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Abstract

DNA analysis of predator feces using high-throughput amplicon sequencing (HTS)
enhances our understanding of predator-prey interactions. However, conclusions drawn from
this technique are constrained by biases that occur in multiple steps of the HTS workflow. To
better characterize insectivorous animal diets, we used DNA from a diverse set of arthropods to
assess PCR biases of commonly used and novel primer pairs for the mitochondrial gene,
cytochrome oxidase C subunit 1 (CO1). We compared diversity recovered from HTS of bat
guano samples using a commonly used primer pair “ZBJ” to results using the novel primer pair
“ANML”. To parameterize our bioinformatics pipeline, we created an arthropod mock
community consisting of single-copy (cloned) CO1 sequences. To examine biases associated
with both PCR and HTS, mock community members were combined in equimolar amounts both
pre- and post-PCR. We validated our system using guano from bats fed known diets and using
composite samples of morphologically identified insects collected in pitfall traps. In PCR tests,
the ANML primer pair amplified 58 of 59 arthropod taxa (98%) whereas ZBJ amplified 24 of 59
taxa (41%). Furthermore, in an HTS comparison of field-collected samples, the ANML primers
detected nearly four-fold more arthropod taxa than the ZBJ primers. The additional arthropods
detected include medically and economically relevant insect groups such as mosquitoes.
Results revealed biases at both the PCR and sequencing levels, demonstrating the pitfalls
associated with using HTS read numbers as proxies for abundance. The use of an arthropod

mock community allowed for improved bioinformatics pipeline parameterization.

Keywords: arthropod mock community, bat guano, dietary analysis, insectivore, next-

generation sequencing, NGS
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Introduction

High-throughput amplicon sequencing (HTS) has become the preferred method for rapid
molecular identification of members of mixed ecological communities. HTS is now also
increasingly used to identify the arthropod dietary components of a wide taxonomic range of
animals including mammals (Bussche et al. 2016; Clare et al. 2014a; Clare et al. 2014b; Mallott
et al. 2015; Rydell et al. 2016; Vesterinen et al. 2016), birds (Crisol-Martinez et al. 2016; Jedlicka
et al. 2016; Trevelline et al. 2016), reptiles (Kartzinel & Pringle 2015), fish (Harms-Tuohy et al.
2016), and arthropods (Krehenwinkel et al. 2016). Identification of the DNA of dietary
components is accomplished by “metabarcoding”, which involves extracting DNA from fecal
samples, amplifying one or more barcoding loci, preparing DNA libraries, and finally sequencing,
bioinformatics, and data analysis. Each of these steps involves decisions and assumptions that
significantly affect results. For example, biases are unavoidable when amplifying environmental
DNA with PCR-based methods (Brooks et al. 2015) and careful consideration should be
exercised when selecting a primer pair for HTS. Thus, while DNA metabarcoding is a powerful
tool for studying trophic interactions, conclusions should take into account the shortcomings
and parameters of the techniques (e.g.: Brooks et al. 2015; D’Amore et al. 2016; Lindahl et al.
2013; Nguyen et al. 2015; Pompanon et al. 2012).

The mitochondrial cytochrome oxidase C subunit 1 locus (CO1) is the most frequently
used barcoding locus for identifying a wide range of taxonomic groups, including arthropods.
Because CO1 has the most extensive reference library for arthropods (BOLD systems,
Ratnasignham & Hebert, 2007), it is the most commonly used locus for dietary studies of
insectivorous animals (Clarke et al. 2014). The entire CO1 barcoding region is about 658 base
pairs (bp) and currently too long to be used with most HTS platforms. Therefore it is necessary
to sequence shorter regions of the CO1 locus, which has proven challenging due to a lack of
conserved priming sites within the CO1 region (Deagle et al. 2014). Therefore, novel primer
pairs should be tested against as many expected target DNA sequences as possible.

Zeale et al. (2011) developed the ZBJ-ArtF1c/ZBJ-ArtR2c (hereafter ZBJ) primer pair for
detecting arthropod prey DNA in bat guano by amplifying a 157 bp fragment of the CO1 region.

In the initial study, which employed cloning and sequencing rather than HTS, the ZBJ primers
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amplified 37 taxa from 13 arthropod orders, but did not amplify bat CO1 DNA. The ZBJ primers
were designed to target a short fragment in order to amplify the presumably degraded DNA
present in guano and coincidentally the length of the amplicon generated is compatible with
many HTS platforms. Subsequently, numerous researchers have employed the ZBJ primers in
HTS studies that analyze diets of insectivorous animals, including bats (Bussche et al. 2016;
Clare et al. 2014a; Clare et al. 2014b; Rydell et al. 2016; Vesterinen et al. 2016) and birds
(Crisol-Martinez et al. 2016; Jedlicka et al. 2016; Trevelline et al. 2016). Although the ZBJ
primers have been widely utilized, there are indications that they have a narrow taxonomic
range (Brandon-Mong et al. 2015; Clarke et al. 2014; Mallott et al. 2015).

The assumptions and parameters commonly employed in HTS environmental DNA
analyses have a large impact on the operational taxonomic units (OTUs) that are recovered.
Bioinformatics clustering algorithms can influence apparent diversity within a sample, or an
entire library of samples, and trimming and filtering parameters can impact the resulting
community composition (Deagle et al. 2013). A validation or control is needed to parameterize
bioinformatics pipelines; therefore, the use of mock communities as positive controls in HTS is
increasingly becoming common, especially among researchers who work with fungal and
bacterial communities (Bokulich & Mills 2013; Bokulich et al. 2013; Nguyen et al. 2015). Mock
communities can be used to examine biases, starting at the sampling step and ending at the
bioinformatics and community analysis steps.

Here we used a reference insect community to identify specific amplification biases
associated with three commonly used primer pairs, including ZBJ, and two novel primer pairs,
LCO1-1490/CO1-CFMRa (hereafter ANML) and LCO1490/CO1-CFMRb (hereafter CFMRDb), for
the CO1 region (Table 1). To further test primers, we compared HTS results from the ZBJ
primers to our novel ANML primer pair using field-collected bat guano samples. We designed
an arthropod mock community based on single-copy (cloned) mitochondrial CO1 sequences,
which can serve as a standard in HTS sequencing and to help parameterize a bioinformatics
pipeline. Finally, we validated the accuracy of our system of novel primers, the mock
community control, and our bioinformatics pipeline by using guano from bats fed known insect

diets and composite samples of morphologically identified arthropods from pitfall traps.
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Methods and Materials
Testing of primer pairs against known insect samples

DNA was extracted from 67 arthropod taxa (Table 2) following the protocol in Lindner &
Banik (2009) with modifications for insects (Supporting Information, Appendix S1). Briefly, DNA
was extracted from excised leg muscles of larger insects or, for smaller insects, the thorax was
punctured and the entire insect was used for extraction. Leg muscles and small insects with
punctured thoraxes were placed in 100 pL of filtered cell lysis solution (CLS; Lindner & Banik
2009) and frozen at -20° C, and the extraction proceeded. Following DNA extraction, the
effectiveness of the following five primer pairs in amplifying the 67 purified DNAs was
evaluated: LCO1490/HC02198 (Folmer et al. 1994; Hebert et al. 2003; hereafter CO1 L/H), ZBJ-
ArtFlc/ZBJ-ArtR2c (Zeale et al. 2011; ZBJ), LCO1-1490/CO1-CFMRa (ANML), LCO1490/CO1-
CFMRDb (CFMRDb), and LepF1/mLepR (Hebert et al. 2004; Smith et al. 2006; hereafter LEP). The
CO1-CFMRa and CO1-CFMRb primers designed for this study were derived from the ZBJ-ArtR2c
primer and had sequences of 5’-GGWACTAATCAATTTCCAAATCC-3’ and 5’-
GGNACTAATCAATTHCCAAATCC-3’, respectively. The CO1-CFMRa and CO1-CFMRb priming sites
are located in the CO1 gene approximately 180bp away from the LCO1490 priming site
(Supporting Information, Figure S1). A list of the primers used is presented in Table 1.

Amplification of the extracted DNA using all primer pairs, except ZBJ, used the following
reagent volumes per 15 L plL reaction: 7.88 uL DNA-free molecular grade water, 3 pL Green
GoTaq 5x buffer (Promega), 0.12 pL of 20 mg/mL BSA, 0.3 pL of 10 uM dNTPs, 0.3 pL of each 10
UM primer, 0.1 uL of 5u/uL GoTaq polymerase (Promega), and 3 uL of extracted arthropod
template DNA. The ZBJ primer pair was used with two different reagent regimes. One, termed
the modified protocol, was the same as above except 1.0 plL of each 10 uM primer was added
and the second regime was that described by original authors (Zeale et al. 2011). The
thermocycler parameters for the CO1L/H, ANML, and CFMRDb primer pairs were those described
by Hebert et al. (2003) with one modification: the final extension at 72° C was increased from 5
to 7 minutes. The LepfF-1/mLepR-5 amplification parameters were those of Smith et al. (2006),
while the ZBJ primer pair amplification parameters were those described by Zeale et al. (2011).

Following amplification, 3 pL of product was run in a 2% agarose gel for 20 minutes at 110V,
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stained with ethidium bromide and visualized using UV light. Presence or absence of bands was
recorded for each primer pair and DNA combination. To provide reference sequences for each
species the LCO1490/HC02198 PCR products were Sanger sequenced with ABI Prism BigDye
(Applied Biosystems) sequencing following the method of Lindner & Banik (2009). The resulting
sequences were subjected to an NCBI BLAST search to confirm the identities of the insect
species of origin.
HTS of field-collected guano samples using two different primer pairs

The arthropod DNA present in three field-collected bat guano samples was analyzed
using the ANML and ZBJ primer pairs. DNA was extracted from three Myotis lucifugus guano
samples from three different locations in southern Wisconsin (all collections were approved by
the Wisconsin Department of Natural Resources). One sample containing 100 mg of guano,
approximately 10 pellets, was extracted from each site using QlAamp DNA stool Mini Kit
following the procedure in Appendix S2 of the Supporting Information. The DNA was then
amplified using primers modified for metabarcoding by adding an lon Torrent Xpress trP1
adapter sequence on the reverse primer and barcode sequence and lon Torrent Xpress A
adapter sequence on each forward primer (see Supporting Information, Table S1 for barcoded
primer sequences). Amplification conditions for the ANML pair followed the protocol used for
the primer pair test and conditions for the ZBJ pair followed the modified protocol for ZBJ
described in the primer pair test. Following amplification, each of the uniquely barcoded PCR
products was purified via size selecting E-Gel CloneWell Gels (Invitrogen) at approximately
180bp. The size-selected products were then quantified on an Invitrogen Qubit 2.0 Fluorometer
and brought to a concentration of 2000 pM using DNA-free, molecular grade water. We then
combined the products in equal amounts to produce the sequencing library. The library was
diluted to 13 pM prior to templating onto ion sphere particles (ISPs) with the lon OneTouch 2
system (Life Technologies) and a PGM Hi-Q OT2 templating kit (ThermoFisher #A27739),
according to the manufacturer's recommendations. The templated ISPs were then purified and
the templated DNA was sequenced using the lon Torrent Personal Genome Machine (PGM,;
ThermoFisher) with the lon PGM Hi-Q Sequencing Kit (ThermoFisher #A25592) according to the

manufacturer's protocol for 400 bp sequencing.
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Bioinformatics
HTS data were processed using the ‘DADA2’ method via the AMPtk pipeline

(https://github.com/nextgenusfs/amptk). Briefly, the AMPtk pipeline processes (de-

multiplexes) HTS amplicon sequencing reads by: 1) identifying a valid barcode index in each
read, 2) identifying forward and reverse primer sequences, 3) trimming barcode and primer
sequences, 4) renaming the read based on barcode index, and 5) trimming/padding the reads
to a set length. The DADA2 algorithm (Callahan et al. 2016) is an alternative to widely used
sequence-clustering algorithms (e.g., UPARSE, UCLUST, nearest-neighbor, SWARM, etc.) and
functions to “denoise” HTS sequencing reads. DADA2 has been shown to be very accurate and
is sensitive to single base pair differences between sequences (Callahan et al 2016). AMPtk
implements a modified DADA2 algorithm that produces the standard “inferred sequences”
output of DADA2 as well as clusters the “inferred sequences” into biologically relevant OTUs
using the UCLUST (Edgar 2010) algorithm employed in VSEARCH (Rognes et al. 2016). The
resulting AMPtk OTU tables can be filtered based on spike-in mock communities (described
below). Taxonomy for mtCO1 is assigned in AMPtk using a combination of global sequence

alignment, UTAX (http://www.drive5.com/usearch/manual/utax_algo.html), and SINTAX (Edgar

2016) using a CO1 reference database. The current CO1 database distributed with AMPtk was
derived from collating sequences from representative barcode index numbers (BIN) from
chordates and arthropods in the Barcode of Life v4 database (BOLD; Ratnasingham & Hebert
2007) and is available at:

https://github.com/nextgenusfs/amptk/blob/master/docs/reference databases.md.

Development and testing of an arthropod mock community

To produce a mock community to serve as a control for HTS data analysis, 43 of the
arthropod taxa used in the primer pair test were chosen as candidates (Table 2). DNA from each
arthropod was amplified using LCO1490/HC02198 primers as described previously. To remove
intragenomic variation (Song et al. 2008), the resulting amplicons were cloned into E. coli using
the Promega pGem-T vector system following the manufacturer’s instructions with the
modifications used by Lindner & Banik (2009). Three clones of each arthropod taxon were

subsequently Sanger sequenced to verify the presence of the CO1 insert sequence. Two of the
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200 cloned arthropods produced cloned sequence variants, and these variants (3 total) were also
201  included in the mock community, bringing our mock community total to 46. Plasmids were

202  purified using standard alkaline lysis and the resultant DNA was then quantified on an

203  Invitrogen Qubit 2.0 Fluorometer and brought to a concentration of 1500 pM using DNA-free,
204  molecular grade water. Plasmids were then diluted 1:20 using DNA-free molecular grade water
205  and individually amplified using the ion ANML primers with the same barcode. The individual
206  PCR products were then visualized on a 2% agarose gel, cleaned and size selected at > 150 bp
207  using Zymo Research Select-A-Size DNA Clean & Concentrator spin columns, quantified and
208  equilibrated to 2000 pM as described previously, and subsequently combined in equal

209  amounts. This amplicon mixture is referred to as our “post-PCR combined mock community”,
210  which serves as a control to validate sequencing efficiency of each mock member. To measure
211  initial PCR bias and to parameterize our bioinformatics pipeline, we also created “a pre-PCR
212 combined mock community” by combining our 1500 pM plasmids in equal amounts. The pre-
213 PCR combined mock community was then diluted to a 1:8000 concentration prior to

214  amplification with ANML barcoded primers. The resulting barcoded PCR product was then

215  visualized, size selected, quantified, and brought to 2000 pM as described before. The resulting
216  barcoded PCR products were then prepared and sequenced on an lon Torrent PGM and data
217  were bioinformatically processed as described above.

218 Testing of known mixed samples with mock community and our pipeline

219 To test prey DNA recovery from bat guano, two bats, one Eptesicus fuscus and one

220  Lasiurus cinerus, were fed known diets of Galleria mellonella, Tenebrio molitor and Antheraea
221  polyphemus alone and in combination (Table 4). The bats were fed each known diet for one
222  day, and guano pellets were collected during the following 24 hours (approved by Boise State
223 University Institutional Animal Care and Use Committee 006-AC14-018). We analyzed three
224  known diet combinations from the E. fuscus individual and two known diet combinations from
225  the L. cinerus individual. DNA was extracted from guano samples using Qiagen QlAamp mini
226  Stool kits, following the modified protocol described in Zeale et al. (2011). DNA from the known

227  diet samples was amplified with barcoded ANML primers, and the resulting PCR products were
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then visualized, size selected at > 150 bp using Zymo Research Select-A-Size DNA clean and
concentrator spin columns, quantified, and brought to 2000 pM as described before.

To test the effectiveness of the method on complex insect communities, five samples
from pitfall traps from the Snake River Birds of Prey Conservation Area in Kuna, Idaho were
analyzed. Each pitfall trap consisted of a glass jar containing propylene glycol. Traps were left
outside for 2-3 days, at which point the contents of the traps were rinsed with 100% ethanol
and subsequently transferred to glass vials containing 100% ethanol for storage at room
temperature. All trap samples were sent to the Florida Museum of Natural History in
Gainesville, Florida for visual identification to arthropod family and long-term storage at -20° C.
Initial identities of the arthropods present in the insect trap samples were obtained using
traditional morphological keys, and most were identified by eye to the family level, with the
following exceptions: all springtails were identified to order (Collembola), centipedes were
identified to class (Chilopoda) and mites were identified to subclass (Acari).

The samples were sent to the United States Forest Service, Northern Research Station,
Center for Forest Mycology Research in Madison, Wisconsin, where they were processed for
molecular analysis. Arthropods from the trap samples were rinsed in DNA-free molecular grade
water and prepared for DNA extraction in two ways: (1) the excised leg muscles of larger
arthropods, and smaller arthropods with open thoraxes were combined and submersed in CLS
and vortexed (dissected sample), or (2) the intact arthropods were added to 15mL CLS and
macerated with a sterile pestle and vortexed (macerated sample). DNA extraction followed
details described in Appendix S1 of the Supporting Information; metabarcoding PCR, and HTS
then proceeded as previously described. Data were bioinformatically processed as described
before.

Results
Testing of primer pairs against known insect samples

Fifty-eight of the 59 taxa (98%) amplified with the ANML (LCO1490/CO1-CFMRa) and
CFMRb (LCO1490/CO1-CFMRb) primer pairs, with both pairs failing to amplify the same carabid
beetle (Table 2). Fifty-two of 59 taxa (89%) amplified with the CO1L/H primer pair and 48 of 59
(81%) amplified with the LEP primer pair; the LEP pair amplified 100% of the Lepidopterans and
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Dipterans tested (Table 2). The ZBJ primer pair amplified 24 of the 59 (41%) taxa tested with the
Zeale et al. (2011) protocol and 27 of the 59 (46%) taxa using our modified protocol. The ZBJ
primer pair successfully amplified at least one representative from each arthropod order tested
(Table 2).
HTS of field-collected guano samples using two different primer pairs

Both the ZBJ and the ANML primers produced an amplification product from the three
Myotis lucifugus guano samples. For both primer sets combined, a total of 64 OTUs (Table 3)
were detected, of which 59 could be identified to the family level, representing 10 orders
comprised of 28 families. The ANML primers detected 56 OTUs and the ZBJ primers detected 15
OTUs. Seven of the 64 total OTUs were detected with both sets of primers, 49 were detected
only with the ANML primers while 8 were only detected with the ZBJ primers. Representatives
from all ten orders and 26 families were recovered using the ANML primer pair, while the ZBJ
pair recovered representatives from three orders and eight families. The most often detected
family was the dipteran midge family Chironomidae, with 27 OTUs, 24 of which were detected
by the ANML primers and 6 by ZBJ. The second most often detected family were mosquitoes
(Family: Culicidae), with 5 OTUs detected by ANML but only one by ZBJ. All but one of the
remainder of the families were represented by only one OTU each.
Development and testing of an arthropod mock community

The individual plasmid components of our post-PCR combined mock community
generated read counts that ranged from 3740 to 4; the mean was 2119 and standard deviation
+/- 799, with 89% (41 out of 46) yielding greater than 1500 reads (Figure 1; supplemental table
1). All mock members in the post-PCR combined community were recovered, although 3
generated final read counts below 100 (range 4 to 12). In contrast, individual members of our
pre-PCR combined mock community generated read counts that ranged from 10,577 to O with a
mean of 2174 and standard deviation of +/- 2238, with 54% (25 of 46) yielding more than 1500
reads. Two of our mock members did not generate any sequences in the pre-PCR combined
community and an additional 4 generated final read counts below 100 (range 2 to 39).

Testing of known mixed samples with mock community and our pipeline
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The results of the known diet HTS samples are summarized in Table 4. We detected DNA
from all of the expected dietary components in all 5 of the known diet samples tested.
Additionally, we detected DNA from two possible accidental dietary components (Empria
takeuchii and Agrotis ipsilon) in big brown bat (Eptesicus fuscus) diet samples that included
both Galleria and Tenebrio as dietary components. We also detected DNA from a parasitoid
wasp (Family: Ichneumonidae) in 3 of 4 (75%) diet samples that included Galleria larvae. Finally,
we detected big brown bat (E. fuscus) DNA in 2 of the 3 samples from big brown bats, and
hoary bat (L. cinereus) DNA in both (2 of 2) of the samples from hoary bats (Table 4). These data
were processed bioinformatically with DADA2, with and without 97% clustering applied to the
inferred sequence table that resulted from the DADA2 output. Without clustering, we obtained
one inferred sequence for G. mellonella, Antheraea polyphemus, E. takeuchii, A. ipsilon and E.
fuscus, but obtained 11 inferred sequences for Tenebrio molitor, 7 from Ichneumonidae, and 3
for L. cinereus. After clustering at 97%, we maintained the OTU number for all taxa that had one
OTU before clustering, and obtained 2 OTUs for T. molitor, 1 OTU for Ichneumonidae, and 2
OTUs for L. cinereus.

The results of the pitfall trap samples are summarized based on presence or absence of
families in Table 5. There appears to be no significant effect of the method in which the
communities were extracted (dissected samples or macerated samples) on the efficiency of
taxon recovery. Overall, in 5 samples 37 families identified using conventional morphological
methods were also recovered with HTS, while a further 18 families morphologically identified
were not recovered with HTS and 16 families were only recovered with HTS. Of the 18 families
missed by HTS, 9 were probably a result of either a morphological or sequence
misidentification, with the remaining 9 most likely lost through system bias.

Discussion

Through an amplification test of 5 primer pairs against a taxonomically diverse
community of arthropods, we demonstrated that our ANML and CFMRb primer pairs amplified
more taxa than previously described primer pairs (CO1L/H, ZBJ, and LEP) in a standard PCR.
Through a direct comparison of field-collected guano samples subjected to HTS with two primer

pairs, ANML and ZBJ, we demonstrated that the ANML primer pair amplified substantially more
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taxa than the ZBJ primers, the commonly used primer pair for HTS studies examining the diets
of insectivorous animals. When we used both pairs on the same environmental samples, the
ANML pair yielded almost four times as many arthropod taxa than the ZBJ pair. We also
detected chiropteran (bat) sequences in fecal samples from bats using the ANML primer pair,
although the number of chiropteran DNA sequences and OTUs was insignificant compared to
the overall number of sequences generated. Thus, the amplification of chiropteran DNA did not
significantly impact the recovery of arthropod DNA, a feature that helps confirm the identity of
the bat target species, as well as their dietary components. It is likely that the CO1 region of
other vertebrates could also be amplified by the ANML primers, thus helping to confirm the
identity of the consumer in a range of systems (e.g. other mammal species, reptiles,
amphibians, and birds). Because they produce longer PCR products, the ANML primers (180 bp
product) also allow for better taxon delineation compared to the ZBJ primers (157 bp product).
Improved detection of pest species

Insectivorous animals are valued as providers of pest control; however, the total
economic value of this ecosystem service is difficult to estimate (Boyles et al. 2011; Cleveland et
al. 2006; Maine & Boyles 2015; Williams-Guillén et al. 2016). Determining the full value is
dependent on the reliable detection of the pest species present in the diets of insectivorous
animals. HTS can be a powerful tool for helping to build the empirical basis necessary to
estimate ecosystem services, but the success of this approach depends in part on primer
efficacy. Based on our analyses, the ANML primers are a major methodological improvement
over existing primers, allowing for the detection of greater arthropod diversity in the
environmental samples we tested, including a greater diversity of known pests such as
mosquitoes (Family: Culicidae). The prevalence of mosquitoes is usually very low in other
molecular studies of bat guano that rely upon the ZBJ primers (Clare et al. 2014a; Clare et al.
2014b; Gonsalves et al. 2013; Rolfe et al. 2014), and some have gone as far as to say that
mosquitoes are not important prey items for bats (Fenton 2012). Specifically, in our guano
samples, the ZBJ pair was only able to detect Aedes vexans, while the ANML pair detected A.

vexans plus four other Culicidae species in the same samples. Thus, the ANML primers allow for
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better estimation of the ecosystem services of bats, and perhaps other insectivores, as
predators of mosquitoes and other economically important pest species.
Single-copy arthropod mock community, sources of unexpected variation and some solutions

While some authors have noted that HTS data are unreliable as a source to measure
community member abundance (Pifiol et al. 2015), many HTS studies of environmental samples
continue to use abundance metrics based on read numbers. To test the validity of read number
as an estimate of relative abundance, we combined pre- and post-PCR mock communities in
equimolar amounts prior to sequencing. We predicted that if the approach is valid, read
numbers should be equal across taxa. Instead, even though each member of the mock
community amplified well in individual PCRs, we observed a large variation in read numbers for
the pre-PCR combined mock community, with some members being absent. In contrast, the
post-PCR combined mock was far less variable (Figure 1). The initial PCR introduced a large
amount of taxonomic bias by preferentially amplifying some taxa, as inferred from the
difference in variability in read numbers between the post and pre-PCR mixes of our arthropod
mock community. Sequencing itself also introduced bias resulting in differences in read
numbers between the mock members that were combined post-PCR. Some of the variation in
read numbers among mock community members was probably induced by mismatches in the
priming site, given that some members possessing three or more primer mismatches. While
this number of mismatches did not inhibit amplification in individual PCRs, in a competitive
mixed PCR the mismatches could result in an amplification bias. Differences in read numbers
can also be attributed to sequence characteristics such as homopolymer regions and GC
content. Our mock community data demonstrated that using read numbers as proxies for
abundance in environmental samples is problematic, especially in complex samples.

Because our arthropod mock community consists of single-copy cloned plasmids, we
expected to find only one OTU per mock member, allowing the conclusive identification of
spurious or chimeric sequences generated during the sequencing process. Some of these
chimeras are the result of simple binning errors and others are true chimeras (i.e., hybrid
sequences as a result of PCR and sequencing error). A critical component of chimera filtering is

having a curated database of reference sequences. We initially attempted to use all available
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CO1 sequences in BOLD, but encountered many inconsistencies; thus, we manually curated a
subset of those sequences to use for reference sequences. This curated reference database is
available at

https://github.com/nextgenusfs/amptk/blob/master/docs/reference databases.md. As

additional well-documented sequences are added to the database, the ability to identify
chimeric sequences will continue to improve, thus enhancing the accuracy of OTU identification
in HTS of CO1.

Without the use of a mock community, final OTU counts may be greatly inflated
because it is difficult to identify spurious OTUs. Spurious OTUs may arise from PCR- or
sequencing-based chimera formation as well as errors generated by clustering algorithms.
Using a widely used clustering algorithm (UPARSE; Edgar 2013) and fine-tuned filtering
parameters, our initial OTU estimate for our 46 member single copy mock community was 70,
and thus inflated by at least 52% by the generation of spurious OTUs. Through manual
inspection of the sequences, most of the spurious OTUs in the mock community were PCR-
based chimeras that passed the chimera filter and were not observed in any other sample.
Using our mock community as a reference, we were able to assess the efficacy of an alternative
OTU picking algorithm, DADA2 (Callahan et al. 2016). Using the DADA?2 algorithm followed by
97% UCLUST clustering, we were able to reduce the number of OTUs in our pre-PCR combined
mock community from 70 to 43. This method is still imperfect, as one of the OTUs was
attributed to sequencing error and one was a chimera, thus reducing the final number to 42.
Two of our mock members were lost because they did not sequence well, and an additional
two were intra-individual variants of other mock members (Harmonia axyridis and Phalangium
opilio), and clustered with their “sibling” sequences after UCLUST was applied to the DADA2
output. When we used the curated reference database for chimera filtering with UCHIME in
combination with the DADA?2 algorithm, we were able to remove all but one spurious OTU from
our mock community, demonstrating that clustering algorithms can be fine-tuned to minimize
spurious OTU generation with the use of single-copy mock communities.

Estimates of taxonomic richness may also be inflated by intragenomic variability in

barcoding regions. Intragenomic variability is known in some of the most commonly used
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400 barcoding regions, such as the fungal ITS region (Lindner & Banik 2011; Lindner et al. 2013;
401 Schoch et al. 2012), as well as the mitochondrial CO1 region (Song et al. 2008). Therefore,

402  intragenomic variability could be a common issue with many other loci. The presence of this
403  individual-level variation can lead to the inflation of taxon numbers because intragenomic

404  variants are often misclassified as separate OTUs (Lindner & Banik 2011; Song et al. 2008). Two
405 conditions that can cause this apparent variation in the CO1 locus, specifically, are

406  heteroplasmy and the presence of nuclear mitochondrial pseudogenes (numts), which are

407  pieces of mitochondrial DNA that have been incorporated into the genome (Song et al. 2008).
408 We detected intra-individual variation in the CO1 region in Harmonia axyridis and Phalangium
409  opilio via standard cloning and sequencing, even though a limited number of clones were

410 sequenced (i.e., two sequence variants were detected by sequencing only three clones from
411  each of these individuals). Based on these observations from a very limited sampling of 3 clones
412  perindividual, it seems likely that individuals harbor many such variants and that individual-
413  level variability could significantly inflate diversity estimates in HTS of the CO1 region. The H.
414  axyridis variants only differed by 2.1% (14 of 658 bp) but the P. opilio variants were more than
415 three percent different (3.5%, or 23 of 659 bp). Many of these differences occurred in the

416  fragment amplified by the ANML primers and thus traditional clustering would have identified
417  them as distinct OTUs. Both variants of H. axyridis and P. opilio were included in our arthropod
418 mock community to determine if our bioinformatics pipeline would bin the sequence variants
419 from the same individual into separate inferred sequences. When we applied the DADA2

420  algorithm without clustering, the variants separated into separate OTUs. After we applied 97%
421  clustering to the resulting DADA2 inferred sequences, the variants we observed in our single
422  copy mock community binned together. The use of single-copy cloned plasmid DNA for mock
423  community members is crucial because it removes cryptic sources of biological variation that
424  might otherwise occur within the mock community.

425  Validation of the ANML primer pair and mock community

426 We further validated our primers and HTS system using two types of samples with

427  known composition: (1) guano samples from bats fed known diets and (2) samples from insect

428  traps that were identified by morphology. From the guano samples, we recovered all taxa
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included in the known diets and also recovered additional OTUs (Table 4). The initial total OTU
estimate for our five known diet samples was 42 based on UPARSE clustering, 31 inferred
sequences based on DADA2 without clustering, and 10 OTUs based on DADA2 with 97%
clustering. Much of the taxonomic reduction in the known diet samples after using DADA2 with
clustering can be attributed to sequence variants of two taxa, Tenebrio molitor and
Ichneumonidae sp. These two taxa yielded up to 11 and 7 inferred sequences per sample with
the DADA2 algorithm, respectively, before 97% clustering was applied. However, after
clustering was applied, they yielded up to two OTUs per sample. The degree to which these
variants represent intra-individual sequence variation, or variants among individuals, cannot be
determined here, but offers an interesting topic for future investigation. The estimate with
DADAZ2 with clustering is much closer to the expected richness of 5 OTUs than other estimates.
Several OTUs detected from the known diet samples were unexpected, but probably real
components of the bat diet. Two of these OTUs, E. takeuchii and Agrotis ipsilon, are likely
contaminants in the dietary components because their larval forms may have been mixed into
the G. mellonella larvae that comprised the diet. We also detected an ichneumonid parasitoid
wasp, which was perhaps parasitizing one or more of the insects in the diet. The unexpected
taxa could have been anticipated by sequencing a subsample of the known dietary components
prior to feeding.

HTS successfully recovered the majority of arthropods present in mixed samples from
pitfall traps (Table 5). After taking into account probable morphological identification errors,
approximately 80% of the taxa identified by morphology were also identified via HTS. Those
taxa missed by HTS may have been missed due to biases in the molecular pipeline such as PCR
biases that arose in these complex communities, or perhaps these taxa require more specific
primers. There were also taxa that were detected with HTS but missed by morphological
identification. These additional taxa may have been may have been consumed by or otherwise
associated with the arthropods collected in the traps, misidentified during the morphological
identification, or may be DNA contamination of the traps or other collection equipment.

Conclusion

16

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.3184v1 | CC BY 4.0 Open Access | rec: 24 Aug 2017, publ: 24 Aug 2017




457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485

We demonstrated that the ANML primer pair detects a greater number of arthropod
taxa than other frequently used CO1 primer pairs. The use of HTS read numbers as a measure
of abundance in environmental samples is problematic due to biases introduced during both
PCR and HTS. These biases may be partially alleviated in the future by non-PCR based
techniques such as shotgun metagenomics and target capture techniques. However, shotgun
metagenomics are currently far more expensive than amplicon sequencing and may be cost-
prohibitive to most researchers, and target capture has not yet been thoroughly evaluated for
community characterization of environmental samples. Failing to use appropriate positive
controls for amplicon-based studies can lead to over-estimation of diversity, and the
persistence of “nonsense taxa”. Thus, mock community controls are necessary to parameterize
downstream bioinformatics, especially for diversity and community structure related questions

and we advocate for the inclusion of a spike-in mock control in every HTS run.
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601 Tables and Figures
602
603  Table 1: Sequences and references, and primer pair names for the primers tested against

604  known arthropod samples.

605
Primer name Primer sequence Reference Pair name
LCO1490 5’-GGTCAACAAATCATAAAGATATTGG-3’ Folmer et al. 1994 CO1L/H
HCO2198 5’-TAAACTTCAGGGTGACCAAAAAATCA-3’ Folmer et al. 2003
LEPF1 5’-ATTCAACCAATCATAAAGATATTGG-3’ Hebert et al. 2004 LEP
mLEPR 5’-CTTGTTCCAGCTCCATTTT-3’ Smith et al. 2006
ZBJ-ArtFlc 5'-AGATATTGGAACWTTATATTTTATTTTTGG-3'  Zeale et al. 2011 ZBJ
ZBJ-ArtR2c 5’-WACTAATCAATTWCCAAATCCTCC-3’ Zeale et al. 2011
LCO1490 5’-GGTCAACAAATCATAAAGATATTGG-3’ Folmer et al. 1994 ANML
CO1-CFMRa 5'-GGWACTAATCAATTTCCAAATCC-3’ This study
LCO1490 5’-GGTCAACAAATCATAAAGATATTGG-3’ Folmer et al. 1994 CFMRb
CO1-CFMRb 5’-GGNACTAATCAATTHCCAAATCC-3’ This study
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Table 2: Results from testing the 5 primer pairs listed in Table 1 on known insect samples. Shading and a value

of 1 indicate amplification; no shading and a value of zero indicate no amplification. Amplification was

attempted on a variety of DNA concentrations for each template DNA sample before assigning a value of zero

(no amplification). Arthropod mock community members are indicated with the superscript IM. An asterisk

indicates that two different cloned sequence variants of an individual were added to the arthropod mock

community. ** Indicates that three different cloned sequence variants of an individual were added to the

arthropod mock community.

ZBJ
Zeale et ZB)
al. 2011

co1

modified

Order Family Identity ANML CFMRb protocol  protocol LEP
Blattodea Blattidae Periplaneta fuliginosa"v|
Blattodea Ectobiidae Supella longipalpa™ _
Coleoptera Cantharidae Chauliognathus pennsylvanicus
Coleoptera Carabidae Carabidae sp.

Coleoptera Cerambycidae Tetraopes sp.

Coleoptera Chrysomelidae Paria fragariae'M
Coleoptera Coccinellidae Harmonia axyridis™ **
Coleoptera Hydrophilidae Hydrophilidae sp.""|
Coleoptera Meloidae Epicauta sp.

Coleoptera Scarabaeidae Euphoria fulgida""I
Coleoptera Tenebrionidae Tenebrio molitor
Coleoptera unk. Coleoptera Polyphaga sp.""I
Dermaptera Forficulidae Forficulidae sp.

Diptera Anthomyiidae Delia platura™

Diptera Bombyliidae Lepidophora lutea™
Diptera Chironomidae Dicrotendipes sp.IM
Diptera Chironomidae Procladius sp.™

Diptera Culicidae Aedes Albopictus™
Diptera Culicidae Aedes vexans™

Diptera Leptoceridae Oecetis inconspicua
Diptera Tipulidae Nephrotoma ferruginea'M
Ephemeroptera Ephemeridae Hexagenia limbata 1
Ephemeroptera Ephemeridae Hexagenia limbata 2™
Ephemeroptera Heptageniidae Leucrocuta maculipennis™
Ephemeroptera unk. Ephemeropotera Ephemeroptera sp.
Hemiptera Aphididae Aphis helianthi ™
Hemiptera Cicadellidae Osbornellus auronitens
Hemiptera Cicadidae Cicadidae sp.

Hemiptera Corixidae Corixidae sp.

Hemiptera Corixidae Sigara alternata™
Hemiptera Pentatomidae Acrosternum hilare™
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Hymenoptera Apidae Apis mellifera"v| 0
Hymenoptera Crabonidae Sphecius convallis

Hymenoptera Eucharitidae Eucharitidae sp."™

Hymenoptera Formicidae Formica fusca

Hymenoptera Formicidae Formica sp."™

Hymenoptera Tenthredinidae Empria takeuchii ™

Lepidoptera Crambidae Crambus agitatellus™

Lepidoptera Crambidae Elophila obliteralis™

Lepidoptera Crambidae Udea rubigalis™

Lepidoptera

Depressariidae

. . IM
Depressaria pastinacella

Lepidoptera Erebidae Hypena scabra™
Lepidoptera Erebidae Hyphantria cunea™
Lepidoptera Erebidae Idia aemula™
Lepidoptera Erebidae Renia factiosalis™

Lepidoptera

Geometridae

Haematopis grataria""|

Lepidoptera Noctuidae Agrotis ipsilon™
Lepidoptera Tortricidae Choristoneura rosaceana™
Neuroptera Chrysopidae Chrysopa oculata™
Neuroptera Mantispidae Mantispidae sp.""|
Opiliones Phalangiidae Phalangium opilio'M*
Orthoptera Acrididae Melanoplus femurrubrum™
Orthoptera Tettigoniidae Scudderia curvicauda™
Orthoptera Tettigoniidae Tettigoniidae sp."vI

Trichoptera

Hydropsychidae

Potamyia flava

Trichoptera

Hydroptilidae

Orthotrichia sp.™

Trichoptera

Leptoceridae

M
Ceraclea maculata

Trichoptera

Leptoceridae

. M
Leptocerus americanus

Trichoptera

unk. Trichoptera

Trichoptera sp.

Negative control 0 0 0 0 0 0
Total 58 58 52 24 27 48
% Total 98.31 98.31 88.14  40.68 45.76 81.36
613
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615
616
617

Table 3: Operational Taxonomic Units (OTUs) recovered using high-throughput amplicon sequencing (HTS) and

either the ANML primers or the ZBJ primers on 3 field-collected guano samples. Numbers (0-3) and

representative shading indicate the number of guano samples each OTU was detected in for each primer pair.

ANML ZB) Phylum Class Order Family Genus species
1 0 Arthropoda  Arachnida Araneae Theridiidae Theridion Theridion frondeum
- 0 Arthropoda  Arachnida  Trombidiformes Limnesiidae Limnesia Limnesia sp.
1 0 Arthropoda  Arachnida  Trombidiformes Trombidiformes sp.
1 0 Arthropoda  Arachnida Arachnida sp.
1 0 Arthropoda Insecta Coleoptera Coccinellidae Harmonia Harmonia sp.
- 0 Arthropoda Insecta Coleoptera Elateridae Melanotus Melanotus similis
1 0 Arthropoda Insecta Coleoptera Hydrophilidae Helocombus Helocombus bifidus
1 0 Arthropoda Insecta Coleoptera Scarabaeidae Scarabaeidae sp.
1 0 Arthropoda Insecta Coleoptera Tenebrionidae Tenebrio Tenebrio sp.
1 0 Arthropoda Insecta Coleoptera Coleoptera sp.
1 0 Arthropoda Insecta Diptera Bibionidae Bibio Bibio sp.
1 0 Arthropoda Insecta Diptera Ceratopogonidae Bezzia Bezzia sp.
I- Arthropoda Insecta Diptera Chaoboridae Chaoborus Chaoborus punctipennis
1 1 Arthropoda Insecta Diptera Chironomidae Ablabesmyia Ablabesmyia americana
1 0 Arthropoda Insecta Diptera Chironomidae Ablabesmyia Ablabesmyia annulata
1 0 Arthropoda Insecta Diptera Chironomidae Ablabesmyia Ablabesmyia sp. 1
1 0 Arthropoda Insecta Diptera Chironomidae Ablabesmyia Ablabesmyia sp. 2
0 Arthropoda Insecta Diptera Chironomidae Chironomus Chironomus plumosus
1 1 Arthropoda Insecta Diptera Chironomidae Chironomus Chironomus sp. 1
g Arthropoda  Insecta Diptera Chironomidae Chironomus Chironomus sp. 2
1 0 Arthropoda Insecta Diptera Chironomidae Coelotanypus Coelotanypus sp.
1 0 Arthropoda  Insecta Diptera Chironomidae Conchapelopia Conchapelopia sp.
1 0 Arthropoda Insecta Diptera Chironomidae Cryptochironomus  Cryptochironomus sp. 1
0 Arthropoda  Insecta Diptera Chironomidae Cryptochironomus Cryptochironomus sp. 2
0 Arthropoda Insecta Diptera Chironomidae Dicrotendipes Dicrotendipes tritomus
- 1 Arthropoda Insecta Diptera Chironomidae Parachironomus Parachironomus sp. 1
1 0 Arthropoda Insecta Diptera Chironomidae Parachironomus Parachironomus sp. 2
1 0 Arthropoda Insecta Diptera Chironomidae Parachironomus Parachironomus sp. 3
- 0 Arthropoda Insecta Diptera Chironomidae Polypedilum Polypedilum sp. 1
1 0 Arthropoda Insecta Diptera Chironomidae Polypedilum Polypedilum sp. 2
_ Arthropoda Insecta Diptera Chironomidae Procladius Procladius sp. 1
1 0 Arthropoda Insecta Diptera Chironomidae Procladius Procladius sp. 2
1 0 Arthropoda Insecta Diptera Chironomidae Procladius Procladius sp. 3
0 1 Arthropoda Insecta Diptera Chironomidae Procladius Procladius sp. 4
1 0 Arthropoda Insecta Diptera Chironomidae Xenochironomus Xenochironomus sp.
0 Arthropoda Insecta Diptera Chironomidae Chironomidae sp. 1
1 0 Arthropoda Insecta Diptera Chironomidae Chironomidae sp. 2
- 0 Arthropoda Insecta Diptera Chironomidae Chironomidae sp. 3
0 Arthropoda Insecta Diptera Chironomidae Chironomidae sp. 4
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0 1 Arthropoda Insecta Diptera Chironomidae Chironomidae sp. 5
1 0 Arthropoda Insecta Diptera Culicidae Aedes Aedes abserratus
1 0 Arthropoda Insecta Diptera Culicidae Aedes Aedes excrucians
1 0 Arthropoda Insecta Diptera Culicidae Aedes Aedes provocans
1 1 Arthropoda Insecta Diptera Culicidae Aedes Aedes vexans
1 0 Arthropoda Insecta Diptera Culicidae Culiseta Culiseta melanura
1 0 Arthropoda Insecta Diptera Hybotidae Platypalpus Platypalpus sp.
0 1 Arthropoda Insecta Diptera Limoniidae Shannonomyia Shannonomyia lenta
1 0 Arthropoda Insecta Diptera Psychodidae Psychoda Psychoda alternata
1 1 Arthropoda Insecta Diptera Tachinidae Tachinidae sp.
1 0 Arthropoda Insecta Diptera Tipulidae Nephrotoma Nephrotoma ferruginea
0 1 Arthropoda Insecta Diptera Tipulidae Tipula Tipula kennicotti
1 1 Arthropoda Insecta Ephemeroptera  Caenidae Caenis Caenis youngi
1 0 Arthropoda Insecta Ephemeroptera  Palingeniidae Pentagenia Pentagenia vittigera
1 0 Arthropoda Insecta Ephemeroptera  Siphlonuridae Siphlonurus Siphlonurus typicus
1 0 Arthropoda Insecta Hemiptera Corixidae Trichocorixa Trichocorixa borealis
1 0 Arthropoda Insecta Hemiptera Miridae Lygus Lygus lineolaris
0 1 Arthropoda  Insecta Lepidoptera Blastobasidae Blastobasis Blastobasis glandulella
1 0 Arthropoda Insecta Lepidoptera Depressariidae Antaeotricha Antaeotricha leucillana
Argyrotaenia
1 0 Arthropoda Insecta Lepidoptera Tortricidae Argyrotaenia pinatubana
1 0 Arthropoda Insecta Lepidoptera Lepidoptera sp.
1 0 Arthropoda Insecta Megaloptera Corydalidae Chauliodes Chauliodes rastricornis
1 0 Arthropoda Insecta Trichoptera Hydroptilidae Oxyethira Oxyethira serrata
é- Arthropoda Insecta Insecta sp.
0 Chordata Mammalia Chiroptera Vespertilionidae =~ Myotis Myotis lucifugus
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619 Table 4: Number of OTUs identified from bats fed known insect diets, broken down by expected dietary components, possible

620 accidental dietary components, and bat DNA. Blanks are zeros. DADA2 is data from DADA2, without clustering. DADA2 97% cluster is
621  data from DADA2 with 97% clustering applied to the OTU table. Shaded cells are dietary components that were expected (i.e. known
622  to be fed to the bat). EPFU1, EPFU2, and EPFU3 are from Big Brown Bats (Eptesicus fuscus), and LACI1 and LACI2 are from Hoary Bats
623  (Lasiurus cinereus).

624
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Expected dietary components Possible accidental dietary components Bat DNA
Galleria Tenebrio Antheraea Empria Agrotis ipsilon | Ichneumonidae Eptesicus Lasiurus
mellonella molitor polyphemus takeuchii sp. fuscus cinereus
DADA2  DADA2 | DADA2 DADA2 | DADA2 DADA2 | DADA2 DADA2 | DADA2 DADA2 | DADA2  DADA2 | DADA DADA2 | DADA2  DADA2
97% 97% 97% 97% 97% 97% 2 97% 97%
cluster cluster cluster cluster cluster cluster cluster cluster

1 1 1 1 1 1

1 1 1 1 7 1 1 1

1 1
3
3 2
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625 Table 5: Comparison of morphological and HTS family-level identifications of arthropods

626  collected from 5 pitfall traps. Arthropods from traps 1 and 4 were dissected pre-extraction, and

627  arthropods from traps 2, 3, and 5 were macerated pre-extraction. A “+” indicates presence of a

628  family.
629
Trap 3 Trap 4 Trap 5
Key NGS Key NGS Key NGS Key NGS Key NGS
Total Taxa 7 10 17 13 17 19 4 5 10 7
Order
Class subclais Family
Insecta Blattodea Ectobiidae +
Insecta Coleoptera Carabidae + +
Insecta Coleoptera Elateridae +
Insecta Coleoptera Melyridae + + + +
Ptinidae/
Insecta +
Coleoptera Anobiidae
Insecta Coleoptera Scarabaeidae +
Insecta Coleoptera Silphidae + +
Insecta Coleoptera Tenebrionidae + +
Entognatha  Collembola + +
Insecta Diptera Anthomyiidae + + + +
Insecta Diptera Bombyliidae + +
Insecta Diptera Calliphoridae + + +
Insecta Diptera Cecidomyiidae +
Insecta Diptera Culicidae +
Insecta Diptera Diptera sp. +
Insecta Diptera Heleomyzidae +
Insecta Diptera Phoridae + + +
Insecta Diptera Scathophagidae + +
Insecta Diptera Sciaridae +
Insecta Diptera Syrphidae + +
Insecta Hemiptera Aphididae + + + +
Insecta Hemiptera Cicadidae + +
Insecta Hemiptera Cicadellidae + + + + +
Insecta Hemiptera Geocoridae +
Insecta Hemiptera Miridae + +
Insecta Hemiptera Pentatomidae + +
Insecta Hemiptera Psyllidae + +
Insecta Hymenoptera Formicidae + + + + + + + +
Insecta Hymenoptera Braconidae +
29
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Insecta Hymenoptera Ceraphronidae
Insecta Hymenoptera Chalcidoidea
Insecta Hymenoptera Crabronidae
Insecta Hymenoptera Dryinidae
Insecta Hymenoptera Halictidae
Insecta Hymenoptera Hymenoptera sp.
Insecta Hymenoptera Ichneumonidae
Insecta Hymenoptera Pompilidae
Insecta Lepidoptera Gelechiidae
Insecta Lepidoptera Tortricidae
Insecta Neuroptera Chrysopidae
Insecta Orthoptera Acrididae
Insecta Orthoptera Tettigoniidae
Insecta Thysanoptera Thripidae
Insecta Thysanoptera Hydroptillidae
Arachnida Acari
Arachnida Araneae Araneae sp.
Arachnida Araneae Gnaphosidae
Arachnida Araneae Lycosidae
Arachnida Araneae Pisauridae
Arachnida Araneae Salticidae
Arachnida Araneae Thomisidae
Chilopoda

630

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.3184v1 | CC BY 4.0 Open Access | rec: 24 Aug 2017, publ: 24 Aug 2017

30




Preprnnts NOT PEER-REVIEWED

631  Figure 1: Heat map of the high-throughput amplicon sequencing read numbers of the

632  arthropod mock community, equilibrated and combined both pre- and post-PCR. The post-PCR
633 combined mock community was far more even and representative of the equal amounts of
634  DNA added for each mock member than the pre-PCR combined mock community.

635

Pre-PCR Post-PCR
Identity combined mock combined mock

Hyphantria cunea

Idia aemula
Haematopis grataria
Hypena scabra
Leucrocuta maculipennis
Mantispidae sp.
Lepidophora lutea
Phalangium opilio
Agrotis ipsilon
Harmonia axyridis
Euphoria fulgida
Aedes vexans

Paria fragariae
Choristoneura rosaceana
Aphis helianthi
Harmonia axyridis 1
Udea rubigalis
Harmonia axyridis 2
Procladius sp.

Supella longipalpa
Apis mellifera
Periplaneta fuliginosa
Aedes albopictus
Phalangium opilio 1
Hydrophilidae sp.
Scudderia curvicauda
Sigara alternata
Orthotrichia sp.
Nephrotoma ferruginea
Chrysopa oculata
Eucharitidae sp.
Melanoplus femurrubrum
Crambus agitatellus
Tettigoniidae sp.
Acrosternum hilare
Depressaria pastinacella
Ceraclea maculata
Elophila obliteralis
Empria takeuchii
Polyphaga sp.
Dicrotendipes sp.
Formica sp.

Delia platura

Renia factiosalis
Hexagenia limbata
Leptocerus americanus
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637  Data Accessibility

638 The corresponding data for this paper was deposited in the NCBI SRA (SRA study SRP102878;
639  BioProject PRINA380665), and barcoded primer information is provided in the supplemental
640 information.
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