
N/A
56.80 ± 31.35
73.14 ± 32.16**
59.28 ± 33.06
73.67 ± 29.75
50.53 ± 41.20
91.17 ± 32.56
72.72 ± 35.08
78.50 ± 27.58
67.01 ± 34.98

*Number of Bellorchestia quoyana individuals at this site includes an unidentified talitrid species (see Discussion). **Length data not obtained from
three Thaumamermis zealandica individuals at this site.
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Pairwise K2P genetic distance among these haplotypes
ranges from 0.2 to 1.5%. TCS and median joining methods yielded identical haplotype network topologies
(Fig. 1). The most common haplotype, haplotype 1, is
separated from both haplotypes 2 and 3 by single mutational steps. Haplotypes 2 and 3 are separated from each
other by two mutational steps, either through haplotype
1 or an unsampled haplotype. Most unique haplotypes
are separated from only one of the common haplotypes
Table 3. Standard population genetic indices for the
Bellorchestia quoyana at all collection sites
Site

n

Nh

Np

h

π

NB
SU
OA
MO
WK
LB
AR
SM
TK
TM
TT
PB
OT

20
20
20
20
20
20
20
20
20
20
20
20
20

1
1
4
5
4
2
2
4
5
6
4
4
4

–
–
8
4
4
1
1
4
4
5
3
3
2

–
–
0.3635 ± 0.1309
0.6316 ± 0.0875
0.6000 ± 0.0771
0.5053 ± 0.0560
0.5053 ± 0.0560
0.7211 ± 0.0506
0.6789 ± 0.0798
0.6737 ± 0.0998
0.5368 ± 0.1042
0.5737 ± 0.0904
0.4895 ± 0.1167

–
–
0.001557 ± 0.001234
0.001320 ± 0.001101
0.001295 ± 0.001087
0.000812 ± 0.000803
0.000812 ± 0.000803
0.001794 ± 0.001363
0.001591 ± 0.001252
0.001836 ± 0.001386
0.001032 ± 0.000935
0.001092 ± 0.000970
0.000795 ± 0.000792

π, nucleotide diversity; h, haplotype diversity; n, number of individuals
sequenced, Nh, number of haplotypes, Np, number of polymorphic sites.
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by one or two mutational steps, with just two exceptions
(Fig. 1). Haplotype 1 was found at every B. quoyana sampling site, and at the Christchurch-area beaches New
Brighton (NB) and Sumner (SU), it was the only represented haplotype (Fig. 2). Haplotype 2 was only found at
sites south of the Otago Harbour entrance and was most
prevalent at SM, TK and TM. Haplotype 3 was found
from Oamaru (OA) to PB, but was most common at the
central coast locations OA, Moeraki (MO), Waikouati
(WK), LB and AR. In general, there was a pattern of
high haplotype diversity in southern sampling locations,
moderate diversity in central locations and no diversity
in northern locations. In other words, haplotype diversity decreased with decreasing latitude. The optimal
number of SAMOVA groups was determined to be three,
as the largest rise in FCT (differentiation among groups)
and fall in FSC (differentiation among populations within
groups) occurred when group number (K) was increased
from two to three (Supporting Information, Fig. S4).
SAMOVA tests yielded identical groupings of populations when performed both with and without spatial
information, largely corresponding to regional subdivision. Group 1 contains just the northern sites of NB and
SU. Group 2 contains the southern sites OT, PB, TM, TK
and SM. Group 3 contains the central sites of OA, MO,
WK, LB and AR along with one southern site, TT. This
grouping is also evident from the PCoA (Fig. 3). AMOVA
tests revealed substantial levels of differentiation at the
global, SAMOVA group and regional levels (Table 4). The
regional hierarchy [Group 1: (Group 2 − TT): (Group 3 +

Figure 1. Statistical parsimony network of Bellorchestia quoyana CO1 haplotypes. Hatch marks represent mutational steps.
Dark circles represent inferred, unsampled haplotypes. Sampling locations are coloured according to their position along the
coast, with hotter colours representing northeastern locations and cooler colours representing southwestern locations.
© 2017 The Linnean Society of London, Biological Journal of the Linnean Society, 2017, 122, 113–132
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Figure 2. Map of study area indicating Bellorchestia quoyana CO1 haplotype representation at the various collection sites.
Haplotype 1 is found at all locations, while haplotype 2 is found only in southern locations. Haplotype 3 is mainly found in central locations but is also found in lower numbers further south. Note a northward trend of decreasing diversity.

TT)] performed similarly to that of the SAMOVA groups.
A simple Mantel test of a linear relationship linking distance between sampling location and genetic isolation
[ΦST/(1 − ΦST)] showed moderate levels of isolation by
distance (r2 = 0.1496; p = 0.007) (Fig. 4).

Thaumamermis zealandica: sequence
characteristics and mermithid phylogeny

Figure 3. PCoA of Nei’s uncorrected measure of nucleotide differentiation, DXY. Shapes and colours represent the
groups identified by SAMOVA.

Partial sequences of CYTB (alignment length = 418 bp)
and NADH4 (384 bp) were obtained from five individuals each from each of the eight locations at which
mermithids were found (except for OT where only two
were found), for a total of 37 sequences for each of the two
markers. Partial sequence of the M1M6 partition of CO1
(686 bp) was obtained from at least ten mermithids from
each location except for OT, for a total of 83 sequences.
Additionally, sequence data from the I3M11 partition of
CO1 (385 bp) were obtained from a total of 14 individuals
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Table 4. Results of AMOVA tests
Analysis

Source of variation

d.f.

% var.

Fixation indices

P-value

Overall

Among sites
Within sites
Among groups
Among sites within groups
Within sites
Among regions
Among sites within regions
Within sites

12
247
2
10
247
2
10
247

26.69
73.31
30.70
3.49
65.81
28.98
4.79
66.23

ΦST = 0.26689

< 0.001

ΦCT = 0.30701
ΦSC = 0.05038
ΦST = 0.34192
ΦCT = 0.28983
ΦSC = 0.06743
ΦST = 0.33771

< 0.001
< 0.01
< 0.001
< 0.001
< 0.01
< 0.001

SAMOVA

Regional

d.f., degrees of freedom; % var., percentage of total variation explained by each source.

the genera Octomyomermis, Hexamermis, Agamermis
and Ovomermis; and clade 3 containing the study species, T. zealandica, and its congener, T. cosgrovei. Plots
of transitions/transversions vs. genetic distances indicated significant saturation of the third codon position
of CO1 (Supporting Information, Fig. S13). Therefore,
the tree presented here is estimated from the concatenated data set from which third codon position data
are excluded (Separate Bayesian and ML trees, as
well as those from an alignment including third codon
position, are provided in Supporting Information, Figs
S14–S17). Inclusion of data from 28S and CO1 codon
positions 1 and 2 with that from 18S yields a similar topology (Fig. 6), except that a bifurcation at the
most basal node is now observed and T. zealandica and
T. cosgrovei now form a sister taxon to clade 1.

Figure 4. Plot of linear distance between sites vs. genetic
distance [ΦST/(1 − ΦST)], showing moderate levels of isolation by distance (r2 = 0.1496; P = 0.007).

among four locations (OT, PB, AR, LB). Surprisingly, for
every marker, all sequences were identical to one another
and not a single polymorphism was observed.
In analyses of mermithid phylogeny, Bayesian and
maximum likelihood (ML) methods each yielded similar topologies for the 18S, 28S, CO1 and concatenated
data sets. Bayesian trees for the 18S and concatenated
data sets are displayed here with both posterior probabilities and bootstrap support values. The separate
Bayesian and ML for the 18S data set, along with the
28S and CO1 data sets alone (with and without third
codon position), are provided in Supporting Information,
Figs S5−S12. The 18S tree (Fig. 5) shows a trifurcation at the most basal node within the family, separating it into three clades: clade 1 containing the genera
Allomermis, Mermis, Heleidomermis, Limnomermis,
Isomermis, Gastromermis, Strelkovimermis,
Amphimermis and Romanomermis; clade 2 containing

DISCUSSION
Population genetic analyses of B. quoyana CO1
sequence data demonstrate moderate levels of population structuring that support the existence of three
regional metapopulations along the south-eastern
coast of New Zealand’s South Island. Surprisingly,
sequence from three expectedly polymorphic molecular markers commonly used in population genetic
and phylogeographical studies revealed absolutely
no sequence variation of mermithid individuals both
within and among sampling locations. This study also
provides new, multi-locus phylogenetic reconstructions
of the family Mermithidae.

Range, specificity and infection
levels of T. zealandica
Previous studies of T. zealandica focussed only on locations around Dunedin, with the most comprehensive
collection having been conducted along roughly 60 km
of coastline (Rasmussen & Randhawa, 2015). The present study collected potential hosts over at least 700
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Figure 5. Combined Bayesian/ML tree of the 18S rRNA gene. Posterior probabilities indicated above the nodes, bootstrap
support values below. Only values above 0.70 or 70 are shown. Clade numbers are indicated in boxes at base of each clade.

km of coastline, from OT near Invercargill to NB in
Christchurch. This revealed that T. zealandica is likely
restricted to locations in the Dunedin area and southwards, as no mermithid was found among the 1754 talitrids collected north of LB. Additionally, no individuals
were found to parasitize a genetically distinct but unidentified talitrid species collected during the course of
this study. This talitrid occurred on pebbly beaches both
within and outside T. zealandica’s range, as opposed to
the sandy beaches upon which B. quoyana was found.
Thaumamermis zealandica may only be able to parasitize B. quoyana but not the other talitrid. Alternatively,
the parasite may not be a specialist of B. quoyana but
rather there may be little opportunity for host switching, as B. quoyana and the other talitrid were not found
in sympatry outside of OA, a beach of mixed sediment
composition. Given that several mermithid species can

parasitize a range of host species (Petersen et al., 1969;
Blackmore, 1992; Becnel & Johnson, 1998) and that
T. zealandica’s congeneric, T. cosgrovei, infects multiple species of isopod (Poinar, 1981), it is likely that
the latter scenario is correct. However, experimental
infections would be required to determine this with
certainty. Estimates of parasite prevalence from this
study fall within the previously observed range. With
the exception of the study by Rasmussen & Randhawa
(2015), all previous investigations of T. zealandica were
carried out at Long Beach. Prevalence at this location
has varied greatly, from 0% in Rasmussen & Randhawa
(2015) to 31.3% in Poulin & Latham (2002a), compared
to 3.31% in the current study. This could be due to a
variety of factors, both spatial and temporal. Poulin &
Rate (2001) showed that parasite prevalence can vary
greatly among kelp patches on an individual beach.
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Figure 6. Combined Bayesian/ML tree of the 18S/28S/CO1 concatenated data set. Third codon position of CO1 is excluded.
Posterior probabilities indicated above the nodes, bootstrap support values below. Only values above 0.70 or 70 are shown.
Clade numbers are indicated in boxes at base of each clade.

Thus, the difference in the prevalence may be explained
by chance selection of high- or low-prevalence kelp
patches in each study. Alternatively, seasonal or annual
fluctuations in the parasite’s population levels may
explain this difference.

Bellorchestia quoyana: phylogeography
The population genetic structure of B. quoyana largely
follows a pattern of regional subdivision, with three
distinct groups in the north, centre and south of the
collection range. Separations between these groups
occur at the Otago Peninsula for the southern and central groups and at Banks Peninsula for the central and
northern groups. This suggests that these two largest
peninsulas on the South Island’s eastern coast function as barriers to B. quoyana dispersal. Additionally,
the Canterbury Bight, a long stretch of coast between
Oamaru and Banks Peninsula comprised solely of

pebbly substrate, likely contributes further to the isolation of the northern populations. A pattern of higher
genetic diversity in the south, moderate genetic diversity in the centre and no diversity in the north suggests a northward direction of B. quoyana gene flow,
indicating that consecutive population bottlenecks
may have occurred at the peninsulas and/or across the
Canterbury Bight. This, along with limited divergence
between haplotypes, suggests that B. quoyana may be
a recent arrival to the Christchurch area or that previous populations went locally extinct and the area has
subsequently been recolonized. This recent expansion
is further supported by the observation that no unique
haplotypes were encountered at NB and SU, indicating that these populations have established relatively
recently with little time to accumulate novel alleles.
Given that the Southland Current travels from south
to north, these findings are consistent with the dominant hypothesis of rafting as the dispersal mechanism
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for talitrids (Wildish, 2012; Wildish & Chang, 2017).
Most population genetic studies of supralittoral talitrids have been carried out in the Mediterranean and/
or Atlantic and have also found evidence for currentmediated dispersal via rafting (De Matthaeis et al.,
2000; Henzler & Ingólfsson, 2008; Pavesi et al., 2012;
reviewed in Pavesi & Ketmaier, 2013). The connectivity between populations has largely been linked to the
ecological characteristics of talitrids and their effects
on dispersal. For example, beachfleas, which do not
burrow and inhabit macroalgae or seagrass, typically
show lower levels of population differentiation, indicating greater connectivity between locations (Pavesi &
Ketmaier, 2013). As they directly associate with wrack,
long distance dispersal via rafting may occur with relatively high frequency. Sandhoppers, in contrast, burrow into the substrate and feed on wrack rather than
directly living among it. As such, dispersal occurs less
frequently, as evidenced by stronger population differentiation (Pavesi & Ketmaier, 2013). The population
structure of B. quoyana is therefore in accordance with
previously observed patterns for sandhoppers from the
Mediterranean.
While there are no previous phylogeographic studies of New Zealand talitrids, there have been many
of other coastal benthic and littoral species (see Ross
et al., 2009). Many of these studies have revealed
a phylogeographic break between north and south,
largely attributed to the complex hydrogeographic
features around the Greater Cook Strait area (Apte &
Gardner, 2002; Ayers & Waters, 2005; Veale & Lavery,
2011). Most have focussed on species with a planktonic
larval stage, which therefore have much greater dispersal potential than B. quoyana. However, there are
a handful of studies that have investigated brooding
littoral species or otherwise dispersal-limited organisms, often highlighting the importance of kelp rafting
(Sponer & Roy, 2002; Jones, Gemmill & Pilditch, 2008).
For example, Sponer & Roy (2002) found that while
the brooding brittle star Amphipholis squamata did
exhibit local population differentiation, there was evidence for connectivity between far flung populations,
suggesting that stochastic dispersal via rafting is integral to its widespread present-day distribution.
Although once discounted in favour of vicariant
processes (plate tectonics, glaciation etc.), the role of
dispersal in explaining biogeographical patterns is
increasingly being appreciated (Zink, Blackwell-Rago
& Ronquist, 2000; De Queiroz, 2005). Drift/rafting
has recently been shown to be an important means of
dispersal for many marine taxa, specifically in southern waters (Highsmith, 1985; Donald, Kennedy &
Spencer, 2005; Nikula et al., 2010; Fraser et al., 2011;
Nikula, Spencer & Waters, 2012; see Waters, 2008).
One study particularly relevant to our findings deals
with the asymmetric dispersal of southern bull-kelp

(Durvillaea antarctica) in New Zealand and its subantarctic islands (Collins et al., 2010). The authors
determined the source populations of stranded kelp on
the shores of the Canterbury Bight using molecular
markers. They showed that nearly all individuals had
drifted from southern locations, some over distances of
at least 500 km from the subantarctic, with the small
fraction of those that displayed southward dispersal
typically only having travelled tens of kilometres.
This indicates that the dispersal capability and directionality of D. antarctica, with which B. quoyana is
closely associated (Marsden, 1991a, b; Dufour, Probert
& Savage, 2012), would be sufficient to transport the
talitrid over the distances observed in the current
study and contribute to the south-to-north pattern of
decreasing diversity.

Thaumamermis zealandica: sequence invariance
The lack of sequence variation for T. zealandica CO1,
NADH4 and CYTB indicates no population structure
for the parasite and/or the unsuitability of these markers in population genetic studies of this species. This
striking result is unexpected given the typically high
substitution rates and widespread use of these markers in population genetic studies of many taxa, including other nematodes (Moritz, Dowling & Brown, 1987;
Sunnucks, 2000; Hu et al., 2003). This observed lack
of sequence variation could be explained by markedly
low mutation rates for these markers, the occurrence
of a recent population bottleneck or a combination of
the two.
Could extremely slow evolutionary rates of mtDNA
somehow be characteristic of mermithids? Given the
dearth of studies investigating intraspecific variation
of mtDNA in mermithids, it is difficult to draw comparisons (St-Onge, LaRue & Charpentier, 2008; Belaich
et al., 2015). St-Onge et al. (2008) identified four cryptic
species within Mesomermis flumenalis, a mermithid
parasitizing blackflies in North America. Two of the
four cryptic species showed no variation in a 325 bp
region of CO1, although they were only represented
by a total five specimens. The remaining two cryptic
species, however, did exhibit intraspecific sequence
polymorphism, albeit at low levels. Belaich et al. (2015)
similarly found intraspecific variation of NADH4 in the
South American mosquito parasite S. spiculatus. It is
difficult to make conclusions about rates of molecular
evolution in the family Mermithidae when sampling
both among and within species is so limited.
While there has been little investigation of mtDNA
gene sequence evolution in mermithids, there is a larger
body of work characterizing the structure of their mitochondrial genomes (Powers, Platzer & Hyman, 1986;
Hyman & Azevedo, 1996; He et al., 2009). Mermithids
are unique in that they tend to have considerably large
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mitochondrial genomes that display rapid changes
in gene order both among and within species (Hyman
et al., 2011). A striking example is that of T. zealandica’s
congener, T. cosgrovei (Tang & Hyman, 2005, 2007). The
mitochondrial genome of this mermithid species is one
of the largest among all metazoans (> 34 kb) and contains a ‘hypervariable region’ with repeated non-coding
stretches and degenerate pseudogene copies, as observed
in other mermithid species (Wu, 2007; He et al., 2009).
The sequence and length variability of this region are
so pronounced that, unless recovered from the same
individual host, no two T. cosgrovei specimens share a
genomic haplotype. Interestingly, when Tang & Hyman
(2007) sequenced a ~4 kb stretch of the shared mitochondrial backbone they found greater than 99.5% sequence
identity among specimens, which they suggested indicates strong selection upon this region to maintain functional integrity in the face of frequent and extensive
remodelling of the hypervariable region. Thus, it is possible that the rapid changes in gene order and length
necessitate sequence conservation in the functional gene
copies. This would support the assertion of slow mutational rates of mtDNA in mermithids and account for
the observed lack of polymorphism in the current study.
An interesting study would involve sequencing of the
full mitochondrial genomes of many T. zealandica individuals. If T. zealandica has a hypervariable region in
its mitochondrial genome, analysis of its length or gene
order may provide an alternative means of elucidating
its population structure and phylogeography.
A lack of haplotype diversity within a population can
also indicate a recent population bottleneck, as that
inferred for B. quoyana populations near Christchurch.
If this were the case, T. zealandica would have to be
a recent colonizer of the south-eastern coast. This
scenario would necessitate the recent colonization of
New Zealand by its host or a recent host switch from
an exotic, unidentified host. Both scenarios are rather
unlikely. For one, B. quoyana is only found in New
Zealand. Second, as the unidentified talitrid was never
found to be infected, a recent host switch is also hard
to imagine. It is possible, although, that a separate and
exotic unidentified talitrid sympatric with B. quoyana
may have brought with it T. zealandica and transferred
it to its current host. In either case, as population structuring of the host was observed over the geographical
range of the parasite, the bottleneck scenario must also
include slower evolutionary rates of the parasite than
the host. Thus, one must conclude that rates of nucleotide substitution for mtDNA are too low for it to be of
use in population-level analyses of T. zealandica. The
application of more variable nuclear markers such as
microsatellites may provide the resolution needed to
investigate host–parasite co-structure in this system.
There are very few examples demonstrating invariance of molecular markers in population genetic
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studies of animals. Slow evolutionary rates of mtDNA
in plants have been documented for some time, highlighting their unsuitability for population genetics and
phylogeography (Palmer & Herbon, 1988; Schaal et al.,
1998). As such, many studies of plants have relied on
chloroplast DNA and/or microsatellites (Schaal et al.,
1998; Petit et al., 2005). Within animals, there is evidence of slower mtDNA evolutionary rates among
basal lineages of the metazoan tree (Huang et al.,
2008). Substitution rates 50–100 times slower than
most animals have been observed in anthozoans, such
as corals and anemones (Shearer et al., 2002; Hellberg,
2006). For example, in a study of the waratah anemone (Actinia tenebrosa), Veale & Lavery (2012) found
no sequence polymorphism of mitochondrial genes or
their introns among specimens collected throughout
New Zealand. Slow rates of mtDNA evolution have
also been observed in certain chordate lineages (Avise
et al., 1992; Palumbi, 1992), although not of sufficient
magnitude to preclude population genetic studies at
large spatial scales (Bowen et al., 1994; Dutton et al.,
1999; Keeney et al., 2005; Duncan et al., 2006).
While high levels of intraspecific mtDNA sequence
conservation may be a feature of plants, basal metazoans and certain vertebrate lineages, this certainly
does not appear to be a feature of nematodes generally. Similar levels of intraspecific mtDNA variation
have been observed in nematodes as in other animal
taxa (Blouin, 1998; Blouin et al., 1998; Blouin, 2002).
The use of mtDNA in population genetic and phylogeographical studies of nematodes, both free living and
parasitic, is widespread (Blouin et al., 1995; Anderson,
Blouin & Beech, 1998; Brant & Ortí, 2003; Nieberding
et al., 2004, 2005; Derycke et al., 2008; Bik et al., 2010).
While the majority of these investigations focussed on
nematode lineages distantly related from mermithids,
studies of the order Dorylaimida, the closest taxon to
Mermithidae with available data, also demonstrate
expected levels of intraspecific mtDNA divergence
(Kumari et al., 2009; Chizhov et al., 2014).
Despite the lack of mtDNA sequence data for mermithids, our results suggest that extremely low levels of
intraspecific mtDNA diversity may be characteristic of
the family, perhaps as a consequence of the extensive
and frequent remodelling of mitochondrial genome
structure. In any case, the results of our study should
function as a guide for marker selection in future studies
of mermithid population genetics, advising against the
use of mtDNA in favour of more variable markers.

Phylogenetic relationships
Mermithidae

within the family

The results from all phylogenetic analyses conducted
here show that T. zealandica and T. cosgrovei are
indeed congeneric, demonstrating monophyly of the
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genus and confirming previous morphological determinations (Poinar et al., 2002). This comes as no surprise,
as the autapomorphy of this genus is the extreme
inequality in length between the two spicules (Poinar
et al., 2002).
The evolutionary relationships among mermithid
taxa have not been extensively investigated. Based on
morphological data alone, Gafurov (1996) published the
only systematic framework within the family, establishing seven subfamilies (Supporting Information,
Fig. S18). The paucity of genetic data from mermithids has made it difficult to verify congruence between
molecular and morphological phylogenies. By including as many taxa as possible, using multi-locus data
and applying more rigorous analytical techniques, our
study provides the most comprehensive phylogenetic
investigation within the family.
Our results are in accordance with Gafurov’s scheme
at relatively shallow nodes, for example, those separating the genera Hexamermis and Agamermis, or
Allomermis and Mermis (Poinar et al., 2007; Crainey,
Wilson & Post, 2009). However, certain genera are
occasionally placed in entirely different parts of the
tree, such as Amphimermis, which is considered as
part of the subfamily Agamermithinae but clusters
more closely with Gastromermis and Romanomermis
in the trees provided here and elsewhere (Wang et al.,
2007; Crainey et al., 2009). Furthermore, relationships
among subfamilies depicted by Gafurov are mostly
without molecular phylogenetic support.
Many previous studies provide trees supporting two
of the main clades found here (clades 1 and 2) (Wang
et al., 2007; Crainey et al., 2009). However, few investigations have included sequences from Thaumamermis
spp. in their phylogenetic analyses, thus preventing
a thorough comparison of the position of the genus.
Kubo, Ugajin & Ono (2016) demonstrate a similar
topology to that of the 18S data presented here, except
that Thaumamermis falls among species defined here
as clade 2. Wang et al. (2007) present a similar topology in their 18S tree, as do Kobylinski et al. (2012). The
phylogenetic tree from the concatenated 18S/28S/CO1
data set provided here is the first to provide support for
Thaumamermis falling within clade 1. However, a look
at the analyses of the individual markers (Supporting
Information, Fig. S5–S12) reveals that this position
is mostly driven by the 28S data set, as both the 18S
and CO1 data sets fail to provide sufficient resolution at this depth of the tree. As the length of the 28S
alignment was restricted to sequences available on
GenBank, such a result may be due to differences in
homology among various taxa along the length of the
gene. As the number of available sequences increases,
future investigators will be better equipped to reconstruct the evolutionary history of the family.

In conclusion, besides providing detailed information on the population genetics of the host and the
unexpected lack of intraspecific variation in the parasite, this study provides the first genetic data for either
study organism and an improved phylogeny of the family Mermithidae. Phylogeographical results from the
sandhopper indicate that it likely utilizes kelp rafting
as a means of dispersal and that successive population bottlenecks may have occurred due to topographical features such as peninsulas and long stretches of
coarse-sediment coastline. The extensive refinement of
primers for the amplification of several mitochondrial
genes may assist in future studies involving molecular genetics of mermithids. By revealing the invariant
nature of T. zealandica mtDNA, this study highlights
the potential importance of mitochondrial genome
rearrangement in minimizing rates of mtDNA evolution in mermithids and suggests the use of alternative
markers such as microsatellites in future population
genetic studies of this group.

ACKNOWLEDGEMENTS
We thank Brenah M. Hearne for assistance with collections, Prof. Brad Hyman (University of California
Riverside) for providing insight into mermithid phylogeny and the Otago Evolutionary and Ecological
Parasitology Research group for helpful comments
in the preparation of this manuscript. We also thank
three anonymous reviewers for their helpful comments. This research was funded by internal grants
to ZJCT, FJ and RP from the Department of Zoology,
University of Otago.

REFERENCES
Anderson TJ, Blouin MS, Beech RN. 1998. Population biology of parasitic nematodes: applications of genetic markers.
Advances in Parasitology 41: 219–283.
Apte S, Gardner JP. 2002. Population genetic subdivision
in the New Zealand greenshell mussel (Perna canaliculus)
inferred from single-strand conformation polymorphism
analysis of mitochondrial DNA. Molecular Ecology 11:
1617–1628.
Avise JC, Bowen BW, Lamb T, Meylan AB, Bermingham
E. 1992. Mitochondrial DNA evolution at a turtle’s pace: evidence for low genetic variability and reduced microevolutionary rate in the Testudines. Molecular Biology and Evolution
9: 457–473.
Ayers KL, Waters JM. 2005. Marine biogeographic disjunction in central New Zealand. Marine Biology 147: 1045–1052.
Baldwin JG, Nadler SA, Wall DH. 2000. Nematodes: pervading the earth and linking all life. In: Raven PH, ed.
Nature and human society, the quest for a sustainable world.
Washington: National Academy Press, 176–191.

© 2017 The Linnean Society of London, Biological Journal of the Linnean Society, 2017, 122, 113–132

SANDHOPPER AND MERMITHID CO-PHYLOGEOGRAPHY
Bandelt HJ, Forster P, Röhl A. 1999. Median-joining networks for inferring intraspecific phylogenies. Molecular
Biology and Evolution 16: 37–48.
Becnel JJ, Johnson MA. 1998. Pathogenicity tests on nine
mosquito species and several non-target organisms with
Strelkovimermis spiculatus (Nemata Mermithidae). Journal
of Nematology 30: 411–414.
Belaich MN, Buldain D, Ghiringhelli PD, Hyman B,
Micieli MV, Achinelly MF. 2015. Nucleotide sequence
differentiation of Argentine isolates of the mosquito parasitic nematode Strelkovimermis spiculatus (Nematoda:
Mermithidae). Journal of Vector Ecology 40: 415–418.
Bik HM, Thomas WK, Lunt DH, Lambshead PJD. 2010.
Low endemism, continued deep-shallow interchanges,
and evidence for cosmopolitan distributions in free-living
marine nematodes (order Enoplida). BMC Evolutionary
Biology 10: 1.
Blackmore MS. 1992. Host effects on Romanomermis
(Nematoda: Mermithidae) parasites of snowpool Aedes mosquitoes (Diptera: Culicidae). Canadian Journal of Zoology
70: 2015–2020.
Blaxter ML. 2003. Nematoda: genes, genomes and the evolution of parasitism. Advances in Parasitology 54: 101–195.
Blaxter ML, De Ley P, Garey JR, Liu LX, Scheldeman P,
Vierstraete A, Vanfleteren JR, Mackey LY, Dorris M,
Frisse LM, Vida JT, Thomas WK. 1998. A molecular evolutionary framework for the phylum Nematoda. Nature 392:
71–75.
Blouin MS. 1998. Mitochondrial DNA diversity in nematodes.
Journal of Helminthology 72: 285–289.
Blouin MS. 2002. Molecular prospecting for cryptic species
of nematodes: mitochondrial DNA versus internal transcribed spacer. International Journal for Parasitology 32:
527–531.
Blouin MS, Yowell CA, Courtney CH, Dame JB. 1995. Host
movement and the genetic structure of populations of parasitic nematodes. Genetics 141: 1007–1014.
Blouin MS, Yowell CA, Courtney CH, Dame JB. 1998.
Substitution bias, rapid saturation, and the use of mtDNA
for nematode systematics. Molecular Biology and Evolution
15: 1719–1727.
Bowen BW, Kamezaki N, Limpus CJ, Hughes GR, Meylan
AB, Avise JC. 1994. Global phylogeography of the loggerhead turtle (Caretta caretta) as indicated by mitochondrial
DNA haplotypes. Evolution 48: 1820–1828.
Bowles J, McManus DP. 1994. Genetic characterization
of the Asian Taenia, a newly described taeniid cestode of
humans. The American Journal of Tropical Medicine and
Hygiene 50: 33–44.
Brant SV, Ortí G. 2003. Evidence for gene flow in parasitic
nematodes between two host species of shrews. Molecular
Ecology 12: 2853–2859.
Chizhov VN, Pridannikov MV, Peneva V, Subbotin SA. 2014.
Morphological and molecular characterisation of the Saratov
population of the European dagger nematode, Xiphinema
diversicaudatum (Nematoda: Dorylaimida), with notes on phylogeography of the species. Nematology 16: 847–862.

127

Clement M, Posada D, Crandall KA. 2000. TCS: a computer
program to estimate gene genealogies. Molecular Ecology 9:
1657–1659.
Cobb NA. 2015. Nematodes and their relationships. In:
Yearbook of the Department of Agriculture, 1914. Washington:
Government Printing Office, 457–490.
Collins CJ, Fraser CI, Ashcroft A, Waters JM. 2010.
Asymmetric dispersal of southern bull-kelp (Durvillaea antarctica) adults in coastal New Zealand: testing an oceanographic hypothesis. Molecular Ecology 19: 4572–4580.
Crainey JL, Wilson MD, Post RJ. 2009. An 18S ribosomal
DNA barcode for the study of Isomermis lairdi, a parasite of the blackfly Simulium damnosum s.l. Medical and
Veterinary Entomology 23: 238–244.
Criscione CD, Anderson JD, Raby K, Sudimack D, Subedi
J, Rai DR, Upadhayay RP, Jha B, Williams-Blangero S,
Anderson TJ. 2007. Microsatellite markers for the human
nematode parasite Ascaris lumbricoides: development and
assessment of utility. The Journal of Parasitology 93: 704–708.
Criscione CD, Anderson JD, Sudimack D, Subedi J,
Upadhayay RP, Jha B, Williams KD, Williams-Blangero
S, Anderson TJ. 2010. Landscape genetics reveals focal
transmission of a human macroparasite. PLoS Neglected
Tropical Diseases 4: e665.
Criscione CD, Blouin MS. 2004. Life cycles shape parasite
evolution: comparative population genetics of salmon trematodes. Evolution 58: 198–202.
Darriba D, Taboada GL, Doallo R, Posada D. 2012. jModelTest 2: more models, new heuristics and parallel computing.
Nature Methods 9: 772.
De Ley P. 2000. Lost in worm space: phylogeny and morphology as road maps to nematode diversity. Nematology 2: 9–16.
De Matthaeis ED, Davolos D, Cobolli M, Ketmaier V. 2000.
Isolation by distance in equilibrium and nonequilibrium populations of four talitrid species in the Mediterranean Sea.
Evolution 54: 1606–1613.
De Queiroz A. 2005. The resurrection of oceanic dispersal in historical biogeography. Trends in Ecology & Evolution 20: 68–73.
Derycke S, Remerie T, Backeljau T, Vierstraete A,
Vanfleteren J, Vincx M, Moens T. 2008. Phylogeography
of the Rhabditis (Pellioditis) marina species complex: evidence for long-distance dispersal, and for range expansions
and restricted gene flow in the northeast Atlantic. Molecular
Ecology 17: 3306–3322.
Derycke S, Remerie T, Vierstraete A, Backeljau T,
Vanfleteren J, Vincx M, Moens T. 2005. Mitochondrial
DNA variation and cryptic speciation within the free-living marine nematode Pellioditis marina. Marine Ecology
Progress Series 300: 91–103.
Domínguez-Domínguez O, Vila M, Pérez-Rodríguez R,
Remón N, Doadrio I. 2011. Complex evolutionary history
of the Mexican stoneroller Campostoma ornatum Girard,
1856 (Actinopterygii: Cyprinidae). BMC Evolutionary
Biology 11: 153.
Donald KM, Kennedy M, Spencer HG. 2005. Cladogenesis
as the result of long-distance rafting events in South Pacific
topshells (Gastropoda, Trochidae). Evolution 59: 1701–1711.

© 2017 The Linnean Society of London, Biological Journal of the Linnean Society, 2017, 122, 113–132

128

Z. J. C. TOBIAS ET AL.

Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evolutionary
Biology 7: 214.
Dufour C, Probert PK, Savage C. 2012. Macrofaunal colonisation of stranded Durvillaea antarctica on a southern
New Zealand exposed sandy beach. New Zealand Journal of
Marine and Freshwater Research 46: 369–383.
Dupanloup I, Schneider S, Excoffier L. 2002. A simulated
annealing approach to define the genetic structure of populations. Molecular Ecology 11: 2571–2581.
Duncan KM, Martin AP, Bowen BW, De Couet HG. 2006.
Global phylogeography of the scalloped hammerhead shark
(Sphyrna lewini). Molecular Ecology 15: 2239–2251.
Dutton PH, Bowen BW, Owens DW, Barragan A, Davis
SK. 1999. Global phylogeography of the leatherback turtle
(Dermochelys coriacea). Journal of Zoology 248: 397–409.
Dybdahl MF, Lively CM. 1996. The geography of coevolution:
comparative population structures for a snail and its trematode parasite. Evolution 50: 2264–2275.
Erpenbeck D, Hooper JNA, Wörheide G. 2006. CO1 phylogenies in diploblasts and the ‘Barcoding of Life’ – are we
sequencing a suboptimal partition? Molecular Ecology Notes
6: 550–553.
Ersts PJ. 2000. Geographic Distance Matrix Generator (version 1.2.3). American Museum of Natural History, Center
for Biodiversity and Conservation. Available at: http://biodiversityinformatics.amnh.org/open_source/gdmg (accessed
12/10/16)
Evanno G, Regnaut S, Goudet J. 2005. Detecting the number
of clusters of individuals using the software STRUCTURE: a
simulation study. Molecular Ecology 14: 2611–2620.
Excoffier L, Lischer HE. 2010. Arlequin suite ver 3.5: a new
series of programs to perform population genetics analyses
under Linux and Windows. Molecular Ecology Resources 10:
564–567.
Floyd R, Abebe E, Papert A, Blaxter M. 2002. Molecular
barcodes for soil nematode identification. Molecular Ecology
11: 839–850.
Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. 1994.
DNA primers for amplification of mitochondrial cytochrome
c oxidase subunit I from diverse metazoan invertebrates.
Molecular Marine Biology and Biotechnology 3: 294–299.
Fraser CI, Nikula R, Waters JM. 2011. Oceanic rafting by
a coastal community. Proceedings of the Royal Society of
London B: Biological Sciences 278: 649–655.
Gafurov AK. 1996. Mermitidy: sistematika, biologiya, filogeniya, prakticheskoe znachenie. Dushanbe, Tajikistan:
Donish.
Galbreath KE, Hoberg EP. 2012. Return to Beringia: parasites reveal cryptic biogeographic history of North American
pikas. Proceedings of the Royal Society London B: Biological
Sciences 279: 371–378.
Gandon S, Michalakis Y. 2002. Local adaptation, evolutionary potential and host–parasite coevolution: interactions
between migration, mutation, population size and generation time. Journal of Evolutionary Biology 15: 451–462.
Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk
W, Gascuel O. 2010. New algorithms and methods to

estimate maximum-likelihood phylogenies: assessing the
performance of PhyML 3.0. Systematic Biology 59: 307–321.
Guindon S, Gascuel O. 2003. A simple, fast, and accurate
algorithm to estimate large phylogenies by maximum likelihood. Systematic Biology 52: 696–704.
He F, Jiang AL, Li SB, Wu YM, Wang GX. 2009. Sequencing
and polymorphism analysis of the complete mitochondrial
genome of the entomopathogenic nematode Ovomermis sinensis (Nematoda: Mermithidae). Acta Sinica Zoologica 52:
1083–1089.
He Y, Jones J, Armstrong M, Lamberti F, Moens M. 2005.
The mitochondrial genome of Xiphinema americanum sensu
stricto (Nematoda: Enoplea): considerable economization in
the length and structural features of encoded genes. Journal
of Molecular Evolution 61: 819–833.
Hellberg ME. 2006. No variation and low synonymous substitution rates in coral mtDNA despite high nuclear variation.
BMC Evolutionary Biology 6: 24.
Henikoff S, Henikoff JG. 1992. Amino acid substitution
matrices from protein blocks. Proceedings of the National
Academy of Sciences 89: 10915–10919.
Henzler CM, Ingólfsson A. 2008. The biogeography of the
beachflea, Orchestia gammarellus (Crustacea, Amphipoda,
Talitridae), in the North Atlantic with special reference to
Iceland: a morphometric and genetic study. Zoologica Scripta
37: 57–70.
Highsmith RC. 1985. Floating and algal rafting as potential
dispersal mechanisms in brooding invertebrates. Marine
Ecology Progress Series 25: 169–179.
Holterman M, van der Wurff A, van den Elsen S, van
Megen H, Bongers T, Holovachov O, Bakker J, Helder
J. 2006. Phylum-wide analysis of SSU rDNA reveals deep
phylogenetic relationships among nematodes and accelerated evolution toward crown clades. Molecular Biology and
Evolution 23: 1792–1800.
Hu M, Chilton NB, Gasser RB. 2003. The mitochondrial
genomics of parasitic nematodes of socio-economic importance: recent progress, and implications for population genetics and systematics. Advances in Parasitology 56: 133–212.
Huang D, Meier R, Todd PA, Chou LM. 2008. Slow mitochondrial COI sequence evolution at the base of the metazoan tree and its implications for DNA barcoding. Journal of
Molecular Evolution 66: 167–174.
Hyman BC, Azevedo JL. 1996. Similar evolutionary patterning among repeated and single copy nematode mitochondrial
genes. Molecular Biology and Evolution 13: 221–232.
Hyman BC, Lewis SC, Tang S, Wu Z. 2011. Rampant gene
rearrangement and haplotype hypervariation among nematode mitochondrial genomes. Genetica 139: 611–615.
Jarne P, Théron A. 2001. Genetic structure in natural populations of flukes and snails: a practical approach and review.
Parasitology 123: 27–40.
Jones TC, Gemmill CE, Pilditch CA. 2008. Genetic variability of New Zealand seagrass (Zostera muelleri) assessed at
multiple spatial scales. Aquatic Botany 88: 39–46.
Jukes TH, Cantor CR. 1969. Evolution of protein molecules.
In: Munro RE, ed. Mammalian protein metabolism. New
York: Academic Press, 21–132.

© 2017 The Linnean Society of London, Biological Journal of the Linnean Society, 2017, 122, 113–132

SANDHOPPER AND MERMITHID CO-PHYLOGEOGRAPHY
Katoh K, Standley DM. 2013. MAFFT multiple sequence
alignment software version 7: improvements in performance and usability. Molecular Biology and Evolution 30:
772–780.
Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M,
Sturrock S, Buxton S, Cooper A, Markowitz S, Duran
C, Thierer T, Ashton B, Meintjes P, Drummond A. 2012.
Geneious Basic: an integrated and extendable desktop software platform for the organization and analysis of sequence
data. Bioinformatics 28: 1647–1649.
Keeney DB, Heupel MR, Hueter RE, Heist EJ. 2005.
Microsatellite and mitochondrial DNA analyses of the
genetic structure of blacktip shark (Carcharhinus limbatus)
nurseries in the northwestern Atlantic, Gulf of Mexico, and
Caribbean Sea. Molecular Ecology 14: 1911–1923.
Kimura M. 1980. A simple method for estimating evolutionary rates of base substitutions through comparative studies
of nucleotide sequences. Journal of Molecular Evolution 16:
111–120.
Kobylinski KC, Sylla M, Black W, Foy BD. 2012. Mermithid
nematodes found in adult Anopheles from southeastern
Senegal. Parasites & Vectors 5: 1.
Kubo R, Ugajin A, Ono M. 2016. Molecular phylogenetic analysis of mermithid nematodes (Mermithida: Mermithidae)
discovered from Japanese bumblebee (Hymenoptera:
Bombinae) and behavioral observation of an infected bumblebee. Applied Entomology and Zoology 51: 549–554.
Kuhn TS, McFarlane KA, Groves P, Mooers AØ, Shapiro
B. 2010. Modern and ancient DNA reveal recent partial
replacement of caribou in the southwest Yukon. Molecular
Ecology 19: 1312–1323.
Kumar S, Stecher G, Tamura K. 2016. MEGA7: Molecular
Evolutionary Genetics Analysis version 7.0 for bigger datasets. Molecular Biology and Evolution 33: 1870–1874.
Kumari S, Decraemer W, Traversa D, Lišková M. 2009.
Molecular and morphological delineation of Longidorus
poessneckensis Altherr, 1974 (Nematoda: Dorylaimida).
European Journal of Plant Pathology 123: 125–137.
Lambshead J. 1993. Recent developments in marine benthic
biodiversity research. Oceanis 19: 5–24.
Lanfear R, Calcott B, Ho SY, Guindon S. 2012.
Partitionfinder: combined selection of partitioning schemes
and substitution models for phylogenetic analyses. Molecular
Biology and Evolution 29: 1695–1701.
Leigh JW, Bryant D. 2015. POPART: full-feature software
for haplotype network construction. Methods in Ecology and
Evolution 6: 1110–1116.
Mantel N. 1967. The detection of disease clustering and a generalized regression approach. Cancer Research 27: 209–220.
Marsden ID. 1991a. A comparison of water loss and gill
areas in two supralittoral amphipods from New Zealand.
Hydrobiologia 223: 149–158.
Marsden ID. 1991b. Kelp-sandhopper interactions on a sand
beach in New Zealand. I. Drift composition and distribution.
Journal of Experimental Marine Biology and Ecology 152:
61–74.
McCoy KD, Boulinier T, Tirard C. 2005. Comparative hostparasite population structures: disentangling prospecting

129

and dispersal in the black-legged kittiwake Rissa tridactyla.
Molecular Ecology 14: 2825–2838.
Miller MA, Pfeiffer W, Schwartz T. 2010. Creating the
CIPRES Science Gateway for inference of large phylogenetic trees. in Proceedings of the Gateway Computing
Environments Workshop (GCE), New Orleans, 14 November
2010, 1–8.
Moritz C, Dowling TE, Brown WM. 1987. Evolution of animal mitochondrial DNA: relevance for population biology
and systematics. Annual Review of Ecology and Systematics
18: 269–292.
Nei M. 1978. Estimation of average heterozygosity and genetic
distance from a small number of individuals. Genetics 89:
583–590.
Neilson R, Ye W, Oliveira CMG, Hübschen J, Robbins
RT, Brown DJF, Szalanski AL. 2004. Phylogenetic
relationships of selected species of Longidoridae
(Nematoda: Longidoridae) from North America inferred
from 18S rDNA gene sequence data. Helminthologia 41:
209–215.
Nieberding C, Libois R, Douady CJ, Morand S, Michaux
JR. 2005. Phylogeography of a nematode (Heligmosomoides
polygyrus) in the western Palearctic region: persistence of
northern cryptic populations during ice ages? Molecular
Ecology 14: 765–779.
Nieberding C, Morand S, Libois R, Michaux JR. 2004. A
parasite reveals cryptic phylogeographic history of its host.
Proceedings of the Royal Society of London B: Biological
Sciences 271: 2559–2568.
Nikula R, Fraser CI, Spencer HG, Waters JM. 2010.
Circumpolar dispersal by rafting in two subantarctic kelpdwelling crustaceans. Marine Ecology Progress Series 405:
221–230.
Nikula R, Spencer HG, Waters JM. 2012. Passive rafting is
a powerful driver of transoceanic gene flow. Biology Letters
9: 20120821.
Opperman CH, Bird DM, Williamson VM, Rokhsar DS,
Burke M, Cohn J, Cromera J, Diener S, Gajan J, Graham
S, Houfek TD, Liud Q, Mitros T, Schaff J, Schaffer R,
Scholl E, Sosinski BR, Thomas VP, Windham E. 2008.
Sequence and genetic map of Meloidogyne hapla: a compact
nematode genome for plant parasitism. Proceedings of the
National Academy of Sciences of the United States of America
105: 14802–14807.
Palmer JD, Herbon LA. 1988. Plant mitochondrial DNA
evolves rapidly in structure, but slowly in sequence. Journal
of Molecular Evolution 28: 87–97.
Palumbi SR. 1992. Rates of mitochondrial DNA evolution in
sharks are slow compared with mammals. Nature Letters
357: 153.
Pavesi L, Deidun A, De Matthaeis E, Tiedemann R,
Ketmaier V. 2012. Mitochondrial DNA and microsatellites
reveal significant divergence in the beachflea Orchestia
montagui (Talitridae: Amphipoda). Aquatic Sciences 74:
587–596.
Pavesi L, Ketmaier V. 2013. Patterns of genetic structuring
and levels of differentiation in supralittoral talitrid amphipods: an overview. Crustaceana 86: 890–907.

© 2017 The Linnean Society of London, Biological Journal of the Linnean Society, 2017, 122, 113–132

130

Z. J. C. TOBIAS ET AL.

Peakall R, Smouse PE. 2006. GENALEX 6: genetic analysis in Excel. Population genetic software for teaching and
research. Molecular Ecology Notes 6: 288–295.
Petersen JJ, Chapman HC, Willis OR. 1969. Fifteen species
of mosquitoes as potential hosts of a mermithid nematode
Romanomermis sp. Mosquito News 29: 198–201.
Petit RJ, Duminil J, Fineschi S, Hampe A, Salvini D,
Vendramin GG. 2005. Comparative organization of chloroplast, mitochondrial and nuclear diversity in plant populations. Molecular Ecology 14: 689–701.
Platzer EG. 2007. Mermithid nematodes. Journal of the
American Mosquito Control Association 23: 58–64.
Po i n a r G O J r, L a t h a m A D M , Po u l i n R . 2 0 0 2 .
Thaumamermis zealandica n. sp. (Mermithidae: Nematoda)
parasitising the intertidal marine amphipod Talorchestia
quoyana (Talitridae: Amphipoda) in New Zealand, with a
summary of mermithids infecting amphipods. Systematic
Parasitology 53: 227–233.
Poinar GO Jr, Porter SD, Tang S, Hyman BC. 2007.
Allomermis solenopsi n. sp. (Nematoda: Mermithidae) parasitising the fire ant Solenopsis invicta Buren (Hymenoptera:
Formicidae) in Argentina. Systematic Parasitology 68:
115–128.
Poinar GO Jr. 1981. Thaumamermis cosgrovei n. gen.,
n. sp. (Mermithidae: Nematoda) parasitizing terrestrial
isopods (Isopoda: Oniscoidea). Systematic Parasitology 2:
261–266.
Poinar GO Jr. 1991. Nematoda and Nematomorpha. In:
Thorp JH, Covich AP, eds. Ecology and classification of North
American freshwater invertebrates. New York: Academic
Press, 249–283.
Poulin R, Latham ADM. 2002a. Parasitism and the burrowing depth of the beach hopper Talorchestia quoyana
(Amphipoda: Talitridae). Animal Behaviour 63: 269–275.
Poulin R, Latham AD. 2002b. Inequalities in size and intensity-dependent growth in a mermithid nematode parasitic in
beach hoppers. Journal of Helminthology 76: 65–70.
Poulin R, Rate SR. 2001. Small-scale spatial heterogeneity in
infection levels by symbionts of the amphipod Talorchestia
quoyana (Talitridae). Marine Ecology Progress Series 212:
211–216.
Powers T. 2004. Nematode molecular diagnostics: from bands
to barcodes. Annual Review of Phytopathology 42: 367–383.
Powers TO, Platzer EG, Hyman BC. 1986. Large mitochondrial genome and mitochondrial DNA size polymorphism in
the mosquito parasite, Romanomermis culicivorax. Current
Genetics 11: 71–77.
Presswell B, Evans S, Poulin R, Jorge F. 2015.
Morphological and molecular characterization of Mermis
nigrescens Dujardin, (Nematoda: Mermithidae) parasitizing
the introduced European earwig (Dermaptera: Forficulidae)
in New Zealand. Journal of Helminthology 89: 267–276.
Pritchard R. 2001. Genetic variability following selection
of Haemonchus contortus with anthelmintics. Trends in
Parasitology 17: 445–453.
Pritchard JK, Stephens M, Donnelly P. 2000. Inference
of population structure using multilocus genotype data.
Genetics 155: 945–959.

Rasmussen TK, Randhawa HS. 2015. Factors influencing
spatial variation and abundance of a mermithid parasite in
sand hoppers. Parasitology Research 114: 895–901.
Read DS, Sheppard SK, Bruford MW, Glen DM,
Symondson WO. 2006. Molecular detection of predation by
soil micro-arthropods on nematodes. Molecular Ecology 15:
1963–1972.
Ronquist F, Huelsenbeck JP. 2003. MrBayes 3: Bayesian
phylogenetic inference under mixed models. Bioinformatics
19: 1572–1574.
Ross PM, Hogg ID, Pilditch CA, Lundquist CJ. 2009.
Phylogeography of New Zealand’s coastal benthos. New
Zealand Journal of Marine and Freshwater Research 43:
1009–1027.
Ross JL, Ivanova ES, Spiridonov SE, Waeyenberge L,
Moens M, Nicol GW, Wilson MJ. 2010. Molecular phylogeny of slug-parasitic nematodes inferred from 18S rRNA gene
sequences. Molecular Phylogenetics and Evolution 55: 738–743.
Rousset F. 1997. Genetic differentiation and estimation of
gene flow from F-statistics under isolation by distance.
Genetics 145: 1219–1228.
Schaal BA, Hayworth DA, Olsen KM, Rauscher JT, Smith
WA. 1998. Phylogeographic studies in plants: problems and
prospects. Molecular Ecology 7: 465–474.
Shearer TL, Van Oppen MJ, Romano SL, Wörheide G.
2002. Slow mitochondrial DNA sequence evolution in the
Anthozoa (Cnidaria). Molecular Ecology 11: 2475–2487.
Shi W, Kerdelhué C, Ye H. 2012. Genetic structure and
inferences on potential source areas for Bactrocera dorsalis
(Hendel) based on mitochondrial and microsatellite markers.
PLoS ONE 7: e37083.
Sonnenberg R, Nolte AW, Tautz D. 2007. An evaluation of
LSU rDNA D1-D2 sequences for their use in species identification. Frontiers in Zoology 4: 1.
Sponer R, Roy MS. 2002. Phylogeographic analysis of the brooding brittle star Amphipholis squamata (Echinodermata) along
the coast of New Zealand reveals high cryptic genetic variation
and cryptic dispersal potential. Evolution 56: 1954–1967.
Stamatakis A. 2014. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies.
Bioinformatics 30: 1312–1313.
St-Onge M, LaRue B, Charpentier G. 2008. A molecular
revision of the taxonomic status of mermithid parasites of
black flies from Quebec (Canada). Journal of Invertebrate
Pathology 98: 299–306.
Streicher JW, Schulte JA 2nd, Wiens JJ. 2016. How should
genes and taxa be sampled for phylogenomic analyses
with missing data? An empirical study in Iguanian lizards.
Systematic Biology 65: 128–145.
Sunnucks P. 2000. Efficient genetic markers for population
biology. Trends in Ecology & Evolution 15: 199–203.
Tamura K, Nei M. 1993. Estimation of the number of nucleotide substitutions in the control region of mitochondrial
DNA in humans and chimpanzees. Molecular Biology and
Evolution 10: 512–526.
Tang S, Hyman BC. 2005. Rolling circle amplification of
complete nematode mitochondrial genomes. Journal of
Nematology 37: 236–241.

© 2017 The Linnean Society of London, Biological Journal of the Linnean Society, 2017, 122, 113–132

SANDHOPPER AND MERMITHID CO-PHYLOGEOGRAPHY
Tang S, Hyman BC. 2007. Mitochondrial genome haplotype hypervariation within the isopod parasitic nematode
Thaumamermis cosgrovei. Genetics 176: 1139–1150.
Umbers KD, Byatt LJ, Hill NJ, Bartolini RJ, Hose GC,
Herberstein ME, Power ML. 2015. Prevalence and molecular identification of nematode and dipteran parasites in an
Australian alpine grasshopper (Kosciuscola tristis). PLoS
ONE 10: 0121685.
Vance SA. 1996. Morphological and behavioural sex
reversal in mermithid-infected mayflies. Proceedings of
the Royal Society of London B: Biological Sciences 263:
907–912.
Vandergast AG, Roderick GK. 2003. Mermithid parasitism
of Hawaiian Tetragnatha spiders in a fragmented landscape.
Journal of Invertebrate Pathology 84: 128–136.
Veale AJ, Lavery SD. 2011. Phylogeography of the snakeskin chiton Sypharochiton pelliserpentis (Mollusca:
Polyplacophora) around New Zealand: are seasonal nearshore upwelling events a dynamic barrier to gene flow?
Biological Journal of the Linnean Society 104: 552–563.
Veale AJ, Lavery SD. 2012. The population genetic structure
of the waratah anemone (Actinia tenebrosa) around New
Zealand. New Zealand Journal of Marine and Freshwater
Research 46: 523–536.
Walsh PS, Metzger DA, Higuchi R. 1991. Chelex 100 as a
medium for simple extraction of DNA for PCR-based typing
from forensic material. Biotechniques 10: 506–513.
Wang JY, Xu F, Liu XS, Wang GX. 2007. Molecular phylogeny of entomopathogenic nematodes (Mermithidae) inferred
from DNA sequences of 18S rDNA, 28S rDNA and COI
genes. Acta Zoologica Sinica 53: 835–844.
Waters JM. 2008. Driven by the West Wind Drift? A synthesis of southern temperate marine biogeography, with

131

new directions for dispersalism. Journal of Biogeography
35: 417–427.
Whiting MF. 2002. Mecoptera is paraphyletic: multiple genes
and phylogeny of Mecoptera and Siphonaptera. Zoologica
Scripta 31: 93–104.
Wiens JJ, Morrill MC. 2011. Missing data in phylogenetic
analysis: reconciling results from simulations and empirical
data. Systematic Biology 60: 719–731.
Wildish DJ. 2012. Long distance dispersal and evolution
of talitrids (Crustacea: Amphipoda: Talitridae) in the
northeast Atlantic islands. Journal of Natural History 46:
2329–2348.
Wildish DJ, Chang BD. 2017. Is long-distance dispersal
of talitrids (Amphipoda) in the North Atlantic feasible?
Crustaceana 90: 207–224.
Williams CM, Poulin R, Sinclair BJ. 2004. Increased haemolymph osmolality suggests a new route for behavioural manipulation of Talorchestia quoyana (Amphipoda: Talitridae) by its
mermithid parasite. Functional Ecology 18: 685–691.
Wu Z. 2007. Comparative mitochondrial genomics of
Romanomermis congeners; implications for nematode phylogeny. Doctoral dissertation, University of California, Riverside.
Xia X. 2013. DAMBE5: a comprehensive software package for
data analysis in molecular biology and evolution. Molecular
Biology and Evolution 30: 1720–1728.
Yeates GW, Buckley TR. 2009. First records of mermithid
nematodes (Nematoda: Mermithidae) parasitising stick
insects (Insecta: Phasmatodea). New Zealand Journal of
Zoology 36: 35–39.
Zink RM, Blackwell-Rago RC, Ronquist F. 2000. The
shifting roles of dispersal and vicariance in biogeography.
Proceedings of the Royal Society of London B: Biological
Sciences 267: 497–503.

SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:
Table S1. Sandhopper collection site information.
Table S2. PCR thermal cycling profiles.
File S3. Novel primer design.
Figure S4. Plot of hypothetical population number (K) vs. fixation indices for selection of K in AMOVA tests. Most
drastic increase in FCT and decrease in FSC occur when raising K from 2 to 3.
Figure S5. Mermithid 18S rRNA Bayesian phylogenetic tree. Posterior probabilities shown above nodes.
Figure S6. Mermithid 18S rRNA maximum likelihood phylogenetic tree. Bootstrap support values shown above
nodes.
Figure S7. Mermithid 28S rRNA Bayesian phylogenetic tree. Posterior probabilities shown above nodes.
Figure S8. Mermithid 28S rRNA maximum likelihood phylogenetic tree. Bootstrap support values shown above
nodes.
Figure S9. Mermithid CO1 Bayesian phylogenetic tree. Posterior probabilities shown above nodes.
Figure S10. Mermithid CO1 maximum likelihood phylogenetic tree. Bootstrap support values shown above nodes.
Figure S11. Mermithid CO1 Bayesian phylogenetic tree. Third codon position is excluded. Posterior probabilities
shown above nodes.
Figure S12. Mermithid CO1 maximum likelihood phylogenetic tree. Third codon position is excluded. Bootstrap
support values shown above nodes.
Figure S13. Transition/transversion vs. JC69 genetic distance plot of mermithid CO1 codon position three showing high levels of substitution saturation.
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Figure S14. Mermithid 18S/28S/CO1 concatenated Bayesian phylogenetic tree. Posterior probabilities shown
above nodes.
Figure S15. Mermithid 18S/28S/CO1 concatenated maximum likelihood phylogenetic tree. Bootstrap support
values shown above nodes.
Figure S16. Mermithid 18S/28S/CO1 concatenated Bayesian phylogenetic tree. CO1 third codon position
excluded. Posterior probabilities shown above nodes.
Figure S17. Mermithid 18S/28S/CO1 concatenated maximum likelihood phylogenetic tree. CO1 third codon
position excluded. Bootstrap support values shown above nodes.
Figure S18. Mermithidae phylogenetic tree as proposed by Gafurov (1997). Adapted from Gafurov (1997), kindly
provided by B. Hyman.
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