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S1. High throughput sequencing technology
S1.1 What is it?
Since 2005, advances in high throughput sequencing technology have revolutionised biological science
(Shokralla et al. 2012). High throughput sequencing (otherwise known as next generation sequencing)
utilizes massively parallel sequencing to generate millions of sequences amounting to thousands of
megabases of information in a single stroke. This is opposed to Sanger sequencing (i.e. the technology
used for DNA barcoding), which produces a single sequence per reaction.
High throughput sequencing has many applications, for example individual DNA samples can be
sequenced to build genomes (Kocher et al. 2013), mixed DNA samples can be sequenced simultaneously
to gain a genomic perspective (metagenomics) of whole communities (e.g. Andújar et al. 2015; GómezRodríguez et al. 2015; Linard et al. 2015; Crampton-Platt et al. 2015), or specific markers can be
sequenced (metabarcoding) to gain a more targeted perspective of communities (Yu et al. 2012; Bik,
Porazinska, et al. 2012; Creer et al. 2010; Bohmann et al. 2014; Hänfling et al. 2016). These techniques
have shed light on many previously inaccessible environments (e.g. deep sea - Bik, Sung, et al. 2012) and
organisms (e.g. marine meiofauna - Fonseca et al. 2014; gut bacteria - Meeus et al. 2015), and are being
tested for their use with actual biomonitoring (see Pawlowski et al. 2016).
S1.2 How is it better than DNA barcoding?
DNA barcoding using conventional Sanger sequencing has been championed as a means to accurately
and rapidly identify species (Hebert et al. 2003), it is limited by the per specimen cost, and as such
restricted to small scale monitoring programs (Stein et al. 2014). Further, conventional sequencing requires
very high concentrations of high quality DNA template in order to be successful (Polz & Cavanaugh 1998),
completely miss out intra-individual variation (Shokralla et al. 2015), and is prone to co-amplification of
contaminant organisms (e.g. Wolbachia - Smith et al. 2012) that can leave the resulting data near-useless.
High throughput sequencing (HTS) produces such a massive amount of data that a great number of
samples can be processed simultaneously. Consequently, there is a tipping point where the expected perspecimen time and costs associated with identifying species is lower with these new technologies
(Shokralla et al. 2015; Meier et al. 2015; Stein et al. 2014), a fact well documented in recent literature (e.g.
Woodward et al. 2013; Baird & Hajibabaei 2012; Gill, Katherine C.R. Baldock, et al. 2016). However, the
starting cost of running a high throughput sequencing run is much greater than a Sanger sequencing run
and so these technologies are only cost effective when there is a high enough number of specimens. The
sequencing depth of these technologies means that the researcher can successfully analyse low
concentration and low quality DNA. Post hoc bioinformatic analyses can be used to identify erroneous
sequences that plague DNA barcoding studies (i.e. nuclear mitochondrial pseudogenes [NuMTs] and
Wolbachia). Plus, high throughput sequencing can answer questions that Sanger sequencing technology
cannot, for example deeper sequencing of individuals can be used to ascertain diet and trophic
associations (e.g. Pompanon et al. 2012; Gibson et al. 2014; Keller et al. 2015; Walker et al. 2016).
As an example of how HTS can be used to identify species from mixed samples, Tang et al. (2015) were
able to use mitochondrial metagenomic techniques to identify mock communities of bees. Importantly they
were able to correctly recognise 62 species where morphology was only able to correctly identify 53 (e.g.
correctly identifying B. lucorum workers as opposed to lumping with B. terrestris).
The greater than exponential rate of consumables cost drop in DNA sequencing over the last 30 years (a
trend that will likely continue given the newer sequencers currently being developed) and the high capacity
and read length of new sequencing machines means that it is finally cost effective and feasible to adopt
these technologies for biomonitoring programmes.
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S1.3 Illumina barcoding
The most common uses of high throughput sequencing technology for biodiversity assessment are from a
whole-community perspective (i.e. metabarcoding, metagenomics, mitochondrial metagenomics). The data
output from these high throughput sequencing runs is a huge list of sequence reads, these may be specific
markers (metabarcoding) or fragmented genomic DNA (shotgun sequencing – metagenomics). These
techniques sensu stricto cannot easily link specimens to sequences, which might be undesirable from the
perspective of some ecological managers and conservationists given the way that some ecological and
conservation metrics are currently adopted (i.e. needing diversity and abundance information).
To address this need for individual-based data that can easily slot into established ecological frameworks,
we test a new technique which allows for the delimitation of specific specimens as opposed to pools of
specimens (e.g. Shokralla et al. 2014; Shokralla et al. 2015; Meier et al. 2015). This technique, which we
call Illumina barcoding, has been developed at the NHMUK by Paula Arribas, Carmelo Andújar and
Alfried Vogler. It is similar to a method described recently by Meier et al. (2016). To maintain specimen
separation from DNA extraction through to the sequencing output requires the use of oligonucleotide tags,
which can be designed and added to either primers (pre-amplification) or libraries (post-amplification). By
combining both uniquely tagged primers with unique library indices it is feasible and cost effective to
individually tag hundreds (if not thousands) of specimens to be sequenced, which can be used to generate
very detailed diversity and abundance information from highly complex mixed-samples. This method is a
high throughput version of standard DNA barcoding. A more detailed review of the different molecular
techniques and how to choose and use them are presented in Section 9.
Here we apply Illumina barcoding to individually tag a total of 1,248 specimens to be sequenced on a
single sequencing run on a Illumina MiSeq platform. Once sequenced these reads will be identified to
species-level using the reference library compiled as part of Objective 1. This will generate a species list
for each sampling site and date and this can be compared directly to the species lists produced by the
consultant taxonomists as part of the National Pollinator and Pollination Monitoring Framework (donors of
many of the samples; Carvell et al. 2016). This comparison will allow us to validate the use of high
throughput sequencing for samples akin to those collected as part of a potential future monitoring scheme
in the UK.
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S2. User guide for high throughput sequencing
S2.1 Introduction
The idea of identifying animal species using a universal stretch of the genome (DNA barcode) has been
attributed to the seminal work of Paul D. N. Hebert (2003) although genomic approaches for DNA typing
was introduced much earlier for forensics (e.g. Higuchi et al. 1988) and standardised for other groups using
different loci (e.g. Yeast - Kurtzman 1994; Bacteria - Wilson 1995). The identification of species relies on
the idea that the target sequence is found in a broad range of species, that sequences within a species will
cluster more discreetly than those between species, i.e. that intraspecific divergences will be less than
interspecific divergences (the barcode gap), and that this gap makes all animal species diagnosable. DNA
barcoding has been used for the rapid assessment of diversity (e.g. Ward et al. 2005; Yu et al. 2012;
Hebert et al. 2013), to identify larval stages (e.g. Webb et al. 2006), and for forensics (e.g. Dawnay et al.
2007). DNA barcodes are analogous to retail barcodes in that a species’ genetic code at a standardised
locus can be used as a species identifier (Hebert, Cywinska, et al. 2003). The process of DNA barcoding
involves the amplification of a standard genetic region (COI for animals - Hebert, Cywinska, et al. 2003;
matK and rbcL for plants - CBOL Plant Working Group 2009; ITS for fungi - Schoch et al. 2012), the
comparison of this sequence to a database (Ratnasingham & Hebert 2007), and some degree of clustering
based on nucleotide similarity (Hebert, Cywinska, et al. 2003).
How these DNA barcodes are obtained varies between different techniques and these tools can be tailored
to the question at hand. The choice of these techniques depends on three things: 1) scale, 2) expense, and
3) resolution. Other than these three considerations, and perhaps more important, is the focal question;
different techniques should be tailored to answer the question at hand. Here an overview is provided of the
different techniques, the considerations to be made before choosing which technique to use (summarised
in a flow chart), and finally a protocol to adopt including considerations on collecting, sample storage, and
laboratory techniques.

S2.2 Different types of HTS
S2.2.1 Sanger sequencing
Sanger sequencing is the longest standing technique introduced here and is the process by which ~5
million of specimens have been uploaded onto BOLD (Barcode of Life Data systems). This technique does
not involve using high throughput sequencing and so a much smaller output is reached using this method,
but it has the benefit that long sequence reads (700 bp) at very low nucleotide error rate are produced. The
process involves the separate processing of each individual through DNA extraction, PCR, sequencing and
bioinformatic processing (Figure 9A). The end product is DNA barcode sequence associated independently
with a specimen, and if the identity of the specimen is unknown then it can be retrospectively identified by
comparing the focal sequence to a reference database.
1. Specimens are sorted into individual microtubes.
2. The investigator must choose how to extract the DNA from the specimen. The DNA extraction
method can be non-destructive, semi-destructive or destructive. Non-destructive: Pierce the
specimen (as would be done for pinning purposes) and place the whole specimen in the extraction
buffer, DNA from within the specimen is extracted while the external tissues are undamaged and
can be used for morphological taxonomy. Semi-destructive: Subsample part of the specimen, a
single hind leg for insects is very common practise as the morphological characters can be
investigated on the other hind leg. Here the specimen is not wetted, but the removed tissue can be
pulverised to facilitate more DNA extraction. Destructive: This involves pulverising the whole
specimen and extracting DNA from the homogenate. This is necessary if abundance/biomass
estimates are required, for a quantitative DNA extraction.
3. DNA extraction was performed using a Qiagen DNeasy Blood and Tissue kit following the
manufacturer’s protocol.

4

Tang et al. 2017 - Defra Report (PH0521) - Next generation pollinator identification

4. Genetic marker choice will depend on what the target taxa is. Typically animals are barcoded for
COI, plants are barcoded for matK, rbcL and increasingly ITS, fungi are barcoded for ITS and
microbial diversity is assessed using 16S.
5. For insects, PCR amplification of COI was performed following the Canadian Centre for DNA
Barcoding standardised techniques and reagents.
6. PCR amplicons are purified using Qiagen purification spin columns.
7. Purified PCR products are used in the sequencing reaction using BigDye Terminator v3.1 Cycle
Sequencing Kit following the manufacturer’s protocols.
8. Sequence reactions are purified before Sanger sequencing on an ABI 3770 automated sequencer.
9. Sequences are imported into sequence editing software, assembled, checked and edited.
10. Sequences can be identified by comparing them to existing sequences either by BLASTing them
against the NCBI GenBank database, uploading to BOLD, or by locally BLASTing them against a
de novo database. GenBank is not curated for taxonomy, while BOLD and your own reference
library are likely to be more reliable. On the other hand, GenBank and BOLD are going to be more
expansive than your own database.
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Figure 9. An overview of the four different molecular techniques described. A. Sanger sequencing:
individuals are sorted and separate PCR and sequencing reactions are performed for each individual. The
output is long sequences for each individual. B. Metabarcoding: DNA is extracted from a bulk. The target
marker is amplified from the bulk DNA using primers with Illumina adaptors. Libraries are prepared for each
bulk sample and sequenced on a next generation sequencer. The output, after bioinformatic processing, is
a list of 300 bp sequences for each library, which can be concatenated with other sequences to form a list
of 420 bp COI sequences. C. Mitochondrial metagenomics: DNA is extracted from a bulk. Libraries are
prepared for each bulk DNA and shotgun sequenced on a next generation sequencer. The sequences are
then assembled into mitochondrial genomes. The output, after bioinformatic processing, is a list of
mitochondrial genomes for each sample. D. Illumina barcoding: individuals are sorted and separate PCRs
are performed for each individual. Uniquely indexed primers are used every 96 individuals. PCR amplicons
are then pooled and prepared into libraries such that each individual has been doubly tagged by primer
indexes and library indexes. The DNA is once again pooled and sequenced on a next generation
sequencer. The output, after bioinformatic processing, is list of 420 bp sequences for each individual
specimen.

Figure 10. How to identify an unknown specimen using DNA barcoding. Specimens are sorted and DNA
extracted from each individual. A target marker is PCR amplified for each DNA and sequenced using
Sanger technology. The sequences are edited and quality controlled and then compared to a DNA
reference library. The closest match to the sequence is used as it identification.
The benefits of this technique are first and foremost that it is relatively easy and that it requires equipment
typically found in a molecular lab (e.g. a PCR machine). Sequences of up to 1,100 bp can be generated,
which is currently substantially longer than those produced through Illumina systems (the most commonly
used next generation sequencer). This longer sequence length provides more data to identify sequences
and thus the reliability of these taxonomic placements is high. Because each specimen is handled
separately for each process this allows one to link sequence to specimen and also a count after the
sequences are used to identify the specimens.
Several practical limitations have been suggested that reduce the efficacy of COI-based DNA barcoding.
Firstly, Sanger sequencing produces a single usable sequence per reaction, and so any intra-individual
heterogeneity is either essentially missed (Shokralla et al. 2015) or turned into ambiguous regions of the
sequence, resulting in poor quality sequence reads. Secondly, co-amplification and sequencing of
pseudogenes (NuMTs - Song et al. 2008; Thalmann et al. 2004; Cristiano et al. 2012) or contaminant
sequences (e.g. Wolbachia - Smith et al. 2012) can lead to misrepresentative focal barcodes. Similarly,
introgressive hybridisation between species, the movement of whole genes, can lead to misrepresentative
focal barcodes (Chase et al. 2005). Thirdly, the linear relationship between number of specimens and the
cost of processing them make large scale investigations unfeasible and herculean in cost.
DNA barcoding was a transformative step in biodiversity science (Cristescu 2014); and field is now “on the
brink of irrelevance” owing to the rapid development of high throughput sequencing technologies and the
associated bioinformatic pipelines, computational infrastructure and experimental designs (Taylor & Harris
2012). The following three techniques involve the use of high throughput sequencing and each has their
own advantages and considerations: in turn I will discuss metabarcoding, mitochondrial metagenomics and
Illumina barcoding.
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S2.2.2 Metabarcoding
Metabarcoding is similar to DNA barcoding using Sanger sequencing except that DNA from a community
of specimens is the base input rather than a single individual. Using high throughput sequencing to
generate many thousands times more output than Sanger sequencing, whole communities can be
sequenced and characterised without the need to sort out individuals or clone PCR amplicons. The first
step in the process involves extracting DNA from a community, which may be a trap of insects (e.g.
Malaise traps - Yu et al. 2012; Ji et al. 2013), gut contents (e.g. fish guts - Leray et al. 2013), sediments
(Giguet-Covex et al. 2014), honey (Richardson et al. 2015), leaf litter (Yang et al. 2014), soil cores (Andújar
et al. 2015), etc. Secondly, the DNA is PCR amplified for a region of interest (depending on the Kingdom of
interest, i.e. animals, plants, fungi, bacteria, etc.) in triplicate. Third, the pooled replicate PCR products are
transformed into libraries with the appropriate adapters for the high throughput sequencer, further these
libraries can be indexed such that different samples can be multiplexed and separated later on. These
pooled libraries are then sequenced together generating millions of sequence reads. These sequence
reads are bioinformatically quality controlled and filtered, and separated into the various different indexed
libraries. Sequences from each library are then clustered together based on sequence similarity, and
identified against a reference database. The end product is a list of operational taxonomic units (OTUs),
which are a cluster of closely related sequences (i.e. 99% similar over the length of the sequence). A
separate list is produced for each library.
Using the NPPMF sample as an example, each pan trap (n ≈ 280), could have been examined separately.
1. The entire contents of each pan trap would have been homogenised and DNA extracted
(destructive DNA extraction). At the NHMUK we use liquid nitrogen to embrittle the samples and a
separate ultra clean pestle and mortar (bleached, HCl acid treated, autoclaved) to homogenise
each sample.
2. The resulting dust from the grinding is used as a base for a Qiagen DNeasy Blood and Tissue
DNA extraction following the manufacturer’s protocols. Or if enough samples are produced then
by BioSprint 96.
3. Three separate dilutions (1, 1/10, 1/100) of each DNA extract is used for PCR amplification using
modified short COI primers (BF and FolDegenR) and non-proof reading Taq (i.e. Takara).
4. The success of the PCR reactions is determined by gel electrophoresis using a 2% TAE gel run
at 90V for 40 minutes.
5. The replicate PCR reactions are pooled, and purified using a low volume of AMPure XP beads.
The protocol was modified according to the Illumina 16S rDNA size selection protocol.
6. Purified PCR products are once again checked by gel electrophoresis to confirm that primer
dimers have been removed.
7. Library preparation involved a secondary PCR is performed using these purified PCR products to
add the N5 and N7 indexes. These Nextera indexes are unique for each sample. Such that if 280
pan traps were samples, then 280 unique library indexes would be required.
8. These secondary PCRs are once again checked by gel electrophoresis.
9. Each library is quantified using Nanodrop and pooled into one pool in equimolar concentrations.
10. The final pool is quality checked and quantified by quantitative PCR and by BioAnalyser.
11. If the correct size fragments are present then between 2 and 3 pM of the final pool are loaded onto
a flowcell to be sequenced on the MiSeq using 2×300 bp chemistry.
12. Once the run is complete, the libraries are demultiplexed, the poor quality sequences are filtered
out, and then each library is clustered into OTUs, and each OTU is identified by comparing it to a
reference database.
Metabarcoding is the most commonly used high throughput sequencing technique and has a rich
catalogue of literature and bioinformatic pipelines. The ability to multiplex multiple samples allows for a
very large scale. The Nextera library preparation kit we use allows for 96 indexes, but the latest version
(v2) allows for 384 different combinations of indexes and therefore 384 samples can be multiplexed at
once. The single DNA extraction for a pool is both an advantage and a disadvantage. On the one hand, a
single DNA extraction for pools that can include 100s of individuals makes the process much cheaper,
indeed the gold standard DNA extractions we perform are among the most costly processes in the whole
workflow. On the other hand, there is no accountability for individual specimens. If DNA of a certain
8
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species does not extract, amplify, or sequence then there is no way to track this down, failures are masked
by successes in pooled processes.
It is becoming increasingly apparent that certain taxa amplify more successfully than others (Polz &
Cavanaugh 1998), this is due to primer bias. Universal primers are not completely universal, and will have
a higher affinity to certain taxa compared to others (Clarke et al. 2014), as such in pooled DNA extractions
certain taxa will not amplify as well as others or in some cases not at all. This leads to a potential for false
negatives, moreover, these false negatives are very difficult to actually spot without pre-sorting the
samples (which defeats one of the main advantages of metabarcoding – that sorting is unnecessary). In
theory if every single taxa in a pool amplified equally as well, then one would be able to use the number of
sequences pertaining to each species as a measure of abundance (specifically if the number of sequences
was calibrated with body sizes of those species). However, primer bias among taxa corrupts the sequence
read – abundance relationship and so makes abundance measures using metabarcoding unreliable
(Elbrecht & Leese 2015).
S2.2.3 Mitochondrial metagenomics
Mitochondrial metagenomics is a relatively new technique for assessing species diversity and potentially
abundance. The first applications of the technique were Zhou et al. (2013) and Gillett et al. 2014 (2014),
and the method is thoroughly described by Crampton-Platt et al. (2015). Metagenomics does not involve
any PCR amplification, instead the entirety of the DNA extract is shotgun sequenced, which is different to
the targeted sequencing of the other methods (i.e. metabarcoding and Illumina barcoding). Again, by
utilising high through sequencing, millions of reads are generated, but here the sequences are
bioinformatically stitched back together to form whole genomes. Mitochondrial metagenomics specifically
filters out the mitochondrial genomes, which are already in high copy number owing to the makeup of
animal genomes (typically ~1% of the genome). By pooling together multiple sources of DNA, or by
extracting the DNA of whole communities, multiple mitochondrial genomes can be simultaneously
sequenced and stitched together (hence the “meta” part of the method’s name).
The first step of the process is the DNA extraction, again, like metabarcoding, DNA from whole
communities is extracted. Previous examples of this technique have included DNA extracted from whole
pan traps (Tang et al. 2015), or from pooling DNA extracted from individuals (Gillett et al. 2014; GómezRodríguez et al. 2015; Timmermans et al. 2015; Zhou et al. 2013; Andújar et al. 2015; Crampton-Platt et al.
2015). The sampling technique is very robust, whereby DNA from any bulk sample can be extracted and
processed in the same way; i.e. freshwater samples, malaise traps, pitfall traps, soil pits, canopy fogging,
etc.
The DNA is then prepared into TruSeq libraries, where the DNA is sheared into smaller inserts sizes
(typically 800 bp). Separate libraries can be made with unique index tags for each sample, such that
samples can be multiplexed and sequenced in the same sequencing run and bioinformatically separated
afterwards. These libraries are then sequenced on a MiSeq.
After sequencing is complete, poor quality sequences are filtered out and various assembly software is
used to generate long contigs. Mitochondrial genomes are typically ~15kb long and can be circularised.
Various assembly software used include Celera, IDBA-UD, and Newbler. Once assembled these contigs
from these various softwares are concatenated into “supercontigs”. These supercontigs are then
identified using bait sequences, i.e. COI or CYTB sequences either generated a priori or from genetic
repositories.
The end product is a list of mitochondrial genomes made per sample and identified based on bait
sequences. A key advantage of this method is that whole mitochondrial genomes are generated and the
massive length of these (×22 more data per specimen than Sanger, and ×37 more than metabarcoding
and Illumina barcoding) results in far more data to identify species. Further, these genomes are especially
good when trying to identify new species where data is not readily available. For example, these
mitogenomes can be phylogenetically placed in a mitogenome phylogeny to accurately identify new
species (Crampton-Platt et al. 2015).
9
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1. The entire contents of each pan trap would have been homogenised and DNA extracted
(destructive DNA extraction). At the NHMUK we use liquid nitrogen to embrittle the samples and a
separate ultra clean pestle and mortar (bleached, HCl acid treated, autoclaved) to homogenise
each sample.
2. The resulting dust from the grinding is weighed and the appropriate amount of extraction buffers
(from Qiagen) are used to lyse and extract the DNA from the mixture. The extraction lysate is then
used as the basis for Qiagen DNeasy Blood and Tissue DNA extraction following the
manufacturer’s protocols.
3. The DNA is then sheared into 800 bp insert size and library preparation follows the TruSeq Nano
manufacturer’s protocol. A separate library is generated from each sample.
4. Each library is quantified using Nanodrop and pooled into one pool in equimolar concentrations.
5. The final pool is quality checked and quantified by quantitative PCR and by BioAnalyser.
6. If the correct size fragments are present then between 2 and 3 pM of the final pool are loaded onto
a flowcell to be sequenced on the MiSeq using 2×300 bp chemistry.
7. Once the run is complete, the libraries are demultiplexed, the poor quality sequences are filtered
out. The mitochondrial sequences are retained by filtering out the nuclear sequences against a
reference database of mitochondrial genomes.
8. Each mitochondrial library is assembled into larger contigs using Celera, IDBA-UD, and Newbler.
9. The contigs are then concatenated into supercontigs by assembling them in Geneious.
10. The identity of each mitochondrial genome is then determined by blasting the COI or CYTB
segments of each genome to a reference database.
With a reference database of mitogenomes, whole communities can be readily and accurately identify by
read matching (Figure 11). Here sequences from bulk DNA extracts can be matched onto an existing
mitogenome reference database and the presence of specific species can be determined based on correct
matching to those references. Moreover, the number of sequence reads, because there is no associated
primer bias, can be used as a basis for abundance measures. Given that the amount of DNA extracted
from an individual is predominantly determined by the body size of that individual, the number of
sequences reads can be calibrated against biomass such that the abundance of those individuals can be
calculated (Tang et al. 2015; Gómez-Rodríguez et al. 2015; Zhou et al. 2013).
1. With a complete mitochondrial reference database, the investigator can determine the species
composition making up a bulk DNA extraction by read matching.
2. Here shotgun sequencing of bulk DNA extraction can be filtered and quality checked in the same
way that the mitogenomes were generated. But here, instead of assembling the mitogenomes, the
raw sequence reads can be matched against the reference genomes. The identity of these raw
sequences can be determined in this way.
3. Further the number of sequences per species can be counted.
If the average biomass for the species is known than these can be calibrated such that the number of
individuals can be determined afterwards (Tang et al. 2015).
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Figure 11. Read matching of mitochondrial genomes to identify specimens and estimate abundance. With
a mitochondrial genome reference database, the investigator can take the raw output of a sequencing run
and read match it against a reference database. If the sequences assemble with any particular species in
the reference database, above a certain threshold, then their presence in the bulk sample can be
confirmed. The amount of sequence reads coming from a particular species should relate to how much
DNA that particular species had in the original pool. Using biomass estimate for each species it should be
possible to calibrate the amount of sequence reads pertaining to that species with the number of
individuals of that species in the bulk sample.

S2.2.4 Illumina barcoding
Illumina barcoding is the newest technique of those described here. Developed by Carmelo Andujar and
Paula Arribas at the NHMUK, the method is analogous to DNA barcoding but utilising the massive capacity
of high throughput sequencing.
1. Specimens are sorted into individual microtubes.
2. DNA extraction is non-destructive: Pierce the specimen (as would be done for pinning purposes)
and place the whole specimen in the extraction buffer, DNA from within the specimen is extracted
while the external tissues are undamaged and can be used for morphological taxonomy.
3. DNA extraction was performed using a Qiagen DNeasy Blood and Tissue kit following the
manufacturer's protocol.
4. Primers were designed with unique tags and Illumina adaptors (See Table 1). For the NPPMF
samples, 13 different primer sets were used such that for every 96 individuals a different set of
primers were used. The primers amplify 420 bp from the 3’ end of the the typical DNA barcode
region. The primer comprises 26 bp of the priming region, a unique 6 bp index tag (with at least 3
bp difference between the different tags), and the Illumina adaptor sequences.
5. PCR amplification of COI was performed following reagents and cycling conditions outlined by
Andujar and Arribas (pers. comm.).
6. Gel electrophoresis was used (2% TAE gel run at 90V for 40 minutes) to check the success of
the PCR reaction.
7. PCR amplicons were pooled resulting in 96 different pools, each pool comprised of amplicons
which were amplified with different primer sets. Therefore in the NPPMF example, 13 PCR
products were in each pool. 3 μl of each PCR were pooled, this level can be altered such that
weaker reactions should be pooled in higher volumes.
8. PCR amplicons are purified using AMPure XP beads, this method is the best for removing primer
dimers, which if not removed are very problematic for the downstream processes. The amount of
beads used to clean each reaction should be at ×0.8 of the volume of the PCR reaction.
9. The purified PCR products should be checked on a gel to determine if all of the primer dimers have
been removed, and if not these will need to be re-purified.
10. Library preparation involved a secondary PCR is performed using these purified PCR products to
add the N5 and N7 indexes. These Nextera indexes are unique for each pool. Here 96 different
pools can be indexed using a single Nextera library preparation kit.
11. These secondary PCRs are once again checked by gel electrophoresis.
12. Each library is quantified using Nanodrop and pooled into one pool in equimolar concentrations.
11
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13. The final pool is quality checked and quantified by quantitative PCR and by BioAnalyser.
14. If the correct size fragments are present then between 2 and 3 pM of the final pool are loaded onto
a flowcell to be sequenced on the MiSeq using 2×300 bp chemistry.
15. Once the run is complete, the libraries are demultiplexed, the poor quality sequences are filtered
out, and then each library is clustered into OTUs, and each OTU is identified by comparing it to a
reference database.
The Illumina-generated sequences are a product of thousands of forward (R1) and reverse (R2) sequence
reads, which account for intraspecific heterogeneity, pseudogenes, and contaminants. DNA barcoding by
Sanger sequencing, on the other hand, is a product of a single sequencing reaction, which as described in
the DNA barcoding section, is prone to sequencing error, sequence interpretation error, and potentially
erroneous species identities amounting to contaminants or pseudogenes. Another key advantage of this
technique is that the specimens are kept separate and as such (if non-destructive methods are used for
DNA extraction) can be kept as voucher specimens. Furthermore, by keeping the individuals separate
other aspects illuminated by their DNA can be studied. For example, microbiota, pollen, pathogens, diet
can be investigated (Gill, K. C. R. R. Baldock, et al. 2016).
The main disadvantages of this method is the cost and time expense incurred from sorting individuals and
extracting DNA from each of them, which may be prohibitively expensive with large samples. For example,
a pan trap comprising of 100 individuals would require 100 DNA extractions, while metabarcoding or
mitochondrial metagenomics would require only one.

S2.3 Considerations
S2.3.1 Data
The length of reads that each method provides is different. The greater the length of the focal sequence,
the more data there is to reliably match and identify it to other reference sequences. For COI, the output
from Sanger sequencing produces a single read of ~700 bp. High throughput sequencers as of today are
limited to sequencing fragments of 300 bp, with paired end sequencing this can increase to 600 bp. For
additional reliability, a 420 bp fragment of the 5’ end of COI were amplified for both Illumina barcoding and
metabarcoding, with paired end sequencing and concatenation of both forward (R1) and reverse (R2)
directions this results in the full 420 bp sequence with a ~180 bp overlapping region in the middle (Figure
2E). Mitochondrial metagenomics relies on the assembly of shotgun sequences. DNA from the same
species has a higher affinity that to those between species and so will assemble into species specific
mitogenomes. Mitochondrial genomes are ~15kb and include 13 genes (including the full COI, not just the
barcoding region) and 22 tRNAs. (roughly ×21 longer that DNA barcodes, and ×36 longer than barcodes
coming from metabarcoding and Illumina barcoding).
Another consideration is the number of sequences that are produced per specimen. Sanger sequencing
only produces a single sequence and any intra-individual heterogeneity is missed and contaminant
sequences and NuMTs are more troublesome. High throughput sequencing produces many hundreds of
sequences per individual specimen and so concatenation of these produces more reliable data with
heterogeneity, but also the ability to bioinformatically choose the “true” barcode (Shokralla et al. 2015).
Further the higher throughput allows for the recovery of low abundance sequences within each individual.
Shokralla et al. (2015) noted that Sanger sequencing sequence was only ~55%, while that for the high
throughput sequencing method they used (analogous to Illumina barcoding) being ~97%.
High throughput methods are more sensitive to low concentration and low quality DNA and thus are more
likely to successfully generate sequences. While Sanger sequences produce longer sequences than the
metabarcoding and Illumina barcoding approaches described here, they are only a single sequence and
thus do not encompass heterogeneity and prone to sequence false barcodes like contaminants and
NuMTs. The short sequences produced metabarcoding and Illumina barcoding are high quality with high
coverage and enough to identify specimens to species-level. The massive mitogenomes produced by
mitochondrial metagenomics are more than enough to identify species but also excellent for phylogenomic
placement of new or unknown species (e.g. Crampton-Platt et al. 2015).
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S2.3.2 Abundance
For ecological purposes, abundance is an important piece of information that links with function; for
example, for pollination, total pollination depends on both species identity and the abundance of those
pollinators (Figure 12). If abundance is a requirement of the study then certain methods are more
appropriate than others: Sanger sequencing and Illumina barcoding can provide accurate abundance
measures simply because they both require a lengthy sorting process to start with. Mitochondrial
metagenomics has the potential for garnering abundance from pooled samples with no sorting or PCR
amplification necessary. For this purpose however, mitochondrial metagenomics has had mixed results
(e.g. Zhou et al. 2013; Tang et al. 2015; Gómez-Rodríguez et al. 2015) and would require thorough tests
and method development before becoming a viable means to determine abundance from bulk samples.
For example, no structured assessment the relationship between abundance and sequence read
abundance has been performed, with all of the literature performing this test being a secondary proof of
concept of the method rather than a test (e.g. Zhou et al. 2013; Tang et al. 2015; Gómez-Rodríguez et al.
2015). Furthermore, focussing on mitochondria limits the investigation to ~1% of the genome and would
benefit from mitochondrial enrichment (Liu et al. 2015).
S2.3.3 Link to specimen
Only DNA barcoding and Illumina barcoding can utilise non-destructive or semi-destructive DNA
extractions, while metabarcoding and mitochondrial metagenomics methods can be performed on
individually extracted DNAs, the definitive link between specimen and sequence becomes a blurred by the
end. Illumina barcoding and Sanger sequences are the only methods that can fully accommodate voucher
specimens and the link to sequence.
Sanger and Illumina barcoding are better for tracking successes and failures, because the sequences link
directly to specimens, if a sequence is missing then it is possible to determine which specimen it is. On the
other hand, bulk extraction methods (metabarcoding and mitochondrial metagenomics) loose this link
between specimens and so failed sequencing reactions are masked by the successful one. It is very
difficult to determine if a particular specimen has not sequenced through the metabarcoding or
mitochondrial metagenomics (false negatives), this issue is magnified if particular species are recalcitrant
to sequencing because then whole taxa would be missing from the analysis.
S2.3.4 Scale
Scale and costs increase together, the bigger the scale the more these processes will cost, but the
different technique have different trajectories. Sanger sequencing for example should only be used for
smaller scale samples because the cost in time and expense of handling individuals separately will
increase near linearly with scale. Each step of this process is reasonably expensive (our costs per sample
= £9.75) and there is no chance of multiplexing samples to reduce the costs.
The other three methods, by incorporating high throughput sequencing technologies, are able to sequence
many thousands more specimens. Moreover, because these methods produce multiple sequences per
individual, intra-individual heterogeneity can be assessed and contaminants and NUMTs are easily
distinguishable.
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Figure 12. Pollinator effectiveness depends on both the efficiency of the pollinator but also the abundance
of that pollinator. Pollination is most effective in the presence of efficient pollinators in high abundance. A
high abundance of inefficient pollinators will lead to ineffective pollination. The high abundance of inefficient
pollinators may be sufficient for the plant, this is also true for systems with a the low abundance of highly
efficient pollinators.
Illumina barcoding is high throughput DNA barcoding, it still requires individual sorting of s pecimens, DNA
extraction and individual PCRs, but with two levels of indexing it is possible to separate sequences coming
from the high throughput sequencer back to the voucher specimens. By utilising uniquely indexed primers
it is possible to pool as many PCR products as you have unique primers. In this study all of the specimens
amounted to 1,248 individuals and so only 13 primer sets (1,248 ÷ 96 wells) were required, but many more
can be multiplexed. One can expect 20gb of data from a high throughput sequencer, and with this 48
plates worth of specimens (4,608 individuals) can be sequenced with 10X coverage at a cost of £3.31 per
sample. The vast majority of this cost is for DNA extraction (£2.80), where vastly cheaper (not gold
standard) methods are available. For 4,608 individuals the total cost would be £15,252, the same
endeavour using Sanger sequencing would cost £44,928. The tipping point at which Illumina barcoding
becomes cheaper than Sanger sequencing is ~718 individuals, which would cost approxim ately £7,000 to
sequence either way. Of course these estimates are based on all reactions working perfectly. Sanger
sequencing is notoriously fickle and will require high concentrations of DNA at each step in the process,
while high throughput sequencing methods are much more forgiving and can work with much lower
concentrations of DNA, resulting in fewer repeated reactions.
Under the different scenarios outlined by Carvell et al. (2016), the high level of sampling makes identifying
them using Illumina barcoding cheaper than Sanger sequencing, irrespective of the level of sensitivity
required (Table 6).
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Table 6. Expected consumable costs of molecular identification (Sanger, Illumina barcoding,
metabarcoding, mitochondrial metagenomics) from different NPPMF s cenarios employed to detect change
in pollinator abundance at different levels of sensitivity. DB = DNA barcoding, IB = Illumina barcoding, MBC
= Metabarcoding, MMG = Mitochondrial metagenomics.
Annual
change

Total
catch

DB

IB

MBC

MMG

145

3.5%

9,425

£92K

£6.4K

£3.9K

£69K

75

3.5%

4,875

£48K

£4.8K

£1.9K

£20K

45

7%

2,925

£29K

£3.2K

£1.8K

£12K

20

7%

1,300

£13K

£3.1K

£1.7K

£6K

# Sites

Mitochondrial metagenomics and metabarcoding significantly reduce the number of DNA extractions
required as the DNA is extracted from bulk samples rather than sorted individuals. These methods are the
most cost effective when abundance and diversity within samples is high. Metabarcoding is the most
suitable method when the number of sample and the abundance and diversity within those is high. For
example, the method has been used successfully to assess tropical samples (Crampton-Platt et al. 2015),
in soils (Andújar et al. 2015).
While mitochondrial metagenomics can be used against bulk DNA extractions, only few studies take
advantage of this (e.g. Tang et al. 2015), others have extracted DNA from individuals and pooled the DNA
rather than the individuals (e.g. Crampton-Platt et al. 2015; Gillett et al. 2014; Gómez-Rodríguez et al.
2015; Andújar et al. 2015). Each bulk sample would be processed in the same way as for metabarcoding.
The number of specimens pooled in each bulk is the concern, it is unknown how many false negatives are
produced by each bulk sampling method, but fewer specimens in each pool is likely to produce fewer false
negatives. There may be an upper limit to the number of specimens placed in each pool but the tipping
point at which more false negatives are produced is unknown. A reasonable maximum number of
specimens that should be added to a single MiSeq run would be 500 (Crampton-Platt pers. comm.). This
number of specimens is based on the number that is required to obtain full mitochondrial assemblies for
each species in the pool, but many more specimens can be pooled if read matching against a reference
dataset. With a full reference database, the cost of read matching is considerably cheaper than assembling
the mitochondrial genomes.
S2.3.5 Recommendations
The choice of method will depend on the aforementioned considerations (Table 7). Probably the most
telling factor is the scale of the study. Smaller studies (here 700 individuals being the tipping point in cost)
can more feasibly be sequenced using Sanger technology. However, this recommendation does not take
into account the added costs associated with having to repeat Sanger sequencing, which is notoriously
more fickle and less sensitive than the high throughput technologies. Further Sanger sequencing cannot
assess intra-individual heterogeneity and, because it provides only a single sequence (as opposed to the
concatenation of hundreds of reads) is more badly affected by contaminant amplicons and NuMTs. For
example, all of the Hylaeus communis (n = 3) specimens sequenced as part of the reference library here,
and their repeats, returned as some form of Wolbachia contamination: the likely cause of which is higher
primer affinity for Wolbachia in this species. While abundance and a link to specimen can be attained
through Sanger sequencing, the method should only really be performed when the sample size is
sufficiently low to discount the much greater benefits of using high throughput sequencing.
Within the high throughput sequencing methods there is another level of scale. Illumina barcoding can
feasibly be done for 1000’s of specimens in terms of time, but the cost of individual DNA extractions
becomes decidedly large at the top end. This gold standard of sequencing may cost more in terms of time
and expense, but benefits from being able to identify individuals, detect false negatives, give a definitive
abundance, and provide a DNA resource for each individual that can be used for further analyses such as
15
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diet (through gut contents analysis), foraging behaviour (through pollen analysis), health (by assessing
parasites and pathogens), and even microbial diversity.
For these NPPMF samples the initial plan was to use a combination of metabarcoding and mitochondrial
metagenomics, but the type of samples made these methods less appropriate. These methods should be
reserved for massive scale experimental designs where the number of samples is high and the diversity
and abundance within them is large. For example these methods would have both been appropriate for the
NPPMF samples if there was no pre-sorting of the pan traps and all of the by catch was assessed as well
as the bees and hoverflies, the total catch would have equated to 280 pan traps with well over 20,000
specimens (calculated based on the 1,660 specimens counted from one Summer round and 15 pan traps).
Having said that, for mitochondrial metagenomics, fewer specimens can be pooled on a single MiSeq run
to fully assemble the species’ genomes. Many more specimens can be pooled and sequenced if read
matching against a fully comprehensive mitogenome dataset.
After scale, both abundance and link to specimen are two considerations of importance. If a link to
specimen is important, then neither metabarcoding nor mitochondrial metagenomics should not be used as
the link is effectively lost when DNA is pooled or bulk extracted. The extra work and expense incumbent
with Illumina barcoding result in a definitive link between specimen and sequence. Similarly, this sorting
allows for definitive abundance measures as well. Estimating abundance from metabarcoding experiments
is ill advised (Amend et al. 2010; Tang et al. 2015; Gómez-Rodríguez et al. 2015; Elbrecht & Leese 2015).
While it is potentially possible to obtain abundance measure from mitochondrial metagenomics, the
technique and the calibrations are still their infancy, moreover this measure of abundance is a c orrelation
and requires that no specimens drop out from the pipeline. Therefore if abundance and a link from
sequence to specimen is important than Illumina barcoding should be used.
Table 7. Summary of the important factors to consider when deciding which method is appropriate for your
investigation.
Method

Scale

Data

Abundance

Link to
specimen

DNA barcoding

Small

Single read – ~700 bp

Yes

Yes

Illumina barcoding

Medium

Hundreds of reads – 420 bp

Yes

Yes

Metabarcoding

Medium –
very large

Hundreds of reads – 420 bp

No

No

Mitochondrial
metagenomics

Medium

Hundreds of assembled reads –
15 kb

Potentially

No
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