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Abstract
Metabarcoding has the potential to revolutionise insect surveillance by providing high-throughput and
cost-effective species identi�cation of all specimens within mixed trap catches. Nevertheless,
incorporation of metabarcoding into insect diagnostic laboratories will �rst require the development and
evaluation of protocols that adhere to the specialised regulatory requirements of invasive species
surveillance. In this study, we develop a multi-locus non-destructive metabarcoding protocol that allows
sensitive detection of agricultural pests, and subsequent con�rmation using traditional diagnostic
techniques. We validate this protocol for the detection of tomato potato psyllid (Bactericera cockerelli)
and Russian wheat aphid (Diuraphis noxia) within mock communities and �eld survey traps. We �nd that
metabarcoding can reliably detect target insects within mixed community samples, including specimens
that morphological identi�cation did not initially detect, but sensitivity appears inversely related to
community size and is impacted by primer biases, target loci, and sample indexing strategy. While our
multi-locus approach allowed independent validation of target detection, lack of reference sequences for
18S and 12S restricted its usefulness for estimating diversity in �eld samples. The non-destructive DNA
extraction proved invaluable for resolving inconsistencies between morphological and metabarcoding
identi�cation results, and post-extraction specimens were suitable for both morphological re-examination
and DNA re-extraction for con�rmatory barcoding. 

Introduction
Within the last decade, DNA metabarcoding has revolutionised the way biological diversity is measured
on a large scale [1–3]. By enabling the simultaneous identi�cation of multiple species within large mixed
communities, metabarcoding offers a dramatic reduction in costs compared to traditional morphological
identi�cation. Metabarcoding can be used to provide insights into biodiversity in both aquatic and
terrestrial environments or obtain high-con�dence detection of a small number of species within a
background of non-target taxa. A diagnostic approach to metabarcoding is being applied in the
monitoring of endangered species [4], forensic species or food product authentication [5, 6], and invasive
species surveillance [7–9], where assays must also integrate into complex regulatory frameworks. The
sensitivity of high-throughput sequencing (HTS) assays are advantageous for these applications, with
metabarcoding providing equivalent or better detection than traditional morphological methods and
identifying a much wider spectrum of taxa [10, 11]. For invasive species surveillance, metabarcoding can
detect target species and also previously unrecorded introduced species that have been missed by other
approaches [8, 12]. Nevertheless, for use in invasive insect surveillance, ensuring the accuracy of
detections is paramount as erroneous detections of pest species can lead to severe environmental and
economic consequences.

Like all surveillance tools, metabarcoding analyses can be prone to false negative detections when
species are missed either due to insu�cient sampling as well as biological or technical limitations that
cause variations in detectability. Detection errors in metabarcoding can be caused by choice of primers
and barcoding loci. The majority of invertebrate metabarcoding studies to date have used the
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Cytochrome oxidase I (COI) gene as their target locus due to the expansive DNA barcode reference library
available resulting from a long history of use for molecular species identi�cation [13, 14]. However, well-
documented issues with PCR bias can result in taxonomic dropout during ampli�cation [15–17]. This
bias is thought to primarily arise from primer-template mismatch, and the lack of highly conserved
regions within COI to position universal primers has led to more conserved loci, including 12S, 18S, 16S,
Cytochrome b, and NADH, being proposed as alternative targets for metabarcoding [18, 19].

The primary aim of invasive species surveillance is to accurately determine the presence or absence of a
pest species [20]; however, obtaining an estimation of population size can also inform management or
eradication strategies [21, 22]. While there is often a positive correlation between species biomass and
the number of sequencing reads [23], this can be skewed by PCR biases, copy number variation, species
richness, and specimen biomass [24–26]. Additionally, the availability and quality of reference sequences
needed to identify species can differ greatly between markers and taxonomic groups [8, 27], and
sometimes these will need to be generated prior to commencing metabarcoding.

Multi-amplicon and multi-locus approaches can broaden species detection, improve estimates of species
abundance, and enable more con�dent diagnostic metabarcoding by providing independent observations
of taxon detections [4, 28–30]. Multiplex PCR offers speed and convenience over tandem PCR reactions,
making it appealing for high-throughput surveillance applications. The reliability of metabarcoding
detections can be confounded by index switching, which occurs when sample-speci�c indexes
recombine, leading to incorrect assignment of sequences [31]. Index switching is reduced by using unique
index combinations for each sample and any remaining cross-contaminant sequences can be addressed
by a detection threshold [31, 32]. Erroneous taxon identi�cation in metabarcoding assays can also be
caused by misidenti�ed specimens in reference databases [8, 33, 34]. While curation of reference
databases can overcome this, it can be challenging where reference sequences are sparse or taxonomic
synonyms are common [35]. Therefore, detecting species using multiple reference loci produced from a
variety of specimens can help strengthen the assay.

Even when primers have been designed around speci�c target species, metabarcoding can detect non-
target taxa [29, 36], which can be problematic for biosecurity surveillance [8, 37, 38]. A roadblock to using
metabarcoding for biosecurity is the inability to validate detections using intact specimens due to the
traditionally destructive nature of DNA extraction. Recent metabarcoding studies of bulk invertebrate
samples have employed non-destructive methods where DNA is extracted from either the extraction
buffer that the specimens have soaked in [39–41] or the ethanol used to store them [42, 43]. The results
of these studies suggest that while some taxonomic groups are poorly detected [43], for arthropods the
method is comparable to homogenisation-based approaches [39, 41]. Therefore, a non-destructive
extraction process could be applied to the bulk insect trap catches collected as part of invasive insect
surveillance, to ensure intact specimens remain for con�rmation [44].

In this study we develop a multi-locus, non-destructive metabarcoding protocol for the detection of low-
abundance pest insects in bulk trap catches. As a case study, two pest species from the order Hemiptera
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were chosen; Bactericera cockerelli (Šulc) (tomato potato psyllid, TPP) and Diuraphis noxia (Mordvilko)
(Russian wheat aphid, RWA). TPP is a phloem-feeding insect and important vector of zebra chip disease
(Candidatus Liberibacter solanacearum) that has recently become established near Perth, Western
Australia and is currently restricted to that state through quarantine measures [45]. On the other hand,
RWA has recently established in the eastern states of Australia, and following initial detection was found
to be widespread and ineradicable [46]. Both insects have been targets of recent large-scale biosecurity
surveillance programs involving costly and labour-intensive morphological processing of hundreds of
trap samples [47, 48], and therefore offer a suitable model system for evaluating metabarcoding in a
diagnostic context.

Materials And Methods

Insect rearing and �eld trapping
To assemble mock communities of known composition, colonies of Acizzia solanicola Kent & Taylor,
Acizzia alternata Kent & Taylor, Rhopalosiphum padi L., Metopolophium dirhodum (Walker), and RWA
were established using �eld-collected individuals from a range of hosts and localities in Victoria, Western
Australia and New South Wales, Australia (Table 1). The colonies were reared on eggplants (psyllids) or
barley (aphids) in a controlled environment room at 20 °C ± 2 and 65%±5 RH in BugDorm-4F3074 insect
cages (MegaView Science Co.). After four to six weeks of colony development, adult specimens were
collected and stored in absolute ethanol at -20 °C. In addition, ethanol-preserved specimens of TPP were
provided by DPIRD, Western Australia. Taxonomic keys were used to morphologically con�rm the identity
of aphids [49], psyllids [50], and TPP [51]. Voucher specimens were deposited at the Victorian Agricultural
Insect Collection (VAIC) and associated tissue collection (VAITC) held at the AgriBio Centre, Bundoora,
Australia (Table 1). Mock communities with total abundances of 100, 250, 500, and 1000 individuals (n = 
5 of each pool size) and varying species composition were assembled (Table S1). The number of species
per mock community ranged from three to six, with approximately similar proportions across the four
pool sizes. Differing numbers of TPP and RWA specimens were included in the pools in order to
determine assay sensitivity. The 100 and 250 pools were stored in 2 mL tubes, whereas the 500 and 1000
pools were stored in 50 mL tubes.
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Table 1
Aphid and psyllid species used in the mock communities and associated collection details.

Insect species Collection
date

Locality Host VAIC/VAITC

Acizzia solanicola Kent
& Taylor

January
2015

Brunswick East,
Victoria

Solanum
mauritianum

7086

Acizzia alternata Kent &
Taylor

April 2015 Bellingen, New South
Wales

Solanum
mauritianum

7087

Bactericera cockerelli
(Šulc)

August
2017

Bunnings Perth,
Western Australia

Capsicum
annuum

6910

Rhopalosiphum padi (L.) June 2009 Horsham, Victoria Avena sativa 7088

Metopolophium
dirhodum (Walker)

March
2017

Yea, Victoria Poaceae 7091

Diuraphis noxia
(Mordvilko)

June 2016 Horsham, Victoria Wild oats 7090

VAIC = Victorian Agricultural Insect Collection

VAITC = Victorian Agricultural Insect Tissue Collection

In addition to rearing aphid and psyllid colonies for the mock communities, �eld surveys were conducted
in order to acquire samples representative of biologically relevant diversity. Four Macquarie Island traps
[52] were deployed at Blampied, Victoria bordering organic potato and vegetable crops for six weeks from
December 2017 to January 2018. These traps collected windborne insects into a collection vial
containing 300 mL of 50% propylene glycol and a small quantity of borax, which has been shown to
preserve both morphological features and DNA quality [53]. Trapped specimens were collected weekly,
and upon arrival to the laboratory sorted by size using a stereo microscope. Specimens greater than
0.5 cm were removed and the remaining specimens transferred into absolute ethanol in a 2 mL tube. Ten
of the best-preserved trap samples containing the greatest numbers of specimens were selected for
metabarcoding analyses. The proportion of Hemiptera within each trap sample was determined via
morphological examination, photographed, and returned to the sample. The trap samples were further
examined in detail to determine the presence of RWA or TPP. Once absence of TPP was con�rmed,
ethanol-preserved TPP specimens were used to spike three of the trap samples prior to DNA extraction
(Table 2).
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Table 2
Number of specimens from �eld survey traps used for metabarcoding analyses, with a comparison of the
percentage identi�ed as Hemiptera by morphology and metabarcoding. The metabarcoding identi�cation

is based on sequencing reads from all three loci. Yellow highlighting indicates traps where
metabarcoding unexpectedly detected pest species, with the proportion of sequencing reads attributed to

TPP or RWA in brackets.
Trap
number

Total insect
specimens

% Hemiptera
(Morphology)

% Hemiptera
(Metabarcoding)

RWA† TPP‡

Trap 1 180 38.3 87.6 3 1

Trap 2 192 18.2 49.5 0
(0.14%)

0

Trap 3 224 44.4 50.3 0
(0.11%)

0

Trap 4 86 47.7 86.4 3 2

Trap 5 111 20.7 25.2 1 0

Trap 6 118 25.4 27.4 3 0

Trap 7 56 37.5 88.9 8 3

Trap 8 140 41.4 40.2 27 0
(0.04%)

Trap 9 40 32.5 32.3 4 0

Trap 10 121 43.0 84.3 15 0
(0.03%)

† Russian wheat aphid (RWA) specimens from �eld surveys.

‡ Tomato potato psyllid (TPP) added from ethanol-preserved specimens from Western Australia.

DNA extraction
DNA was extracted from both the mock communities and trap samples using a newly developed non-
destructive method (Fig. 1). Firstly, ethanol was removed from the insect pools using a 1000 µL pipette
and the specimens were air-dried in the tubes for 10 minutes. 250 µL of QuickExtract DNA Extraction
Solution (Lucigen) was added per 100 specimens, ensuring all insects were immersed in the buffer.
Specimen tubes were vortexed at 1400 RPM for 30 seconds, followed by a 6 minute incubation at 65 °C,
vortexed for 15 seconds, followed by a 2 minute incubation at 98 °C (as per the manufacturers protocol).
Approximately 250 µL of QuickExtract solution containing extracted DNA was then transferred to a new
1.5 mL tube, quanti�ed using a NanoDrop 1000 spectrophotometer (Thermo Fisher, USA), normalised to
40 ng/µL, and stored at -20 °C until PCR ampli�cation. To assess morphological preservation of
specimens, the trap samples were re-examined to determine the proportion of Hemiptera, photographed,
and returned to the sample. All insect pools were resuspended in 1–20 mL of absolute ethanol and
returned to storage at -20 °C. 
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Primer design
In order to design appropriate metabarcoding primers for a multiplexed assay, reference sequences for
COI, 12S, and 18S loci were obtained from all the species from the live insect colonies and TPP from WA
(Table 1) using both published [54–56] and novel primers (Table S2). All three loci successfully
differentiated all species, except for A. alternata and A. solanicola which could not be differentiated by
18S and therefore have been aggregated throughout the metabarcoding analysis. The generated
reference sequences (GenBank accessions ######## - ########; to be assigned at a later date) were
aligned in Geneious R8.1 [57] and novel metabarcoding primers for each locus were selected (Table S3).
The amplicon size for these loci ranged from 337–398 bp, which included the Illumina adapter
sequences attached to the 5’-end of both forward and reverse primers. Where possible, nucleotide
variation between target species was accounted for by placing degenerate bases towards the 3’-end of
the primers.

Amplicon library generation
The amplicon libraries were prepared in three batches: (1) replicated sets of the 5 × 250 pool mock
communities to compare combinatorial and unique dual indexing strategies; (2) the 5 × 100, 5 × 500, and
5 × 1000 mock communities; (3) the 10 �eld trap samples. Amplicons were generated using multiplex
PCR in which all three target genes were ampli�ed in a single reaction per sample using the three sets of
metabarcoding primers. Each 25 µL reaction consisted of 5 µL of 5X MyFi reaction buffer (Bioline), 15 nM
each SternoCOI_F and SternoCOI_R primers, 10 nM Sterno12S_F and Sterno12S_R primers, 2.5 nM
Sterno18S_F and Sterno18S_R primers, 0.8 µL MyFi DNA polymerase (Bioline), 11.2 µL BSA (NEB), and
2.5 µL of 40 ng/µL template DNA. Cycling conditions were 94 °C for 2 min, 30 cycles of 94 °C for 30 s,
50 °C for 45 s, and 72 °C for 45 s, followed by a �nal extension step of 2 min at 72 °C. The multiplexed
amplicons (COI, 12S, and 18S loci) were then veri�ed on 2% w/v agarose gels and puri�ed using a 0.8:1
ratio of Agencourt AMPure XP beads (Beckman Coulter).

Real-time PCR was used to attach 8 bp sample indexes and sequencing adapters to each of the
amplicons. To investigate the impacts of index switching on the sequencing data, the 250 pool mock
community libraries (pools 1–5) were prepared using both non-unique (combinatorial) and unique dual
indexes. The remaining three sets of 5 mock communities (100, 500, and 1000) as well as �eld trap
samples were prepared using unique dual indexes. The indexed amplicon libraries were puri�ed using a
0.8:1 ratio of AMPure XP beads, quanti�ed using a 2200 TapeStation (Agilent Technologies) with the
D1000 ScreenTape assay, and pooled in equimolar ratios. A Qubit 3.0 Fluorometer (Life Technologies)
was used to quantify the pooled libraries, which were then diluted to 7 pM with a 15% PhiX spike-in. The
three batches of amplicon libraries were sequenced across three �ow cells on the Illumina MiSeq
platform (2 × 250 bp reads).

Reference database assembly
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To assemble training datasets for taxonomic classi�cation by the Ribosomal Database Project (RDP)
naïve Bayesian classi�er [58], all COI, 12S, and 18S arthropod sequences were retrieved from the Barcode
of Life Data System (BOLD) [59] and NCBI GenBank database [60] using the bold v0.5.0 [61] and rentrez
v1.2.1 [62] packages in R v3.4.4 [63]. Hierarchical taxonomy for each sequence was retrieved from
specimen records (BOLD sequences) or through the GenBank Taxonomy Database using the taxonomizr
v0.5.2 [64] R package, and only taxa with complete binomial species names retained. Sequences for each
locus were then mapped against their respective set of reference sequences used to design primers using
the mapper at medium sensitivity in Geneious R11.1 [57] and then trimmed to primer binding regions.

Erroneous or taxonomically mislabelled public sequences were �ltered out by removing: (1) duplicate
sequences and those larger than 3,000 bases or smaller than 200 bases; (2) records containing terms
indicating insu�cient identi�cation (i.e. sp., nr., aff. – see Appendix S1 for full list of terms); (3)
sequences matching a local database of Wolbachia sequences with > 95% identity using a BLASTn
v2.7.1 search; (4) misannotated sequences as determined by BLASTn searching sequences from clusters
with multiple associated phyla, classes or orders (99% similarity clustering performed using SUMACLUST
v1.0.31 [65]). Post-�ltering, datasets for each loci were merged together with the in-house sequences used
to design the metabarcoding primers and formatted as required for the RDP classi�er and exact matching
functions implemented in the DADA2 R package [66]. The taxonomic composition of these �nal training
sets can be seen in Fig. 2A and have been uploaded to http://doi.org/10.5281/zenodo.3557020. 

Bioinformatics analysis
Demultiplexed MiSeq reads (NCBI SRA acc no: xxxxxxx; to be assigned at a later date) were trimmed of
PCR primers and sequencing adapters using BBDuK in BBTools v38.01 [67]. Sequence quality pro�les
were used to �lter reads with more than two expected errors or ambiguous ‘N’ bases and all remaining
sequences > 100 bp were then analysed using DADA2 v1.9.3 [66]. As error rates can vary between �ow
cells and libraries, the DADA2 error model was determined separately for each MiSeq �ow cell and
visualised to ensure correct �t before reads were denoised. Following denoising, the inferred amplicon
sequence variants (ASVs) from each MiSeq �ow cell were combined into a single table, and chimeras
were detected and removed de-novo using the removeBimeraDenovo function in DADA2 (available at
http://doi.org/10.5281/zenodo.3557020). Taxonomy was assigned to the 2,152 ASVs to the lowest rank
possible with a minimum bootstrap support of 80% using the RDP classi�er as implemented in the
DADA2 R package, followed by species level assignment using exact matching between the query and
reference sequences. As the taxonomic training sets only covered Arthropoda, all sequences that could
not be reliably assigned to this phylum were excluded from analysis, and COI sequences were aligned
using MACSE v2.01 [68] to further identify and remove any sequences containing frame shifts and stop
codons that commonly indicate pseudogenes. While rRNA pseudogenes that may affect 12S or 18S loci
can also occur, their identi�cation is more challenging [69] and therefore this was only conducted for COI
ASVs.

To determine the overall rate of index switching, MiSeq data from the 100, 500, and 1000 pools were
demultiplexed using bcl2fastq Conversion Software v2.20 (Illumina) and the indexes were summarised
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from FASTQ headers for both the determined and undetermined reads. These indexes were compared to
a list of all possible combinations of i5 and i7 indexes and the overall contamination rate (1.08%; Figure
S1) was calculated from the ratio of valid (applied during library preparation) to invalid (pairs that could
only arise due to switching) combinations [70]. As this contamination rate represents switching at either
the i5 or i7 index, the square of this (0.01%) approximates the residual misidenti�cation rate that could
occur through switching of indexes at both ends of the molecule [32]. Any taxa with a per-library relative
abundance below this threshold were �ltered in R. Community level metrics for the �nal species
occurrence table (available at http://doi.org/10.5281/zenodo.3557020) were visualised using phyloseq
v1.22.3 [71] and ggplot2 v3.1.0 [72].

Con�rmation of metabarcoding results
Any unexpected or potential exotic detections (i.e., �rst records for either the state of Victoria or Australia)
revealed by the metabarcoding analysis were con�rmed using the preserved insects that were stored
following non-destructive DNA extraction. The samples were morphologically inspected for any �agged
species and DNA was re-extracted from individual specimens using a 5% Chelex 100 resin (BioRad)
method following Walsh et al. [73]. Brie�y, aphids were placed in 1.5 mL tubes containing 5 µL of
Proteinase K (Qiagen) with 2 glass beads and crushed in a mixer mill for 1 min at 30 hz. Then 150 µL of
5% Chelex was added and the extract incubated at 55 °C for 3 hours, then at 85 °C for 8 min, and stored
at -20 °C. A PCR was performed to amplify COI from these specimens using the SternoCOI_F and
SternoCOI_R primers (Table S3, excluding the adapter sequences). The 25 µL reactions consisted of:
14.8 µL of 1x BSA, 2.5 µL of 10x ThermoPol Reaction Buffer, 2 µL of 2.5 µM dNTPs, 1.25 µL of 10 µM
each of SternoCOI_F and SternoCOI_R primers, 0.2 µL of MyTaq™ DNA polymerase (all Bioline), and 3 µL
of template DNA. Cycling conditions were the same as those used for amplicon library generation. PCR
products were sequenced by Macrogen Inc. (Seoul, Korea) and sequences (GenBank accessions
######## - ########; to be assigned at a later date) were compared to public databases using BOLD
and NCBI databases to identify specimens. MEGA X [74] was also used to create an alignment (233 bp)
of the sequences with ClustalW and build a neighbour-joining tree using p-distances and a bootstrap
analysis with 1,000 replicates.

Results

Performance of metabarcoding using mock communities
When using data from all three loci, metabarcoding successfully detected all species present in 80% of
the mock communities (Fig. 3 and Table S4). There were no false positive or negative detections in Pools
2 or 5, regardless of size. This contrasted with results in Pools 1, 3, and 4 which contained false
negatives, where metabarcoding failed to detect TPP and RWA in some larger pool sizes (a single TPP
specimen in 1000 Pool 1 and 250 Pool 4, and also a single RWA specimen in 500 Pool 3 and 1000 Pool
3). Interestingly, the assay detected RWA at a relative abundance of 0.13% in 1000 Pool 1, in which this
species was thought to be absent. Re-examination of the preserved specimens from 1000 Pool 1 revealed
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the presence of an aphid nymph that was accidently placed in this pool (Fig. 4). A new DNA extraction
(destructive) was performed on this specimen and it was identi�ed as RWA via COI barcoding
(SternoCOI_F and SternoCOI_R primers), therefore con�rming the source of the RWA reads in 1000 Pool
1. 

Observed abundance (based on sequencing reads) for each species generally re�ected the expected
abundance (based on number of individuals). However, biases were seen in certain species across all
four pool sizes, resulting in higher or lower observed abundances compared to expected (Fig. 3). In
particular, relative abundances of A. alternata/solanicola were generally greater than expected while
abundances of M. dirhodum were lower than expected (Fig. 3).

Index switching was signi�cantly reduced when unique dual indexes were used compared to
combinatorial indexes. When combinatorial indexing was used for the �ve 250 pool mock communities, a
total of 3,624 false positive reads from taxa known to be absent were detected across all communities. In
contrast, when unique dual indexing was used for the same samples, only 53 false positive reads were
observed, greatly improving the limits of detection. When looking at the number of reads assigned to
invalid combinations (those �ltered out by use of unique dual indices), the rate of index switching did not
show a relationship with the edit distance between index combinations (Figure S2), suggesting the cause
of this switching was not sequencing error within the index reads.

Field survey traps
Morphological analysis determined RWA was present in all the �eld trap samples except for Traps 2 and
3 (Table 2). However, metabarcoding detected RWA in every trap sample (Fig. 5). Upon re-examination of
the preserved specimens of the trap samples, an adult RWA was found in Trap 3 which was missed by
the initial assessment of the traps, and also an unidenti�ed aphid nymph in Trap 2. Despite a follow-up
DNA extraction (destructive) of the nymph, PCR ampli�cation from this specimen was not successful,
however this could explain the RWA reads in Trap 2. 

For TPP detection, preserved specimens from Western Australia were used to spike Traps 1, 4, and 7
(Table 2). However, TPP was also detected in Traps 8 and 10 (Fig. 5). Re-examination of Traps 8 and 10
did not reveal any TPP specimens. Examination of the metabarcoding reads revealed a large bias
towards TPP in the three spiked traps, with up to 84% of reads from TPP. Only 0.04% of Trap 8 and 0.02%
of Trap 10 reads were attributable to TPP.

In addition to RWA and TPP, metabarcoding detected a wide variety of non-target arthropod species
within the �eld trap samples. Compared to the 28 ASVs assigned to genus in the mock communities
(Fig. 2B), there were 92 ASVs assigned to genus in the �eld trap samples (Fig. 2C). When taxonomic
overlap between the three loci was considered, 23 unique families, 41 unique genera, and 32 unique
species were detected across the whole study (Fig. 2D). In a number of cases, multiple unique ASVs
arising from the same loci mapped to a single genus or species and could represent multiple taxa or
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intraspeci�c diversity. The proportion of Hemiptera in the traps ranged from 25.2–88.9% based on ASVs,
compared to 18.2–47.7% as determined by morphological identi�cation (Table 2).

Three trapped species tentatively detected by the metabarcoding assay have not previously been
recorded in Australia: Melaphis rhois, Carpophilus sexpustulatus, and Aphis varians [75]. Aphid species
M. rhois was only detected by 18S at varying abundances across all trap samples. However, despite
being an exact match, the 18S reference was the only representative sequence for the Melaphis genus.
Similarly, the sap beetle species C. sexpustulatus was detected by 18S in Trap 2 with an exact match to a
reference sequence. However, further exploration using a BLASTn search against the NCBI GenBank
database revealed sap beetles have very low interspeci�c distances for the 18S region used, resulting in
poor species level resolution. Due to the conserved nature of 18S and paucity of reference sequences it is
highly likely that both tentative detections represent endemic species for which 18S reference data does
not yet exist. In contrast, the aphid species A. varians was detected by COI (1,611 reads) in Trap 10 with
exact matches to several reference sequences, and therefore is more likely to represent a real detection.
The preserved specimens from Trap 10 were checked for the presence of A. varians and parts of
unidenti�able aphids were found (e.g. heads and abdomens) as well as a number of aphid instars.
Destructive DNA extractions were performed on 10 aphid parts and nymphs, with one abdomen sample
producing a 100% match based on the COI barcode (SternoCOI_F and SternoCOI_R primers) to A. varians
reference sequences in BOLD (Figure S3). The remaining samples did not result in successful
ampli�cation.

Comparison between loci
When each of the three loci were analysed separately using the mock community data, 12S, and 18S
resulted in more false negative and positive results than COI (Fig. 3). Analysis of COI data resulted in four
false negatives and one false positive, which is identical to when data from all three loci were combined.
Conversely, using only 12S resulted in nine false negatives, and 18S resulted in eight false negatives and
one false positive. This suggests that using solely COI as a metabarcoding marker would result in similar
species recovery from a pooled sample as would using COI, 12S, and 18S combined. However, the use of
12S and 18S helped to produce more accurate abundance estimates for the A. alternata/solanicola, M.
dirhodum, and R. padi species in the combined loci analysis by countering the bias produced by COI for
these species (Fig. 3).

The number of sequencing reads attributed to each locus was affected by taxonomic composition of the
sample (Table S5). When only psyllids were present, there was a strong bias against COI, with only 7.96–
23.87% of the total reads attributable to COI. However, when only aphids were present in the pool, there
was a strong bias towards COI (58.63–87.07%) and a strong bias against 12S (4.04–10.31%). The
number of reads attributed to loci also showed signs of batch effects between experiments, which can
largely be attributed to the PCR performed. The 250 pool mock communities were ampli�ed separately to
the other pools and had poor ampli�cation of 18S (Figure S4). This resulted in a low number of 18S
sequencing reads for the 250 pool mock communities (1.7–4%) compared to the other pools (27–56%).
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Of the 32 unique species detected in both the mock communities and the �eld traps, only TPP, RWA, and
M. dirhodum (9%) were successfully detected with all three loci, owing to the prior generation of in-house
reference data for these species (Fig. 2C, Fig. 5). Rhopalosiphum padi was detected with COI and 18S,
however could not be assigned to species level with 12S because the sequence was identical to several
species of Rhopalosiphum. Similarly, A. alternata, and A. solanicola (6%) were detected with COI and 12S
only, as the 18S amplicon lacked resolution to separate the two. The remainder of the species were
detected by a single locus: 17 (53%) by COI, six (19%) by 18S, and three (6%) by 12S. On the other hand,
of the 41 unique genera detected, �ve (12%) were detected with all three loci, one (2%) was detected with
both COI and 18S, and two (5%) were detected with both COI and 12S. Fourteen (34%), 18 (44%), and one
(2%) genus were detected exclusively with COI, 18S, and 12S respectively (Fig. 2C). In the trap samples
12S also failed to differentiate R. nymphaeae from R. padi, A. aurantii from A. craccivora, and COI failed
to separate Lonchoptera bifurcata from L. uniseta, and Lipaphis erysimi from L. pseudobrassicae, which
could indicate remaining misidenti�ed taxa in the reference database or the existence of species
complexes.

Discussion
In this study we assessed the ability of metabarcoding to detect low abundance pest insects within mock
communities of aphid and psyllid species, and then validated the approach on �eld-trapped insects
collected from potato and vegetable crops. Metabarcoding of mock communities indicated that while all
species were usually detected when all three loci were used, an increase in the number of individuals in a
pool led to a decrease in detection of single specimen species (Fig. 3; Table S1 and S4). The rate of
missed detections increased when only 18S or 12S data was used but remained the same with only COI
data, which is likely due to COI having a favourable bias pro�le towards the targets. Inability to recover
low frequency taxa is a common �nding in metabarcoding studies [11, 21, 76] and can be exacerbated by
non-destructive DNA extraction for certain taxa [39]. Nevertheless, sequencing reads for all taxa were
present in the raw data but were under the detection threshold required to remove index switching.

We found the use of unique dual indexes dramatically reduced the rate of index switching compared to
combinatorial indexing, thereby enabling a lower detection threshold and increasing sensitivity of the
metabarcoding assay. However, even with unique dual indexes, low rates of index switching can still be
seen due to rare occurrences of switching at both ends of the molecule [32]. The use of the Free Adapter
Blocking Reagent has been recommended to further reduce index switching caused by free adapters on
Illumina ExAmp chemistry (i.e. HiSeq, NovaSeq) [77]; however, it is unclear how this would affect the
bridge ampli�cation-based cluster generation of the Illumina MiSeq platform used in this study. Choosing
an appropriate �ltering threshold to remove cross-contamination remains a challenge for metabarcoding
studies [2], as our �ltering threshold derived from the mock communities did not enable detection of TPP
in the �eld trap samples. Furthermore, while our threshold was based on index switching rate, our
approach did not account for well-to-well contamination during library preparation. This has recently been
raised as a major source of contamination, especially when libraries are prepared in microtiter plates or in
automated liquid handling systems [78]. A more robust method of estimating cross-contamination may
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be to include a positive spike-in control during DNA extraction in the form of a taxa alien to the target
environment [79] or a synthetic sequence [80].

While metabarcoding was not able to detect all the species present in the mock communities, it did reveal
the presence of a pest insect that was missed by morphological identi�cation. The presence of RWA in
the 1000 Pool 1 mock community was initially thought to be a false positive (Fig. 3); however, re-
examination of the preserved mock community specimens revealed an RWA nymph (Fig. 4), highlighting
the value of non-destructive DNA extraction. COI barcoding of the nymph demonstrated that non-
destructive DNA extraction preserves specimens adequately for both morphological identi�cation (Fig. 1)
and / or individual barcoding. Metabarcoding also detected RWA in �eld traps 2 and 3, despite this
species not being recorded in the initial morphological identi�cation. Re-examination revealed an aphid
nymph in Trap 2 and an RWA adult in Trap 3. However, PCR ampli�cation of the COI barcode was not
possible for the nymph specimen, which could be due to �eld trap specimens having more degraded DNA
compared to the mock community specimens. While the COI primers were designed to amplify a relatively
short region of COI (337 bp; Table S3), perhaps an even shorter region could help to improve ampli�cation
from the �eld trap specimens, with barcodes as small as 100 bp successfully used for species
identi�cation [81].

Unlike RWA, no specimens were found to con�rm the TPP detections in Traps 8 and 10. The erroneous
TPP detections could have been caused by cross-contamination during library preparation, and future
studies should include negative controls to provide a cumulative measure of physical contamination [82].
While we cannot rule out physical contamination, the strong PCR bias toward TPP could have led to
increased index switching [83]. This bias was present in all three loci in the �eld trap samples and not
present in the mock community results (Fig. 3), suggesting that degraded DNA in trapped specimens
could be �ooded by well-preserved DNA from the spiked TPP specimens. Further study using �eld-trapped
TPP is required to determine the suitability of metabarcoding for surveillance of this pest species.

Quantitative estimations of the three multiplexed loci were impacted by the overall ratio of aphids to
psyllids within the pools (Table S5) and PCR batch effects (Figure S4). The impact of PCR batch effects
on quantitative estimates was greatest in 250 Pool 3, where the abundance estimates varied considerably
for the larger and smaller community size with the same composition (100 Pool 3, 500 Pool 3, 1000 Pool
3) that were run in a different PCR batch (Fig. 3). The large difference may be due to the confounding
factors of PCR batch effects, primer biases associated with community composition [26], and PCR
competition between loci. This indicates that tandem rather than multiplexed PCR reactions or
micro�uidic multiplexing [29] may be more appropriate for quantitative estimates in multi-locus assays.
Furthermore, we suggest future studies include identical mock communities across each library
preparation and sequencing run to allow estimation and correction of these batch effects [84, 85]. These
calibration communities could also be used to derive correction factors to account for taxon-speci�c
quantitative bias [25, 86, 87]. However, assembling appropriate calibration communities may be di�cult
for the diverse range of species captured by the wind-based surveillance traps used in this study.
Therefore, if accurate abundance estimates are necessary then an approach that does not utilise PCR,
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such as hybridisation probes/capture baits [70, 88, 89] or whole mitochondrial genomes [90], may help to
improve quantitative estimates. Nevertheless, these techniques still possess their own individual biases
[86] and do not currently have wide acceptance in validated diagnostic protocols [8].

Despite a Hemiptera-based primer design (Table S2), the sequences from the �eld survey traps revealed a
broad diversity of Arthropod species (Fig. 5), including three tentative �rst detections for Australia. The
most notable was the detection of the aphid species A. varians in Trap 10, identi�ed to species level
through exact matching of COI to reference sequences in public databases and con�rmed via COI
barcoding of an aphid abdomen found upon re-examination of Trap 10(Figure S3). Aphis varians is a
Neartic species that belongs to a complex group associated with wild and cultivated Ribes spp.
(Grossulariaceae) as primary hosts and Epilobium spp. (Onagraceae) as secondary hosts [91]. In
Australia, there are no records of aphids causing damage to commercial Ribes spp. (currants and
gooseberries), including the recently introduced and closely related A. oenotherae. Nevertheless, the
detection of a new aphid associated with Ribes spp. warrants further investigation and surveys from
hosts such as Epilobium spp. that are common in Australia. Importantly, the detection of A. varians from
a lone abdomen represents a situation that would not have occurred when following a conventional
diagnostic approach, and indeed this taxon was overlooked during the initial sorting of the traps.
Laboratories conducting insect diagnostics are unlikely to individually barcode every incomplete
specimen in a trap sample due to the signi�cant costs involved, and this demonstrates the effectiveness
of a non-destructive metabarcoding approach for �agging samples that contain unexpected non-target
taxa, which can then be more thoroughly inspected and con�rmed using conventional diagnostic
methods.

In contrast to the detection of A. varians, the other tentative �rst detections for Australia, M. rhois and C.
sexpustulatus, were indicated only by the 18S locus. While the M. rhois detection was based on an exact
match to 18S, this reference sequence was the only representative for its genus. Singletons such as these
present problems for taxonomic classi�cation because there is no way to calibrate the assignment
con�dence with the taxonomy and sequence similarity of closely related sequences [92], and therefore
they are often removed from reference databases [93]. However, in this case, removal of singletons would
have resulted in loss of a large proportion of the 18S and 12S references, which already have marginal
representation in the database (Fig. 2A). This issue is further compounded by the highly conserved nature
of 18S, which while useful for detecting a broad diversity of taxa at higher taxonomic ranks (Fig. 2C), can
struggle to differentiate many taxa at the species level [94]. For example, in the case of the C.
sexpustulatus detection, all reference 18S sequences for this genus showed less than 1% variation, so
while this was assigned to species with an exact match, it likely represents a closely related native
Carpophilus spp. for which an 18S reference sequence does not currently exist [95]. Furthermore, while
the RDP classi�er used in this study has previously performed well with COI where there is a broad
diversity of reference sequences [96, 97], it can suffer from over-classi�cation in the case of sparse
reference data [98]. Therefore, for loci other than COI to be effective, a greater emphasis needs to be
placed on conducting baseline surveys and improving the taxonomic coverage of reference databases for
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endemic species at the beginning of a surveillance program. This results in improved ASV assignment at
every taxonomic rank, as seen in the mock community data (Fig. 2B).

As DNA metabarcoding begins to be applied in diagnostic situations, increasing regulatory con�dence
will be critical for widespread uptake. While the multi-locus assay did not perform effectively in providing
validation of detections, this was primarily due to insu�cient availability of reference sequences for loci
other than COI. Due to the already widespread availability of reference databases and high resolution for
species-level discrimination, we recommended the use of COI with additional PCR replicates for
metabarcoding studies aiming to detect insect pests. On the other hand, non-destructive DNA extraction
proved extremely useful for validating detections, enabling con�rmation of both target insects and off-
target species A. varians, which has not been previously recorded in Australia. While in this case A.
varians is not a serious pest, the ability to detect off-target insects may help prevent situations similar to
the initial establishment of RWA in Australia, where a surveillance program was not initiated until after
the �rst detection, revealing an already widespread distribution beyond the hope of eradication [46].
Furthermore, non-destructive DNA extraction could be used to continuously build up local databases over
the course of a surveillance program [44]. For example, in this study many of the trap samples contained
ASVs that were unable to be assigned to genus or species (Fig. 2C) and these could be revisited to locate
and generate reference information for previously unbarcoded taxa. This circular work�ow would greatly
aid the timely implementation of metabarcoding in surveillance and partially alleviate the need to
generate high-quality databases prior to commencing a surveillance program.

Rather than metabarcoding replacing the role of traditional diagnostics, this study highlights the
importance of maintaining taxonomic expertise that can follow up detections and place the results of
high-throughput methods in a broader systematic context. In fact, availability of taxonomic expertise may
remain a limiting factor for surveillance, as in this study con�rming detections took signi�cantly longer
than any other part of the metabarcoding pipeline. Conventional DNA barcoding and morphological
taxonomy currently bene�t from a close and reciprocal interaction, and we believe that integration of non-
destructive DNA extraction into metabarcoding protocols will lay the foundation of a robust quality
assurance framework for high-throughput insect surveillance.

Declarations

Data Availability
The COI, 12S, and 18S reference sequences generated for the aphid and psyllid species used in the mock
communities have been uploaded to GenBank (accessions ######## - ########; to be assigned at a
later date). The COI sequences generated for the aphid and psyllid species detected in the trap samples
have also been uploaded to GenBank (accessions ######## - ########; to be assigned at a later
date).



Page 16/33

The unprocessed FASTQ �les generated by the MiSeq have been uploaded to the NCBI Sequence Read
Archive (Project ID xxxxxxxxxx; to be assigned at a later date).

The curated database used to assign taxonomic classi�cation to the sequencing reads and the combined
ASV table generated are available at http://doi.org/10.5281/zenodo.3557020. All scripts used to produce
the reference database and perform the metabarcoding analyses are available from

https://github.com/alexpiper/HemipteraMetabarcodingMS.

Acknowledgments
The authors thank Doug May for permitting the placement of traps on his property and John Weiss, Kyla
Finlay, Laia Torregrosa, and Daniel Lai for their assistance in setting up the traps. We would also like to
thank Jacqui Morris, Deborah Kent, Piotr Trebicki, Nicholas Collinson, and Cameron Brumley for providing
aphid and psyllid specimens used to start live insect colonies. This work was supported by the Plant
Biosecurity Cooperative Research Centre (PBCRC #2153) and Horticulture Innovation Australia through
funding from the Australian Government Department of Agriculture as part of its Rural R&D for Pro�t
program and Grains Research and Development Corporation (ST16010). J.B. and A.M.P. are both
supported by Australian Government Research Training Program Scholarships.

Author Contributions
J.B., M.J.B., and J.P.C. conceptualised the study; I.V. performed the �eld surveys, morphological sorting
and species identi�cation; I.V. and M.J.B. reared the colonies and put together the mock communities;
J.B. and M.J.B. designed the primers; A.M.P. performed the DNA extractions and amplicon generation;
J.B. carried out the library preparations and sequencing; A.M.P. assembled the reference database,
analysed the data, and created the images used in �gures; M.J.B. took the specimen photographs; J.B.
and A.M.P. wrote the manuscript with input from I.V. and M.J.B.; all authors read and reviewed the �nal
version of the manuscript.

Competing interests
The authors declare no competing interests.

References
1. Bik, H.M., Porazinska, D.L., Creer, S., Caporaso, J.G., Knight, R., and Thomas, W.K. (2012) Sequencing

our way towards understanding global eukaryotic biodiversity. Trends Ecol. Evol., 27 (4), 233–243.

2. Deiner, K., Bik, H.M., Mächler, E., Seymour, M., Lacoursière-Roussel, A., Altermatt, F., Creer, S., Bista, I.,
Lodge, D.M., de Vere, N., Pfrender, M.E., and Bernatchez, L. (2017) Environmental DNA

https://github.com/alexpiper/HemipteraMetabarcodingMS


Page 17/33

metabarcoding: Transforming how we survey animal and plant communities. Mol. Ecol., 26 (21),
5872–5895.

3. Porter, T.M., and Hajibabaei, M. (2018) Scaling up: A guide to high-throughput genomic approaches
for biodiversity analysis. Mol. Ecol., 27 (2), 313–338.

4. Arulandhu, A.J., Staats, M., Hagelaar, R., Voorhuijzen, M.M., Prins, T.W., Scholtens, I., Costessi, A.,
Duijsings, D., Rechenmann, F., Gaspar, F.B., Barreto Crespo, M.T., Holst-Jensen, A., Birck, M., Burns, M.,
Haynes, E., Hochegger, R., Klingl, A., Lundberg, L., Natale, C., Niekamp, H., Perri, E., Barbante, A., Rosec,
J.-P., Seyfarth, R., Sovová, T., Van Moorleghem, C., van Ruth, S., Peelen, T., and Kok, E. (2017)
Development and validation of a multi-locus DNA metabarcoding method to identify endangered
species in complex samples. GigaScience, 6 (10), 1–18.

5. Raclariu, A.C., Heinrich, M., Ichim, M.C., and de Boer, H. (2018) Bene�ts and limitations of DNA
barcoding and metabarcoding in herbal product authentication. Phytochem. Anal., 29 (2), 123–128.

�. Staats, M., Arulandhu, A.J., Gravendeel, B., Holst-Jensen, A., Scholtens, I., Peelen, T., Prins, T.W., and
Kok, E. (2016) Advances in DNA metabarcoding for food and wildlife forensic species identi�cation.
Anal. Bioanal. Chem., 408 (17), 4615–4630.

7. Comtet, T., Sandionigi, A., Viard, F., and Casiraghi, M. (2015) DNA (meta)barcoding of biological
invasions: a powerful tool to elucidate invasion processes and help managing aliens. Biol. Invasions,
17 (3), 905–922.

�. Piper, A.M., Batovska, J., Cogan, N.O.I., Weiss, J., Cunningham, J.P., Rodoni, B.C., and Blacket, M.J.
(2019) Prospects and challenges of implementing DNA metabarcoding for high-throughput insect
surveillance. GigaScience, 8 (8).

9. Tedersoo, L., Drenkhan, R., Anslan, S., Morales-Rodriguez, C., and Cleary, M. (2019) High-throughput
identi�cation and diagnostics of pathogens and pests: Overview and practical recommendations.
Mol. Ecol. Resour., 19 (1), 47–76.

10. Andújar, C., Arribas, P., Gray, C., Bruce, C., Woodward, G., Yu, D.W., and Vogler, A.P. (2018)
Metabarcoding of freshwater invertebrates to detect the effects of a pesticide spill. Mol. Ecol., 27 (1),
146–166.

11. Elbrecht, V., Vamos, E.E., Meissner, K., Aroviita, J., and Leese, F. (2017) Assessing strengths and
weaknesses of DNA metabarcoding-based macroinvertebrate identi�cation for routine stream
monitoring. Methods Ecol. Evol., 8 (10), 1265–1275.

12. Brown, E.A., Chain, F.J.J., Zhan, A., MacIsaac, H.J., and Cristescu, M.E. (2016) Early detection of
aquatic invaders using metabarcoding reveals a high number of non-indigenous species in Canadian
ports. Divers. Distrib., 22 (10), 1045–1059.

13. Hebert, P.D.N., Ratnasingham, S., and deWaard, J.R. (2003) Barcoding animal life: cytochrome c
oxidase subunit 1 divergences among closely related species. Proc. R. Soc. B Biol. Sci., 270 (Suppl 1),
S96–S99.

14. Hebert, P.D.N., Cywinska, A., Ball, S.L., and deWaard, J.R. (2003) Biological identi�cations through
DNA barcodes. Proc. R. Soc. Lond. B Biol. Sci., 270 (1512), 313–321.



Page 18/33

15. Clarke, L.J., Soubrier, J., Weyrich, L.S., and Cooper, A. (2014) Environmental metabarcodes for
insects: in silico PCR reveals potential for taxonomic bias. Mol. Ecol. Resour., 14 (6), 1160–1170.

1�. Yu, D.W., Ji, Y., Emerson, B.C., Wang, X., Ye, C., Yang, C., and Ding, Z. (2012) Biodiversity soup:
metabarcoding of arthropods for rapid biodiversity assessment and biomonitoring. Methods Ecol.
Evol., 3 (4), 613–623.

17. Brandon-Mong, G.-J., Gan, H.-M., Sing, K.-W., Lee, P.-S., Lim, P.-E., and Wilson, J.-J. (2015) DNA
metabarcoding of insects and allies: an evaluation of primers and pipelines. Bull. Entomol. Res., 105
(6), 717–727.

1�. Freeland, J.R. (2016) The importance of molecular markers and primer design when characterizing
biodiversity from environmental DNA. Genome, 60 (4), 358–374.

19. Marquina, D., Andersson, A.F., and Ronquist, F. (2019) New mitochondrial primers for metabarcoding
of insects, designed and evaluated using in silico methods. Mol. Ecol. Resour., 19 (1), 90–104.

20. Epanchin-Niell, R.S., Haight, R.G., Berec, L., Kean, J.M., and Liebhold, A.M. (2012) Optimal surveillance
and eradication of invasive species in heterogeneous landscapes. Ecol. Lett., 15 (8), 803–812.

21. Batovska, J., Lynch, S.E., Cogan, N.O.I., Brown, K., Darbro, J.M., Kho, E.A., and Blacket, M.J. (2017)
Effective mosquito and arbovirus surveillance using metabarcoding. Mol. Ecol. Resour.

22. Liebhold, A.M., Berec, L., Brockerhoff, E.G., Epanchin-Niell, R.S., Hastings, A., Herms, D.A., Kean, J.M.,
McCullough, D.G., Suckling, D.M., Tobin, P.C., and Yamanaka, T. (2016) Eradication of Invading Insect
Populations: From Concepts to Applications. Annu. Rev. Entomol., 61, 335–352.

23. Lamb, P.D., Hunter, E., Pinnegar, J.K., Creer, S., Davies, R.G., and Taylor, M.I. (2019) How quantitative is
metabarcoding: A meta-analytical approach. Mol. Ecol., 28 (2), 420–430.

24. Elbrecht, V., and Leese, F. (2015) Can DNA-based ecosystem assessments quantify species
abundance? Testing primer bias and biomass—sequence relationships with an innovative
metabarcoding protocol. PLOS ONE, 10 (7), e0130324.

25. Krehenwinkel, H., Wolf, M., Lim, J.Y., Rominger, A.J., Simison, W.B., and Gillespie, R.G. (2017)
Estimating and mitigating ampli�cation bias in qualitative and quantitative arthropod
metabarcoding. Sci. Rep., 7 (1), 17668.

2�. Piñol, J., Senar, M.A., and Symondson, W.O.C. (2019) The choice of universal primers and the
characteristics of the species mixture determine when DNA metabarcoding can be quantitative. Mol.
Ecol., 28 (2), 407–419.

27. Ashfaq, M., and Hebert, P.D.N. (2016) DNA barcodes for bio-surveillance: regulated and economically
important arthropod plant pests. Genome, 59 (11), 933–945.

2�. De Barba, M., Miquel, C., Boyer, F., Mercier, C., Rioux, D., Coissac, E., and Taberlet, P. (2014) DNA
metabarcoding multiplexing and validation of data accuracy for diet assessment: application to
omnivorous diet. Mol. Ecol. Resour., 14 (2), 306–323.

29. Hauck, L.L., Weitemier, K.A., Penaluna, B.E., Garcia, T.S., and Cronn, R. (2019) Casting a broader net:
Using micro�uidic metagenomics to capture aquatic biodiversity data from diverse taxonomic
targets. Environ. DNA, 1 (3), 251–267.



Page 19/33

30. Zhang, G.K., Chain, F.J.J., Abbott, C.L., and Cristescu, M.E. (2018) Metabarcoding using multiplexed
markers increases species detection in complex zooplankton communities. Evol. Appl., 11 (10),
1901–1914.

31. Costello, M., Fleharty, M., Abreu, J., Farjoun, Y., Ferriera, S., Holmes, L., Granger, B., Green, L., Howd, T.,
Mason, T., Vicente, G., Dasilva, M., Brodeur, W., DeSmet, T., Dodge, S., Lennon, N.J., and Gabriel, S.
(2018) Characterization and remediation of sample index swaps by non-redundant dual indexing on
massively parallel sequencing platforms. BMC Genomics, 19 (1), 332.

32. MacConaill, L.E., Burns, R.T., Nag, A., Coleman, H.A., Slevin, M.K., Giorda, K., Light, M., Lai, K., Jarosz,
M., McNeill, M.S., Ducar, M.D., Meyerson, M., and Thorner, A.R. (2018) Unique, dual-indexed
sequencing adapters with UMIs effectively eliminate index cross-talk and signi�cantly improve
sensitivity of massively parallel sequencing. BMC Genomics, 19 (1), 30.

33. Bengtsson-Palme, J., Boulund, F., Edström, R., Feizi, A., Johnning, A., Jonsson, V.A., Karlsson, F.H., Pal,
C., Pereira, M.B., Rehammar, A., Sanchez, J., Sanli, K., and Thorell, K. (2016) Strategies to improve
usability and preserve accuracy in biological sequence databases. Proteomics, 16 (18), 2454–2460.

34. Shen, Y.-Y., Chen, X., and Murphy, R.W. (2013) Assessing DNA barcoding as a tool for species
identi�cation and data quality control. PLOS ONE, 8 (2), e57125.

35. Kozlov, A.M., Zhang, J., Yilmaz, P., Glöckner, F.O., and Stamatakis, A. (2016) Phylogeny-aware
identi�cation and correction of taxonomically mislabeled sequences. Nucleic Acids Res., 44 (11),
5022–5033.

3�. Simmons, M., Tucker, A., Chadderton, W.L., Jerde, C.L., and Mahon, A.R. (2015) Active and passive
environmental DNA surveillance of aquatic invasive species. Can. J. Fish. Aquat. Sci., 73 (1), 76–83.

37. Olmos, A., Boonham, N., Candresse, T., Gentit, P., Giovani, B., Kutnjak, D., Liefting, L., Maree, H.J.,
Minafra, A., Moreira, A., Nakhla, M.K., Petter, F., Ravnikar, M., Rodoni, B., Roenhorst, J.W., Rott, M.,
Ruiz‐García, A.B., Santala, J., Stancanelli, G., Vlugt, R. van der, Varveri, C., Westenberg, M., Wetzel, T.,
Ziebell, H., and Massart, S. (2018) High-throughput sequencing technologies for plant pest diagnosis:
challenges and opportunities. EPPO Bull., 48 (2), 219–224.

3�. Darling, J.A., Pochon, X., Abbott, C.L., Inglis, G.J., and Zaiko, A. (2020) The risks of using molecular
biodiversity data for incidental detection of species of concern. Divers. Distrib., 26 (9), 1116–1121.

39. Carew, M.E., Coleman, R.A., and Hoffmann, A.A. (2018) Can non-destructive DNA extraction of bulk
invertebrate samples be used for metabarcoding? PeerJ, 6, e4980.

40. Ji, Y., Huotari, T., Roslin, T., Schmidt, N.M., Wang, J., Yu, D.W., and Ovaskainen, O. (2020) SPIKEPIPE: a
metagenomic pipeline for the accurate quanti�cation of eukaryotic species occurrences and
intraspeci�c abundance change using DNA barcodes or mitogenomes. Mol. Ecol. Resour., 20 (1),
256–267.

41. Nielsen, M., Gilbert, M.T.P., Pape, T., and Bohmann, K. (2019) A simpli�ed DNA extraction protocol for
unsorted bulk arthropod samples that maintains exoskeletal integrity. Environ. DNA, 1 (2), 144–154.

42. Martins, F.M.S., Galhardo, M., Filipe, A.F., Teixeira, A., Pinheiro, P., Paupério, J., Alves, P.C., and Beja, P.
(2019) Have the cake and eat it: Optimizing nondestructive DNA metabarcoding of



Page 20/33

macroinvertebrate samples for freshwater biomonitoring. Mol. Ecol. Resour., 19 (4), 863–876.

43. Zizka, V.M.A., Leese, F., Peinert, B., and Geiger, M.F. (2018) DNA metabarcoding from sample �xative
as a quick and voucher-preserving biodiversity assessment method. Genome, 62 (3), 122–136.

44. Martoni, F., Valenzuela, I., and Blacket, M.J. (2019) Non-destructive DNA extractions from �y larvae
(Diptera: Muscidae) enable molecular identi�cation of species and enhance morphological features.
Austral Entomol., 58 (4), 848–856.

45. Plant Health Australia (2019) Tomato-potato psyllid. Retrieved 10 April, 2019 from
http://www.planthealthaustralia.com.au/pests/tomatopotato-psyllid/.

4�. Yazdani, M., Baker, G., DeGraaf, H., Henry, K., Hill, K., Kimber, B., Malipatil, M., Perry, K., Valenzuela, I.,
and Nash, M.A. (2018) First detection of Russian wheat aphid Diuraphis noxia Kurdjumov
(Hemiptera: Aphididae) in Australia: a major threat to cereal production. Austral Entomol., 57 (4),
410–417.

47. Pirtle, E., Maino, J., Lye, J., Umina, P., Heddle, T., and van Helden, M. (2019) Managing Russian wheat
aphid risk – early season considerations. Centre for Environmental Stress and Adaptation Research
(CESAR). Retrieved February 7, 2020 from
http://www.cesaraustralia.com/assets/Uploads/PDFs/RWA-portal/Russian-wheat-aphid-green-
bridge-surveillence-update-May-2019.pdf.

4�. Wilson, C., Rowbottom, R., Walker, P., Allen, G., Tegg, R., and Quarrell, S. (2018) Surveillance of tomato
potato psyllid in the Eastern States and South Australia. Horticulture Innovation Australia. Retrieved
February 7, 2020 from https://ausveg.com.au/app/uploads/technical-insights/MT16016.pdf.

49. Blackman, R.L., and Eastop, V.F. (2000) Aphids on the world’s crops: an identi�cation and information
guide. Aphids Worlds Crops Identif. Inf. Guide, (Ed. 2).

50. Kent, D., and Taylor, G. (2010) Two new species of Acizzia Crawford (Hemiptera: Psyllidae) from the
Solanaceae with a potential new economic pest of eggplant, Solanum melongena. Aust. J. Entomol.,
49 (1), 73–81.

51. Subcommittee on Plant Health Diagnostic Standards (SPHDS) (2017) Diagnostic protocol for the
detection of the Tomato Potato Psyllid, Bactericera cockerelli (Šulc). Department of Agriculture,
Australia. Retrieved December 8, 2019 from
https://www.plantbiosecuritydiagnostics.net.au/app/uploads/2018/11/NDP-20-Tomato-potato-
psyllid-Bactericera-cockerelli-V1.2.pdf.

52. Farrow, R., and Greenslade, P. (2013) Description of a robust interception trap for collecting airborne
arthropods in climatically challenging regions. Antarct. Sci., 25 (5), 657–662.

53. Ferro, M.L., and Park, J.-S. (2013) Effect of propylene glycol concentration on mid-term DNA
preservation of Coleoptera. Coleopt. Bull., 67 (4), 581–586.

54. Folmer, O., Black, M., Hoeh, W., Lutz, R., and Vrijenhoek, R. (1994) DNA primers for ampli�cation of
mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates. Mol. Mar. Biol.
Biotechnol., 3, 294–299.



Page 21/33

55. Martoni, F. (2017) Biodiversity, evolution and microbiome of the New Zealand Psylloidea (Hemiptera:
Sternorrhyncha).

5�. Ouvrard, D., Campbell, B.C., Bourgoin, T., and Chan, K.L. (2000) 18S rRNA secondary structure and
phylogenetic position of Peloridiidae (Insecta, hemiptera). Mol. Phylogenet. Evol., 16 (3), 403–417.

57. Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S., Cooper, A.,
Markowitz, S., Duran, C., Thierer, T., Ashton, B., Meintjes, P., and Drummond, A. (2012) Geneious Basic:
an integrated and extendable desktop software platform for the organization and analysis of
sequence data. Bioinformatics, 28 (12), 1647–1649.

5�. Wang, Q., Garrity, G.M., Tiedje, J.M., and Cole, J.R. (2007) Naïve Bayesian Classi�er for Rapid
Assignment of rRNA Sequences into the New Bacterial Taxonomy. Appl Env. Microbiol, 73 (16),
5261–5267.

59. Ratnasingham, S., and Hebert, P.D.N. (2007) BOLD: The Barcode of Life Data System
(http://www.barcodinglife.org). Mol. Ecol. Notes, 7 (3), 355–364.

�0. Benson, D.A., Karsch-Mizrachi, I., Lipman, D.J., Ostell, J., and Sayers, E.W. (2009) GenBank. Nucleic
Acids Res., 37 (Database issue), D26-31.

�1. Chamberlain, S. (2017) bold: Interface to Bold Systems API. R package version 0.5.0.,
https://github.com/ropensci/bold.

�2. Winter, D.J. (2017) rentrez: An R package for the NCBI eUtils API. R J., 9 (2), 520–526.

�3. R Core Team (2014) R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria., http://www.R-project.org/.

�4. Sherrill-Mix, S. (2018) taxonomizr: Functions to Work with NCBI Accessions and Taxonomy. R
package version 0.5.2., https://rdrr.io/cran/taxonomizr/.

�5. Mercier, C., Boyer, F., Bonin, A., and Coissac, E. (2013) SUMATRA and SUMACLUST: fast and exact
comparison and clustering of sequences., http://metabarcoding.org.

��. Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., and Holmes, S.P. (2016)
DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods, 13 (7), 581–
583.

�7. Bushnell, B. (2017) BBMap short read aligner, and other bioinformatic tools.,
https://sourceforge.net/projects/bbmap/.

��. Ranwez, V., Douzery, E.J.P., Cambon, C., Chantret, N., and Delsuc, F. (2018) MACSE v2: Toolkit for the
Alignment of Coding Sequences Accounting for Frameshifts and Stop Codons. Mol. Biol. Evol., 35
(10), 2582–2584.

�9. Saitoh, S., Aoyama, H., Fujii, S., Sunagawa, H., Nagahama, H., Akutsu, M., Shinzato, N., Kaneko, N.,
and Nakamori, T. (2016) A quantitative protocol for DNA metabarcoding of springtails (Collembola).
Genome, 59 (9), 705–723.

70. Wilcox, T.M., Zarn, K.E., Piggott, M.P., Young, M.K., McKelvey, K.S., and Schwartz, M.K. (2018) Capture
enrichment of aquatic environmental DNA: A �rst proof of concept. Mol. Ecol. Resour., 18 (6), 1392–



Page 22/33

1401.

71. McMurdie, P.J., and Holmes, S. (2013) phyloseq: an R package for reproducible interactive analysis
and graphics of microbiome census data. PLOS ONE, 8 (4), e61217.

72. Wickham, H. (2009) ggplot2: Elegant Graphics for Data Analysis, Springer-Verlag, New York.

73. Walsh, P.S., Metzger, D.A., and Higuchi, R. (1991) Chelex 100 as a medium for simple extraction of
DNA for PCR-based typing from forensic material. BioTechniques, 10 (4), 506–513.

74. Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018) MEGA X: Molecular Evolutionary
Genetics Analysis across computing platforms. Mol. Biol. Evol., 35 (6), 1547–1549.

75. ABRS (2009) Australian Faunal Directory. Australian Biological Resources Study, Canberra. Retrieved
October 30, 2019 from https://biodiversity.org.au/afd/mainchecklist.

7�. Bista, I., Carvalho, G.R., Tang, M., Walsh, K., Zhou, X., Hajibabaei, M., Shokralla, S., Seymour, M.,
Bradley, D., Liu, S., Christmas, M., and Creer, S. (2018) Performance of amplicon and shotgun
sequencing for accurate biomass estimation in invertebrate community samples. Mol. Ecol. Resour.,
18, 1020–103.

77. Illumina (2017) Effects of index misassignment on multiplexing and downstream analysis. [White
paper]. Retrieved November 25, 2019 from https://www.illumina.com/content/dam/illumina-
marketing/documents/products/whitepapers/index-hopping-white-paper-770-2017-004.pdf.

7�. Minich, J.J., Sanders, J.G., Amir, A., Humphrey, G., Gilbert, J.A., and Knight, R. (2019) Quantifying and
understanding well-to-well contamination in microbiome research. mSystems, 4 (4), e00186-19.

79. Galan, M., Pons, J.-B., Tournayre, O., Pierre, É., Leuchtmann, M., Pontier, D., and Charbonnel, N. (2018)
Metabarcoding for the parallel identi�cation of several hundred predators and their prey: Application
to bat species diet analysis. Mol. Ecol. Resour., 18 (3), 474–489.

�0. Palmer, J.M., Jusino, M.A., Banik, M.T., and Lindner, D.L. (2018) Non-biological synthetic spike-in
controls and the AMPtk software pipeline improve mycobiome data. PeerJ, 6.

�1. Meusnier, I., Singer, G.A., Landry, J.-F., Hickey, D.A., Hebert, P.D., and Hajibabaei, M. (2008) A universal
DNA mini-barcode for biodiversity analysis. BMC Genomics, 9, 214.

�2. Elbrecht, V., and Steinke, D. (2019) Scaling up DNA metabarcoding for freshwater macrozoobenthos
monitoring. Freshw. Biol., 64 (2), 380–387.

�3. Larsson, A.J.M., Stanley, G., Sinha, R., Weissman, I.L., and Sandberg, R. (2018) Computational
correction of index switching in multiplexed sequencing libraries. Nat. Methods, 15 (5), 305–307.

�4. Gibbons, S.M., Duvallet, C., and Alm, E.J. (2018) Correcting for batch effects in case-control
microbiome studies. PLOS Comput. Biol., 14 (4), e1006102.

�5. Yeh, Y.-C., Needham, D.M., Sieradzki, E.T., and Fuhrman, J.A. (2018) Taxon disappearance from
microbiome analysis reinforces the value of mock communities as a standard in every sequencing
run. mSystems, 3 (3).

��. McLaren, M.R., Willis, A.D., and Callahan, B.J. (2019) Consistent and correctable bias in
metagenomic sequencing experiments. bioRxiv, 559831.



Page 23/33

�7. Thomas, A.C., Deagle, B.E., Eveson, J.P., Harsch, C.H., and Trites, A.W. (2016) Quantitative DNA
metabarcoding: improved estimates of species proportional biomass using correction factors
derived from control material. Mol. Ecol. Resour., 16 (3), 714–726.

��. Dowle, E.J., Pochon, X., C Banks, J., Shearer, K., and Wood, S.A. (2016) Targeted gene enrichment and
high-throughput sequencing for environmental biomonitoring: a case study using freshwater
macroinvertebrates. Mol. Ecol. Resour., 16 (5), 1240–1254.

�9. Peñalba, J.V., Smith, L.L., Tonione, M.A., Sass, C., Hykin, S.M., Skipwith, P.L., McGuire, J.A., Bowie,
R.C.K., and Moritz, C. (2014) Sequence capture using PCR-generated probes: a cost-effective method
of targeted high-throughput sequencing for nonmodel organisms. Mol. Ecol. Resour., 14 (5), 1000–
1010.

90. Liu, S., Wang, X., Xie, L., Tan, M., Li, Z., Su, X., Zhang, H., Misof, B., Kjer, K.M., Tang, M., Niehuis, O.,
Jiang, H., and Zhou, X. (2016) Mitochondrial capture enriches mito-DNA 100 fold, enabling PCR-free
mitogenomics biodiversity analysis. Mol. Ecol. Resour., 16 (2), 470–479.

91. Blackman, R.L., and Eastop, V.F. (2008) Aphids on the World’s Herbaceous Plants and Shrubs, 2
Volume Set, John Wiley & Sons.

92. Edgar, R.C. (2018) Taxonomy annotation and guide tree errors in 16S rRNA databases. PeerJ, 6,
e5030.

93. Nilsson, R.H., Larsson, K.-H., Taylor, A.F.S., Bengtsson-Palme, J., Jeppesen, T.S., Schigel, D., Kennedy,
P., Picard, K., Glöckner, F.O., Tedersoo, L., Saar, I., Kõljalg, U., and Abarenkov, K. (2019) The UNITE
database for molecular identi�cation of fungi: handling dark taxa and parallel taxonomic
classi�cations. Nucleic Acids Res., 47 (D1), D259–D264.

94. Tang, C.Q., Leasi, F., Obertegger, U., Kieneke, A., Barraclough, T.G., and Fontaneto, D. (2012) The
widely used small subunit 18S rDNA molecule greatly underestimates true diversity in biodiversity
surveys of the meiofauna. Proc. Natl. Acad. Sci. U. S. A., 109 (40), 16208–16212.

95. Wangensteen, O.S., Palacín, C., Guardiola, M., and Turon, X. (2018) DNA metabarcoding of littoral
hard-bottom communities: high diversity and database gaps revealed by two molecular markers.
PeerJ, 6, e4705.

9�. Porter, T.M., and Hajibabaei, M. (2018) Automated high throughput animal CO1 metabarcode
classi�cation. Sci. Rep., 8 (1), 4226.

97. Porter, T.M., Gibson, J.F., Shokralla, S., Baird, D.J., Golding, G.B., and Hajibabaei, M. (2014) Rapid and
accurate taxonomic classi�cation of insect (class Insecta) cytochrome c oxidase subunit 1 (COI)
DNA barcode sequences using a naïve Bayesian classi�er. Mol. Ecol. Resour., 14 (5), 929–942.

9�. Edgar, R.C. (2016) SINTAX: a simple non-Bayesian taxonomy classi�er for 16S and ITS sequences.
bioRxiv, 074161.

Figures



Page 24/33

Figure 1

A) Non-destructive DNA extraction protocol newly developed in this study. B) Specimens from a trap
sample before (left) and after (right) non-destructive DNA extraction using QuickExtract. Both Hemiptera
(above) and other insect (below) specimens are preserved.
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sample before (left) and after (right) non-destructive DNA extraction using QuickExtract. Both Hemiptera
(above) and other insect (below) specimens are preserved.
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Figure 2

A) Taxonomic composition of the reference database, displaying number of unique species for each
order within Insecta, as well as for other classes of Arthropods. Number of amplicon sequence variants
(ASVs) from B) mock communities and C) �eld trap samples successfully assigned to taxonomic ranks
for each locus using the Ribosomal Database Project (RDP) naïve Bayesian classi�er and exact matching
with reference sequences. D) Taxonomic overlap between loci at the family, genus and species level for
all samples.
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order within Insecta, as well as for other classes of Arthropods. Number of amplicon sequence variants
(ASVs) from B) mock communities and C) �eld trap samples successfully assigned to taxonomic ranks
for each locus using the Ribosomal Database Project (RDP) naïve Bayesian classi�er and exact matching
with reference sequences. D) Taxonomic overlap between loci at the family, genus and species level for
all samples.
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Figure 3

The expected (based on number of individuals) and observed (based on sequencing reads) relative
abundance of each species in each mock community sample. Acizzia alternata and Acizzia solanicola
are aggregated for display purposes as these species could not be differentiated by the 18S loci.
Observed relative abundance data is shown for the mean across the three loci, and for COI, 18S, and 12S
separately. False positive and negative genera are indicated in each pool based on a detection threshold
of 0.01%.
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The expected (based on number of individuals) and observed (based on sequencing reads) relative
abundance of each species in each mock community sample. Acizzia alternata and Acizzia solanicola
are aggregated for display purposes as these species could not be differentiated by the 18S loci.
Observed relative abundance data is shown for the mean across the three loci, and for COI, 18S, and 12S
separately. False positive and negative genera are indicated in each pool based on a detection threshold
of 0.01%.

Figure 4
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The Diuraphis noxia (Russian wheat aphid) nymph specimen responsible for the apparent “false positive”
reads detected in the 1000 Pool 1 mock community, following non-destructive DNA extraction.
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The Diuraphis noxia (Russian wheat aphid) nymph specimen responsible for the apparent “false positive”
reads detected in the 1000 Pool 1 mock community, following non-destructive DNA extraction.
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Figure 5

Heat map displaying the relative abundance of different Arthropoda taxa in both mock community and
�eld trapped insect samples based on sequencing reads. Taxa designated ‘spp.’ denote genus-level
classi�cation. The loci contributing to detection of each taxa is indicated by a red (12S), yellow (18S), or
blue (COI) dot. The size and number inside the dot indicate if more than one amplicon sequence variant
(ASV) was assigned to the taxonomic rank. Mean relative abundances across all three amplicons are
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displayed on a log10 scale. Only ASVs that could be reliably classi�ed to genus with a relative abundance
above 0.01% are reported.

Figure 5

Heat map displaying the relative abundance of different Arthropoda taxa in both mock community and
�eld trapped insect samples based on sequencing reads. Taxa designated ‘spp.’ denote genus-level
classi�cation. The loci contributing to detection of each taxa is indicated by a red (12S), yellow (18S), or
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blue (COI) dot. The size and number inside the dot indicate if more than one amplicon sequence variant
(ASV) was assigned to the taxonomic rank. Mean relative abundances across all three amplicons are
displayed on a log10 scale. Only ASVs that could be reliably classi�ed to genus with a relative abundance
above 0.01% are reported.
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