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Abstract 
The Darwin Tree of Life (DToL) project aims to sequence and assemble 
high-quality genomes from all eukaryote species in Britain and 
Ireland, with the first phase of the project concentrating on family-
level coverage plus species of particular ecological, biomedical or 
evolutionary interest. We summarise the processes involved in (1) 
assessing the UK arthropod fauna and the status of individual species 
on UK lists; (2) prioritising and collecting species for initial genome 
sequencing; (3) handling methods to ensure that high-quality genomic 
DNA is preserved; and (4) compiling standard operating procedures 
for processing specimens for genome sequencing, identification 
verification and voucher specimen curation. We briefly explore some 
lessons learned from the pilot phase of DToL and the impact of the 
Covid-19 pandemic.
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Introduction
The Darwin Tree of Life (DToL) programme aims to sequence 
and assemble genomes of all British and Irish eukaryote  
species. Around 70,000 species have been recorded in Britain  
and Ireland, although some of these will be accidental intro-
ductions, rare vagrants or no longer resident. Work is needed 
to refine the current species list. Even so, a large percentage  
(∼40%) of this fauna and flora comprises terrestrial and  
freshwater arthropods. Given the significant proportion of  
species accounted for by this group, an effective sampling  
strategy is fundamental within any project seeking to sequence a  
complete eukaryotic biota.

Darwin Tree of Life is part of the Earth BioGenome Project  
(EBP) (Lewin et al., 2018). Since 2020 a consortium of UK  
partners have been working on the pilot project, with the 
rationale and aims outlined by The Darwin Tree of Life  
Project Consortium (2022). The initial goal of the pilot phase 
was to produce 2,000 assembled genomes, with each genome  
being derived from one specimen whenever possible, although 
this numerical goal was impacted by restrictions imposed  
by the Covid-19 pandemic. This phase of DToL is producing  
a large genomic resource but also developing methods and  
embedding best practices that benefit other EBP projects.

Due to the variation and spread of expertise across taxa, the  
DToL project is organised into a series of taxon-specific work-
ing groups. Here, we focus on sampling strategy (Figure 1) and 
consider the lessons learned with regards to sampling terrestrial  
and freshwater arthropods. Much will be relevant for any 
efforts towards large-scale sequencing projects. Throughout,  
the term ‘arthropod’ is used as short hand for ‘terrestrial  
and freshwater arthropods’.

Methods
Compilation of the species list
Deriving accurate species counts for Britain and Northern  
Ireland. National species lists are essential to target collect-
ing and to measure progress. A species list also needs to be  
partitioned into a taxonomic hierarchy; sampling in DToL is 
in part hierarchically structured, aiming to collect as many  
family representatives as possible in the first phase, genera  
in the second phase, and with more complete species  
representation for some key groups.

Criteria for inclusion in DToL. A species is within scope 
of DToL if it is established outdoors in a wild state. As well as  
native species, this means that various established non-natives  
will be sequenced, but not species established only indoors, 
in glasshouses, warehouses, and similar. The main source of  
native status is the GB Non-native Species Information Portal.  
Occasional immigrants or occasional importations are also 
not considered, although these have been collected ad hoc, for  
potential future sequencing. The source of a particular speci-
men, however, could be a laboratory colony if the species  
satisfies the criteria. This produces a working list of species  
that have extant populations in Britain and Ireland. Whilst  
this restriction whittles down the bird list substantially, it has  
limited impact on the arthropod list.

The UK Species Inventory (UKSI) is maintained at the Natural  
History Museum and is the most comprehensive, curated 
source of species names for biological recording in the UK.  
The UKSI database forms the foundation for the largest bio-
logical recording and reporting systems in the UK, including  
the National Biodiversity Network (and all partners included 
within) (Raper, 2021). The Inventory functions to hold a  
standard checklist of taxa so that records can be made against 
them and allows for cross-referencing between records to 
account for the same species that is known by different names.  
It acts as an archive of checklist editions, allowing users to 
search names (and other information on taxa such as conserva-
tion status) and how they have changed through time. These  
features are critical for sound reporting, ensuring that all  
available data are available for a taxon despite the variation  
in names used over time. 

The UKSI works closely and continuously with a network of 
dedicated professional and amateur biological recorders (as  
coordinated by the Biological Records Centre) and taxono-
mists, other databases (e.g., GBIF, WoRMS) and published 
checklists to ensure taxonomic concepts are up to date. Species  

Figure 1. Flow diagram outlining the complete sampling 
process -
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across all forms of cellular life that have been recorded in 
the UK and Ireland, or for which there is a potential need to  
record, can be included in UKSI. Because the UKSI serves  
primarily as a resource for recording, it cannot be used as the 
default checklist for DToL without modification, as species  
native or established in Britain and Ireland form only (a large)  
part of the checklist.

An important task is therefore to create a curated, baseline 
checklist of UK species to track sampling progress against.  
Developments to create a UKSI API are underway by the 
NHM, from which to draw live UKSI checklists with updating  
taxonomy which will be relevant for future biodiversity projects.

The total number of species (all life) listed in the UKSI, 
and therefore available to record, currently stands at 76,059.  
Excluding non-natives this total is reduced to 72,512 (Figure 2).

The following two examples are used to demonstrate how 
species lists are refined from the raw lists within UKSI to 
the target lists for DToL t: (1) the list of British and Irish  
butterflies, and (2) the families of Hymenoptera.

(1)    UKSI includes the names of 192 species of butter-
flies (Lepidoptera, families Hesperiidae, Lycaenidae, 
Nymphalidae, Papilionidae, Pieridae and Riodinidae).  
Of these, 122 species have been included in standard  
British and Irish Lepidoptera checklists (e.g., Agassiz  
et al., 2013). The remaining 70 names are in UKSI 
but have not been considered part of the UK fauna; 
they are present in UKSI for a variety of reasons,  
including misidentifications, listings in legislation, 
among others. A total of 49 species are included in  
Agassiz et al. (2013), but on the basis of presumed  

introductions or importations, or with a lack of evi-
dence as to how they came to be collected (or reported 
as collected) in Britain. Three species are extinct 
in Britain and Ireland with one additional species  
(Heteropterus morpheus) listed as an extinct resident  
of the Channel Islands, and therefore not within  
the scope of DToL. A further 10 species are scarce 
or very scarce migrants and thus not within scope  
of DToL. One species (Nymphalis polychloros) might 
be in the early stages of recolonising, but is not 
firmly established. This leaves 59 butterfly species  
considered to be within the scope of DToL. One of 
these has been reintroduced and some others are rare 
and protected, so specimens of some species have  
been sourced from outside of Britain and Ireland.

(2)    There are 73 families of Hymenoptera on the British  
and Irish checklist, taking into account some recent 
splits within the superfamily Apoidea (Sann et al.,  
2018). Of these, the species of three families  
(Eucharitidae, Megalodontesidae, Orussidae) are 
considered extinct in Britain and Ireland, if indeed  
they ever naturally occurred here (Dale-Skey et al., 2016; 
Liston et al., 2014). None of the species in 18 families 
reach the size threshold (around 5 mm) for the pilot  
phase of DToL so this leaves 52 families within scope  
of this phase of DToL and therefore to be prioritised  
for collecting and sequencing at least one species of  
each family.

Prioritising species for sequencing
As it is not possible to collect and sequence every species  
immediately, it is necessary to identify certain species as  
targets and prioritise their collection and processing into the 

Figure 2. Tree of UK arthropod families with annotation of species count per family.

Page 4 of 16

Wellcome Open Research 2023, 8:123 Last updated: 03 JUL 2023



sequencing pipeline. The DToL project is divided into three  
phases, with the first phase focusing on achieving taxo-
nomic breadth via aiming to sequence one or two species 
from every family (if individuals are large enough) present in  
Britain and Ireland. Approximately 40% of global terrestrial 
and freshwater arthropod families are represented by species  
in Britain and Ireland (Table 1), so a lot of higher-level  
arthropod diversification is potentially covered by DToL, with  
some exceptions, such as scorpions, phasmids and millipedes. 
The species identified from each family are considered ‘family  
representatives’, and are selected following a criteria hierar-
chy described below. It is acknowledged that for a number  
of families in the checklist it will be very difficult to obtain 
specimens for sequencing. This will be offset by sequencing  
additional species for other families. Some families have been 
selected for taxonomic ‘deep dives’, with multiple species  
selected and prioritised following an equivalent criteria hierarchy.

Selection of family representatives. A species selection hier-
archy was employed to identify the most suitable candidates 
to act as family representatives for each taxonomic family. 
Of 1,352 arthropod families, 494 contained just one or two  
species, therefore these species were automatically selected as  
the family representatives.

The first and foremost criterion in the hierarchy for selecting  
representative species was the indication that there was a  
need and/or desire for this genome from the scientific com-
munity. This need/desire was established via a community  
consultation using a short survey distributed through research 
networks. This survey is still open, but now the project  
primarily seeks suggestions for any British and Irish eukaryote  
species through a separate survey. During the first year of  
this consultation, species from a total of 90 different arthro-
pod families were suggested, of which 83 were selected as  
family representatives. Some examples of species suggested 
in the survey that were collected and are now proceeding 
through the sequencing pipeline include Ammophila sabulosa,  
Bombus lapidarius, Ixodes ricinus, Operophtera brumata, 
various Syrphidae, Braula coeca, Agelastica alni, Halyzia  
sedecimpunctata and Lampyris noctiluca.

The remaining (905) families, that were neither monospecific/
dispecific nor suggested in the community consultation, were 
assessed against the following criteria to identify appropriate  
representative species:

-    Important/Iconic/Interesting species. Species known to 
be of particular interest due to economic, social, eco-
logical or evolutionary factors. For example, those 
used as model species in laboratory or field research. 
Such species may be indicated by a relatively extensive  
presence in the scientific literature.

-    Availability/ease of collecting a specimen. Species that 
are more easily available to collect than others in the 
family. This may include species that are more com-
mon, widespread, abundant, phenologically wide-ranging  
or present at a genomic observatory site.

-    Ability/ease of accurate identification. Species that may 
be more readily identified than others in the family, espe-
cially those which can be reliably determined in the  
field.

-    Larger body size. Species with a greater body mass,  
thereby a single individual providing more tissue and  
therefore DNA for extraction.

-    Pre-existing genetic data. Species for which there is exist-
ing, publicly available genetic data that would increase 
the value and utility of sequence data. For example,  
species that have a publicly available transcriptome.

The value of ‘taxon deep dives’. Some taxa are of particu-
lar ecological/evolutionary interest, whereby it is desirable to 
sequence at a greater resolution than one or two species per  
family early on in the project. These taxa were selected as 
‘deep dives’ whereby many or all species within the group were  
targets for prioritised sequencing. The deep dive groups 
were selected using a similar criteria hierarchy to the family  
representatives:

-    Important, iconic or interesting group. The taxon as a 
whole is of particular interest due to economic, social,  
ecological or evolutionary factors. For example, the  
taxon may contain several species of interest or spe-
cies across a diverse range of traits for one of these  
factors.

-    Species pairs for phylogenetic analysis. Taxa that con-
tain pairs or paired groups of species that possess both  
alternative phenotypes of a trait of interest.

-    Taxon sets from Genomic Observatory. The full set of  
a taxon from a genomic observatory site.

The taxonomic level of the deep dive may vary depending on 
the number of extant species represented domestically, and 
the reason the group was selected. Broad groups will include  
too many species to remain practical and narrow groups will 
not include enough species to be informative. Such deep  
dives provide advantages that sparser sampling does not. For 
example, ensuring phylogenetic coverage of the group, includ-
ing basal species. Examples of taxa identified for deep dives 
include: Lepidoptera, Syrphidae, bees (Apoidea: ‘anthophila’)  
and Coccinellidae.

Sample collection. Sample collection is a continuous process 
following one of two approaches: targeted collections guided 
by the species priority list, or site-specific general sampling  
of all species. Targeted collections are facilitated by the main-
tenance of lists which are as current as possible, so that  
all partners and collaborators can check whether any par-
ticular species has been collected, and how many specimens 
have been collected. Amalgamating lists through a common  
portal is a major challenge which we are working on.

UK-wide targeted sampling. Targeted sampling of species 
identified as family representatives were made either during  
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specific collecting trips or by expert volunteers and sent via 
a postal service to a genome acquisition laboratory. We have  
been able to tap into existing activity, such as annual field  
meetings of the Dipterists’ Forum or the British Myriapod  
and Isopod Group (BMIG), where experts in the identification  
of various groups of invertebrates are brought together on one 
site and have given very generously of their time and expertise.  
Non-Taxon specific “Bioblitzes”, usually organised as a tool 
for biological monitoring, bring taxonomic experts together in  
a similar fashion. Similarly, identification experts around the 
country, often ‘amateur’, have enthusiastically sent specimens  
of interest, either under the auspices of a recording scheme  
or society (e.g., the British Arachnological Society), or as  
individuals.

This sampling approach allows relatively efficient gathering  
of specimens of species that are geographically restricted or  
specialised within habitats not covered by site-based col-
lecting. It also has advantages in engaging taxonomic, often 
amateur, experts across a wide range of taxa which has the  
dual benefit of providing specimens that would otherwise not 
have been possible to obtain whilst simultaneously engag-
ing this community, including recording schemes and societies,  
in the importance and value of genomic collections. 

The spatially and temporally diffuse and sporadic nature of 
this approach, however, also carries a number of disadvantages  
that require carefµL consideration to overcome. The first dis-
advantage relates to a potential for loss of specimen quality,  
for example from breaks in the cold chain (e.g. dry shipper  
failing) or premature mortality of specimens (e.g. specimens 
dying during shipping before arriving at laboratory facility  
for flash-freezing - although worth noting any specimens 
which are ‘dead on arrival’ can be preserved in ethanol and 
used for future DNA barcoding). Widespread sampling also  
inherently carries a greater degree of logistical challenges, 
including the need for a greater amount of documentation  
(e.g. many individual collection permits and Material  
Transfer Agreements for accessioning in the NHM’s collection)  
and greater time and financial cost per specimen.

The value of intensive site-based collecting (Genomic observa-
tories). The other approach taken was site-base collections.  
Specific sites were selected based on factors such as the diver-
sity and representativeness of species present, geographic  
location and the availability of laboratory facilities. The first 
site selected was Wytham Woods and the wider Wytham estate,  
owned by the University of Oxford. Wytham has been desig-
nated as a ‘genomic observatory’, with the aim of sequencing  
every species present at the site.

This approach has several distinct logistical advantages  
including:

•    simplified cold chain and access to labs on site;

•    year-long collecting overcoming phenological limitations;

•    Simpler and streamlined arrangements for permissions  
and permits;

•    The potential for local rearing facilities (e.g. for 
parasitoids, with host material from the focal site  
supplemented by material sourced more widely);

•    if the site had a history of biological recording or eco-
logical study, this pre-existing knowledge was valuable  
in developing a target list for collections;

•    economies of scale and practicalities of the processing  
chain: field collections are processed and shipped in  
fewer batches;

•    intensive sampling is often the only way of collecting 
infrequently encountered species (e.g. species that exist 
at low population densities or that have adult/accessible  
life stages for a short time period;

•    repeat collections can be easier (sequencing failures 
or deficiencies mean that some specimens need to be  
re-collected).

Site-based collections are also less targeted towards priority  
species, instead aiming to simply collect everything that can 
be accurately and appropriately identified and processed. This 
allows for more efficient collecting at scale, with a diminished  
need to prepare and collect lists.

The site-based collecting approach, however, also has certain  
disadvantages. One such significant disadvantage is that despite 
the broad taxonomic spread at any site (only diverse and  
representative sites were selected), the composition of spe-
cies present at any given site will only be a limited sample  
of national biodiversity dependent on the habitats present, 
region, site history, among others. This disadvantage can be  
partly offset by the selection of multiple sites with comple-
mentary faunas and floras so as to minimise sampling redun-
dancy. Being spatially restricted also limits the pool of 
expertise that can be accessed, as it is likely that only local  
experts will be available to assist with collections. This may 
also introduce a bias into the taxa collected reflecting the local  
expertise rather than the true distribution of species.

Overview of sampling progress. Over the course of phase 1, 
collections were targeted to the priority species as identified  
in the prioritisation process (2.2). Due to the projected  
scaling up of sequencing throughput by the project, it was  
necessary for collections to outpace the initial sequencing  
rate. This necessitated collections beyond simply just prior-
ity taxa, with as many available taxa collected as possible  
alongside targeted collections to ensure that priorities were 
covered. In total, 7891 arthropod specimens were collected  
over the course of phase 1 (2019-2022), representing 4969 spe-
cies of 1087 families (Table 2). By examining species and  
family accumulation curves for a specific site, Wytham, the 
rate of new taxa collection can be assessed (Figure 3). Such  
accumulation curves show that genomic observatory based  
collections continue to produce novel species. Changes in the  
rate of novel taxon acquisition also indicate the develop-
ment of sampling practice. For example, after sampling day  
130 at Wytham Woods, an integration of expert amateur natural  
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Table 2. Total number of arthropod 
specimens/species/families collected 
each year by UK-wide sampling 
(as adopted by the Natural History 
Museum) versus Wytham Woods 
site-based sampling. Totals per year are 
the number of new taxa for the project 
collected by the sampling approach.

Year UK-wide targeted 
sampling

Site-based 
sampling

2019 88/66/30 317/221/99

2020 514/316/123 691/546/72

2021 1680/1069/258 960/547/92

2022 2621/1634/343 1020/570/70

Figure 3. Accumulation curves of the cumulative number of families (a) and cumulative number of species (b) collected against the first 190 
sampling days at the Wytham Woods genomic observatory.

history group collection events and local volunteer collectors  
led to an increase in the rate of novel taxon acquisition.

Legal and Ethical issues, A.K.A. ‘compliance’. Within the 
UK, very few arthropod species are protected by law. Species  
protected under Schedule 5, section 9.4a of the Wildlife &  
Countryside Act 1981 include two spiders, three freshwater  
crustaceans and 25 insects; a small subset of these are also  
protected under international conventions. For these species, 
special permission from DEFRA must be sought to collect  
specimens. Collecting on National Nature Reserves and Sites  
of Special Scientific Interest (SSSIs) requires permission 
from the relevant statutory agency (Natural England, Nature  
Scot, Natural Resources Wales, or the Council for Nature  
Conservation and the Countryside (Northern Ireland)), and 
these agencies have been very supportive of DToL. Collecting  
on privately-owned land requires the landowner’s permission, 
in addition to permissions from government agencies if this  
land has statutory protection.

Specimens being acquired by the Natural History Museum 
and other museums require evidence that they were collected 
legally and ethically. Typically, an acquisition is accompanied  
by a Material Transfer Agreement or, for staff collections, a 
staff collection form and/or collection enhancement form.  
Additionally, prior to specimens being sent to Sanger, the  
specimen manifest must pass legal compliance tests.

DToL partners have signed up to a code of conduct within the 
project and we ensure that arthropod sampling follows the 
Code of Conduct for Collecting Insects and Other Invertebrates  
(Invertebrate Link, 2002).

Specimen identification. Most arthropod specimens are entirely 
destroyed for DNA extraction so confidence in the identifi-
cation is essential; when the identification is queried there 
will usually be no recourse to a specimen, although there 
are exceptions (see below). Several factors increase our con-
fidence in the identification being accurate: (1) trust in the  
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collector’s/submitter’s identification skills; (2) voucher photo-
graphs; (3) independent DNA barcoding, matching the speci-
men’s barcode sequence to a reliable barcode sequence in  
BOLD or NCBI; (4) in some cases, features associated with 
identification e.g. genitalia and/or wings can be retained as  
morphological vouchers; (5) a stable taxonomy for the genus.

For various groups, particularly more mobile insects, it is often 
necessary to anaesthetise the specimen (using either CO2 or  
ethyl acetate) to check critical features for identification. In  
addition to photographs of the specimen alive, it is again 
photographed when about to be processed on dry ice.  
Photography with a macro lens at this stage can provide very  
usefµL diagnostic photos. In some cases it is difficult or  
impossible to take images of live specimens or specimens dead  
on dry ice in the orientation necessary to see critical features; 
it is also impossible for anybody processing samples to know  
exactly which features are critical for every species, although 
the taxon-specific SOPs provide as much guidance as is  
feasible at the taxonomic level of order. It can also be very  
difficult to see certain anatomical features on a live insect even 
when these can be obvious on a pinned specimen in a collection. 
For various groups, it is possible to retain parts of specimens  
to serve as morphology vouchers. We have been retaining wings 
of macrolepidoptera and genitalia of several insect groups,  
particularly various moths, some Diptera (such as  
Mycetophilidae) and certain genera of Hymenoptera (e.g.,  
Netelia). These parts are removed when the specimen is placed  
on dry ice for processing.

DNA barcoding is an important extra verification step and has  
been invaluable in pointing to misidentifications in some  
difficult groups. It is important to note though that (a) verification  
is only as good as the reference barcode sequences, and  
(b) DNA barcoding using standard markers does not reliably  
differentiate species of all genera (e.g., certain ichneumonid 
wasp genera: Klopfstein et al., 2016). Barcode verification is  
explored in more detail below. Specimens collected for DToL 
have not all been stored for genome sequencing; some have  
been retained as vouchers for DNA barcoding or morphology. 
Development of reference collections and reference barcode  
libraries goes hand in hand with DToL and other genomics  
projects.

Many identifications of specimens destined for genome 
sequencing are provided by experts from outside of the formal 
DToL partners. These experts can be professional, including  
consultants, or amateur. Much of the UK’s taxon identifica-
tion expertise lies within the ‘amateur’ community and a project  
such as DToL relies on this dedicated army.

Specimen processing, preservation and archiving
For optimal DNA preservation the invertebrate specimen has 
to be flash-frozen live at temperatures of -80°C or lower. This 
can be achieved either by keeping specimens alive until freezer 
facilities are available or, in the field, using portable freezing  

methods such a liquid Nitrogen dry shipper, or dry ice. From 
the point of freezing, the ‘cold chain’ of the specimen must 
be maintained. This means that the specimen must remain  
at -80°C or below throughout sample processing and sample  
shipment.

Unique identifiers and sample data. Before processing, each 
specimen is assigned a unique identifier, e.g. a unique specimen  
ID (UID). Samples being sent for whole genome sequencing  
(in this case, to the Sanger Institute) are accompanied by a  
sample manifest; data fields and data standards for the mani-
fest are covered by Lawniczak et al. (2022) but, in brief, this 
includes metadata pertaining to species concept identity,  
collector information, collection details, tissue sample details, 
among others. Data management for large collections and  
herbaria (the Natural History Museum in this context) can be  
complex, with specimens and tubes needing to be tracked 
across the Collection Management System, freezer stor-
age software and the sample manifest as errors are difficult to  
correct further down the line, once specimen and DNA data  
have been promulgated across systems.

Sample processing - overview. All samples are processed 
according to the relevant taxonomic SOP (standard operating  
procedure) (available here; Pereira-da-Conceicoa et al., 2022).  
In summary, the specimen is dissected with different tissues 
being preserved in separate cryovials according to the relevant  
taxon SOP. The number of tissue samples generated will 
depend on specimen size – up to 15 tubes may be required for  
larger arthropods, for example some larger Odonata. Tissues 
are also removed for DNA barcoding, prior to the remaining  
dissection of the specimen – see section 2.5.4. 

Any manipulation of the specimen once removed from the  
freezer or relevant cold storage unit must be performed directly 
on dry ice, using a flat surface such as a petri dish to act as 
a barrier between the specimen and the dry ice. Equipment  
such as the petri dish or cryotubes should be chilled prior to  
contact with the specimen.

After destructive sampling (see section 2.6) any equipment 
used for dissection must be disinfected between samples to 
minimise cross-sample DNA contamination. A bead heater  
(e.g., Fisherbrand Microbead Sterilizer) can be used at 300°C  
for a duration of 15 seconds for any dissection tools. The  
dissection tools must have cooled down prior to their use on  
the frozen specimen. Alternatively, tools may be disinfected 
with a liquid disinfectant. Gloves must be worn, since human  
DNA contamination is also possible for steps such as DNA 
barcoding. Dissected tissue is placed in cryovials (where  
possible we recommend the use of barcoded cryovials) and 
stored in freezers at least -80°C before shipment on dry ice to  
the whole genome sequencing facility.

Each UID will be digitally linked to the barcode number found 
on the relevant cryovial (e.g. FluidX vials) containing the tissue  
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samples. The body parts and the tissue sample sizes should 
also be recorded throughout the dissection process, as this  
information will also be required in the sample manifest.

Photographing the specimen. Before dissection on dry ice, a 
high-resolution photograph of the specimen should be taken 
with the corresponding UID, to act as an electronic voucher, as 
well as to serve as diagnostic support. This photograph (together 
with any taken while the specimen was alive) serves as a  
virtual voucher, to potentially verify or support the identification.

Taking samples for DNA barcoding. A small tissue sample is 
dissected from the specimen and placed either directly into a 
well in a 96-well PCR plate, in 100% ethanol (100µL per well),  
or stored in 100% ethanol for future plating (as described in 
the taxon-specific SOP). For arthropods this tissue sample is  
typically one, or several, legs, depending on overall specimen 
size. Whilst barcoding plates do not need to be kept at -80°C,  
maintenance at low temperatures (typically -25°C) is preferable. 
See section 2.6 for the barcoding process.

Taking samples for whole genome. The remaining parts of 
the specimen are then divided into sections (as described 
in the taxon-specific SOP), with each section in a separate  
cryovial. Each vial should have a roughly lentil-sized piece of 
tissue (3–5 mm) in order to produce a whole genome sequence. 
However, it is worth noting with smaller specimens this is not 
possible so it will be up to the processor to dissect the speci-
men appropriately, either by freezing the whole organism  
or by minimising the number of incisions.

Physical vouchers. If the SOP states that a physical voucher 
of the specimen must also be preserved (for example, certain  
segments in Chilopoda and Diplopoda species, or genitalia 
for various insect groups) this can be stored in a separate vial  
either in a cool, dry place (if pinning is required) or in  
70–90% ethanol. This voucher should also be labelled with 
the same UID. Ideally, each species should have at least five 
specimens dissected and processed, to allow for potential  
failures.

Specimen preservation. The physical specimen must be stored 
in a facility at -80°C or lower. If the sampled specimen is subse-
quently transported for whole genome sequencing, depending  
on the DNA barcoding results, it must be transported at -80°C.  
This can be by courier licensed to ship specimens on dry ice 
or in a dry shipper. Under transport regulations dry ice is  
classified as ‘Dangerous Goods’ and must be labelled and  
packed accordingly.

Species and sample data verification
Barcoding. As discussed above, DNA barcoding acts as a tool 
for identification verification, and has potential to be used for 
sample tracking at the genome sequencing centre, if a sample  
switch error is suspected. Once samples for barcoding are  
received at the barcoding hub, DNA is liberated using a stand-
ard overnight lysis protocol, and the lysate is used as a template 

in the PCR-amplification of the COI marker region (Hebert  
et al., 2003). For arthropods, the LCO1490/HCO2198 (Folmer  
et al., 1994) and Lep-F1/Lep-R1 (Hebert et al., 2003) primers  
are used, with an amplification success rate of typically 90%.

Following PCR product clean-up, and Sanger sequencing, 
merged forward and reverse sequences are checked for quality, 
and compared to the BOLD database. In the majority of cases  
(77.7%), the query sequence has an exact (>99%) match to a 
species with the same name in the database. A small number  
of samples fail at either the PCR (8%) or sequencing (14.5%) 
stage. For the remainder, when provisional DToL identifica-
tions do not match suggested taxonomy in BOLD, we need  
to resolve whether the mismatch is due to (1) DToL  
misidentification or sample switch error, (2) misidentifications 
of specimens sequenced and uploaded to BOLD, or (3) because  
the BOLD specimen has used a different species taxonomy 
to the DToL specimen. A key approach we use in such cases is  
to build a phylogenetic tree using the barcode sequence and 
all similar sequences from the BOLD database (typically the  
genus). In several cases this approach has resolved or confirmed  
the identity of a specimen; for example, when the initial  
sequence identity-based approach was misled by misiden-
tification of a specimen previously uploaded to BOLD. The  
phylogenetic approach has also highlighted areas of taxo-
nomic uncertainty, such as failure of a CO1 barcode to separate  
species named from morphology (Boyes et al., 2021).

Resolving taxonomy and use of taxon ID numbers for  
inter-project compatibility. Names of organisms are tracked 
and surfaced through COPO (Collaborative OPen Omics), EBI  
(European Bioinformatics Institute) and other databases and 
institutes using the taxonomy in NCBI (National Center for  
Biotechnology Information). Sometimes the names used in  
NCBI conflict with those used in the NHM collection  
management system and any mismatches must be resolved  
before sample submission. Usually these changes are the result  
of NCBI using outdated names or combinations but changes  
are frequently required in the NHM’s CMS taxonomy.

Concluding remarks
Such a large-scale project naturally poses challenges. We  
conclude here with a brief discussion of the challenges faced  
so that future work may glean useful insights.

1.    We could not have anticipated that a global pandemic 
would mean most of us working at home for much of 
the first year of the project. The value of Wytham Woods  
as a genomic observatory was apparent then, with 
sampling nearly uninterrupted and providing the vast  
majority of DToL samples in the early stages of the  
project. Sampling by NHM and other partners was  
severely curtailed, although opportunistic sampling  
produced specimens (mostly from gardens) which are 
now resulting in genomes. Besides reduced numbers of  
specimens, and of a reduced taxonomic diversity,  
compared to our predictions, the pandemic also resulted 
in significant disruption to methods developments as 
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we resorted to stop-gap methods. It is important to start 
a project with a good model for data flow as well as  
specimen processing and storage.

2.    Data connectivity - With such a large project involving 
multiple collecting organisations, maintaining up-to-date  
records of species lists and collection progress is chal-
lenging. Arthropods in particular represent a huge  
taxon with many thousands of species and the sequenc-
ing process involves several stages. Attempts have 
been made to keep ‘live’ lists of species as they are  
collected and progress through the sequencing pipe-
line. This has, however, been difficult to achieve as 
there is a trade-off between how useful these lists are  
and the time it takes to curate them.

3.    Developing processes - The huge diversity of taxa  
within arthropods means that a single collecting, pres-
ervation and sequencing process will not be univer-
sally suitable. Many groups had not been sequenced  
before and required specialised processes. As these 
adaptations to the protocols were novel, and required  
some degree of trial and error in their development.  
For example, some species of Lepidoptera are  
exceedingly short lived and have rapid mortality once  
collected. Specimens of these species needed to be  
collected at a genome observatory site and taken  
directly to laboratory facilities where they could be  
flash frozen.

4.    Sample transport is key when the cold chain cannot be 
broken. Reliable couriers with expertise in transporting  
biological samples are necessary and back-up  
plans are always needed in case dry ice does not arrive  
in time, or dry shippers malfunction.

5.    Where relevant, the heterogametic sex should be  
prioritised to ensure a more complete representation of 
the genome. In haplodiploid taxa (mainly Hymenoptera),  
male genomes are easier to assemble because they are 
haploid but males are often more difficult to identify  
than females.

6.    Various small-bodied taxa (Collembola, Acari, Nema-
tocera, Diplura, etc.) have proved very challenging to 
identify live so R&D for these groups has been left for 
the next phase of DToL, where R&D is also needed to 
successfully generate long and linked reads from these  
smaller quantities of DNA.

7.    There is an overarching risk of picking ‘low-hanging fruit’ 
so that many target taxa are ultimately under-represented; 
discipline is needed to avoid this.

8.    Engaging the wider community of naturalists is essential  
sssto the long-term success of DToL, therefore these 
relationships need to be cultivated from a relatively  
early stage, but expectations also need to be managed.  
One way in which this has been developed is by 

including the specimen collector as a named author  
on the resulting genome note publication, alongside the 
opportunity for the collector to contribute to writing  
the genome note.

9.    The DNA barcode reference library for British and  
Irish organisms is still far from complete and requires 
significant investment. Although any specimens  
resulting from this project that are subsequently deemed 
unsuitable for whole genome sequencing can be DNA  
barcoded (providing we have an accurate ID), we are 
still a long way away from having a comprehensive  
DNA barcode reference library, especially for under-
studied and under recorded smaller-bodied groups  
such as Collembola or Thysanoptera. Identification 
by barcodes will become increasingly critical as more  
of these types of taxa are sampled.

10.    Interpreting DNA barcoding results is aided by a  
phylogenetic approach. Often similarity scores with  
existing barcodes in the database are insufficient for 
a conclusive identification. A phylogenetic tree of  
the barcode gene should ideally be constructed and 
inspected to infer relationships with the related  
species concepts.

11.    There is a need for ‘virtual voucher’ specimens, where 
a DNA barcode sequence and high quality photo-
graphs act to provide the best possible evidence of the 
specimen’s identification. To achieve this, new tech-
niques in photography of live and often very small  
specimens are needed.

12.    As the project progresses, the scale of specimen acqui-
sition will need to increase substantially, at the same 
time as the difficulty in collection and identification  
is also increasing (as the ‘low-hanging fruit’ will 
have already been collected). Alternative collection  
methods may play an important role in addressing  
this challenge. For example, mass sampling and  
meta-sequencing.

13.    As we venture into sampling different groups, additional, 
and more detailed, SOPs will be required.
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The paper describes a sampling strategy for genome sequencing of arthropods, which is 
performed in the first phase of a magnificent project called the Darwin Tree of Life project, which 
aims to determine the genome sequences of all eukaryotic species in Britain and Ireland. The 
paper details a plan of pre-sequencing processes: compilation of the species list with reasons for 
inclusion and un-inclusion in the list for sequencing and selection of prioritizing species; two 
approaches of sample collection and their advantages and disadvantages; specimen identification; 
and preservation and processing of specimens for DNA barcoding and genome sequencing. In the 
final section, the authors discuss challenges to resolve in the future studies. 
 
Overall, the manuscript is written thoroughly and thoughtfully with detailed procedures 
sufficiently provided. 
 
A unique aspect of this study is that it engages skills and knowledges of ‘amateur’ researchers 
especially at the step of sample collection and identification. As evident in Fig. 3, this engagement 
facilitates sampling of specimens. The aspect is interesting, showing a way of current/future 
science. The paper mentions what is needed from legal and ethical viewpoints as well as 
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The article describes terrestrial arthropod sampling strategy, specimen identification (including 
COI barcoding) and processing for the ambitious Darwin Tree of Life (DToL) project. Mostly it 
describes the reasons for the selection of species and sampling sites in the initial phase of the 
project, often determined by various practicalities (minimum specimen size, scientific interests, 
collecting permits, proximity of sampling sites to laboratories). There could be also useful tips for 
other similar projects in general, for example regarding cold chain (important for DNA 
preservation for long read sequencing), specimen processing, and barcoding (important also for 
tracking samples going to genome sequencing centre). The authors also highlight engaging the 
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wider community of naturalists that is essential to any project of that nature. 
 
There are some typos.

Replace "carefµL" (microliter) with "careful" on page 7.1. 
Replace "usefµL" with "useful" on page 9. 2. 
Replace "sssto" with "to" on page 11.3. 

Some comments: 
 
The authors write "We have been retaining wings of macrolepidoptera and genitalia of several 
insect groups, particularly various moths, some Diptera (such as Mycetophilidae) and certain 
genera of Hymenoptera (e.g., Netelia)." - Saws (ovipositors) and genitalia of many sawflies 
(Hymenoptera) are also important for species identification and should be preserved when 
possible. 
 
"DNA barcoding using standard markers does not reliably differentiate species of all genera (e.g., 
certain ichneumonid wasp genera: Klopfstein et al., 2016)." - This applies also to many sawflies, 
particularly in the subfamily Nematinae1,2. 
 
"Unique identifiers and sample data. Before processing, each specimen is assigned a unique 
identifier, e.g. a unique specimen ID (UID)." - It should be clarified (for instance giving an example) 
what this unique specimen ID is. For example, this BioSample in GenBank. 
 
Which of the many ID numbers given for this BioSample is the unique specimen ID? 6d0b0c23-
6fac-462d-9964-e35e452bcd9c? Sample name 614dcf84edc59f2e4a450697? specimen id 
Ox001515? tolid iyRhoChlo1? 
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