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ABSTRACT

Context. Acarina are commonly collected in macroinvertebrate surveys used to monitor freshwater
ecosystems. However, they can be difficult to identify morphologically requiring considerable
taxonomic skill for identification to finer taxonomic levels. Therefore, in biomonitoring they are
identified to subclass despite high species diversity and varied environmental responses. DNA
barcoding individuals and DNA metabarcoding of bulk samples enables species to be accurately
and routinely identified. However, poor DNA barcode coverage of Australian aquatic mites has
hampered their use in DNA studies. Aims. Here, we aim to generate DNA barcodes for mites
from Greater Melbourne, Australia. Key results. For many specimens, we link DNA barcodes to
genus-level morphological identifications using genetic analysis of DNA barcodes to understand
biodiversity. We then test if new DNA barcodes can improve identification of mites in samples
processed with DNA metabarcoding. We found Australian aquatic mites showed high diversity
with many DNA barcodes represented by single specimens. Conclusions. Increased mite
DNA barcode
Implications. Given high species diversity, much effort will be required to improve DNA barcode

library coverage improved their detection using DNA metabarcoding.

coverage for aquatic mites in Australia and integrate barcodes with species level taxonomy, allowing
Acarina to be better incorporated into DNA-based biological monitoring.

Keywords: Australia, biodiversity, freshwater, Halacaroidea, Hydracarina, macroinvertebrates,
Mesostigmata, Oribatida, species identification.

Introduction

Globally, ‘water mites’ or Hydracarina are a highly diverse group of invertebrates
inhabiting a wide range of freshwater environments (Di Sabatino et al. 2007,
Goldschmidt 2016). The Hydracarina (also referred to as Hydrachnellae, Hydrachnidia
and Hydrachnida) are members of the large suborder Prostigmata within the order
Trombidiformes (Harvey 1998). Over 6000 species of Hydracarina from 57 families
have been described worldwide, while in Australia ~780 species have been recorded
from over 30 families (Harvey 1998; Di Sabatino et al. 2007). The Hydracarina are the
most species-rich and abundant mites in freshwater habitats, having successfully
colonised most freshwater environments around the world (Di Sabatino et al. 2007). Other
mites, such as the Halacaroidea, the Oribatida (order Sarcoptiformes), Mesostigmata and
other Trombidiformes (such as the Trombidioidea) are also commonly found in freshwater
macroinvertebrate samples (Harvey 1998; Schatz and Behan-Pelletier 2008; Proctor et al.
2015). Although some of these are considered aquatic or sub aquatic, others are terrestrial
and captured due to their proximity to waterways (Schatz and Behan-Pelletier 2008; Walter
and Proctor 2013).

The Hydracarina, along with other mite groups, are often underutilised in routine
biomonitoring as they are not identified to finer taxonomic levels (Proctor 2007). In
Australia, they are identified only at subclass level (Acarina) for bioassessment (e.g.
Chessman 1995; Simpson and Norris 2000). Identification of mites at lower taxonomic
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levels can be difficult due to their small size and high
diversity, often requiring a compound microscope and
considerable taxonomic expertise for sorting to family,
genus or species levels (Harvey 1998). However, they can
be highly responsive to environmental change in freshwater
environments when considered at finer taxonomic levels
(e.g. Miccoli et al. 2013; Goldschmidt et al. 2016; Zawal
etal.2017), including in Australian rivers (e.g. Growns 2001).

DNA barcoding offers a reliable means to routinely identify
taxonomically challenging species and has revealed previously
unknown cryptic biodiversity in different invertebrate groups
(Hebert et al. 2003; Jackson et al. 2014; Carew and Hoffmann
2015; Young et al. 2019). In water mites, DNA barcoding
has revealed high diversity, including many previously
unrecognised (cryptic) species (e.g. Stalstedt et al. 2013;
Vasquez et al. 2017; Blattner et al. 2019; Montes-Ortiz and
Elias-Gutiérrez 2020). DNA barcodes can also enable easier
identification of males and females in sexually dimorphic
species where only one sex has been taxonomically described,
and can help link undescribed juveniles (larvae and nymphs) to
adults (e.g. Glowska et al. 2014; Wiecek et al. 2021). However,
DNA barcode coverage of water mites in most regions of the
world, including Australia, is poor. Prior to beginning this
study there were only ~30 DNA barcodes from six families
available on the public Barcode of Life Database (BOLD) for
water mites from eastern Australia, whereas there were a
further 289 DNA barcodes from two freshwater mite families
from one location in Perth, Western Australia (http://www.
boldsystems.org/index.php/Public_BINSearch?searchtype=
records, accessed 4 November 2020). Given the high species
diversity in water mites found in studies carried out elsewhere
(e.g. Young et al. 2019), improving DNA barcoding coverage of
water mites in Australia will better enable their routine
identification in DNA-based studies and biomonitoring in
freshwater environments. This is particularly important as
‘DNA metabarcoding’ of macroinvertebrate or environmental
samples is becoming increasingly used in providing cost-
effective species level biodiversity assessments (Hajibabaei
et al. 2011; Yu et al. 2012; Porter and Hajibabaei 2018;
Carew et al. 2021). Taxa can only be reliably identified
using DNA metabarcoding if reference DNA barcode libraries
are available with no large taxonomic gaps (Weigand et al.
2019). DNA sequences from DNA metabarcoding are typically
assigned to species based on greater than 97% sequence
matches to reference DNA barcodes (Carew et al. 2018b;
Elbrecht and Steinke 2019) but this is rarely possible in
Australia for water mites. Therefore, improving DNA barcode
coverage of poorly represented groups, like water mites,
facilitates their inclusion in DNA metabarcoding-based
biodiversity assessments.

In this study, we generate DNA barcodes for mites found
in macroinvertebrate samples collected from Greater
Melbourne, Australia. We aim to improve the current
understanding of local freshwater mite biodiversity and
increase DNA barcode coverage to facilitate the inclusion of

mites in environmental monitoring using DNA methods. We
include photographed specimens to provide a morphological
record of specimens to accompany DNA barcodes. We use a
new high-throughput DNA sequencing protocol to provide
DNA barcodes for individual mites, and using DNA
metabarcoding, test the ability of these new DNA barcodes
to improve detection and identification of mites in mixed
macroinvertebrate samples.

Materials and methods

Sample collection and study overview

Macroinvertebrate samples containing Acarina were collected
from a total of 50 sites (34 sites for both individual DNA
barcoding and DNA metabarcoding and an additional 16 sites
for individual DNA barcoding only) in Greater Melbourne,
Australia (Fig. 1, Supplementary Table S1). Samples were
taken from edge habitats using standard rapid bioassessment
methods used in Australia (Chessman 1995). All sampling
involved sweeping (edge habitats) over ~10 m? of benthic
zone from wadable areas for ~5-10 min into a 250-pm
mesh net. All bulk net contents (including sampling debris)
from each sample were preserved on-site in absolute
ethanol for subsampling in the laboratory. Absolute ethanol
was changed after 24-48 h and samples were stored at 4°C.
Samples were then randomly subsampled in the laboratory
by initially taking a 10% subsample, and if less than 300
individuals were found, additional subsampling was taken
until a count of 300 individuals was reached (Walsh 1997).
For a small number of sites used to provide mites for DNA
barcoding only, macroinvertebrates were live picked on-site
for 30 min according to the Guidelines for Environmental
Management — Water (EPA Victoria 2021) (Table S1).
These samples were also stored in absolute ethanol at 4°C
and absolute ethanol was changed after 24-48 h.

The 34 macroinvertebrate samples that were processed
with DNA metabarcoding were collected by Ecology
Australia and AQUEST on behalf of Melbourne Water
Corporation as part of a previous study (Carew et al. 2019).
The sites were selected so that the three major terrestrial
bioregions in Greater Melbourne were included and sites
had a spread of values for mean annual runoff depth,
attenuated imperviousness (Walsh and Kunapo 2009) and
attenuated forest cover (Walsh and Webb 2014). These
samples were first sorted morphologically to mostly family
level (i.e. Chessman 1995) but with Acarina identified to
subclass (Fig. 2, step 1). Macroinvertebrate samples were then
bulk processed non-destructively using DNA metabarcoding
(see below) (Fig. 2, step 2). Amplicon sequence variants
(ASVs - see below) resulting from the bioinformatic analysis
of the DNA metabarcoding data were searched against
existing DNA barcode reference libraries for freshwater
invertebrates using the megablast algorithm. Any ASVs
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Melbourne

Geelong
Fig. I. Locations around Greater Melbourne,
Australia, where macroinvertebrate samples
containing Acarina were collected. Large
circles indicate sites used for DNA barcoding
DNA barcoding and metabarcoding and metabarcoding, whereas small circles
20kmL—__ | DNA barcoding only indicate sites only used for individual DNA
barcoding.
5
Species <l Individual
identifications DNA
against current barcoding,
DNA barcode —p] taxonomic
reference library identification
and
tS of photographs
2 | Non-destructive | 4
Mixed macroinvertebrate ~ [~®] DNA . ™| Acarina removed
samples containing Acarina metabarcoding after DNA metabarcoding

{1 B

Morphological identification
with mites identified
subclass level (Acarina)

Species identifications against DNA
barcode reference library including <
new Acarina DNA barcodes

Fig. 2. DNA metabarcoding experimental design used in this study. Numbers indicate the chronological
order in which different steps of the study were conducted. Double headed arrow indicates mites were
removed for identification and then added back into the sample.

with a highest percentage identity match with query coverage
over 80% to an Acarina sequence were recorded. Mites
were then removed from bulk macroinvertebrate samples
after DNA metabarcoding for individual DNA barcoding,
photographing and morphological identification to the
lowest possible taxonomic level (Fig. 2, steps 4, 5). We also
included water mites (not used for DNA metabarcoding)
from additional sites in greater Melbourne (Fig. 1, Table S1)
to expand the reference DNA barcode library coverage and to
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improve taxon coverage for analysis. These additional
mites were from samples collected over different years,
site types and some with different sorting methods (see
Table S1) including some from previously published studies
(Carew et al. 2018a, 2018b, 2021). Acarina DNA barcodes
generated were searched using the BOLD system
identification engine (http://www.boldsystems.org/index.
php/IDS_OpenldEngine, accessed 6 June 2021) to confirm
they were of arachnid origin and were analysed to identify
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possible species clusters (see below). They were then added
to the existing DNA barcode reference library to determine
if the new DNA barcodes improved identification of Acarina
in bulk macroinvertebrate samples processed with DNA
metabarcoding (Fig. 2, step 6).

Macroinvertebrate sample DNA metabarcoding

After morphological identification of macroinvertebrates, the
34 samples used for DNA metabarcoding were bulk processed
using a non-destructive DNA extraction protocol (see Carew
et al. 2018a). In brief, this involved dissecting a leg or piece
of tissue from large taxa into a single tube, whereas small
taxa, including all mites, were co-immersed in a DNA
extraction buffer (180 pL of the T1 buffer and 25 pL of
proteinase K) from the Nucleospin tissue kit (Macherey-Nagel
Inc.) and incubated for 2-3 h at 56°C to release DNA. Specimens
were then transferred back to >95% ethanol where they could
be used for individual DNA barcoding and taxonomic
examination, and the DNA extraction buffer containing the
macroinvertebrate DNA was processed using a Nucleospin
tissue kit (Macherey-Nagel Inc.) following the manufacturer’s
instructions to isolate DNA for DNA metabarcoding.

DNA metabarcoding was performed using a two-step PCR
process. The first PCR involved amplifying part of DNA
barcode region (Hebert et al. 2003) using three overlapping
PCR primer sets (Fig. 3). The primer sets included BF2/BR2
(Elbrecht and Leese 2017), B/E (Hajibabaei et al. 2012) and
miCOlintF (Leray et al. 2013)/HC0O2198-LepR1 (Folmer
et al. 1994; Hebert et al. 2004). Primers were selected based
on their ability to amplify a broad range of macroinvertebrate
taxa, thereby maximising species detection, and mitigating
amplification biases of individual primer sets. Two technical
replicates were undertaken per sample.

First round PCR primers contained (5'—3’) a universal
adaptor (Illumina Nextera transposase sequence; Illumina
Corporation, San Diego, CA, USA) followed by the gene-
specific primer sequence (above). First round PCR reactions

contained 2 pL of DNA template (1:10 dilution), 8.3 pL
of molecular biology grade water, 12.5 pL of KAPA3G
PCR buffer with MgCl, (KAPA Biosystems), 1 pL of MgCl,
(25 mM), 0.5 pL of forward primer (10 pM), 0.5 pL of
reverse primer (10 uM), and 0.2 pL of KAPA3G polymerase
(5 U mL™!) (KAPA Biosystems) in a total volume of 25 pL
and were amplified using the PCR conditions from Carew
et al. (2021). The three sets of PCR amplicons were pooled
for each sample in a ratio 1:1, except that 30% more of
the longer (BF2/BR2) amplicon was added to allow for
length-based biases in amplification in second round
PCRs. Pooled amplicons were cleaned using ExoSAP-IT
(Applied Biosystems, Waltham, MA, USA) according to the
manufacturer’s instructions.

The cleaned pooled amplicons were then used as templates
for second round PCRs. Second round primers contained
(5'-3’) Illumina p5/p7 adaptor sequence, a unique 8 bp
index sequence and part of the universal adaptor sequence
(Illumina Corporation). Reactions used 3 pL of the pooled
first-round amplicons, 12.5 pL of MiFi mix (Bioline,
London, UK), 2.5 pL of forward p5 index primer (10 pM),
and 2.5 pL of reverse p7 primer (10 pM). PCR conditions
were as follows: 94°C for 5 min followed by 12 cycles of
94°C for 30 s, 55°C for 30 s, 72°C for 30 s, then one cycle
of 72°C for 5 min. Amplicons were pooled in equal
amounts and the library was gel purified using a PureLink
Quick Gel Extraction and PCR Purification Combo Kit
(Invitrogen, Waltham, MA, USA). lllumina MiSeq sequencing
was performed by the Australian Genome Research Facility
Ltd (AGRF) using a 600-cycle flow cell MiSeq sequencing
kit V3 (300 bp x 2) (Illumina Corporation).

DNA metabarcoding included negative controls from first
round PCR amplifications; a macroinvertebrate control
sample of known composition (to verify continuity of
species detection between MiSeq runs); and a sample
containing DNA from Scaptodrosophila xanthorrhoeae — an
invertebrate restricted to north Queensland, Australia and

DNA barcode region (658 bp)
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Fig. 3.
barcoding of individual Acarina (two amplicons).

A map of the primer combinations used for DNA metabarcoding of bulk macroinvertebrate samples (three amplicons) and DNA
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not expected to occur in aquatic invertebrate samples — to
check for sample cross-contamination and index switching.
DNA from this species should not appear in macroinvertebrate
samples if there is no cross-contamination and index switching.

Read pre-processing and sample demultiplexing was
performed by AGRF. The DNA metabarcoding data was
then analysed using a custom pipeline. Reads were trimmed
to remove primer sequences and sorted into groups corres-
ponding to the different amplicon regions (see Fig. 3) using
Cutadapt (ver. 1.16, see https://cutadapt.readthedocs.org/;
Martin 2011), standard Unix bash commands and the
filter fasta.py script from QIIME (ver. 1.9.0, see http://
qiime.org/; Caporaso et al. 2010). Quality filtering, chimaera
removal and read clustering were performed with QIIME2
(ver. 2019.4, see https://qiime2.org/; Bolyen et al. 2019)
using the DADA2 plugin (Callahan et al. 2016). All
resulting ASVs were filtered at 0.001% to remove
singletons and low frequency ASVs where ASVs were
removed from a sample if they made up less than 0.001%
of the reads in that sample (see Elbrecht and Steinke 2019).
The remaining ASVs were then searched against freshwater
invertebrate DNA barcodes from the BOLD Systems
(ver. 4, http://www.boldsystems.org/, accessed 6 June 2021)
database and our private freshwater DNA barcode database
(see Carew et al. 2021) using the megablast algorithm, within
Geneious prime (ver. 2021.1, see https://www.geneious.com,
accessed 6 June 2021). The BLAST search was then
repeated after adding new individual Acarina DNA barcodes
to our existing freshwater invertebrate DNA barcode reference
library. The overall detection of Acarina in macroinvertebrate
samples and the BLAST search results were compared between
the old and new DNA barcode reference libraries.

Individual DNA barcoding and identification of
Acarina

Mites either were retrieved from macroinvertebrate samples
after DNA metabarcoding or separated from other
macroinvertebrates (for the DNA barcoding only samples)
and placed in individual 0.5-mL tubes containing 100%
ethanol. Non-destructive Chelex extractions following
Carew et al. (2018a) were used to obtain DNA for PCR and
subsequent DNA barcoding. In brief, this method involved
placing an individual mite into a 0.5-mL tube with 150 pL of
5% Chelex solution and 2 pL of proteinase K (22 mg mL ') and
then incubating at 56°C for 30 min. Mites were then carefully
retrieved from the tube using forceps with the assistance of a
Leica L2 dissecting microscope (Leica Microsystems, Wetzlar,
Germany) and placed back into 0.5-mL tubes containing
100% ethanol for morphological examination. After mites
were removed, Chelex extractions were incubated at 90°C
for 10 min to inactivate the proteinase K. Chelex
extractions were centrifuged at 15871g for 2 min and the
supernatant was used as a source of DNA for PCR and
subsequent DNA barcoding.
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DNA barcoding was conducted mostly using Illumina
MiSeq sequencing using a protocol modified from Shokralla
et al. (2015). In brief, two overlapping amplicons which
cover the entire DNA barcode region were amplified
using degenerate primer pair cocktails (Fig. 3). The primer
sets included BF2 — B (forward) with dgHCO2198 — LepR1
(reverse) (Folmer et al. 1994; Hebert et al. 2004) to amplify
the 5’ end of the DNA barcode region and dgL.CO1490-
LepF1 (forward) (Folmer et al. 1994; Hebert et al. 2004)
with C (CR) and BR1 (BF1R) (reverse) (Hajibabaei et al.
2012; Elbrecht and Leese 2017) to amplify the 3’ end of the
DNA barcode region. Amplifications used the same workflow,
PCR conditions and profiles as DNA metabarcoding (above)
except all reaction volumes were reduced by 50% and a
single replicate was used. Samples for individual DNA
barcoding were sequenced by AGRF on an Illumina MiSeq
platform, using a 600-cycle flow cell MiSeq sequencing kit
V3 (300 bp x 2) (Illumina Corporation).

Read pre-processing and sample demultiplexing were also
performed by AGRF. The DNA barcoding data were then
analysed using customised automated workflows created
using Geneious prime (https://www.geneious.com). A
different customised automated workflow was used for
each amplicon. The workflow was configured to merge
paired reads, trim primers, de novo assemble reads into
contigs and then search the contig consensus sequences
against the same DNA database of freshwater invertebrates
used for DNA metabarcoding (described above) using the
megablast algorithm. After inspecting the BLAST results for
contigs likely to be from Acarina, the two amplicons were
assembled (using the overlapping region between the two
amplicons) with the de novo assemble function in Geneious
prime to produce a full-length DNA barcode. Assembled DNA
barcodes obtained from mites were then searched using the
BOLD systems identification engine (see http://www.
boldsystems.org/index.php/IDS_OpenldEngine, accessed 6
June 2021) and percentage identity to publicly available
data were recorded. DNA barcoding of a small number of
individuals (5) were taken from Carew et al. (2018a) where
mites were Sanger DNA sequenced.

Major Acarina groups (Hydracarina, Oribatida, Halacaroidea,
Mesostigmata, Trombidioidea) were identified using a Leica
L2 dissecting microscope (Leica Microsystems) with the
online keys from the Centre for Freshwater Ecosystems
(formerly the Murray-Darling Freshwater Research Centre),
La Trobe University (see https://www.mdfrc.org.au/bugguide/
display.asp?class=16&subclass=&order=&Couplet=0&Type=2,
accessed 6 June 2021). Hydracarina were identified using a
high magnification dissecting Leica m80 microscope (Leica
Microsystems) and, for some genera, using a Biotic B2
compound microscope (Motic, Hong Kong, PR China) to
finer taxonomic levels with keys from Harvey (1996,
1998), Smit (2010), and Viets (1978). Pezidae from the
Halacaroidea were identified using Harvey (1989). A small
number of identifications from the other groups were
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assigned from BOLD if DNA barcodes closely matched
(>97%) sequences with taxonomic identifications in the
BOLD systems database.

Analysis of DNA barcodes

All Acarina DNA barcodes were aligned using Clustal Omega
(Thompson et al. 1999) in MEGA X (ver. 11, see www.
megasoftware.net, accessed 6 June 2021). A Kimura-2-
parameter neighbour-joining tree with 1000 bootstraps was
used to examine the clustering pattern of DNA barcodes, for
comparison to morphological data.

The generalised mixed Yule coalescent (GMYC) model was
used to delineate species (Pons et al. 2006). Two datasets were
constructed for GMYC analysis. One dataset contained full
length DNA barcodes (658 bp) from our samples. To include
a greater number of samples we constructed a second dataset
by using truncated DNA barcodes (of 362 bp) from our
dataset. DNA barcodes were excluded from the GYMC
analysis if they belonged to clades with conflicting
morphology (identified through the NJ tree). We conducted
single threshold GMYC species delineation (Monaghan et al.
2009). Ultrametric gene trees for the GMYC approach were
reconstructed under a strict molecular clock model with
BEAST (ver. 2.6.3, see https://beast.community/index.html;
Drummond et al. 2012). The BEAST input files were
generated with BEAUti (ver. 2.6.3, see https://beast.
community/beauti; Drummond et al. 2012) and were based
on the HKY gamma model - the optimum evolutionary
model under the Akaike Information Criterion (AIC). Mean
substitution rate was set to one, the base frequencies were
estimated from the data, six gamma categories were used,
and the substitution model, the rate heterogeneity and the
base frequencies were unlinked across partitions. All other
parameters were set to the default values. Ten independent
MCMC chains were run for 10 million generations
and sampled every 1000 generations. Run convergence
was visualised using Tracer (ver. 1.7.1, A. Rambaut and

A. Drummond, see http://beast.bio.ed.ac.uk/Tracer). To
account for burn-in, the first 5000 trees were discarded from
each run and the independent log and tree files were
combined with LogCombiner (ver. 2.6.3, see https://beast.
community/logcombiner). Combined runs were completed
once estimated sample sizes (ESS) >200 were reached - this
parameter has been used in similar studies using single
GMYC thresholds (Vuataz et al. 2011; Puillandre et al.
2012). TreeAnnotator (ver. 2.6.3, see https://www.beast2.
org/treeannotator/) was run to produce a single tree using
the maximum clade credibility tree with all other options set
to default. For each dataset, single GMYC models were
applied to the DNA barcode tree using the script available
within the SPLITS package (see http://r-forge.r-project.org/
projects/splits/, accessed 6 June 2021) for R. The GMYC
putative species groups from each dataset were compared for
concordance and node support.

All DNA barcodes, geographical information and
photographs were submitted to the Barcode of Life BOLD
systems V4 database (see http://www.boldsystems.org/index.
php/databases, accessed 6 June 2021) and DNA barcode
sequences were submitted to GenBank (Table S3). Barcode
Index Numbers (BINs) were assigned in the Barcode of Life
BOLD systems V4 after submission using refined single-linkage
cluster (RESL) analysis (Ratnasingham and Hebert 2013). BINs
were then compared for concordance to GMYC groupings.

Results

Morphological analysis of individual Acarina

A total of 152 mites were removed from macroinvertebrate
samples from 50 sites. After Chelex extraction, we recovered
148 Acarina specimens for morphological analysis as we were
unable to locate four specimens. Mites recovered could be
identified to the major group levels Hydracarina, Oribatida,
Halacaroidea, Mesostigmata, and Trombidioidea using the
Centre for Freshwater Ecosystems keys (Fig. 4). The

80

70 Mites identified mophologically
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@ B DNA barcodes produced
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5 50
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5 40 morphological grouping
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Hydracarina  Oribatida Mesostigmata Trombidioidea Halacaroidea Bdelloidea Unknown
Major groups

Fig. 4. Individual DNA barcoding of Acarina from macroinvertebrate samples by major taxonomic group.
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Hydracarina were the most abundant group (72 specimens)
followed by the Oribatida (51), Mesostigmata (13),
Trombidioidea (8) and Halacaroidea (1). We also found
two mites from the Bdelloidea and one which we could not
identify and was possibly a terrestrial species.

We were able to identify a total of 20 families, 21 genera
and 3 species. Most identified specimens belonged to the

Hydracarina with 12 families and 18 genera identified
(Table 1). We were able to identify four families and
one species in the Oribatida, and one freshwater family
and genus in the Halacaroidea. Some identifications in
the Mesostigmata (2) and Oribatida (1) were made based
on species-level DNA barcode matches (i.e. >97%) to DNA
barcode sequences on the BOLD systems database (Table 1).

Table I. Morphological identification of Acarina found in freshwater macroinvertebrate samples.

Minor group Family Lowest identification Number of individuals Habitat
Bdelloidea Bdellidae Bdellidae 2 Terrestrial
Halacaroidea Pezidae Peza | Freshwater
Hydracarina Arrenuridae Arrenurus | Freshwater
Aturidae Austraturus | Freshwater
Aturidae Aturidae | Freshwater
Hydrachnidae Hydrachna 2 Freshwater
Hydrodromidae Hydrodroma | Freshwater
Hydryphantidae Diplodontus 2 Freshwater
Hygrobatidae Aspidiobates 3 Freshwater
Hygrobatidae Australiobates 8 Freshwater
Hygrobatidae Australorivacarus | Freshwater
Hygrobatidae Caenobates 14 Freshwater
Hygrobatidae Hygrobates 3(2) Freshwater
Hygrobatidae Procorticacarus 4 Freshwater
Hygrobatidae Rhynchaustrobates 4 Freshwater
Hygrobatidae Hygrobatidae (1) Freshwater
Limnesiidae Limnesia 12 Freshwater
Limocharidae Austrolimnochares 2 Freshwater
Mideopsidae Mideopsidae 2 Freshwater
Oxidae Oxus 5 Freshwater
Pionidae Acercella | Freshwater
Pionidae Piona 2 Freshwater
Pionidae Pionidae | Freshwater
Unionicolidae Neumania 2 Freshwater
Mesostigmata Macrochelidae Macrochelidae” 2 Terrestrial
Parasitidae Pergamasus crassipes™ | Terrestrial
Parasitidae Pergamasus quisquiliarum® | Terrestrial
Mesostigmata 9(l Terrestrial
Oribatida Humerobatidae Humerobatidae® | Terrestrial
Hydrozetidae Hydrozetidae 9 Freshwater
Oribatulidae Zygoribatula undulata® | Terrestrial
Neotrichozetidae Neotrichozetidae 2 Terrestrial
Oribatida 36 (8) Uncertain
Trombidioidea Trombidioidea 9 Uncertain
Unknown 1 (1) Terrestrial

The number of specimens mismatched between morphology and DNA barcodes are shown in parentheses.
AFiner level identifications made through species matches (>97%) to the BOLD systems database.
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Individual Acarina DNA barcoding

Acarina DNA barcodes were obtained from 135 mites; this
included 117 full length DNA barcodes and 18 partial DNA
barcodes (12 of 422 bp, 3 of 322 bp, 1 of 655 bp from
MiSeq DNA sequencing; 1 of 362 bp, lof 580 bp from
Sanger DNA sequencing). This dataset also included our
previously published DNA barcodes (GenBank Accession
number MG976102, MG976100, M976203, MW051403,
KX198797,KX198766). An additional six DNA barcodes were
found by BLAST searches to be from other macroinvertebrates
(two Baetidae, two Leptophlebiidae, one Chironomidae
and one Paramelitidae) that had been previously co-stored
and extracted with the Acarina specimens and were omitted
from further analysis. DNA amplification and barcoding
success across Acarina groups varied. Notably, we failed to
produce DNA barcodes for 27% of the Oribatida (Fig. 4). In
comparison, 98% of specimens from other mite groups
produced either partial or full-length DNA barcodes.

To examine the clustering between the DNA barcodes, a
neighbour-joining tree was used to display distance-based
grouping of all 135 Acarina DNA barcodes (Fig. 5). Terminal
grouping of specimens mostly aligned with their morphology.
However, we did find that the DNA barcodes of 13 specimens
did not group with specimen morphology (Table 1, Fig. 4).
This tended to occur mostly in the Oribatida, where
eight specimens had DNA barcodes that grouped in our
neighbour-joining tree (Fig. 5) with (mostly co-stored)
Trombidiformes specimens. There were three instances
where a Hydracarina specimen’s DNA barcode grouped to
the wrong Hydracarina genus or family. A Mesostigmata
specimen had a DNA barcode which incorrectly grouped to
the Trombidioidea and the single unidentified mite
specimen had a DNA barcode which incorrectly grouped to
Piona (Pionidae).

Species delineation using GMYC analysis of 117 full-length
DNA barcodes (658 bp) produced 24 GMYC groups using 76
DNA barcodes, with the remaining 41 DNA barcodes
represented by singletons (Fig. 6, Table S2). An additional
GMYC group was found when examining 131 truncated
DNA barcodes (362 bp) using GMYC analysis. We found
that 25 GMYC groups were formed from 87 DNA barcodes
and 44 DNA barcodes were represented by singletons.
Overall, the GMYC groups were the same for both datasets.
The greatest number of GMYC groups were found in the
Hydracarina with 16 groups found (Fig. 7, Table S2). High
support was found for all Hydracarina GMYC groupings,
with node support of 1. There were 16 singletons in the
Hydracarina when considering DNA barcodes that matched
morphology, and no extra GMYC groups were found when
considering DNA barcodes from the BOLD systems
database. The Oribatida formed five GMYC groups (Fig. 5).
One GMYC group was formed to due species matches of
100% to a Humerobatidae specimen from New Zealand
(BOLD:ACP5818) on the BOLD systems database. Two

other groups were formed by specimens from our study
belonging to the Neotrichozetidae and an unidentified
family from the Plenty River site (Table S1). The
Hydrozetidae formed two putative species groups although
support for this split was low for the truncated dataset
(0.58) but higher for the full-length DNA barcodes (0.78).
In the Mesostigmata where matches of 100% to Pergamasus
quisquiliarum and Pergamasus crassipes from the BOLD
systems database were found (Fig. 5), forming two GMYC
groups. A well supported GMYC group was seen in the
Trombidioidea with the full-length dataset and using the
truncated dataset an extra GMYC group was found.

The RESL analysis, which assigned BIN codes to data, was
fully concordant with the groupings from the GMYC analysis.
There were 61 different BINs found in the dataset for
specimens with DNA barcodes with a length of greater than
450 bp (Table S2). The Hydrozetidae formed two GYMC
groups and were assigned two different BINs.

Many novel DNA barcodes were found, with only 13% of
GMYC groups or singleton DNA barcodes matching at
greater than 97% sequence identity to DNA barcodes on the
BOLD systems database. Most DNA barcodes matched at
less than 85% sequence identity (Fig. 6), showing that most
DNA barcodes from Australian Acarina were substantially
different to those on the BOLD systems database. GenBank
Accession numbers for DNA barcodes and, BOLD systems
taxon codes and BINs can be found in Table S2.

DNA metabarcoding

MiSeq sequencing of samples from 34 sites yielded 2 474 765
high quality reads (Table S3) with greater than 12 800 reads
(average 36 260 reads; s.d. +10 766 reads) per replicate and
totalling greater than 45000 reads (average 72521 reads;
s.d. +£15390 reads) per macroinvertebrate sample. Raw
reads from DNA metabarcoding were uploaded to the
National Centre for Biotechnology Sequence Read Archive
under BioProject PRJINA764021 (Table S3). We found no
sequences from the S. xanthorrhoeae control sample in the
other samples, suggesting that sample cross-contamination
and index switching were non-existent or at a very low level.
The detection of species in the control sample of known
taxonomic composition was consistent with previous MiSeq
runs. We found a small number of reads (<10 reads) in the
PCR control.

We were able to assign greater than 85% of the total ASVs
found to species level using the original DNA barcode reference
library. Macroinvertebrate family and species diversity varied
between the 34 samples (Table S3). Including Acarina, a total
of 112 families and 551 species were identified. Technical
replicates showed some variability with 62% of the ASVs
present in both replicates. However, less variation was found
when ASVs were identified to species with 86% of species
found in both replicates. We found 106 ASVs had a top
BLAST match with Acarina sequences from the original DNA
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Fig. 6. Acarina DNA barcode matches to the BOLD systems
database. Matches of >97% are considered species matches. Most
‘no species match’ sequences matched Acarina or Arachnida at finer
levels.

barcode reference library. These ASVs were found among 30 of
the 34 samples that contained Acarina. However, 70% of ASVs
that had a mite reference sequence as the top-scoring BLAST hit
shared <97% identity with the match, which is below the
threshold required to infer a likely species match and provide
confidence in taxonomic assignment (Fig. 8). After adding new
mite DNA barcodes to the DNA barcode reference library, we
found an extra 14 ASVs that matched Acarina in the DNA
metabarcoding dataset. This also increased the number of
samples in which we detected Acarina to 32 out of 34
macroinvertebrate samples with 0.93% of the total reads (22
853 reads) identified as Acarina. As expected, we found that
many of the Acarina detected (88%) had greater than 97%
matches to Acarina DNA barcodes in the new reference library
(Fig. 8) with finer-level taxonomic identification resulting from
our morphologically identified voucher collection. However,
there were still 18 ASVs with a top BLAST match to Acarina
that were not in the new reference library (Table S3). The
detection of DNA barcoded mites compared with those
detected using DNA metabarcoding from each site was
mostly concordant, with 58% of taxa detected using both
methods. Most of the difference between the methods (70%)
could be attributed to a lack detection of terrestrial taxa with
DNA metabarcoding, whereas 30% of aquatic taxa were not
detected. This resulted in an overall concordance between
DNA barcodes and metabarcoding of 72% when only
freshwater taxa were considered. We also found 6% of taxa
were only detected with DNA metabarcoding.

Discussion

Here we generated DNA barcodes for 135 freshwater mites
from south-eastern Australia, which included 52 BIN’s
(OTU’s) that are new to the BOLD and GenBank databases.
This new resource will facilitate future biodiversity

assessments and research within the Australian context
and is an important step in remedying the inadequate
representation of freshwater mites within reference sequence
libraries. For our DNA metabarcoding dataset, these new
barcodes allowed a greater number of mite taxa to be
identified and improved the taxonomic resolution of mite
identifications.

We found substantial gaps in existing DNA barcode library
coverage for Australian mites, with few mite DNA barcodes
generated in this study having species level matches
(>97%) in publicly available DNA databases. This impedes
confident  identification of Acarina with DNA
metabarcoding as megaBLAST matches of Acarina ASVs to
current databases were often less than 85%, and Acarina
ASVs were often misidentified with low level BLAST
matches to other macroinvertebrate taxa. For example,
DNA barcodes for the Pezidae (Peza) and Limnocharidae
(Austrolimnochares) showed low percentage matches with
barcodes from other invertebrates on the BOLD systems
database. Not surprisingly, both the percentage match and
Acarina detection substantially improved after targeted
individual DNA barcoding of Acarina. Hence, our study
highlights the importance of comprehensive DNA barcode
libraries for the accurate identification species with DNA
metabarcoding, as examined previously by Weigand
et al. (2019).

Identification of mites detected with DNA metabarcoding
compared to those recovered from samples for individual
DNA barcoding were mostly concordant. However, we did
find that terrestrial taxa, such as many Oribatida and
Mesostigmata, were more likely to be missed by DNA
metabarcoding compared to aquatic taxa, such as the
Hydracarina and Hydrozetidae. This could be attributed to
the smaller size of many terrestrial species, potential DNA
degradation if animals were dead in samples before being
captured, and hard exoskeletons (mainly of the Oribatida)
that impeded the release of DNA during the non-destructive
DNA extraction process used for DNA metabarcoding (see
Carew et al. 2018a). However, we also failed to detect
some Hydracarina in some samples, which was often
associated with individuals being present as singletons or
juvenile life stages. Compared to larger macroinvertebrates,
mites contributed smaller quantities of DNA for DNA
metabarcoding, which was reflected by the overall low
percentage of reads (<1%) that were recovered for mites.
We would suggest using a greater sequencing depth when
metabarcoding to increase the opportunity to detect
Acarina, as many taxa in this study were detected with
fewer than 20 reads, with missing taxa possibly below our
detection limit. We also detected some additional taxa only
with DNA metabarcoding, which may be due to a failure to
recover some individuals for DNA barcoding or differences
in the amplification success between the primer sets used
for DNA barcoding versus metabarcoding. It is not clear if
these extra mite detections represent false positives.
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Our study has shown that grouping Acarina to the sub-class
level misses the opportunity to differentiate between
terrestrial and aquatic species. Many taxa detected such as
those from the Mesostigmata and Bdelloidea (and some
Oribatida and Trombidioidea) represent terrestrial species
(Schatz and Behan-Pelletier 2008; Walter and Proctor
2013). However, these can be easily distinguished from
the fully aquatic Hydracarina when finer taxonomic
identification is used, which can be easily facilitated by using
DNA barcodes linked to taxonomic identified specimens.
Furthermore, using DNA barcodes to provide finer level
identification can improve information on family, genus
and species environmental responses that can be used in
biomonitoring (Baird and Hajibabaei 2012). We were able
to provide genus level identifications for most Hydracarina
using currently available taxonomic keys (e.g. Harvey 1998),
and with the involvement of experienced taxonomists many of
the genera we found could be further identified to species. The
use of finer level identifications of Hydracarina has been
shown to be useful for biomonitoring of European lotic
environments (Miccoli et al. 2013) and in water mites in
Australia (Growns 2001).

The non-destructive DNA extraction techniques outlined in
Carew et al. (2018a) proved useful for targeting Acarina for
individual DNA barcoding, as most specimens could be
identified morphologically after using non-destructive DNA
extraction for DNA metabarcoding followed by a second
non-destructive DNA extraction for individual DNA barcoding.
Although most specimens were recovered and remained fully
intact, some tissue was dissolved with proteinase K during
the extraction process which meant that some species
became hyaline or had missing eye spots, which could make
identification of a small number of taxa more challenging.
Unfortunately, the Oribatida were the least suited to this
approach as many specimens were damaged or did not
produce DNA barcodes. This may have been due to the small
size and the hard exoskeleton of Oribatid mites affecting the
penetration of proteinase K during the non-destructive

Chelex DNA extraction. These mites were also more fragile
and easily damaged when being removed from the Chelex
DNA extraction compared to softer bodied specimens.
Despite this, the extraction process did not appear to affect
setae for most other minor groups, which is important because
these are often key characters for specimen identification
(Harvey 1998).

Most of the DNA barcodes in our study were generated
using MiSeq DNA sequencing, which we found to be
successful for producing DNA barcodes for Acarina.
Shokralla et al. (2015) noted a vast improvement in the
success of DNA barcoding for Trombidiformes using MiSeq
DNA sequencing compared to Sanger DNA sequencing and
our study supports this finding as our earlier attempts to
sequence Acarina barcodes using Sanger sequencing often
failed (data not shown). However, it is still important to
verify that DNA barcodes recovered from a specimen also
match morphology. We found that some DNA barcodes,
especially those isolated from the Oribatida, did not match
morphology but represented other species including other
mites. This often occurred when mites from different orders
were found in the same sample. We suspect this could have
occurred by two processes; either the mites were feeding on
other species before their capture or DNA leaching occurred
during co-storage or bulk DNA extraction. The latter is
the most likely culprit due to the high amount of DNA
released during the non-destructive extraction process.
We suspect that this issue is most problematic for mite
species that are poorly identified through the current DNA
barcoding primer sets developed for insects (e.g. Folmer
et al. 1994). With the Oribatida having the greatest number
of failed PCR amplifications, DNA barcodes from this
group may need to be generated with other primer sets.
Alternatively, Oribatids may be less suited to this barcoding
approach due to their small size and hard exoskeleton, or
may have shown a tendency towards low quality DNA
yields because their DNA had been previously extracted for
DNA metabarcoding.

We were able to identify the aquatic Oribatida family,
Hydrozetidae, based on morphology and species matches
(>97%) to the BOLD systems database. To date, a single
species with a cosmopolitan distribution, Hydrozetes lemnae,
has been recorded in Australia, although the possibly of more
species was noted by Colloff and Halliday (1998). The
Hydrozetidae species found in this study matched DNA
barcodes from Canada, suggesting the species is not
endemic to Australia. Similarly, we also found DNA barcodes
that had species matches (>97%) to European and Canadian
Mesostigmata mite samples from the Parasitidae, including
Pergamasus quisquiliarum and Pergamasus crassipes.

Despite extensive DNA barcode coverage of mites from
Canada (Young et al. 2012, 2019) and increasing coverage
from Europe (Weigand et al. 2019), there were no matches
of these DNA barcodes to Australian Hydracarina, which
shows the importance of DNA barcoding local fauna in this
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region and that local fauna are often not cosmopolitan.
Although we were largely successful in providing finer-
scale identification for Hydracarina, we struggled to add
taxonomic information for other minor Acarina groups. For
example, multiple species of Trombidioidea were likely to
have been present, some of which may have been aquatic
or sub-aquatic. However, we were unable to find keys to
assist with identification of this group.

Conclusion

In conclusion, water mites from a region in south-east
Australia showed high diversity and endemism, with many
new DNA barcode BIN’s, and several unique DNA barcodes
being represented by single specimens. Further expanding
DNA barcoding of aquatic mites throughout Australia will
undoubtedly provide new insights into species diversity and
distributions. A coordinated effort with taxonomists is needed
to link species level taxonomy to DNA barcodes to provide a
national comprehensive species-level DNA barcode library for
aquatic mites. This DNA barcode library will provide the
confidence needed to identify Acarina both as individuals
and in bulk samples or environmental DNA samples analysed
with DNA metabarcoding. This combined with environmental
data can improve our understanding of the species-specific
responses for use in biomonitoring.

Supplementary material

Supplementary material is available online.
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