












 
Fig5. Visualisation of parameter space for clustering stringency. The mean number of putative OTUs (clusters) 
retained per well after trimming and clustering is determined by both the sequence similarity threshold for clustering 
and the minimum cluster size retained. Understanding how these two values interact allows the researcher to 
determine sensible values for both before moving on to taxonomic assignment of OTUs. 

Sequences were assigned by the taxonomy identification pipelines predominantly to either OPM or its known 
parasitoid fly Carcelia iliaca (Fig 6). Our data indicated that 29.8% of OPM caterpillars sampled from Richmond park, 
London, were parasitised by C. iliaca. 
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Fig6. (A) Percentages of reads and taxonomic identifications for 919 individuals. (B) the frequency of different 
numbers of OTUs per well. 

Discussion 
Nested metabarcoding 
Here we tested the ability of a NGS nested metabarcoding design to produce individual level data for a large number 
of samples in a single sequencing run. We found approximately 26,000x coverage for each well before sequence 
filtering, allowing us to adopt a high stringency for sequence quality. The depth of coverage found in our experiment 
allows us to distinguish multiple unique sequences in each well, representing the host, parasitoids, and (potentially) 
any other species interacting with the moths. Thus, our approach leads more easily to a much more complete 
understanding of the ecological interactions than standard Sanger barcoding approaches (cf. Wirta et al., 2014; 
Derocles et al., 2015). Although applied here to parasitised individuals, we anticipate that environmental or community 
sequencing approaches could be applied in exactly the same way to a range of study systems. Thaumetopoea 
processionea in our samples was parasitised with a single parasitoid species already known from the literature 
(Carcelia iliaca: Tachinidae: Diptera -Sobczyk, 2014). Other parasitoids reported for this moth were not included in our 
reference database and may be present at a low frequency in the unassigned category. Their absence in our data set 
could also be due to our samples being almost exclusively late instar caterpillars and many of the recorded parasitoids 
are known egg and pupal parasitoids (Sobczyk, 2014). It is also possible that the arrival of a parasitoid exhibits a lag 
period after that of its host (e.g. Stone et al., 2012) so much of the parasitoid community associated with OPM in its 
native range may simply not be present in the UK. More thorough sampling of OPM life stages and a more complete 
reference database would resolve this and is the topic of ongoing work in our laboratory. 

The rare presence of positive sequences in sample and negative wells as well as positives indicates that 
contamination between wells can be a problem when preparing samples with a standard protocol. However, there is 
still sufficient read depth in each well to control for this through stringent quality filtering and produce accurate 
barcoding results from simple mixed templates. Unfortunately read depths for sequences found in negative wells 
cannot be used as a reliable cutoff to filter background contamination as any template DNA that contaminates a 
negative PCR well has no competition for reagents (as compared to a sample well) and so will be disproportionately 
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amplified. Future runs using this method should use much more stringent lab protocols such as oil sealed reactions 
and the use of individual lids rather than plastic films. 

The relative costs of NGS and Sanger sequencing varies with scale of the experiment, with commercial UK prices for 
Sanger reads approximately 1/300th the cost of an Illumina MiSeq at time of writing. For small numbers of individuals 
and a single barcode locus Sanger may be much more cost effective. As the quantity of data required increases 
however NGS has the potential to be considerably cheaper, as the costs of a single NGS run are largely fixed, 
irrespective of how many individuals are included. Although our experiment would not have even been feasible with 
Sanger due to the sequence complexity of the sample, an experiment to barcode ~1000 individuals we estimate that 
the costs are approximately 1/5th that of the equivalent Sanger experiment. 

Ecological sciences are appreciating more than ever the power of incorporating ecological networks rather than simple 
species lists into monitoring approaches. Such experiments, though producing a new level of ecological information, 
require individual level rather than community data, and so have previously been little assisted by NGS. 

Conventional metabarcoding produces vast numbers of reads which are excellent for error correction and detection of 
rare sequences but most modern statistical analyses for detecting subtle ecological effects require more than 
presence/absence data. Some authors have attempted to relate read depth to biomass or numbers of individuals both 
for PCR based metabarcoding (e.g. Elbrecht & Leese, 2015) and PCR free metabarcoding (e.g. Tang et al., 2015). 
Attempting to measure sample sizes or biomass from read depth presents a number of challenges. Firstly PCR based 
approaches can be biased by variation in amplification efficiency across different taxa (for example, variation in primer 
binding affinities across different taxa or base composition variation affecting enzyme efficiency). PCR free 
approaches to metabarcoding attempt to circumvent this by removing the PCR step and all the associated biases 
completely (e.g. Tang et al., 2015). In theory, read depth should then correlate with copy number for a given locus but 
in reality we have little knowledge of how sequenceable DNA availability is affected by extraction method and more 
importantly, how read depth then correlates with biomass or numbers of individuals. PCR free metabarcoding is 
further constrained as much of the read depth which could be used for sequencing additional specimens is used for 
sequencing additional areas of genome that are not necessary for identification. Our approach allows us to use 
presence/absence data across a large number of individual specimens to produce quantitative data analysable with 
standard statistical tests at the same time as reducing over sequencing of any single individual. 

 

Future approaches employing nested metabarcoding 
Our approach has been demonstrated in a single context of determining parasitism. The nested barcoding approach 
however has a diverse range of applications to which it could be applied. One of the most immediate applications is 
the description of community data in the context of a single individual. Here we show that several species are present 
within a single caterpillar, and other sets of primers could more broadly sample the parasites and mutualists of 
individuals. This approach could be used to determine a range of interspecies interactions (e.g. parasitism, predation, 
root fungal communities) and build ecological networks. Networks present a much more complete measure of an 
ecosystem than the presence/absence data usually produced by metabarcoding studies and has great potential for 
ecosystem management and restoration (Evans et al., 2016- in final review). The nested barcoding approach is 
currently being used in our laboratory to survey the pollen community carried by individual pollinators allowing key 
functional ecological information to be gathered across a large sample size of individuals. 

Recently, there has been a great interest in understanding how gut flora vary between individuals in different habitats, 
with different diets, or between related species (e.g. Sharon et al., 2010; Brucker & Bordenstein, 2013; Ceja-Navarro 
et al., 2015). It is likely that nested metabarcoding has a deep enough coverage per individual to allow 
characterisation of even rich bacterial communities. This approach could also be used to process bacterial 
communities in environmental or medical samples, soil mesofauna, bulk insect samples, or any other complex 
community while still keeping the number of individual samples high to help replication and detailed spatial or temporal 
sampling. Should the read number be insufficient for a given experiment the same samples could be loaded onto a 
sequencer with higher throughput (e.g. Illumina HiSeq rather than MiSeq) to address this issue as long as the paired-
end nature of the sequences can be maintained. 

Whole genome sequencing for phylogenomics produces a very rich dataset for systematics that has resolved many 
previously intractable problems. As resources are often limited, there can be a tradeoff however between the number 
of loci and the number of species sampled in a phylogenetic design. Nested metabarcoding approaches could 
perhaps be employed to multiplex 5-10 loci per individual, each with the same MID, and the scale that to 1000-2000 
individuals in a single MiSeq run. Densely sampling taxonomic space in this way may prove valuable in some 
experiments. 

This same approach would clearly be valuable for intraspecific studies too where 5-10 nuclear loci could represent 
complex population genetic data much better than single cytoplasmic loci. Nested approaches such as described here 
would also phase SNPs and indels within a locus which Sanger approaches do not. This is advantageous in many 
population genomics datasets. 
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Conclusions 
Here we have demonstrated the utility of nested barcoding to an exemplar dataset in ecology and evolution, the 
characterisation of parasite-host community data in an invasive species. The hierarchical tagging approach in NGS we 
describe will allow a large diversity of advances in ecology and evolution, which will be of increasing importance as we 
attempt to quantify functional changes in ecological networks with climate change, intensifying agriculture, and 
species loss. 

 

Reproducibility statement 
To ensure reproducibility of all our analyses we have deposited Jupyter notebooks, R scripts and supplementary 
material on Github (Kitson et al. NMB 1.2). An archived version of this release is available on Zenodo (doi: 
10.5281/zenodo.44522). Raw sequence data has been submitted to the SRA with accession number SRP068160. 
The metaBEAT pipeline, and other analyses, were run in a Docker container 
(https://hub.docker.com/r/chrishah/metabeat/; v0.8 was used for the current study) in order to make our entire analysis 
environment available for replication if required. 
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