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Abstract 5 

Advances in DNA sequencing technology have stimulated the rapid uptake of protocols—6 
such as eDNA analysis and metabarcoding—that infer the species composition of 7 
environmental samples from DNA sequences. DNA barcode reference libraries play a 8 
critical role in the interpretation of sequences gathered through such protocols, but many 9 
lack adequate taxonomic curation, include redundant records, do not support end-user 10 
analytical pipelines, and are not permanently archived in repositories. Furthermore, 11 
because DNA sequencers are outpacing Moore’s Law and reference libraries are rapidly 12 
expanding, the computational power required to assign sequences to source taxa increases 13 
yearly. To address these limitations while also providing access to anonymized private data 14 
from the Barcode of Life Data System (BOLD), we introduce an algorithmic approach to 15 
construct DNA barcode reference libraries that overcome the above issues. Hosted online, 16 
‘BOLDistilled’ libraries are comprehensive but compact, because the algorithm distills 17 
genetic variation into a minimal set of records. We generated a BOLDistilled library for the 18 
barcode region of the cytochrome c oxidase 1 gene (COI) based on all data in BOLD.  This 19 
library contains 1.2M records versus 17.5M in the complete library, a compression which 20 
reduced the time required for sequence analysis of metabarcoded samples by ≥98% with 21 
no reduction in the accuracy of taxonomic placements. BOLDistilled libraries will be 22 
updated routinely, with the current version and all previous versions available at 23 
boldsystems.org/BOLDistilled. By providing access to persistent, comprehensive, and high-24 
quality reference data, BOLDistilled libraries will strengthen the capacity of DNA-based 25 
identification systems to advance biodiversity science.  26 
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Introduction 31 

DNA-based specimen identifications are now the global standard. Both basic science 32 
(Pringle et al., 2019) and applied projects (Aylagas et al., 2016) rely on the ability to infer 33 
taxonomy from short DNA sequences. Three underpinning analytical protocols—DNA 34 
barcoding, metabarcoding, and eDNA analysis—all rely on the PCR amplification and 35 
sequencing of targeted genetic markers. Resulting sequences are identified by comparison 36 
with a reference library comprised of sequences with associated taxonomic assignments. 37 
Therefore, well-validated reference libraries are critical for DNA-based species 38 
identification (Ahmed et al., 2019; Liu et al., 2020; Rimet et al., 2021). 39 

The Barcode of Life Data System (BOLD) (Ratnasingham et al., 2024; Ratnasingham & 40 
Hebert, 2007) is the global repository for DNA barcode sequences (Hebert et al., 2003). It 41 
currently contains 21.8 million DNA sequences, which have received considerable 42 
taxonomic curation. Nevertheless, because many species remain undescribed, some 43 
barcode records cannot gain a taxonomic assignment below the family, subfamily, or genus 44 
level. Moreover, even known species often require attention from expert taxonomists to 45 
associate a sequence with a species. Barcode Index Numbers (BINs)—clusters of barcode 46 
sequences assigned to a unique alphanumeric identifier—offer a solution (Ratnasingham & 47 
Hebert, 2013). Every month, sequences new to BOLD are either assigned to an existing BIN 48 
or found new ones. 49 

The computational requirements for these taxonomic assignments are certain to grow for 50 
two reasons: 1) DNA barcode reference libraries are expanding at an ever-accelerating pace 51 
due to decreasing analytical costs and increasing uptake; and 2) the data files generated by 52 
DNA metabarcoding and DNA protocols are surging because of massive increases in 53 
sequence generation.  Jointly these factors drive the Carlson curve (Carlson, 2003), which 54 
shows that the pace of biotechnological development scales in a similar fashion to 55 
computational advances (Moore, 1965). Indeed, DNA sequencing technology is advancing 56 
faster than Moore’s Law (Muers, 2011), leading to an ever-increasing gap between the 57 
supply and demand of computational resources. The solution lies in accelerating the 58 
computational capacity for analysis and/or reducing the computational demand by 59 
reducing the size of reference libraries without compromising their ability to deliver 60 
taxonomic inferences.  61 

Here, we describe an approach that generates comprehensive DNA barcode reference 62 
libraries distilled from data on BOLD. Each ‘BOLDistilled’ library captures a snapshot of the 63 
genetic diversity and associated taxonomic information on BOLD in a minimalist dataset. 64 
These libraries are versioned, publicly available, and archived to allow the reproducibility of 65 
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analyses conducted on a particular sequence array. The distillation process employs an 66 
open-source algorithm to capture the full range of genetic variation while retaining the 67 
fewest records for each BIN (or operational taxonomic unit [OTU] for taxa outside the animal 68 
kingdom). We also resolve each BIN (or OTU) to a single consensus taxonomy to reduce 69 
ambiguities which would otherwise be introduced during the assignment of sequences to 70 
their source taxa. These libraries, which include both public and anonymized private 71 
sequences, will initially be published quarterly through a doi at 72 
boldsystems.org/BOLDistilled with past versions archived and accessible. We present the 73 
first BOLDistilled library for the barcode region of cytochrome c oxidase I (COI), the most 74 
heavily represented locus on BOLD (96% of records), and the only locus for which BINs are 75 
generated. 76 

Materials and Methods 77 

Unless otherwise stated, all analyses were performed on a custom-built computer 78 
equipped with an AMD Ryzen ThreadRipper 7980Xs 128-core CPU, 128 GB RAM, and an 79 
NVIDIA GeForce RTX 4090 GPU. The operating system was Ubuntu 24.04.1 LTS. 80 

All 21.8M records on BOLD were downloaded on March 10, 2025. Among them, 17.3M with 81 
BIN assignments were retained, leading to coverage for 1.2M BINs. Another 220K records 82 
belonging to prokaryote (e.g., aerobic bacteria) and other eukaryote (Fungi, Protista) 83 
lineages were also retained. Although they lack BIN assignments, retention of these taxa is 84 
important because sequences deriving from them are often present among sequence arrays 85 
recovered from barcoding, metabarcoding, and eDNA analyses (Hallam et al., 2021; Young 86 
& Hebert, 2022). The latter records were clustered into OTUs using VSEARCH (Rognes et al., 87 
2016) to create BIN analogues for the purpose of data distillation (see below). The final 88 
BOLDistilled library contained approximately 1.2M records with BIN assignments and 89 
another 23K records with OTU assignments (hereafter, for simplicity, we refer to both BINs 90 
and OTUs as ‘BINs’). 91 

The BOLDistilling process (Fig. 1) employs an algorithm that acts on each BIN to select the 92 
minimal number of sequences that effectively capture its genetic diversity. The distance 93 
threshold, which acts to exclude similar sequences, is the key parameter for distillation 94 
(discussed below). If a BIN contains only a single record, its sequence is retained as the 95 
representative while those with multiple records are distilled in the following way: 96 

1. Duplicate sequences are removed. If just one sequence remains, it is the 97 
representative for that BIN. 98 
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2. If multiple sequences remain, a single focal sequence is selected from them and 99 
added to the BOLDistilled library. 100 

3. Genetic distance is then calculated between that focal sequence and all other 101 
sequences in this BIN. 102 

4. All sequences with a distance above the threshold are retained, while those below it 103 
are discarded. 104 

5. A new focal sequence is then haphazardly selected from the remaining sequences. 105 
The selection process continues (from step 3) in an iterative fashion until no 106 
sequences remain. 107 

6. The process is extended to the next BIN until all BINs have been processed. 108 

The Process ID is the unique identifier on BOLD for each record and its associated DNA 109 
sequence and taxonomy. BOLDistilled libraries report the Process ID for each public record 110 
while those from private records are concealed. BOLDistilled libraries minimize the number 111 
of private records by preferentially selecting public records as focal sequences.  112 

In addition to reducing genetic redundancy, an effective reference library must possess a 113 
single consensus taxonomic assignment for each BIN. Arriving at this consensus requires 114 
the resolution of taxonomic conflicts among specimens. This is carried out by an R script (R 115 
Core Team, 2022) that examines the taxonomic hierarchy for every member of each BIN in 116 
the complete BOLD library. At each level of the hierarchy (kingdom to species), ≥75% 117 
agreement is taken as its taxonomic assignment. For example, if all taxonomic assignments 118 
for members of a BIN are congruent down to a genus, but half are assigned to one species 119 
and the rest to another species, the BIN taxonomy is only resolved to a genus. Missing 120 
taxonomy is not considered discordance, so if even one member of a BIN has, for example, 121 
a generic ID, the BIN gains that identification unless discordance is introduced through 122 
future curation or new data. We note that Process IDs in BOLDistilled libraries refer to BOLD 123 
records containing reference sequences, but the taxonomy associated with individual 124 
records in that BIN might differ from the consensus taxonomy in the BOLDistilled library. 125 

We used a 0.75% divergence threshold to generate the BOLDistilled library for COI after 126 
trials with varying thresholds. Higher thresholds reduce the overall library size because 127 
fewer representatives are included per BIN, but this can compromise representation of 128 
intra-BIN genetic variation. Conversely, lower divergence thresholds result in broader intra-129 
BIN genetic diversity at the cost of a larger library. Our tests indicated that a 0.75% 130 
divergence threshold led to a nearly ten-fold reduction in the size of the BOLDistilled library 131 
while offering enough resolution to accurately infer taxonomy in taxa with high intra-specific 132 
genetic variation. This value might change slightly with future study and will be reported in 133 
the metadata accompanying each BOLDistilled library. 134 
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To validate the BOLDistilled COI library, we compared its performance against the complete 135 
17.5M COI library on BOLD. We analyzed two metabarcoded Malaise trap samples—one 136 
from Canada and one from Australia—and the resulting sequences were identified using 137 
both the complete and distilled reference libraries. Briefly, we lysed the bulk samples with 138 
a guanidine thiocyanate-based lysis buffer and extracted bulk DNA from three replicates of 139 
lysate per sample. We amplified the COI barcode using standard methods (Hebert et al., 140 
2018) and sequenced the resulting amplicons on an Oxford Nanopore Technologies (Oxford, 141 
UK) PromethION flow cell on a PromethION P2 Solo sequencer following the manufacturer’s 142 
recommendations for the SPK-LSK114 ligation module. We filtered, demultiplexed, and 143 
clustered the reads with a custom pipeline (Prosser, unpublished) and then ran the resulting 144 
fasta files through VSEARCH –usearch_global using both reference libraries. From 145 
these results, we compared the time required to complete analysis, the number of BINs 146 
detected, and the identity of BINs.  147 

BOLDistilled libraries are available at the following URL: boldsystems.org/BOLDistilled 148 
[note: URL will be activated following acceptance for publication]. The latest reference 149 
library for a given gene region or taxonomic group will be available via a download link. Earlier 150 
versions will remain available in a linked persistent repository. Each library will include the 151 
underlying sequences, their corresponding consensus taxonomy, and a summary of the 152 
library’s metadata and structure, which allows users to convert them into their desired 153 
formats. To that end, we will also make each library available in the formats of popular 154 
taxonomic assignment algorithms. All scripts and output data used in this study are 155 
available on the Dryad Digital Repository (doi: 10.5061/dryad.k98sf7mjd). 156 

Results & Discussion 157 

The BOLDistilled library (BOLDistill_COI_Mar2025) contained 82.3% fewer sequences (1.2M 158 
records) than the complete BOLD reference library (17.5M records) when a divergence 159 
threshold of 0.75% was used.  Among these records 24% were resolved to species, 36% to 160 
genus, and 93% to family. To compare their performance, we queried both the complete and 161 
BOLDistilled reference libraries using two data sets with 15-fold difference in read depths 162 
and with less than 1% overlap in BIN composition—the sample from Canada (CDN) had 163 
755,083 reads while the Australian (AUS) sample had 11,244,319 reads—both estimated to 164 
contain 400–500 BINs. In our tests, VSEARCH –usearch_global took 10–20 minutes to 165 
analyze the sequences when the complete BOLD reference library was used (CDN: 592 s; 166 
AUS: 1180 s). By comparison, the same analysis with the BOLDistilled library was completed 167 
in seconds (CDN: 12 s; AUS: 18 s), a 98% reduction in computational time for both samples. 168 
Because multiple samples are often analyzed in a run the incorporation of a BOLDistilled 169 
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library into bioinformatic workflows can reduce 24 hours of computation to less than 30 170 
minutes. 171 

 172 

To compare taxonomy assignment performance on standard computers, we ran VSEARCH 173 
–usearch_global on the Australian sample using two laptops—a 2020 MacBook Air M1 174 
equipped with 8 GB RAM and a 2023 MacBook Pro M2Pro equipped with 16 GB RAM. The 175 
MacBook Air was unable to run VSEARCH using the complete library due to insufficient 176 
memory, though it completed analysis with the BOLDistilled library in 96 s. The MacBook Pro 177 
could run both libraries, taking 3848 s (64 min) with the complete library versus 66 s with the 178 
BOLDistilled library (98.3% reduction). These results highlight an important feature of 179 
BOLDistilled libraries: they support users without access to high-end performance 180 
computers, and they abolish a barrier to research in labs with limited funding. Indeed, the 181 
ability of BOLDistilled libraries to run locally on low-end computers without an Internet 182 
connection makes them ideal for use in remote communities, progressing the 183 
democratization of biodiversity research.  184 

Time for computation is also affected by the sequencing platform employed (via read depth) 185 
and by the taxonomic diversity of the sample being investigated. While read depth directly 186 
affects compute time for processes such as read filtering, demultiplexing, and clustering, 187 
taxonomic assignment algorithms depend primarily on the number of BINs requiring 188 
identification—read depth of the BINs is largely inconsequential at this stage. However, high 189 
read output typically results in more BINs per sample—rare BINs are more likely to be 190 
recovered with higher read depth—so both sequencer output and taxonomic diversity of the 191 
sample will affect the compute time of BIN identification.   192 

In terms of taxonomic matches, the reference libraries showed similar performance. In the 193 
Canadian sample, use of the complete library led to the detection of 447 BINs versus 448 194 
BINs with the BOLDistilled library. In the Australian sample, the complete library detected 195 
483 BINs versus 485 BINs with the BOLDistilled library. In both cases, the BIN array was 196 
nearly identical (CDN: 98.1% overlap; AUS: 98.8% overlap). Differences between the 197 
complete and distilled libraries typically involved very closely-related BINs—attributable to 198 
real biological variation. Consider a query sequence whose best match in the complete 199 
library is to BIN ‘A’ and whose second-best match is to closely related BIN ‘B’. If, after 200 
BOLDistillation, the best match reference sequence from BIN ‘A’ is removed and the 201 
second-best match from BIN ‘B’ is retained, the query sequence will now match to BIN ‘B’. 202 
These cases are uncommon, and the inferred taxonomic composition of a sample is near 203 
identical whether using the complete or distilled library. 204 
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We believe BOLDistilled libraries, or an analogue, should be used as the basis for assigning 205 
the taxonomic source of sequences recovered through metabarcoding or eDNA studies. 206 
With it, users can incorporate a DNA barcode reference library into their own workflow 207 
whether they use VSEARCH (as we have) or other taxonomic assignment algorithms, such 208 
as BLAST (Camacho et al., 2009) or SINTAX (Rognes et al., 2016). BOLDistilled libraries 209 
converted into formats compatible with popular algorithms are available on 210 
boldsystems.org/BOLDistilled. 211 

Each BOLDistilled library represents a snapshot of all DNA barcode data available at the 212 
time of its creation, a record that will be maintained in perpetuity to facilitate the 213 
reproducibility of analytical results generated using it. By resolving taxonomic 214 
inconsistencies within BINs prior to analysis, these libraries also reduce the risk of 215 
misidentifications linked to taxonomic uncertainty among individual barcode records. 216 
Importantly, they also maintain meaningful intraspecific genetic variation. The above 217 
concerns have been highlighted by the metabarcoding community as key shortcomings in 218 
past approaches to the construction of reference libraries (Keck et al., 2023). By addressing 219 
these deficits, and because they will be updated as BOLD grows, BOLDistilled libraries are 220 
positioned to respond rapidly to future demands.  221 

Presently, a BOLDistilled library is only available for COI. The BIN algorithm and our 222 
sequence divergence threshold have been fine-tuned based on our collective expertise into 223 
this locus.  Similar libraries can certainly be produced for other loci (e.g., rbcLa or ITS2) and 224 
we will generate them based on demand and further exploration of the distillation 225 
parameters. While software packages exist to aid the manipulation and curation of publicly 226 
available reference sequences (Keck & Altermatt, 2023), BOLDistilled libraries require no 227 
further optimization, are fully traceable and versioned, and can be customized by 228 
researchers to include only taxa of interest. Looking forward, we believe these libraries 229 
should be adopted as standards that maximize the utility of DNA barcode reference libraries 230 
for the scientific community. 231 
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Figure 232 

 233 

Fig. 1. Illustration of the BOLDistiller algorithm. BINs or OTUs with multiple sequences 234 
are selected for distillation (step 1). The tree shows an example of a single BIN with high 235 
intra-BIN variation with each colour indicating an intra-BIN cluster from which a single 236 
representative should be retained. First, a focal sequence is selected from the pool (step 2) 237 
and divergence between the focal sequence and all other sequences is calculated (step 3). 238 
Sequences with high divergence (>0.75% for COI) from the focal sequence are retained (step 239 
4). The process is repeated until no sequences remain (step 5). The set of focal sequences 240 
for this BIN are added to the BOLDistilled library (step 6), and the process continues with the 241 
next BIN or OTU in the list (step 7). 242 
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