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Abstract
Invertebrate biodiversity measured at mostly family level is widely used in biological
monitoring programs to assess anthropogenic impacts on ecosystems. However, next

generation sequencing (NGS) could allow development of new more sensitive
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biomonitoring tools by allowing rapid species identification. This could be accelerated if
archived invertebrate collections and environmental information from past programs are
used to understand species distributions and their environmental responses. In this study,
we take archived macroinvertebrate samples from two sites collected on multiple
occasions and test if NGS can successfully detect species. Samples had been stored in
70% ethanolat room temperature for up to 12 years. Three amplicons ranging from 197-
274 bps within the DNA barcode region were amplified from samples and compared to
DNA barcaoding libraries to identify species. We were able to amplify partial DNA barcodes
from most samples, and species were often detected with multiple amplicons. However,
some singletans and taxa poorly covered by DNA barcoding were missed. This suggests
additional DNA=barcodes will be required to fill ‘gaps’ in current DNA barcode libraries for
aquatic macroinvertebrates and/or that it may not be possible to detect all taxa in a
sample. Furthermore, older samples often detected fewer taxa and were less reliable for
amplification, suggesting NGS is best used on samples within eight years of collection.
Neverthelessgmany common taxa with existing DNA barcodes were reliably identified with
NGS and weresoften present at sites across multiple years, showing the potential of NGS

for detecting common and abundant species in archived material.

Introduction

Invertebrate biodiversity is widely used in monitoring programs to assess impacts of
anthropogenic activities on terrestrial (Kremen et al. 1993; Cortet et al. 1999; Hilty &
Merenlenderi2000; Andersen et al. 2004) and aquatic (Rosenberg & Resh 1993; Bunn
1995; Fore et al,1996; Bonada et al. 2006; Chessman et al. 2007; Kellar et al. 2014)
ecosystems.

Most monitering programs gather environmental information along with
invertebrates-to-assist in understanding factors leading to changes in biodiversity.
Generally, invertebrate communities are only identified to order or family levels in
terrestrial studies (e.g. Lovell et al. 2007; Neville & Yen 2007; Thomson & Hoffmann 2007;
Sharley et al. 2008) or mostly to family level in aquatic studies, (e.g. Barbour et al. 1992;
Chessmana1995; Resh et al. 1995; Wright et al. 2000; Wells et al. 2002) due to the time,
expertise, expenserand difficultly involved in routinely identifying all taxa to genus or
species levels. Once programs are concluded, invertebrate samples can be archived by
storing in 70% ethanol at room temperature.

DNA sequencing of invertebrates in archived collections could allow species to be
easily identified, giving insight into species temporal variation where sites have been
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visited on multiple occasions, and into species distributions along environmental gradients
where there is also environmental information available. Given that genera and species
from the same family can show different environmental responses (Resh & Unzicker 1975;
Lenat & Resh 2001; Mandaville 2002; Carew et al. 2007b; Carew et al. 2011b), identifying
species in archived collections could enable development of new species-based
biomonitoring tools to provide a deeper understanding of environmental condition.
Currently, DNA barcodes based on the mitochondrial Cytochrome Oxidase | (COl)
sequences_ are widely used in species identification (Hebert et al. 2003). In archived
material, DNA.barcodes could be bulk sequenced using next generation sequencing
(NGS) and these 'sequences then compared to reference DNA barcodes generated from
voucher specimens found in DNA barcode databases for identification (see Zimmermann
et al. 2014). In recent years, the number of invertebrate DNA barcodes available has
rapidly expanded (Ratnasingham & Hebert 2007; Stockle & Hebert 2008). Currently, there
are over 5.6 million invertebrate DNA barcodes representing over 266,000 species
available throughsthe BOLD system v3 database (http:/www.boldsystems.org/ - Accessed

on 30-Aug-2016);=which could be used for routinely identifying species in bulk extracted
invertebrate samples sequenced with NGS.

GeneratingDNA barcodes from freshly collected material is often successful for
many taxa, but.DNA sequencing of archived material can be problematic, often due to
storage at roam*temperature in 70% ethanol that can result in DNA degradation
(Hajibabaei et al. 2005; Zimmermann et al. 2008; Baird et al. 2011). In reality, many
archived samples may encounter even lower ethanol percentages due to insufficient
ethanol being added when samples are collected, evaporation of ethanol over time or
storing too many individuals together, leading to further DNA degradation. To overcome
this problem, /minisDNA barcodes’ (Hajibabaei et al. 2006b) or DNA barcodes of <300 bps
(e.g. Zealeset-al=2011; Hajibabaei et al. 2012; Leray et al. 2013; Clarke et al. 2014) can be
used to produce partial DNA barcodes for species identification. Partial DNA barcodes
have been shown 1o be successful for identifying taxa with NGS (e.g. Hajibabaei et al.
2011; Carew et al. 2013; Zhou et al. 2013; Kermarrec et al. 2014), but have not been
tested for bulk species identification from archived material.

Here we test if macroinvertebrate samples identified to family level from two sites
collected over a 12-year period as part of a long-term monitoring program can be identified
to species with NGS. Three short amplicons (<300 bp) within the DNA barcode region
were amplified due the likely degraded condition of the DNA in samples. We use the
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lllumina MiSeq platform to test whether species from different orders and families can be
detected in samples of different ages.

Methods

Study design

Our study focused on two locations with macroinvertebrate samples collected on five
occasions spanning 12 years. The samples were collected by Environment Protection
Authority (EPA)_Victoria as part of their long-term monitoring program. The first site was
located in the Wimmera River at Riverside upstream of the city of Horsham, Victoria,
Australia (IHG); while the second site was in the Franklin River at Toora, Victoria, Australia
(TUF) (Table ¥)=These sites were chosen based on the availability of samples from
multiple sampling events and macroinvertebrate diversity. We selected the IHC site as
being typical of a low family diversity site, and the TUF site as being typical of a high family
diversity site. Samples were identified mostly to family level according to the Rapid
Bioassessment-Protocols developed by EPA Victoria as part of their Guidelines for
EnvironmentakhManagement (available

at: http://www:epa.vic.gov.au/~/media/Publications/604%201.pdf). In addition, three

samples from the®Wimmera River (IHC04, IHC08, IHC10) were also identified to lowest
taxonomic unitg,which included some species level identifications. All samples were
collected as part of a spring sampling program with the exception of the 2009 and 2011
samples from Franklin River, which came from an autumn sampling program. We also
included a chironomid sample (RL09) as a control because all individuals in this sample
had previously.been identified to species level and bulk sequenced using 454
pyrosequencing (see Carew et al. 2013). The purpose of this control was to examine data
quality and toshelprin testing a bioinformatic pipeline for data analysis.

Sample proeessing and DNA extraction

For each sample, taxa were dissected with the aim of maximising the detection of species
diversity. Therefore, where possible we dissected a similar amount of tissue from each
individual insan attempt to prevent large taxa out-competing small taxa in PCR
amplifications. Depending on the taxonomic group, we used legs (if present) or small
amounts abdominal/body tissue. In some taxa, such as Chironomidae and Oligochaeta,
we were unable to avoid including the gut in DNA extractions. Each sample was dissected
in a new petri dish to avoid cross contamination between samples. Tissues from each

individual were placed into a 1.5 ml microcentrifuge tube for bulk extraction and PCR, and
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subsequent lllumina MiSeq sequencing. A Qiagen DNeasy® Tissue Kit (Qiagen, Hilden,
Germany) was used to extract total genomic DNA from tubes of tissues following the
manufacturer's protocol. All DNA extractions were performed in an area separated from
post PCR processing, to reduce the risk of contamination from PCR amplicons.

We included a biological replicate of one sample (TUF11) to act as a control for the
robustness of species identification of NGS in our dataset. We used sample TUF11 due to
its high family diversity and the fact that it was the most recently collected sample.
Therefore, this sample was likely to indicate differences in species detection within the

same sample and also indicate any contamination by PCR amplicons.

Amplicon libraryseonstruction and sequencing

A two-step PCR process was used to obtain amplicons for illumina MiSeq sequencing to
increase primer specificity and yield of amplicons from our samples. The first PCR
involved amplifying the three amplicons of <300 bp within the Cytochrome Oxidase | DNA
barcode region«(Hebert et al. 2003). For this purpose, we used three primer sets (Table 2).
The first set ofiprimers, COIBfor/HCOI, amplifies the 3’ end of the DNA barcode fragment,
while the second set of primers, ZBJ-ArtF1c/ZBJ-ArtR2c and LCOI/MLepR21, overlap and
amplify the 5 'end“of the DNA barcode fragment. These primers were selected based on
their ability toramplify a broad range of taxa when screened against a taxonomically
diverse panelkofiaquatic macroinvertebrates (data not shown). Template specific primers
had lllumina adaptors incorporated onto the 5’ end for the attachment of Nextera-XT
lllumina indexes (lllumina Corporation, San Diego, CA, USA) in the second round PCR. All
PCRs were set.up.in a pre-PCR laminar flowhood, including negative controls (no DNA),
with template DNA ‘added just prior to PCR amplification to minimise the risk of
contamination:

Firstsround-PCR reactions contained 2 pl of DNA template, 16.4 ul molecular
biology grade water, 2.5 ul PCR buffer, 1 ul MgCl, (50 mM), 2 pl dNTPs mix (25 mM), 0.5
ul forward primer (10 mM), 0.5 ul reverse primer (10 mM), and 0.1 pl Platinum Taq
polymerase (5 U/ml) (Invitrogen, Carlsbad, CA, USA) in a total volume of 25 pl. First round
PCR’s for the COIBfor/HCOI primer set used the following conditions: 94°C for 3 min
followed by 25 cycles of 94°C for 20 sec, 48°C for 45 sec, 72°C for 30 sec, then 1 cycle of
72°C for 5 min For the ZBJ-ArtF1c/ZBJ-ArtR2c and LCOI/MLepR21 primer sets the same
conditions were used except that an annealing temperature of 46°C was used.

Amplifications were performed as three replicates. All amplicons were checked by
agarose gel electrophoresis. The PCR replicates were pooled and cleaned using Sera-
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mag customised magnetic beads mix (GE Healthcare Life Sciences, Little Chalfont,
Buckinghamshire, United Kingdom), where 1.5 volumes of bead mix were added to pooled
PCR mixes. Samples were mixed by gentle pipetting and then incubated at room
temperature for 15 mins. After incubation, samples were placed on a magnetic stand for 5-
10 mins until the solution had cleared. The supernatant was removed and the two washes
using 200 pl of 80% ethanol were performed. Samples were then air dried to remove
residual ethanol and were re-suspended in 30 pl of DPEC water. They were placed onto
the magnetic stand until the solution had cleared and then the supernatant was transferred
to a fresh tube for second round PCRs. Cleaned amplicons were quantified with a Qubit
Fluorometer (Life"Technologies, Carlsbad, CA, USA).

The second round PCRs were performed after pooling three amplicons in
approximately equal molar ratios. Second round PCR reactions used 5-15 pl of the first
round amplicons, 25 ul BIO-X-ACT short mix (Bioline, London, United Kingdom), 5 pl
forward Nextera-XT index primer (10 mM), and 5 pl reverse Nextera-XT primer (10 mM).
PCR conditionsswere as follows: 94°C for 5 mins followed by 12 cycles of 94°C for 30 sec,
55°C for 30 seeu72°C for 30 sec, then 1 cycle of 72°C for 5 mins. All amplicons were
cleaned and quantified ensuring concentrations were > 5 ng/ul as described above.

Library quantification, normalization, pooling and the Illlumina MiSeq run using a 600
cycle flow cellMiSeq sequencing kit V3 (300 bp x 2) (lllumina, San Diego, CA) were
performed by-Australian Genome Research Facility Ltd (AGRF) according to the

manufacturer’s protocols.

Bioinformatic proecessing

Samples were first.examined using FastaQC to determine their quality, and were then
uploaded intosGeneious version 8.1.6 (Kearse et al. 2012). Sequences from each sample
were trimmedto-<197 bp, paired reads were set and FLASH version 1.2.9 (Magoc &
Salzberg 201 1)'was used to merge paired reads with default settings. Merged reads were
annotated with each set of forward and reverse primer pairs and then extracted to isolate
each of the three amplicons. Only amplicons of appropriate size (+/- 6 bp of the amplicon’s
expected size) with both forward and reverse primers on each end were retained. Primers
were then trimmediand a custom de novo assembly at 98% similarity was used to reduce
redundancy in the dataset. The number of reads that contributed to each contig (group of
sequences with > 98% sequence similarity) from the de novo assembly was recorded.
Singletons and contigs containing ten or fewer reads were discarded (see Bokulich et al.
2012). The remaining contigs were aligned, edited and checked for an open reading
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frame. Contigs were then BLAST searched against a DNA barcoding reference database
of freshwater macroinvertebrates (see below), and species with > 97.5% match were
identified. The ten best matches were also checked to ensure that species matches were
specific. Chimeric sequences were identified by using BLAST alignments to the most
common sequences in a sample (those with higher than 200 reads) and full length DNA
barcodes from the reference library using a ‘de novo’ approach. Those that showed clear

chimeric patterns were removed.

DNA barcoding reference database

A DNA barcoding‘reference database of freshwater macroinvertebrates was constructed
by downloading=and combining DNA barcodes from three sources; GenBank
(http://www.ncbi.nlm.nih.gov/genbank/), BOLD systems v3 (http://www.boldsystems.org/)

and private databases for the Chironomidae (M. Carew), the Trichoptera (courtesy of M.
Shackleton, D. Cartwright, J. Dean and R. St Clair) and several macroinvertebrate
specimens fromsthe Maribyrnong River, Melbourne, Australia (M. Carew). Only aquatic
families were-ineluded in library construction to reduce the size of the database, improve
specificity and shorten search times. The database was uploaded into Geneious version
8.1.6 and used inreustom BLAST searches; any taxa that did not have a match to
sequences imnweur freshwater macroinvertebrate DNA barcoding reference database were
searched on.the entire GenBank and BOLD system v3 sites. Due to taxonomic limitations
or reference specimens that were not identified to species, our database contains some
taxa that aretidentified to family/order. This included taxa from the Maribyrnong River
which are listed,at family/order level followed by “undet.” given they have not been formally
identified. The BOLD system v3 contained DNA barcodes with multiple species names and
specimens thatwere not identified to species level. For these taxa we have also cited their
BOLD: BIN:URIcode (which consist of three letters and four numbers) as this suggests
possible species‘grouping and avoids taxonomic confusion. Chironomidae were identified
to mostly species; some species are designated as “sp.” followed by a letter or number to
represent a species that could not be identified using taxonomic keys.

Results

Presence of macroinvertebrate families

The archived macroinvertebrate samples varied in their family composition.
Macroinvertebrate diversity at the Wimmera River site was often less diverse (<24
families) than at the Franklin River site (>22 families) (Table 1). At the Wimmera River site
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14 families were found on a single occasion, compared to 11 families for the Franklin River
samples (Fig 1). Families not found on multiple occasions tended to be represented by
one or a few individuals. Families like the Dytiscidae (Coleoptera), Chironomidae (Diptera),
Corixidae (Hemiptera) and Leptoceridae (Trichoptera) were found at both sites in all
samples, while the Physidae (Gastropoda), Atyidae (Crustacean) and Veliidae (Hemiptera)
occurred at <4 samples at both sites. In addition, the Notonectidae (Hemiptera) and
Coenagrionidae (Odonata) were present in all samples from the Wimmera River and the
Hydrophilidae and Elmidae (both Coleoptera), and Baetidae and Leptophlebiidae (both
Ephemeroptera) were present in all samples from the Franklin River. In some samples
certain families were missing as they had been removed for morphological examination
prior to this study«(Fig 2). These taxa are also indicated in Table S1 for the Wimmera River
site and Table S2 for the Franklin River site. Therefore, tissues from these families were
not available for NGS.

Amplification sueeess of archived macroinvertebrate samples
We obtained amplicons for eight of the ten archived macroinvertebrate samples - the
Wimmera River 2006 (IHC06) and Franklin River 2002 (TUF02) samples did not produce
amplicons (Table*t). Furthermore, the longest amplicon (LCOI/MLepR2) did not amplify
from the Wimmera River 2004 (IHC04) sample. Similarly, a very low number of
LCOI/MLepR2-amplicons were recovered from the 2009 Franklin River (TUF09) sample.
Reads (individual sequences) recovered for each sample varied with amplicon size.
The smallestiCOIBfor/HCOI amplicon produced the most reads (Table 3). Following de
novo assembly.of sequences, each amplicon produced between 3 and 100 contigs per

sample. Generally, more contigs were recovered from the smaller amplicons.

Species identification using NGS

In the chironamid“control sample (RL09), all expected chironomid species were identified
at >97.5% sequence match using BLAST searches, except for Chironomus tepperi which
was represented by a single individual (Table 4). We found a large number of chimeric
sequencessin RL09 (data not shown), which were identified and removed by manually
checking BLAST alignments. Additional species which were not found in our samples, a
microcrustacea, the oligochaete Chaetogaster diaphansous, and an additional chironomid
taxon, Paratrichocladius sp. 3, were also detected with one primer set. Typically, species
confirmed to be in the sample based on individual examination were detected with multiple

amplicons and a high number of reads.
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From the archived collections, we found most contigs showed >97.5% sequence
match to species in our freshwater DNA barcode library, but some contigs from each
amplicon could not be matched at >97.5% (Table 3). For all samples except IHC04 where
only two primer sets amplified, matches for most species involved multiple amplicons (Fig
3). Almost all matches of >97.5% were to a single taxon. However, a few contigs matched
more than one taxon. In samples IHC08, IHC10, TUFO08 and TUF11 all primer sets
produced a contig that had a 100% match to an undescribed Hemipteran species from the
BOLD database and Procladius paludicola (Chironomidae). This also occurred in samples
IHC12 and RL09 with a second undescribed Hemipteran species from the BOLD database
and Chironomus februarius (Chironomidae). We also found the percentage match
between the COIBfor/HCOI amplicon differed to those found with the other two amplicons
for a few species. For example, a COIBfor/HCOI contig had a 95% match and the Zeale
and LCOI/MLepR2 amplicons showed >98% match to a Gerris sp. (Gerridae, Hemiptera),
suggesting amplicons from different parts of the DNA barcode region can show different
sequence similarity: Furthermore, NGS sequences matching the Gerris sp. were more
likely to be fromsMicrovelia oceanica (Veliidae, Hemiptera), as there were no Gerridae in
these samples. This suggests a possible error in morphological identification in the DNA
barcode library, or'species from these similar Hemipteran families that share related DNA
barcodes. Wesalso found matches using the COIBfor/HCOI amplicon to the endosymbiont,
Wolbachia, inssamples TUF07, TUF08 and TUFQ09, and to zooplankton in sample IHC04,
suggesting this primer set will amplify non-target species. A summary of the taxa with
matches to those from BOLD system v3 database can be found in Table S3.

When we,compared morphological identifications at the lowest taxonomic level of
the Wimmera River samples IHC04, IHC08 and IHC10 to those from NGS analysis, we
found that almeostrall species identified morphologically were detected if they had a
matching DNAsbarcode in our DNA barcode library (Table 5). Many of the morphologically
identified genera'were identified to species using DNA barcodes, and in some instances
particular genera, such as Ischnura and Polypedilum, were represented by multiple
species. We were also able to determine that some morphologically identified species
matched DNA barcodes from the BOLD database even though these did not have species
names. For example Hemicordulia tau matched the DNA barcode ‘Corduliidae
sp.ACA3305’ from the BOLD system v3 database. Species, such as Microvelia oceanica,
Ceratopogonidae spp., Austrogomphus sp. and Oecetis sp., showed matches of <97.5%
to other related taxa in our database, indicating that even though we did not have these
species in our DNA barcoding database, we could match them to related species.
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The NGS proved reliable, with similar results from biological replicate samples from
site TUF11 (Fig 1, Table S2). The detection of one species of the 40 species found in the
TUF11 samples differed between the replicates; the chironomid, Cricotopus parbicinctus,
was detected in only one replicate with a single primer set with a low number of reads (Fig
2, Table S2).

The amplification of additional taxa in our control suggests it was possible that
primer sets targeting smaller amplicons may amplify DNA from other sources such as gut
content. As in the case of the control sample, we found two instances where the
COIBfor/HCOI primer set amplified Paratya australiensis (Atyidae) in sample IHC08, as
well as Procladiusipaludicola (Tanypodinae) and Tanytarsus inextentus (Tanytarsini) in
sample IHC10pdespite these families/tribes not being recorded as present based on
morphological examination. However, these accounted for < 5% of taxa identified with a
single amplicon, showing that most species identified by a single amplicon are likely to
represent species in samples (Fig 3). Taxa that amplified for multiple amplicons were
always representative of families found in the sample, except in the oldest sample
(IHCO04). In thisssample we found the presence of chironomid sequences, despite these
animals being removed from this sample prior to our study. There were sequences from
eight chironomid'species that matched genera found during earlier morphological
identification*(Lable 5), suggesting residual DNA from these species may have remained
in the sample~sHowever, we also detected a Cricotopus species from the Orthocladiinae
(not recorded for this sample based on morphological identification) with two amplicons.
We were unable to verify whether this represented a misidentification in the original
morphological study or a possible gut contamination. We did not detect any other taxa that
had been removed from a sample.

Species diversity-and temporal persistence in samples

The greatest species diversity was found in the Chironominae (Diptera) with 20 species
detected; the Leptaceridae (Trichoptera) were also diverse with 11 species detected (Fig
4). These groups were amongst the most abundant, with greater than 100 individuals in
samples. We also had high numbers of Corixidae in samples, but species from Micronecta
were only identified to genus due the cryptic diversity that was not represented in our
freshwater DNA barcode library. We found multiple species in the Leptophlebiidae and
Baetidae (Ephemeroptera); Tanypodinae, Orthocladiinae and Simulidae (Diptera);
Coenagrionidae (Odonata); Calamoceratidae, Conoesucidae, Ecnomidae, Hydrobiosidae,
Hydroptilidae and Philorheithridae (Trichoptera) and the order Oligochaeta.
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We often found different species within the same families when we compared the
two sites. For example, the Chiltoniidae (formerly the Ceinidae in the Amphipoda) from the
Wimmera River was represented by Austrochiltonia subtenuis, while at the Franklin River,
Austrochiltonia australis and an unknown Austrochiltonia species were found. Similarly,
species composition of Trichoptera, Ephemeroptera and Chironomidae differed between
the two sites (Table S1 and S2). However, for some families the same species were found
at both sites.(The introduced Physa acuta, the only known member of the Physidae
(Gastropoda).in Australia, was found at both sites (Table S1 and Table S2).

‘Gaps’ in the DNAbarcode libraries

We did not deteet'species with NGS from all families identified by morphological
examination.'Samples from the Wimmera River had substantially better coverage with taxa
detected from >80% of families present compared to the Franklin River, which had greater
family diversity and often more individuals (Table 1). The oldest samples from each site
had the least number of species from families detected, suggesting fewer taxa amplified in
older samples:

Species couldonly be detected and identified if a corresponding DNA barcode was
present in ourfreshwater macroinvertebrate DNA barcode library. To determine if some
taxa were missing from our DNA barcode library, we attempted to go back to our archived
samples and.amplify individuals for Sanger sequencing from families where we did not
detect a species with NGS. Unfortunately, we could not recover full or partial DNA
barcodes from any of these individuals. DNA barcodes from individuals would have
allowed us to fillgaps’ in our freshwater macroinvertebrate DNA barcode library for the
two sites. We repeatedly failed to detect species from the Acarina, Coleoptera
(Hydrophilidagrand:Elmidae), Hemiptera (Notonectidae and Veliidae), Bivalvia
(Sphaeriidae),»Amphipoda (Chiltoniidae), Emphemeroptera (Caenidae), Gastropoda
(Lymnaeidae), Diptera (Ceratopogonidae, Dixidae and Tipulidae), Plectoptera
(Gripopterygidae), Oligochaeta, and Odonata (Synlestidae) (Fig 2). It is possible that these
taxa and other families where we did not detect a species represent broader gaps in
freshwatersDNA barcoding library in Australia. To examine the extent of these gaps, we
examined the BINsi(Barcode Index Numbers) which represent the possible species based
on grouping of individuals with high sequence similarity and the number of DNA barcoded
species identified from the BOLD system v3 database, and compared this to the estimated
species diversity for the orders found in this study from Australia (Fig 5). We found species
DNA barcode coverage was low compared to estimated species diversity for the Acarina,
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Coleoptera, Diptera, Hemiptera, Plecoptera, Odonata and Turbellaria, indicating it was
possible species from study sites belonging to these orders were not represented in our
DNA barcoding library. This was supported when we directly searched our DNA barcode
library for species names from morphologically identified individuals from the Wimmera
samples IHC04, IHC08 and IHC10 (Table 5).

While gaps'in DNA barcode libraries explain some missing taxa, we also examined
whether particularprimer pairs may have failed to produce amplicons. We found the
greatest number of taxa were detected with the COIBfor/HCOI primer pair which detected
80% of species found in the study followed by the Zeale primer pair which detected 77% of
species. The'lLCOI/MLepR2 primer pair detected the least number of taxa (56% of
species) and appeared not to amplify some species, particularly those from the
Amphipoda and some Oligochaeta. It also failed to amplify some insect species detected
which the other two amplicons detected, highlighting the importance of using multiple
primer pairs. Without complete DNA barcode libraries to identify all contigs produced from
NGS, it is difficult to determine if some taxa were not detected due to lack of amplification
or representation iny DNA barcode libraries. However, the presence of unmatched contigs
does suggest some additional species are present, possibly from families where we did
not detect anysspecies. Some of these taxa showed multiple matches to species at <
97.5% from particular families (noted in Table S1 and Table S2).

Discussion
Our study showed,that NGS using the lllumina MiSeq platform successfully and reliably
detected macroinvertebrate species in archived material. We were able to detect species
from most families in samples and most of these species were detected with multiple
ampliconsFIn all'but one instance, species were detected with multiple amplicons and
were representative of families found via morphological examination. Our study confirms
the effectiveness of NGS for detecting multiple species in mixed environmental samples
(Tedersoo et al. 2010; Hajibabaei et al. 2011; Carew et al. 2013; Aylagas et al. 2014;
Gibson et al. 2014; Kermarrec et al. 2014) and the effectiveness of the MiSeq platform for
sequencing DNA barcodes (Shokralla et al. 2015).

While more recently-collected archived material amplified well with the primers used
in this study, amplification of material older than eight years proved less reliable. This
corresponds with Zimmermann et al. (2008) who showed amplifications of up to 500 bps

were often unsuccessful on archived material greater than ten years old due to rapid
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fragmentation of DNA under poor preservation conditions. Furthermore, Baird et al. (2011)
found that samples stored for <1 to 23 years by formalin fixation and subsequent long-term
preservation in 70% ethanol showed poor amplification success, with <17.5% of samples
producing DNA barcodes. Most of these were mini DNA barcodes (Hajibabaei et al.
2006b) of 137 bp with only 2.9% producing full length DNA barcodes. While the material
collected in our study was not subject to formalin fixation, long-term storage in 70%
ethanol at room temperature appeared to have a negative effect on DNA quality. This was
evident when we attempted to amplify individuals for short DNA barcodes of <300 bp with
the three amplicons used for NGS. This shows that bulk extraction, amplification and
sequencing using'NGS is better able to produce partial DNA barcodes from archived
material subject:to’long-term storage using poor DNA preservation methods. Unlike
Sanger DNAsequencing, NGS technologies can DNA sequence individual PCR amplicons
(Shokralla et al. 2012) making NGS far less sensitive to low amplicon concentrations
common in poorly preserved material. However, if material stored in 70% ethanol was less
than six months-old it is possible for full DNA barcodes to be reliably produced (Stein et al.
2013). This means:that more recently archived material may be successfully used for both
NGS and producing full length DNA barcodes for individuals not in current DNA barcode
libraries.

While'we were able to detect species that were either large or represented by
multiple individuals, we found it difficult to detect taxa that were small, singletons or not
well represented in our DNA barcoding library. Small taxa and/or singletons are more likely
to be missediduring PCR amplification and sequencing (Hajibabaei et al. 2011; Hajibabaei
et al. 2012). This,was evident in our control sample where we did not detect the
chironomid, Chironomus tepperi, which was represented by a single individual. Using 454
pyrosequencing-ofithis sample, Carew et al. (2013) were able to detect this taxon but with
a very lownumber-of reads. However, the remaining six chironomid species represented
by singletons were all reliably detected using the lllumina MiSeq platform. The failure to
detect small and/or,singleton individuals may be affected by the overall species diversity in
samples. For example, we achieved poorer coverage of taxa from families in the more
diverse Franklin River samples compared to the Wimmera River. While this result may
also be attributedto missing taxa in DNA barcoding libraries, it is possible that some small
and/or singleton taxa may not have amplified due to PCR bias or a lack of template to
initiate PCR (Hajibabaei et al. 2011) which may have been exacerbated by high diversity
and individual numbers. Currently multi-amplicon NGS studies, where DNA barcoding
libraries are largely complete, have shown that ~90% of species can be detected from
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invertebrate environmental samples where species diversity involves >40 species
(Hajibabaei et al. 2012; Gibson et al. 2014), while species can be detected at >99% for
environmental samples with <15 species (Carew et al. 2013). However, the effect of high
sample diversity on detection rates remains to be empirically tested and is likely to be
affected by primers selection and bias, the number of primers used, sequencing depth and
the composition and abundance of species in samples.

Furthermore, it was difficult in some instances to determine whether a small and/or
singleton species were present or represented DNA from other sources. While family
identifications.can be useful for determining if a taxon found using NGS is likely to be
present in a sample, it is not always reliable when a species is detected with a low number
of reads. Non-target species can be detected over a target species in a sample from the
same family,as/we found with the detection of Paratrichocladius sp.3 but not C. tepperi
with a single primer pair in the chironomid control sample. Given the short length of our
amplicons it is possible that non-target taxa may be amplified from gut content, given one
primer sets wassdeveloped for gut content analysis (Zeale et al. 2011). Similarly,
amplification ofsehironomid taxa from the IHC04 sample indicates DNA leaching from co-
stored taxa (Shokralla et al. 2010) as the species found mostly corresponded to the
genera found during morphological sorting. We only found four instances where
sequences from macroinvertebrate species were detected in archived samples from
families/tribessnot found during morphological examination and these were mostly
detected using the COIBfor/HCOI primer set.

Primeriselection has a strong influence on the ability to detect taxa with NGS
(Clarke et al. 2014). The use of multiple primer sets improves the ability to detect species
(Hajibabaei et al. 2012; Gibson et al. 2014). This is increasingly important when NGS
needs to capturerasbroad taxonomic cross-section of species. Taxa currently considered in
aquatic monitoring-include those from nine phyla, with the Arthropoda representing the
most commoen and abundant group of freshwater macroinvertebrates (Chessman 1995).
Taxonomic diversity can present a challenge for bulk amplification of DNA barcodes, but
primers that amplify a diverse array of taxa for the DNA barcode region in environmental
samples are'widely available (Hajibabaei et al. 2012; Carew et al. 2013; Gibson et al.
2014; Shokralla etial. 2014; Shokralla et al. 2015). The primers used in this study were
able to detect taxa from three phyla, but it is likely additional primer design will be needed
for some groups and new universal primer sets developed specifically for ‘difficult’ taxa
would be useful. Testing of DNA barcoding primers by Clarke et al (2014) suggested a
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485 minimum of three amplicons would be advisable for capturing most taxonomic diversity in
486 samples.

487 The lack of comprehensive DNA barcode libraries for Australian freshwater

488 invertebrates restricted our ability to detect taxa from some families. Our inability to

489 consistently detect species from some Dipteran, Hemipteran and Coleopteran families and
490 the Oligochaeta and Acarina, likely resulted from species in these groups being absent
491  from our freshwater DNA barcoding library. In Australia, taxonomic and geographic

492  coverage of DNA barcoding of aquatic macroinvertebrates is still relatively poor with only
493 some groups,.such as the Trichoptera (e.g. Shackleton & Webb 2014) and Chironomidae
494  (e.g. Carew et'al.”2007a; Carew et al. 2011a; Carew et al. 2013; Carew & Hoffmann 2015)
495 well covered inmour study area of south eastern Australia. Currently, a single study from
496  south-eastern Australia of over 500 individuals from 11 orders contributes the only broad
497  taxonomic coverage of DNA barcoding for Australian aquatic macroinvertebrates

498 (Shackleton & Rees 2015). Expansion of DNA barcoding coverage will be essential when
499 performing routinesspecies identification using NGS, as matching taxa to DNA barcoded
500 reference specimens enables linkage to current taxonomic and environmental information
501 (Baird & Hajibabaei 2012; Carew et al. 2013; Gibson et al. 2014; Zimmermann et al.

502 2014). In this study, we have highlighted taxonomic gaps in DNA barcoding libraries and
503 these taxa can,now be targeted for individual DNA barcoding. In particular, this study

504  suggests that-aquatic Coleoptera should be a focus in future DNA barcoding efforts. Not
505 only are aquatic Coleoptera common and abundant in macroinvertebrate samples, they
506 often show substantial variability in environmental response (Chessman et al. 2002).

507 While the,DNA extraction method used in this study was slow as we aimed to

508 maximise the detection of taxa without the destruction of specimens in samples, a rapid
509 extraction method-would be needed if samples are to be utilised on a larger scale (see
510 Hajibabaeiet-al=2012; Gibson et al. 2015). A rapid extraction method together with NGS
511  would facilitate"development of new biological monitoring tools based on species

512 responses to environmental change (Hajibabaei et al. 2011; Baird & Hajibabaei 2012;

513 Carew et al. 2013; Aylagas et al. 2014; Zimmermann et al. 2014). Environmental

514  responsesyoftaxa at family and order levels have been routinely used in environmental
515 monitoring. For example, family biotic indices based on the sensitivities of taxa to pollution
516  have been widely used to grade streams and river conditions (Hilsenhoff 1982; Armitage et
517 al. 1983; Chessman & McEvoy 1997) and in some cases developed at lower taxonomic
518 levels (Chessman et al. 2002). Identifying species with NGS from hundreds of archived

519 macroinvertebrate collections, which are linked to substantial environmental information,
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will allow species responses to be rapidly assessed. Archived collections allow this to be
performed at both the spatial and temporal level for at least several years, particularly if
collections like those in this study form part of long-term monitoring programs. This allows
patterns of species occurrence to be understood and changes based on past events to be

evaluated using existing samples.
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Table S1. Speciessidentified using NGS from site IHC
Table S2. Speciessdidentified using NGS from site TUF
Table S3. Taxa from the BOLD Systems v3 database

Table 1. Thessite location, site code and date from which the samples in this study were
collected. Thesnumber of taxa morphologically identified to mostly families (no. of families),
the number of individuals (n) and the taxa recovered with NGS from the families where
Chironomidae are identified mostly to subfamily and Oligochaeta and Acarina to order are

given.
Site n Taxa detected from
code No. of families with NGS (%

Site Latitude Longitude Date Families detect ed)

Wimmera River, -36.6948 142.2380 [|HC04 09-Nov-04 17 95 12% (80%)
IHC06 05-Dec-06 19 100 No amplification
I[HC08 07-Oct-08 19 91 18 (95%)
I[HC10 18-Oct-10 15 125 13 (86%)
IHC12 07-Dec-12 24 179 21 (87%)

Franklin River -38.6295 146.3088 TUFO02 10-Dec-02 22 423 No amplification
TUF07 08-Oct-07 23 145 10° (58%)
TUF08 29-Oct-08 39 323 27 (69%)
TUF09 24-Mar-09 36 254 24 (66%)
TUF11 09-Mar-11 33 157 25° (78%)

three families removed from sample previously

This article is protected by copyright. All rights reserved



750  Pfive families removed from sample previously

751 “one family not sampled

752

753 Table 2. Template specific primer used for amplification of macroinvertebrate samples in
754  this study.

Primer Name Sequence (5’ to 3) Reference Amplicon

set size

1 COlBfor GAYCGWATRCCWYTRTTTGTYTGATC This study 197 bp
HCO2198 TAAACTTCAGGGTGACCAAAAAATCA Folmer et al. (1994)

2 ZBJ-ArtF1c” AGATATTGGAACWTTATATTTTATTTTTGG Zeale et al. (2011) 211 bp
ZBJ-ArtR2c: WACTAATCAATTWCCAAATCCTCC Zeale et al. (2011)

3 LCO1490 GGTCAACAAATCATAAAGATATTGG Folmer et al. (1994) 278 bp
MLepR2 CTTATATTATTTATTCGTGGGAAAGC Hajibabaei et al. (2006a)

755

This article is protected by copyright. All rights reserved



756  Table 3. The number of reads, contigs and sequences matched to taxa in the freshwater macroinvertebrate database for the three

757 amplicons used in this study. The number of ‘reads’ given includes only those used to construct contigs. The number of ‘contigs’ includes
758 only contigs of 10 or greater reads after chimera removal. The species identified by % match given the number of MegaBLAST matches
759  to species imthe freshwater invertebrate database at >97.5% (a species match) and 90-97.4% (a possible genus/family match) and

760 <89.9% (unmaiched contigs). Note that some contigs produced matches to the same species, hence there are often more contigs than
761  ‘total’ matches:

COIBfor/HCOI amplicon LCOI/MLepR2 amplicon Zeale amplicon
sample Species identified % match Species identified % match Species identified % match

reads contigs >97.5 90-97.4 <89.9 Total reads contigs >97.5 90-97.4 <89.9 Total reads contigs >97.5 90-97.4 <89.9 Total
IHC04 50800 41 23 5 4 32 0 0 0 0 0 0 48408 32 13 8 3 24
IHCO08 239445 83 22 13 13 48 21329 22 10 1 2 13 50002 34 16 6 0 22
IHC10 310781 65 20 8 6 34 22231 19 11 2 1 14 68256 35 13 3 0 16
IHC12 19271 47 27 13 6 46 9057 23 13 4 1 19 8319 32 19 7 3 29
TUFO7 131592 53 20 7 3 30 40493 35 14 8 0 22 60462 44 14 6 0 20
TUF08 180036 100 42 16 13 71 19764 47 23 8 1 32 88406 65 33 10 1 44
TUF09 42424 67 31 9 9 49 92 3 3 0 0 3 38261 51 28 11 0 39
TUF11 139915 93 29 19 15 63 46974 52 26 11 0 37 65522 65 31 13 3 47
TUF11 173394 75 27 16 9 52 50898 54 27 13 0 40 87039 75 30 15 4 49
rep
RL09 85885 86 14 0 0 14 46271 16 8 0 0 8 175924 41 16 0 1 17
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763
764
765
766

767

Table 4. The detection of taxa present in the chironomid control sample (RL09) showing
the species present, their abundance (n), and the number of reads for each amplicons
detected with NGS. Additional taxa are not recorded as being present in the sample using
individual identification but found using NGS.

Amplicons (reads) Total
Species n COIBfor/HCOI LCOI/MLepR2 Zeale reads
Chironomus australis 1 516 1494 55866 57876
Chironomus cloacalis 1 35 714 749
Chironomus 'duplex 3 1659 87 1746
Chironomus februasius 20 3384 3748 66877 74009
Chironomus oppositus 22 637 4017 4654
Chironomus pseudoppositus 3 100 28 128
Chironomus tepperi 1 0
Cladopelma sp.2 8 771 125 14609 15505
Dicrotendipes pseudoconjunctus 7 593 560 10674 11827
Dicrotendipes sp:4 1 54 50 845 949
Kiefferulus martini 1 85 57 576 718
Microchironomus,forcipatus 1 43 100 143
Procladius villosimanus 30 15605 36220 25050 76875
Tanytarsus inextentus 1 35 218 253
Additional taxa
Chaetogaster diaphanous
(Oligochaeta) 15 15
Karualona (Branchiopoda) 22 22
Podocopida (Ostracoda) 189 189
Paratrichocladius'spr3
(Chironomidae) 54 54
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768 Table 5. Lowest taxonomic level identifications based on morphological examination of samples IHC04, IHC08 and IHC10 from the
769  Wimmera River sites IHC04, IHCO8 and IHC10 compared to species detected with NGS. The presence of DNA barcodes for species and
770 genera are also.indicated. BOLD BIN numbers (codes with 3 letters and 4 numerals) are used for some species.
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. . o DNA barcode IHCO4 IHCO8 IHC10
Morphological identification

available (y/n) NGS species identification n NGS species identification n NGS species identification

ACARINA 2 1 Acarina sp. (undet.)
Dugesiidae 2

DECOPODA
Aytidae
Paratya australiensis y 4  P. australiensis 4  P. australiensis

Chiltoniidae

Austrochiltonia sp. y 3 A subtenuis 18  A. subtenuis 11 A. subtenuis
GASTROPODA
Physidae
Physa acuta y 13 P.acuta 8 P.acuta
_ 8  Branchiura sowerbyi, Dero
OLIGOCHAETA 2 Chaetogaster diaphanus o 1 Dero sp.AAL1506
digitata
EMPHEMERORTERA
] 4  Tasmanocoenis sp. (96%
Caenidae 3
match)
COLEOPTERA
Dytiscidae
Allodessus sp. y

N

Allodessus sp. ACG1311

>
—_

Antiporus gilberti

=
N

Antiporus sp:
Limbodessus sp. y 1
Sternopriscus.sp. n

Hydraenidae

N

Ochthebiusssp. n Hydraenidae sp. (undet.)
Hydrophilidae 2 2
HEMIPTERA

Corixidae 3
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Micronecta sp.

Sigara truncatipala
Notonectidae

Anisops thienemanni

Anisops sp.

Enithares,woodwardi
Veliidae

Microvelia oceanica

Microvelia peramoena
DIPTERA
Ceratopogonidae

Ceratopogonidae EPA sp. 47

Ceratopogonidae EPA sp.17

Ceratopogonidae EPA sp.28
Chironomidae

Cardiocladius sp.
Chironomidae (Pupa)

Chironomus sp.
Cricotopus_sp.
Dicrotendipes sp.
Harrisius sp.
Kiefferulus martini
Kiefferulus'sps
Larsia sp.

Parachironomus sp.

S K K<

< KK <K <

—_

Micronecta spp.

S. truncatipala

Gerris

C. australis
Csp.2,Csp.B

D. pseudoconjunctus

K. intertinctus

Tanypodinae sp.9
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1*

1*

Micronecta spp.

E. woodwardi

Gerris

Ceratopogonidae (92.4%
match)

P. grimmii,
C.sp.2

D. pseudoconjunctus

21

—_

3

32

Micronecta spp.

Gerris

Ceratopogonidae sp. (undet.)

C. sp. 'februarius'
C.sp.2

D. pseudoconjunctus

K. martini



771

Paratanytarsus sp.
Polypedilum sp.
Procladius sp.
Tanytarsus-sp:
ODONATA

Coenagrionidae

Ischnura heterosticta

Ischnura sp.
Gomphidae

Austrogomphus sp.
Hemicorduliidae

Hemicordulia tau
TRICHOPTERA
Leptoceridae

Oecetis sp.

Triplectides australis

< KK <K

15 P. grimmii
P. vespertinus, P. S1
P. paludicola

1 T. inextentus

2 Xanthagrion erythroneurum

9 | heterosticta

2 T. australis

w

P. paludicola

T. inextentus

Xanthagrion erythroneurum

|. aurora, |. heterosticta

Gomphidae (94% match)

Corduliidae sp.ACA3305

Leptoceridae sp. (92% match)

T. australis

14

11

I. aurora, CoenagrionidGC sp.
AAO8233

|. heterosticta

Corduliidae sp.ACA3305

T. australis
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BIVALVIA
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AMPHIPODA
TURBELLARIA
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COLEOPTERA
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DIPTERA

TRICHOPTERA

ODONATA

PLECOPTERA

ACARINA

Sphaeriidae

Atyidae

Chiltoniidae

Dugesiidae

Hydrobiidae
Planorbidae
Lymnaeidae

Physidae

OLIGOCHAETA

Baetidae
Caenidae
Leptophlebiidae
Oniscigastridae

men_12644_f2.pdf

Dytiscidae
Elmidae
Hydraenidae
Hydrochidae
Hydrophilidae
Gyrinidae
Scirtidae

Corixidae
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Curculionidae
Pleidae
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Ceratopogonidae
Chironominae
Chironomini
Tanytarsini
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Tanypodinae
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Simuliidae
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Calamoceratidae
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Ecnomidae
Helicopsychidae
Hydropsychidae
Hydrobiosidae
Hydroptilidae
Leptoceridae
Philorheithridae
Polycentropodidae
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Gomphidae
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Lestidae
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Gripopterygidae
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