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Integrative taxonomy and species delimitation of water mites:
the case of the Lebertia porosa (Acari, Parasitengona,
Hydrachnidia) species complex

Abstract

Water mites form a highly diverse taxon of Acari unified by adaptations to aquatic life. Despite a
high number of already described species, more than half as many remain unknown to science.
Their ecology makes them good candidates for use as bioindicators, but the high number of
undescribed species impedes this potential. Lebertia porosa is a water mite species described in
1900 from southern Norway. DNA barcode data sorted the specimens morphologically identified
as L. porosa (s.l.) into ten genetic clusters (BINs), indicating the presence of a species complex.
In this project, | investigated the species boundaries within the L. porosa complex by applying
integrative taxonomy. DNA was extracted from 46 specimen collected across Norway, including
the type locality. The COI mitochondrial DNA marker and 18S and 28S ribosomal nuclear DNA
markers were sequenced, edited, and used to delimit species using multiple methods (GMYC,
ASAP, ABGD, PTP, and BPP). The samples were also checked for the presence of the bacterium
Wolbachia — a known manipulator of arthropod lineages. Slide-mounted specimens were studied
and measured to detect morphological differences. The results indicate the presence of seven
genetically and morphologically distinguishable clades. A single Wolbachia strain was detected
among specimens from two clades, indicating no deducible pattern of interference from the
bacteria. Three clades were identified from the type locality. One of these was assigned the
nominal species Lebertia porosa based on the original species description.
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Introduction

Water Mites

Hydrachnidia, formerly also known as Hydracarina or Hydrachnellae, is a monophyletic taxon of
eight superfamilies collectively known as true water mites (Cook, 1974; Dabert, et al., 2010; Smit,
2020). The taxon is part of the cohort Parasitengona (Prostigmata, Trombidiformes) and is
characterized by adaptations to a fully aquatic life. Water mites can be found in most types of
freshwater environment including lakes, streams, springs, bogs, and interstitial waters. Around
6000 species are currently described globally and at least 4000 more have been predicted as yet to
be described (Cantonati et al., 2006; Di Sabatino et al., 2008; Gerecke et al., 2018).

Water mites have a complicated lifecycle comprising of five or six stages: prelarva — which has
not been observed in all species, larva, protonymph, deutonymph, tritonymph and adult. Of these,
the protonymphal and tritonymphal stages are pupa-like resting phases while the adults and
deutonymphs prey on the eggs and aquatic larvae of insects (Bottger, 1976; Martin & Gerecke,
2009). The water mite larvae are often parasites of adult flying aquatic insects such as Diptera
(e.g., Chironomidae) or Odonata (llvonen et al., 2018; Martin et al., 2010). This interaction is
important in aiding the dispersal of water mites, as hosts capable of flight can carry them across
unconnected habitats (Bilton et al., 2001; Bohonak, 1999).

Water mites have a potential to become good bioindicators for freshwater environments (Callisto
et al., 2011; Growns, 2001). While species preferring lentic environments may be too robust to
respond acutely to pollution, the species inhabiting streams and springs have proven to be much
more sensitive to factors such as temperature, oxygenation, and chemical composition (Di
Sabatino et al., 2000; 2003). Especially the inactive pupal stages make many species apt at acting
as indicators of water quality, since the conditions they demand are often much more specific than
those required for the active stages (Goldschmidt, 2016). Moreover, since water mites have
coevolved with other invertebrates and require their presence to complete their life cycle, they can
also indicate the presence of these species (Walter & Proctor, 2013). One major obstacle stands in
the way of a practical application of water mites for this purpose — the high number of undescribed
species (Callisto et al., 2011; Montes-Ortiz & Elias-Gutiérrez 2020).

Lebertia porosa Thor, 1900

The water mite species Lebertia porosa belongs to the subgenus Pilolebertia within the family
Lebertiidae (Lebertioidea, Hydrachnidia). This Holarctic species was first described by Sig Thor
in 1900, from a small stream near the church of Vanse, Lister peninsula, southern Norway. In the
most recent revision of Lebertiidae, the species is listed with 27 junior synonyms (Gerecke, 2009).
Previously unpublished DNA barcode data from Norway suggests that L. porosa, rather than being
a single species, is a complex of morphologically similar species. This would not be unprecedented
as other species complexes have been previously identified within the Lebertiidae (Blattner et al.,
2019; Pesic¢ et al., 2017). The DNA barcoded specimens from Norway have been assigned 10
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separate barcode identification numbers (BINS) in the Barcode of Life Data (BOLD) Systems
database. Based on this data they have been pre-emptively assigned into seven tentative clades
which had the potential to represent species.

Species concepts and species delimitation

While a species can be considered one of the most fundamental concepts in biology, the question
of how it should ultimately be defined is still debated (e.g., Fiser et al., 2018; Freudenstein et al.,
2017; Hong, 2020). The primary species concept, that of a metapopulation evolving along a single
lineage, is universally accepted, but cannot be used for species delimitation. To do this, secondary,
or operational, species concepts are necessary (De Queiroz, 2007). These concepts rely on different
criteria, such as heritable morphological characteristics, breeding compatibility, or genetic
differences. These different criteria can sometimes result in the delimitation of different number
of species within the same group of organisms. This can be resolved by applying integrative
taxonomy, i.e., considering all the data as additional evidence corroborating delimitation rather
than as standalone alternatives (De Queiroz, 1998; 2007).

Morphological analysis has a long history of use in biology (Simpson, 1951). This method does
not require much beyond a microscope, literature, and practice, but is costly in terms of time and,
depending on the group studied, may require a high level of expertise. Moreover, it cannot be
applied to species with no observable morphological differences. Preservation poses an obstacle,
as characteristics such as scent, colour, and shapes of soft tissues might degrade very fast. Many
species, including L. porosa were originally described based on this method alone. Modern
technological advances in delimitation and imaging methods allow us to search for previously
overlooked morphological characteristics when revising the species divisions.

Genetic delimitation has vastly increased in popularity with the increasing ease of access to
molecular data through DNA extraction and sequencing. It requires more expensive laboratory
equipment but is less time consuming and, depending on the studied organisms, potentially simpler
and less prone to human error than the morphological analysis. Moreover, by analysing genetic
data of a population it is possible to reveal a diversity of morphologically cryptic species. Various
mathematical methods have been developed in order to delimit species on the basis of molecular
data. Each model makes a different set of assumptions and their accuracy changes depending on
the studied system. Parameters such as speciation rate, divergence time, population size,
interspecific distance, amount of geneflow, etc., are not uniform among organism groups but can
affect the results obtained by various methods. The conclusions about the best model fits are not
transferrable across organism groups with different values for these parameters. If some of the
parameter values are unknown or uncertain, multiple models should be used to verify the
delimitation results (Carstens et al., 2013).

The errors resulting from the model assumptions and assumption violations can manifest
themselves in two ways: overestimation or underestimation of the number of operational
taxonomic units (OTUs). The General Mixed Yule Coalescent (GMYC) method is prone to
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overestimation due to its inability to cope with high, but still biologically plausible, speciation
rates (Dellicour & Flot, 2015; Esselstyn et al., 2012; Talavera et al., 2013). Automatic Barcode
Gap Discovery (ABGD) and Assemble Species by Automatic Partitioning (ASAP) rely on genetic
distances, which makes them much less expensive in terms of computing power than methods that
include phylogenetic reconstruction (Puillandre et al., 2021). ABGD and ASAP function on the
assumption that intraspecific distances are generally smaller than interspecific distances
(Puillandre et al., 2012; 2021). Both methods have some tendency to underestimate the number of
OTUs (Pentinsaari & Vos, 2017; Puillandre et al.,, 2021). Bayesian Phylogenetics and
Phylogeography (BPP) and Poisson tree processes (PTP) assess the posterior probability of species
being delimited. The many Markov Chain Monte Carlo (MCMC) iterations run by these models
require time and computing power, but despite a small tendency for underestimation in PTP, the
results tend to be very robust and close to the ‘true’ number of species (Camargo et al., 2012;
Pentinsaari & Vos, 2017). However, these methods do not fully account for migration and the
results become less accurate in the presence of gene flow between the OTUs, PTP more so than
BPP (Luo et al., 2018; Zhang et al., 2011).

Wolbachia

Wolbachia is a genus of congenital bacteria infecting many arthropod species. Although no
published record of Wolbachia infections within Hydrachnidia seems to exist, they have been
recorded within other Acari groups, such as spider mites (Tetranychidae) or predatory mites
(Phytoseiidae) (Breeuwer & Jacobs, 1996). Wolbachia infections are also common among the
aquatic insect species serving as hosts and prey to water mites (Sazama et al., 2017). This could
be a potential source of infection as other mite species have been implicated in horizontal transfer
of Wolbachia (Brown & Lloyd, 2015; Cordaux et al., 2001).

Wolbachia reproduce in a manner similar to cytoplasmic elements and are usually spread vertically
by infected females onto their offspring. The bacteria maximize their reproductive success by
employing multiple strategies such as induced parthenogenesis, male killing, male feminization,
and induced cytoplasmic incompatibility between individuals not infected by the same strain
(Werren et al., 1995; 2008). These strategies may lead to skewed sex ratios or speciation due to
forced assortative mating caused by postzygotic reproductive barriers. The presence of multiple
strains of Wolbachia in a single arthropod species can also result in a pattern of multiple divergent
mitochondrial lineages that are discordant with evolutionary lineages in nuclear markers (Jiang et
al., 2018; Suchackova Bartonova et al., 2021; Whitworth et al., 2007). Since the initial observation
of multiple genetic clusters in L. porosa is based on the mitochondrial Cytochrome C oxidase
subunit I (COI) genetic marker used for DNA barcoding in animals, it is important to check for
the presence and pattern of Wolbachia strains infecting the water mites.

Aims and Hypothesis

In this study | aim to investigate the species boundaries within the L. porosa species complex by
analysing both morphological and molecular characters and applying various delimitation methods
to mitochondrial and nuclear DNA markers. The main hypothesis of this study is that the genetic
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clusters observed in the COl DNA barcode data of L. porosa (s.l.) represent multiple
morphologically distinct species which are also recognizable as separate genetic lineages by
nuclear markers and are unaffected by potential infections of Wolbachia. Alternatively, the DNA
barcode clusters may be supported by the nuclear markers but indistinguishable morphologically.
In such a case the species could still be delimited through molecular methods but would be
considered cryptic. It is also possible that the clustering in the DNA barcode data will not be
supported by the nuclear markers and will instead follow a pattern consistent with detected
Wolbachia strains.

Methods

Field collection

Water mites were collected from lentic and lotic environments during the summers (July-August)
of 2014-2020 across Norway (Figure 1), and near Lake Baikal, Russia. The presumable type
locality of the species, a stream near the Church of Vanse at Lister Peninsula, Norway, was
included among the sampling sites. Full overview of localities and collection dates can be found
in Supplement 1. Specimens were collected by kick sampling and drift nets. Captured specimens
were preserved in 96% ethanol to prevent the deterioration of DNA.
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o.~

PR

Figure 1: Collection sites for Norwegian specimens used in this study.



Molecular Methods

The COI DNA barcode fragment from previously barcoded specimens was obtained through
collaboration with the Norwegian Barcode of Life (NorBOL). This data was based on the DNA-
extraction of leg tissues, PCR, and bi-directional sequencing following standard protocols at the
Canadian Centre for DNA Barcoding at the University of Guelph, Canada.

For samples analysed at NTNU, DNA was extracted non-destructively from the specimens using
Qiagen DNeasy Blood and Tissue kit following the instructions for animal tissue samples.
Specimens were removed from ethanol and dried on a piece of filter paper before lysis. Incubation
in lysing buffer and proteinase-K was done overnight for approximately 14 hours. In the last step
only 100 pl of buffer AE was used for elution. Last step was not repeated. Empty lysed skins were
washed in water and 70% ethanol and resuspended in 90% ethanol for later morphological
analysis.

PCR amplification was performed for COIl mitochondrial DNA and 18S and 28S ribosomal nuclear
DNA of water mites (Table 1). These markers are commonly used to delimit species or build
phylogenies within Hydrachnidia (e.g., Blattner et al., 2019; Dabert, et al., 2010). For water mite
DNA PCR, reactions in volume of 20 ul were prepared, consisting of 10 ul of PCR Master Mix
2X (Qiagen), 0.4 pl of 10 uM primer, and 4 pl of the extracted DNA, with the remaining volume
topped up with HyClone Molecular Biology-Grade Water. The PCR cycling conditions for all
reactions were: 1 cycle (5 min at 96°C), 35 cycles (30 sec at 95°C, 1 min at 50°C, 1 min at 72°C)
1 cycle (5 min at 72°C) (Dabert et al., 2016; Sazama et al., 2017). Amplification was verified by
electrophoresis on a 1.5% agarose gel. Multiple primers for various Wolbachia markers were tested
but all except for 16S DNA (Table 1) failed to amplify or did not produce readable sequences. For
full list of tested Wolbachia primers see Supplement 2. The PCR protocol for Wolbachia 16S was
the same as for water mite DNA except 10 ul of Multiplex PCR Master Mix 2X (Qiagen) was used
instead of 10 ul of PCR Master Mix 2X (Qiagen) and the annealing temperature was lowered to
45°C.

Before sequencing, amplified samples were chemically purified with 4 ul of ExoProStar (Cytiva)
to remove excess reagents and unwanted residues in the PCR products. The mixture was incubated
in a thermocycler at 37°C for 15 min and 80°C for 15 min. DNA concentration and purity was
checked using NanoDrop 2000 spectrophotometer (Thermo scientific). After this, 2 ul of 10 uM
primers were added to the samples before shipping to Eurofins Genomics using the PlateSeq Kit
Mix and PlateSeq Kit DNA. The sequences were stored in the BOLD database.



Table 1: Primers used for amplification of DNA fragments.

Primer Direction Marker Sequence (5'-3") Original publication
Leb F F Cal CAA ACCAYA AAGAYATTGGAAC (Blattner et al., 2019)
Leb R R CGA AGA ATC AAAATARRTGTT G

28SHy_F F 28S AGT ACC GTG AGG GAA AGT TG (Blattner et al., 2019)
28SHy R R GGC AGG TGAGTTGTT ACACA

18Sfw F 18S CTT GTC TCA AAG ATT AAGCCATGCA (Dabert, et al., 2010)
revo60 R GAC GGT CCAAGAATTTCAC

Wspecf F 16S AGC TTC GAG TGA AACCAATTC (Werren & Windsor, 2000)
Wspecr R GAA GAT AAT GAC GGT ACT CAC

Editing, Alignment and phylogenetic analysis

Forward and reverse sequences were examined, aligned, and edited according to their
chromatograms using the MEGA X (Version 10.1.7) software (Kumar et al., 2018). In some
samples for the 28S rDNA marker, the quality of the forward reading sequence was too low and
only the reverse sequence was used for further analysis. The identity of the water mite fragments
was verified using the Megablast algorithm in GenBank. Wolbachia 16S fragments were classified
through the Silva database. The COI sequences for all specimens were aligned using ClustalW
algorithm with gap opening penalty of 15 and gap extension penalty of 6.66. The 18S and 28S
sequences were aligned with the MUSCLE algorithm. Gap penalties used were -400 for opening
and 0 for extension for 18S and -400 for opening and -200 for extension in 28S. The reliability of
the alignments was assessed using the GUIDANCE2 algorithm (Sela et al., 2015). The best
substitution model fit was assessed based on the BIC parameter using the ‘Find Best DNA/Protein
Models (ML)’ function in MEGA X and maximum likelihood trees were constructed for each
marker with complete gap deletion and 500 bootstrap replicates (Hall, 2013). The substitution
models used were Hasegawa-Kishino-Yano with gamma distribution and invariant sites for COI
and Kimura-2 parameter for 18S and 28S.

Delimitation and Network analysis

Multiple molecular delimitation methods were applied to the dataset. A single threshold GMYC
was performed in R Studio (4.0.2) using the Splits package (Ezart et al., 2013; R Core Team,
2020). Ultrametric ML trees for the analysis were prepared in MEGA X using the ‘Compute
timetree’ function. Single marker PTP was performed at https://species.h-its.org/ptp/ using 100000
MCMC generations and burn-in of 0.1 (Zhang et al., 2013). ABGD and ASAP were performed at
https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html and https://bioinfo.mnhn.fr/abi/public/
asap/asapweb.html respectively, using the Kimura-2-Parameter option (Puillandre et al., 2012;
2021). The command line version of BPP (A10) using all three markers was run for 500000
MCMC generations with burn-in of 0.1 using the COI tree as a guide. The inverse gamma priors
for the 0 and t parameters were a = 3, p = {0.001, 0.002, 0.01, 0.02}. Due to the lack of data
regarding 6 and t parameters for Hydrachnidia, various combinations of the  values were tested
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for both 0 and t (Flouri et al., 2018; Yang, 2015). A TCS haplotype network of the COI sequence
data was constructed in POpART (Clement et al., 2000, 2002; Leigh & Bryant, 2015).

Morphological Analysis

Specimens were initially sorted under a stereo microscope and identified to species level by
Reinhard Gerecke. Some were subsequently slide-mounted in Hoyer’s fluid or Glycerine Jelly.
The selected specimens were dissected by leading a horizontal cut around the coxal shield to
separate it from the dorsal integument. Legs were detached from the coxal plates and positioned
to allow for lateral view. Both palps were detached from the gnathosomal bay and included on the
slide. Male specimens were slide-mounted with a separated genital skeleton. As many specimens
as possible were left undissected for better long-term preservation.

Slide-mounted specimens from each genetically determined clade were examined using Leica
compound microscope (LEICA DM 6000 B) and measurements were taken using the Leica
Application Suite. The number of specimens examined depended on the number of available
barcoded specimens in each clade (Table 2). Remaining specimens kept by Reinhard Gerecke at
the University of Tubingen were used to confirm the observed morphological patterns. The
revision of Lebertiidae by Gerecke (2009) was used as a source for the anatomical terminology.

Table 2: The total number of DNA barcoded specimens per clade and the number of specimens used in the
morphological analysis.

Clade A CladeB CladeC CladeD CladeE CladeF CladeG

Barcoded specimens 21 3 27 7 9 11 38
Examined specimens 12 3 13 6 4 5 14

The following features were measured: the dorsal length and maximum height of segments 2-5 of
legs and palps, total length and maximum height for segment six of legs (Figure 2-1), the length of
each acetabulum, the distance between the inner margins of leg four insertions and the length and
width of margin one and two on the coxal shield (Figure 2-ii), the length of claws on the final
segments of legs from hinge to tip, from tip to the centre of the curvature, and from the centre of
the curvature to the hinge (Figure 2-iii), The numbers and positions of salient setae were noted
with emphasis on the number of swimming setae, the distances between the long setae on segment
3 of the palp (Figure 2-iv), and the length and width of the distomedial peg-like seta of segment 4
of the palp. Additionally, the width and length of the gnathosomal bay was measured by creating
a line between the openings of the glands at each side and then drawing a perpendicular line from
the central fusion seam of the coxal shield (Figure 2-ii).
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Figure 2: Positions and shorthand labelling for morphological measurements. The anatomical labelling
follows Gerecke (2009). Small letters | and h stand for length and height. i) An example of segment length
and height measurements for legs and palps. L indicates leg, palps are labelled P. The roman numerals
refer to the order of legs starting from the front of the body. The final number stands for the order of
segments starting from the most proximal. ii) Measurements across the coxal shield. Coxal margins are
marked Cx, Gn stands for gnathosomal bay. Acetabula are marked Ac. iii) The dimensions of the claw.
The centre of curvature (C) was considered to be the point opposite of the smaller claw. iv) The distances
among the long setae on the third segment of the palp.
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Results

Sequences of sufficient quality to be used for all three water mite DNA fragments were obtained
from 47 specimens which included 41 specimens of various L. porosa clusters, 5 specimens of L.
insignis — a putatively closely related species, and one representative of an undetermined species
of the subgenus Lebertia (s. str.) collected near Lake Baikal as a more distant outgroup. In the final
alignments the COI sequences had total lengths of 638 base pairs (bp) with 225 variable sites and
210 parsimony informative sites. The 18S sequences were 776 bp long with only 53 variable sites
and 42 parsimony informative sites. The 28S sequences were the longest with 950 bp but less
variable than the COI sequences, with only 220 variable sites and 177 parsimony informative sites.
All sequences were lightly AT biased with the highest average ratio in COI (64.9%). The highest
AT bias in the COI marker was observed on the third codon position (82%).

Trees

The results of phylogenetic analysis show that the sequences from individual specimens are always
assigned to the same clade or clade fusion. The clades A, B, and C are grouped together across all
three trees but are only supported as sister groups on a higher node in one phylogeny. Clades D
and E are also grouped together and are supported as sister groups across all three phylogenies.
Lebertia insignis is always among the inner brackets and never the closest to the chosen distant
outgroup and this position is supported in two of the phylogenies.

In the tree constructed from the COI sequences (Figure 3), all seven clades of L. porosa are clearly
separated by large genetic distances. The genetic distances between the sequences within each
clade are very short except for clade C, which is separated into three well supported subgroups.
The individual clades have high bootstrap support values on the nodes that unify all their
sequences. Of the higher nodes, only the one grouping, clades D and E, has bootstrap value larger
than 75 and many others have support value lower than 50.

The tree constructed from the 18S sequences (Figure 4) presents lower genetic distances between
individual clades and within clades, reflecting the lowest ratio of variable sites. Clades D and E
are fused with high bootstrap support on their joined node. Clades A and B are also fused and form
a wedge separating clade C into two subgroups. This separation is not supported as the node
bootstrap value is less than 50. One higher node has received a high bootstrap value within this
tree. This node separates the inner branches into two large groups: clades A-E and clade G and L.
insignis.

The 28S phylogeny (Figure 5) also presents all seven L. porosa clades. Except for clade E, all
clades with multiple specimens are supported by more than 75% of the bootstrap replicates. Clade
C is divided into two supported subgroups but the genetic distances among the sequences in each
clade are otherwise very short. Three higher nodes received support value higher than 75 — one
grouping clades D and E, one grouping clades A, B, and C, and one separating the inner branches
into groups of clade A, B, C and G and clade D, E and L. insignis. The relative genetic distance
between clades D and E is much shorter for this marker than for the COI phylogeny.
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Figure 3: COI rooted maximum likelihood tree including Lebertia insignis and an outgroup, generated with
complete gap deletion and 500 bootstrap replicates. Substitution model: Hasegawa-Kishino-Yano with
Gamma distribution and invariant sites. Bootstrap values above 75 are shown. Scale bar represents genetic

distance. Stars mark specimens infected with Wolbachia.
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Figure 4: 18S rooted maximum likelihood tree including Lebertia insignis and an outgroup, generated with
complete gap deletion and 500 bootstrap replicates. Substitution model: Kimura-2 parameter with Gamma
distribution. Bootstrap values above 75 are shown. Scale bar represents genetic distance.
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Figure 5: 28S rooted maximum likelihood tree including Lebertia insignis and an outgroup, generated with
complete gap deletion and 500 bootstrap replicates. Substitution model: Kimura-2 parameter with Gamma
distribution. Bootstrap values above 75 are shown. Scale bar represents genetic distance.
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Delimitation

Lebertia porosa is divided into multiple OTUs by all single marker delimitation methods. (Table
3). For the 28S marker only GMY C delimits clades D and E as separate OTUs. None of the single
marker methods delimit these clades as separate for 18S. GMYC, PTP, ASAP, and ABGD all
delimit clade C as two OTUs for at least one marker. For the 18S marker, the sequences among
clades A and B do not show any difference and these clades cannot be delimited by any single
marker method.

Table 3: Single marker delimitation methods and the number of OTUs delimited by each. Both outgroups
are excluded. All shown delimited OTUs belong to L. porosa clusters.

GMYC PTP ASAP  ABGD

COl 19 7 7 7
18S 7 6 6 7
28S 19 6 7 7

BPP always delimits seven OTUs among the L. porosa clusters, with posterior probability for the
entire model ranging from 0.74 to 0.95. The lower posterior probability in the model with more
conservative values of 6 and 1 is mainly the result of lower posterior probability of the support for
the node between clades D and E.

Network Analysis

The network of COI sequences (Figure 6) shows nine groups — seven L. porosa clades and two
outgroups. The outgroups split the network into two halves, one of which contains the clades B
and C, and the other where the rest of the clades are located. Aside from the clade C, the network
has low reticulation with high number of mutations between nodes.
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Wolbachia

All specimens were tested for the presence of Wolbachia using the 16S marker and Wolbachia
specific primers and 17 showed positive results upon amplification. Three different fragment
lengths were successfully sequenced: short (270 bp), medium (490 bp) and long (900 bp)
(Supplement 3). Only the six long fragments were positively classified as Wolbachia in the Silva
database. The highest identity match in Silva database was 95% and the 10 nearest neighbours
included Wolbachia extracts from a quill mite (Torotrogla cardueli Bochkov & Mironov, 1999),
a spider mite (Bryobia sp.), a nematode parasitizing ticks (Cercopithifilaria japonica Uni, 1983),
giant yellow aphid (Tuberolachnus salignus Gmelin, 1790), and a springtail (Neelus murinus
Folsom, 1896). The long sequences are highly similar, presenting only 3 variable sites and no
parsimony informative sites. Of the six identifiable sequences, five originated from the specimens
of clade G and one from clade C (Figure 3).

Morphology

Morphological analysis revealed that each preliminary clade possesses a unique combination of
characteristics (Table 4, Figure 7). The diagnostic features of each clade (proportions of palp and
leg segments, swimming setae numbers) concern character states which are different from those
used for the current morphological identification of L. porosa (Gerecke, 2009). The measurements
of claw dimensions and of the peg-like seta on palp segment three were not used due to low
reliability.
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Table 4: A presence/absence matrix of novel morphological characteristics observed in L. porosa clades.
Characteristics marked with +/- were not present in all examined specimens. L indicates leg, palps are
labelled P. The roman numerals refer to the order of legs starting from the front of the body. The final
number stands for the order of segments starting from the most proximal. Acetabula are marked Ac. The
exact position for measurement of P-3 distance D can be found in Figure 2vi.

Character\Clade A B
I1-L-5 large gap in swimming setae +- o+ +
I11-L-5 >14 swimming setae +
IV-L-5 >14 swimming setae &+

P-3 doubled most proximal seta +/-

IV-L-4 >9 swimming setae + +
I1-L-5 swimming setae stop before distal edge +
I11-L-6 Stout (I/h<5) + +
IV-L-6 Stout (I/h<5) +

P-3 distance D long (=38um) +

I-L slender (I-L-(4-6) I/h>3.2,4.2,4.2) +

IV-L slender (I-L-(5-6) 1/h>6.0,4.2) +

Coxal field long (>1000 pm)

Palp long and slender (P-3 1>140, P-4 1>195 pm, P-3 I/h>1.85)

Legs long and slender (I-L-(4-6) 1>450, 490, 430 um, 1/h>5...)

P-2 relatively short (P-2/P-3 < 1.2)

Genital field with large acetabula (Ac-1 1=85-95 pm) +

Leg segments short (I-L-(4-6) [=130-145, 138-150, 125-130 um...) %+
Palp short and slender (P-2 1<110, P-4 1<140 pm, P-3 I/h>2.2) +
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Figure 7: Examples of observed differences in setation. i) and ii) Examples of high number of setae on
segment five of legs three and four (l11-L-5, 1VV-L-5) in specimens from clades B and D. iii) The gap in
swimming setae on the fifth segment of the second leg (11-L-5) in clades A, B, and C. iv) Segment three of
palp (P-3) with a doubled proximal long seta. v) and vi) Segment five of the second leg (11-L-5) close-up;
comparison of swimming setae with and without the large gap respectively.

Observations on habitat
From the specimens used in this thesis, the collection localities are often limited to a single clade,
with some exceptions being shared across two or three clades. Clade C is reported from both lentic
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and lotic environments. Some clades show clear distinction between the preferred habitats: lentic
for clades B and D and lotic for clades A and G. Clades E and F are more often found in lotic
habitats, but one specimen from each was collected in a lentic habitat.

Discussion

Species delimitation

Seven potential species level clades were hypothesized within the L. porosa complex based on
BINs of the original COI data. This number is supported by the results of morphological and
molecular analyses and is congruent with the main hypothesis: all three markers indicate similar
divisions and differences in morphology are observable. This result adds this study to the ever-
growing global list of literature resolving species complexes within Hydrachnidia and describing
new species of water mites based on molecular methods and integrative taxonomy, (e.g., Blattner
et al.,, 2019; Montes-Ortiz & Elias-Gutiérrez, 2020; Pesi¢ et al., 2020; Pesi¢, & Smit, 2016;
Stalstedt et al., 2013; Wiecek et al., 2020) and provides further proof that the clade Hydrachnidia
hides a great amount of undescribed diversity (Di Sabatino et al., 2008).

The single marker models do not always show the expected number of OTUs, but the differences
occur in a manner consistent with the method’s error patterns and with the structure of the
phylogenies for individual markers, e.g., no single marker method could separate clades A and B
in the 18S phylogeny, because there is no genetic difference in their sequences for this marker
(Camargo et al., 2012; Dellicour & Flot, 2015; Pentinsaari & Vos, 2017; Puillandre et al., 2021).

GMYC obviously overestimates the number of OTUs in markers with higher ratio of variable sites
(Table 3). It comes within a reasonable range only in the 18S marker. 18S has by far the lowest
ratio of variation among sequences which probably puts it within the range of speciation rate values
that GMYC can cope with (Dellicour & Flot, 2015; Esselstyn et al., 2012; Talavera et al., 2013).
The COI marker presents a clear barcode gap in genetic distances (Supplement 4.1) and ABGD
and ASAP delimit this marker according to the expected number of OTUs (Puillandre et al., 2021).
They fare worse with the nuclear markers, where the genetic distances are shorter overall and no
large difference between the intraspecific and interspecific distances is apparent (Supplement 4.2,
4.3). The numbers of OTUs are similar to the expected value, but in the 18S and 28S marker that
is a result of these models both overestimating and underestimating the number of OTUs at the
same time. This is a consequence of the large intraspecific distance among the clade C sequences
and the small interspecific distance between clades D and E (Puillandre et al., 2012; 2021). PTP
delimits the COI marker in a manner consistent with my initial assumption. The OTUs for the
nuclear markers reflect the pattern of their individual phylogenies in a manner similar to the ASAP
and ABGD results — underestimating in clades D and E and overestimating in clade C.

Studies with larger datasets, such as Pentinsaari & Vos (2017), might be forced to rely on single
marker methods only and use further statistical analysis to resovle the discrepancies between the
different results from each model, but the relatively small amount of data in my study allows for
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the use of more sophisticated multilocus methods. BPP uses all markers and thus reduces the
influence of possible incomplete lineage sorting in individual marker genealogies (Jacobs et al.,
2018; Yang & Rannala, 2010). This model always delimits all seven clades of L. porosa. The
posterior probability decreases with higher 6 values. 0 represents the average genetic difference
between the members of the same population and runs using higher values tend to result in a more
conservative assessment of the number of OTUs (Flouri et al., 2018; McKay et al., 2013).

Geography and Habitats

While the number of species in the L. porosa complex seems well supported at local geographical
scale, globally the result is only preliminary. Specimens used in this study are all from Norway
and do not represent the full Holarctic distribution of L. porosa (s.l.). Records in the BOLD and
GBIF databases indicate that the species is also present in many localities across the entire Canada
and the Western Palearctic. However, not all of these records included barcode data. The public
barcode data also does not represent all of the delimited clades, as some BINs only appear within
the dataset that served as a starting point for this study.

| did not analyse the geographic distribution deeply within this study, but, after sorting through the
collection data in BOLD, clades B, D, and E only seem to occur in latitudes higher than 63°N and
clade F has not been observed above 59°N latitude. The collection sites are not evenly distributed
along the latitudinal gradient (Figure 1), so the true geographic limits of distribution of these clades
cannot be determined from the current dataset. The clades B, D, and E have fewer barcoded
specimens than some others (Table 2), possibly due to not occurring in the more southern latitudes
which were the main target for sampling. The wider dataset also suggests habitat preference for
either the lentic or the lotic environments across all clades except C, but this could merely reflect
the low amount of available data. The two specimens, one in clade E and one in clade F, were
collected at locations which present a habitat type different than the other members of their clades,
which could indicate that clade C is not alone in inhabiting both habitats. To fully explore the
possibility of using geographic distribution and habitat preference as an aid to identification, future
sampling efforts should put an emphasis on noting down the exact habitat type present at the site
of capture and including more sampling sites at intermediate latitudes.

Both the geographical and habitat patterns imply the possible presence of other L. porosa (s.l.)
clades which might be limited to other latitudes or prefer habitats which are not common in
Norway. It is not uncommon for a high number of new OTUSs to emerge after deliberately sampling
across a wide geographic range (Darwell & Cook, 2017; Stuart et al., 2006; Wattier et al.,2020).
However, the public barcode data in BOLD also indicates that at least clade C truly has a very
broad distribution. Publicly available data for one of the BINs in clade C (BOLD:AAM5138)
shows multiple specimens collected across Canada. There is a possibility that such a wide
distribution is a result of this clade being able to disperse more efficiently, perhaps with the aid of
flying aquatic insects. Clade G provides an interesting contrast to clade C in this case. Both of
these clades are distributed across the entire latitudinal range sampled in the dataset. Clade G has
the highest number of sampled specimens of all the clades in this study, with clade C having the
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second highest number. Despite these similarities Clade G presents no reticulation in the haplotype
network and very low interspecific distance, reflected in its single BIN in comparison with the four
BINs in Clade C.

Morphology

Despite being previously described as a single species based on morphology, the L. porosa
complex presents a wide range of non-overlapping characteristics (Table 4). The characters used
to describe the original species — equal distance of ventral setae on palp segment four and the
equal distance among the three distal long setae on palp segment three — are quite variable within
the clades (Gerecke, 2009). The new diagnostic features do not include these two characteristics.
They instead rely on measurements of palps, legs and the coxal shield. Some of the originally
taken measurements could not be used. For the claw dimensions it was mainly due to the mobility
of the appendage. The claw is somewhat capable of both horizontal and vertical rotation. This,
combined with the fact that the claws are fairly small, made it impossible to generate reliable
measurements. The peg-like seta on palp segment three is also very small. Part of this seta is
submerged within the palp and even a small variation in the positioning of the palp on the slide
made a great difference in how much of this seta appeared to be protruding. Both the claws and
the peg-like seta could still present distinguishing features, but these would need to be examined
under larger magnification than the microscope used in this thesis was capable of.

The features that could be reliably measured show a pattern in defining characteristics that is
somewhat congruent with the habitat preference of the clades. Clades B and D, which were thus
far collected only in lentic environments have an increased number of swimming setae (Figure 7
I, if) compared to the clades from purely lotic environments. There is no difference in the number
of swimming setae for the specimens from different environment types across clade C. There is
also a somewhat general tendency for long or slender legs in clades from lentic environments,
while the ones from lotic environments tend towards short or stout legs and leg segments. Clade
C does not show any observable differences among specimens here either. Clade D presents one
specifically interesting feature — the occasional doubled seta on palp segment three (Figure 7 iv).
This violates one of the defining characteristics of the subgenus Pilolebertia — five long setae on
palp segment three (Gerecke, 2009). Considering that the sister group of this clade, clade E, does
not present this characteristic at all, it could call to question the definition of the whole subgenus.

Wolbachia

A search across literature and databases has not revealed any published records of Wolbachia
infections in water mites beyond speculation about their presence such as in Stryjecki et al., (2015).
The identifiable Wolbachia sequences obtained from the water mites used in my study show very
few genetic differences and are proven to be present in at least two clades — C and G. The
unidentifiable sequences were isolated from more clades, but since their identity currently cannot
be confirmed, they cannot be considered a proof of Wolbachia infection. The presence of
Wolbachia within the other clades remains a possibility.
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Since the closest identified Wolbachia sequences come from other, quite distant, groups of mites
and one nematode parasite of mites, it is possible that the initial infection was a result of a
horizontal transfer by a parasite. No common pattern of clustering can be seen between the bacteria
and the water mites, but that could simply reflect a relatively recent infection. The 16S rDNA
sequence has an estimated divergence rate of 1-2% per 50 million years and it is not useful in
identifying newly diverged strains (Werren et al., 1995). An attempt was made to amplify more
divergent sequences of Wolbachia genome, such as wsp and ftsZ (Werren et al., 1995). The PCR
using the primers for these markers was not successful (Supplement 2). The fact that one of these
primers had been recently successfully used to amplify wsp sequences of Wolbachia in aquatic
insects could further indicate that the Wolbachia in these water mite specimens were horizontally
transferred from other mite groups rather than originating from their prey and hosts.

The infected hosts are widely distributed across Norway and come from various habitats. Four out
of six hosts were female, two were male. It is not possible to positively identify which Wolbachia
phenotype is expressed in water mites from this data. Stryjecki et al., (2015) found intersex
specimen in the genus Arrenurus Dugeés, 1834, and proposed Wolbachia as one of possible causes
of this phenomenon. These intersex specimens had outer morphological features of females but
genital structure of males. Arrenurus presents striking sexual dimorphism so noticing feminized
males could be much easier than in other water mite genera such as Lebertia (Wigcek et al., 2021).
Male killing phenotype does not seem likely since two infected specimens were male, but female
parthenogenesis is a possibility. Female bias is common among water mites, but that does not
necessarily prove the presence of sex ratio skewing Wolbachia. It could simply be a result of the
species life cycle (Davids et al., 2006).

In species where the cytoplasmic incompatibility phenotype is expressed, the COIl marker tends to
give very different number of OTUs in molecular delimitation (Jiang et al., 2018; Suchackova
Bartonova et al., 2021; Whitworth et al., 2007). Cytoplasmic incompatibility, therefore, does not
seem very probable in most clades based on the nuclear markers and the mitochondrial marker
showing very similar divergence patterns. Clade C could potentially be an exception. Its
phylogenetic trees and single marker delimitations show some difference between the pattern in
the mitochondrial and nuclear markers, but further investigation would be needed to form a
conclusion. Lastly, it is also possible that the Wolbachia DNA was not extracted from the water
mites at all, but rather from an internal parasite such as the previously mentioned nematode. The
specimens were not checked for the presence of parasites during my study and the nearest
neighbours of the identified sequences do not allow us to discard this possibility.

Taxonomy

The species L. porosa (s.l.) was originally described from southern Norway. Specimens from
clades C, F and G were found coexisting at its type locality. Clade F is morphologically distinct
from the original description of L. porosa and does not represent the species detected by Thor, but
clades C and G were both possible candidates for the nominal species. Reinhard Gerecke
conducted a revision of the original material available in museum collections. Based on
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morphological comparison with syntypes found in the collections of the Natural History Museum
in Oslo, clade C could be recognized as representing L. obscura Thor, 1900. This species was
described as a variety of L. porosa (s.l.) in the same paper in which Thor introduced the name of
L. porosa, both from the same type locality. Consequently, clade G would be considered true L.
porosa. Specimens belonging to clade G agree with all features given in the original description
(Thor, 1900) and in his by far the more detailed redescription (Thor, 1906). As the type material
of L. porosa is lost, probably in consequence of the destruction of Thor’s collection after his death
(Lundblad, 1938; Viets, 1940), a neotype should be selected from the material collected at the type
locality in 2019/2020, preferably one of the specimens sequenced in the course of the present
study. The other junior synonyms of L. porosa might be applicable to the other clades, but an
examination of the type specimens used to describe them will be needed for confirmation. If no
matching type specimens are found among the junior synonyms, the clades will be described as
species new to science.

Phylogeny

The trees constructed for this study were created for the purpose of species delimitation.
Constructing the proper phylogeny of any part of the family Lebertiidae was not the aim of this
research and the data is insufficient for full phylogenetic resolution. The L. porosa clades were not
sampled evenly or broadly enough, and other potentially closely related Lebertia species are
missing completely. A proper phylogenetic study would need to include not only L. insignis, but
also at least Lebertia fimbriata, Lebertia pusilla, Lebertia stigmatifera, Lebertia sefvei, Lebertia
helvetica, and Lebertia inaequalis, which cluster together with or between the various L. porosa
clades in the COI marker Neighbour Joining tree created from the data in BOLD. The lack of data
from these intermediate species could also explain the lack of reticulation in the haplotype network
analysis (Figure 6).

A few observations on the general structure of the trees for all three markers can be made, however.
Clades A, B and C will likely remain grouped together even after the insertion of the other species.
The node connecting clades D and E as sister groups received strong support. The COl marker
alone is not enough to make assumption about the true phylogeny, but L. insignis was placed
between L. porosa clades for all three markers, with high bootstrap support values for the position
for two of them. It is also not unlikely that other Lebertia species will be slotted between the clades
as well. This could indicate that the L. porosa species cluster is not a monophyletic group and is
more closely connected by morphological similarities than by phylogenetic relationships. Clades
F and G occupy the most distant position closest to the outgroup depending on the marker. This
could mean that these clades are the most distantly related among this species cluster.

Conclusion

The Norwegian populations of water mites belonging to the L. porosa species complex form seven
clades which can be delimited by both molecular and morphological characters. One of the three
delimited clades detected at the type of locality was given the nominal species name Lebertia

26



porosa. Another was assigned a junior synonym also described by Thor from the same locality.
The remaining clades can be described as species new to science or be assigned names of other
species previously regarded as junior synonyms of L. porosa. No pattern was detected in the
Wolbachia sequences and the lack of discord between the nuclear and mitochondrial marker
genealogies support the assumption that different bacterial strains are not responsible for the seven
clades delimited in this study. There are questions regarding this species complex that are outside
of the scope of my thesis, but the results presented here confirm my original hypothesis that L.
porosa, as previously defined, is a complex of multiple species.
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