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Abstract 20 

DNA barcoding and metabarcoding provide new avenues for investigating 21 

biological systems. These techniques require well-curated reference libraries 22 

with extensive coverage. Generating an exhaustive national DNA barcode 23 

reference library can open up new avenues of research in ecology, evolution 24 

and conservation, yet few studies to date have created such a resource. In 25 

plant DNA barcoding, herbarium collections provide taxonomically robust 26 

material but also pose challenges in lab processing. Here we present a 27 

national DNA barcoding resource covering all of the native flowering plants 28 

and conifers of the United Kingdom. This represents 1,482 plant species, with 29 

the majority of specimens (81%) sourced from herbaria. Using Sanger 30 

sequencing of the plant DNA barcode markers, rbcL, matK, and ITS2, at least 31 

one DNA barcode was retrieved from 98% of the UK flora. We sampled from 32 

multiple individuals, resulting in a species coverage for rbcL of 96% (4,477 33 

sequences), 90% for matK (3,259 sequences) and 75% for ITS2 (2,585 34 

sequences). Sequence recovery was lower for herbarium material compared 35 

to fresh collections, with the age of the specimen having a significant effect on 36 

the success of sequence recovery. Species level discrimination was highest 37 

with ITS2, however, the ability to successfully retrieve a sequence was lowest 38 

for this region. Analyses of the genetic distinctiveness of species across a 39 

complete flora showed DNA barcoding to be informative for all but the most 40 

taxonomically complex groups. The UK flora DNA barcode reference library 41 
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provides an important resource for many applications that require plant 42 

identification from DNA. 43 

Introduction 44 

The identification of plant species is vitally important for the monitoring, 45 

conservation and utilisation of biodiversity but is limited by the availability of 46 

taxonomic expertise. DNA barcoding, the method of characterising species 47 

using one or a few standardised regions of DNA (Hebert et al., 2003), has been 48 

used to both characterise existing biodiversity and identify new or cryptic 49 

species. Species identification is possible even where morphological 50 

identification was previously limited, as in juvenile, sterile, mixed or degraded 51 

plant material (Hollingsworth et al., 2016).  52 

The applications of DNA barcoding and DNA metabarcoding techniques (when 53 

DNA barcoding is used in combination with high throughput sequencing from 54 

multispecies samples) cover a wide range of purposes, with the potential for 55 

rapid identification of species composition from many different sources of 56 

DNA (Deiner et al., 2017; Hollingsworth et al., 2016). In environmental 57 

monitoring, DNA metabarcoding has been used to detect the presence of rare 58 

species (Harper et al., 2018), to reveal pollinator communities by retrieving 59 

insect DNA from the flowers they visit (Thomsen and Sigsgaard, 2019), 60 

monitoring biodiversity change by reconstructing historical plant communities 61 

(Edwards et al., 2017) and to identify pollen from the air (Brennan et al., 62 

2019). DNA barcoding has been widely employed for diet analysis, as when 63 
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examining food partitioning in herbivores (Kartzinel et al., 2015) or the trophic 64 

specialisation of bats (Arrizabalaga‐Escudero et al., 2019).  65 

Potential commercial applications involve using DNA barcoding to assess plant 66 

based products for sale, such as confirming the claimed identity of herbal 67 

medicines (Raclariu et al., 2018), verifying the geographic origin of honey 68 

(Prosser and Hebert, 2017; Saravanan et al., 2019), or checking the 69 

composition of plant species present in commercial tea preparations (de Boer 70 

et al., 2017; Stoeckle et al., 2011).  71 

Underpinning this diversity of applications are well-curated reference 72 

libraries, with associated voucher specimens and sample metadata (Hebert et 73 

al., 2003). By using a high-quality reference library, the accuracy achieved 74 

within the many applications that require DNA-based species identification 75 

can be improved (Bell et al., 2016; Landi et al., 2014). Sequences with these 76 

metadata provide the opportunity to appropriately evaluate any identification 77 

results (Pentinsaari et al., 2020). The gold standard is a complete reference 78 

database of sequences for multiple, well-verified individuals, for all species 79 

from a country. However, this goal is challenging to achieve in most countries 80 

and for most organismal groups, with sample availability, high species 81 

richness and taxonomic expertise often being limiting factors. Large-scale DNA 82 

barcode reference datasets combining exhaustive taxonomic coverage and 83 

multi-species sampling have been completed for numerous animal groups 84 

(Hebert et al., 2016) including Canadian spiders (1460 species) (Blagoev et al., 85 
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2016) and New Zealand’s birds (236 species) (Tizard et al., 2019). In animals, 86 

the use of a single DNA region for most taxa, cytochrome c oxidase I (COI), for 87 

which there are reliable primers and standardised protocols, makes the 88 

process of generating large reference databases routine. In plants, however, 89 

the logistics are more complicated, as no single DNA region provides suitable 90 

levels of species discrimination, and instead two core plastid DNA barcode 91 

regions, parts of the genes rbcL (c. 600 bp) and matK (c. 800 bp) are 92 

commonly used (CBOL Plant Working Group, 2009), often alongside a portion 93 

of the more variable internal transcribed spacers of nuclear ribosomal DNA 94 

(ITS2) (Chen et al., 2010; China Plant BOL Group et al., 2011; Yao et al., 2010, 95 

Kuzmina et al., 2017), or sometimes the plastid inter-genic spacer trnH-psbA 96 

(Kress and Erickson, 2007). 97 

The UK has a long history of botanical recording, with an extremely well-98 

studied flora (Preston et al., 2002; Walker and Preston, 2006). There are 99 

extensive datasets on alien taxa (Stace and Crawley, 2015), conservation 100 

status, current distributions and distribution change over time (Preston et al., 101 

2002), cytotype variation, ecological traits (Hill et al., 2004), genetic diversity 102 

(Ruhsam et al., 2018), genome sizes (Pellicer and Leitch, 2020), and 103 

hybridisation (Stace et al., 2015). This information provides a rich contextual 104 

background for UK DNA barcoding data that can then be used in evolutionary 105 

and ecological studies. There are also extensive sample resources, with over 106 

half the native flora held in the living collections of botanic gardens, and ~1.5 107 

million specimens representing >99% UK native species in major UK herbaria 108 
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(Clubbe et al., 2020). By using national herbarium collections, a 109 

comprehensive collection of UK plant species can be accessed for DNA 110 

barcoding (de Vere et al., 2012), providing accurate taxonomic identification, 111 

source material for DNA extraction, and voucher specimens that can be linked 112 

to the sequencing data. In addition, the cost and time associated with 113 

establishing a reference database can be significantly reduced by using 114 

herbarium collections (Kuzmina et al., 2017). In connecting well annotated 115 

and curated collections of specimens, housed in open-access repositories, to 116 

their DNA sequences, the voucher specimens can be easily revisited for any 117 

further research purposes. 118 

Here we present the complete reference library for the UK native flora for 119 

rbcL, matK and ITS2, providing a three-locus barcode library representing 120 

1,482 British native plant species. We provide coverage for all of the native 121 

and archaeophyte (naturalised prior to 1500 CE) flowering plants and conifers 122 

of the UK, with this representing a major taxonomic and geographic extension 123 

of the reference library previously created for Wales (de Vere et al., 2012). For 124 

the Welsh flora DNA barcode database, 1,143 plant species were sequenced 125 

for plastid regions only (rbcL and matK). In this study, an additional 339 plant 126 

species were targeted to gain representation for plant species not found 127 

within Wales, but present within England, Scotland and Northern Ireland. We 128 

also, for the first time, target the ITS2 marker for the 1,482 UK species. Our 129 

primary aim is to provide a resource that can be used in integrated ecological 130 

and evolutionary analyses at the scale of a whole flora. Given our extensive 131 
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use of herbarium material, we also assess how the success of Sanger-based 132 

sequence recovery is affected by specimen age and by higher-level taxonomy; 133 

how the three markers rbcL, matK, and ITS2 vary in their ability to successfully 134 

recover a sequence, how the three markers vary in their species level 135 

discrimination and discuss their applicability for DNA metabarcoding studies.  136 

Materials and Methods 137 

Sample collection 138 

The UK native flora targeted here represents 1,482 flowering plants and 139 

conifers, representing 550 genera, 104 families, and 35 orders (Preston et al., 140 

2002; Stace, 2019). Taxonomic classifications use Stace (2019). The apomictic 141 

microspecies complexes of Hieracium, Rubus and Taraxacum, that are difficult 142 

to distinguish morphologically as species (Ellstrand et al., 1996), were 143 

represented using aggregate species groupings. Leaf material was obtained 144 

for 1473 (99%) of the targeted species. In total, 6,100 individuals were 145 

sampled, 4,965 from herbarium specimens and 1,135 from recent collections 146 

of leaf material into silica-gel desiccant, from throughout the UK. Of the 6,100 147 

specimens, 4,272 were sampled and extracted during previous work on DNA 148 

barcoding the Welsh flora (de Vere et al., 2012), while 1,828 specimens 149 

represent newly sequenced herbarium and recent field collections, to gain 150 

coverage for those UK plant species not present in Wales. At least three 151 

individuals of each species were targeted for collection. 152 
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For samples from herbarium specimens, approximately 2 cm2 of leaf material 153 

was removed from a part of the specimen that would not detract from its 154 

scientific value. Further criteria for specimen selection in order of importance 155 

included: being a morphologically typical representative of the species, being 156 

as recently collected as possible within the specimens available; being 157 

collected from geographically distinct locations; and having additional 158 

taxonomic verification present for the specimen. The majority of herbarium 159 

samples came from specimens housed in the National Museum Wales (NMW) 160 

collections (89%), with additional samples from the Royal Botanic Garden 161 

Edinburgh (E), National Botanic Garden of Wales (NBGW), National Museums 162 

Liverpool (LIV), Dublin Botanic Garden (DBN), Bangor University (UCNW) and 163 

Aberystwyth University (ABS).  164 

For freshly collected material, approximately 2 cm2 of undamaged leaf or 165 

flower material was sampled in the field and placed into bags of silica gel 166 

desiccant to dry. Regional floras, online databases from the Botanical Society 167 

of Britain and Ireland, and knowledge from local recorders were used to 168 

locate species for sampling. Herbarium vouchers were created for all freshly 169 

collected material, with the exception of threatened species, and were placed 170 

in the herbaria at the National Botanic Garden of Wales, National Museum 171 

Wales and the Royal Botanic Garden, Edinburgh. Where collection of a 172 

voucher specimen was prohibited, a photographic voucher was taken instead.  173 
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DNA extraction and amplification 174 

For freshly collected leaf material, Plant DNeasy 96 kits (Qiagen) were used, 175 

following the manufacturer’s protocol, using leaves dried in silica gel. For 176 

herbarium samples, the Plant DNeasy protocol was modified to improve 177 

success, following de Vere et al. (2012). This used a lysis buffer containing 400 178 

μl AP1 buffer from the Qiagen kit, 80 μl DTT (0.75 mg/ml) (Melford 179 

Laboratories, UK) and 20 μl proteinase K (1 mg/ml) (Sigma). Each sample had 180 

400 μl of this lysis buffer added to the leaf material before disruption with a 181 

TissueLyser II (Qiagen) with 3 mm tungsten carbide beads. The incubation 182 

phase using the modified AP1 buffer was then extended to 1 hour at 65°C. 183 

The final elution stage with the AE buffer was extended to 15 minutes for the 184 

herbarium samples.  185 

Amplification for the rbcL marker was carried out using primers rbcLa-F and 186 

rbcLr590 (Supplementary Data, de Vere et al., 2012). For matK, multiple 187 

primer combinations were used, beginning with universal primer 188 

combinations, matK-390F with matK1326R, and matK-2.1a with matK-3Fkim-189 

R. If these failed, order specific primers were then attempted (Supplementary 190 

Data, de Vere et al., 2012). For the ITS2 region, ITS2F and ITS3R primers were 191 

used (Chen et al., 2010). Only one primer pair was used for ITS2 amplification, 192 

to reduce the risk of generating sequences from different paralogous copies 193 

of ITS / ribosomal arrays (Yao et al., 2010). Failed amplifications were 194 

attempted a further two times for each sample and primer pair. 195 
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The PCR amplifications were carried out in 20 μl reactions, using 10 μl of 196 

Biomix (Bioline), 0.4 μl of each primer (10 μM), 0.8 μl of BSA (1 mg/ml), 6.4 μl 197 

of molecular biology grade H2O, and 2 μl of template DNA. PCR conditions for 198 

rbcL and matK were 95°C for 2 min, followed by 95°C for 30 sec, 50°C for 90 199 

sec, and 72°C for 40 sec, for 45 cycles, followed by 72°C for 5 min and 30°C for 200 

10 sec. The ITS2 PCR cycle was as follows: 94°C for 5 min, followed by 94°C for 201 

30 sec, 56°C for 30 sec and 72 °C for 45 sec for 40 cycles, and then 72°C for 10 202 

min. Samples were visualised on 1% agarose gels and successfully amplified 203 

samples were sent for forward and reverse Sanger sequencing to Macrogen 204 

Europe (Amsterdam, Europe) or to Edinburgh Genomics, where they were run 205 

on an ABI3730XL sequencer (Applied Biosystems). 206 

Sequencing 207 

For each returned sequence, the sequences were quality trimmed (with 25 bp 208 

window segments where more than 2 bp showing a quality value of less than 209 

20 were removed), the primer sequences were removed, and the contigs then 210 

assembled. Each contig was manually checked for base call disagreements and 211 

manually edited as needed. Low quality sequences were removed, and the 212 

two coding regions (rbcL and matK), were also checked for stop codons. All 213 

sequence assembly and editing was completed using Sequencher v 5.0 214 

(GeneCodes Corp). Summary quality statistics were calculated for each 215 

marker, including the mean sequence length, the mean sequence QV, the 216 

mean sequence overlap between forward and reverse reads, the mean 217 
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percentage of high-quality bases (QV>30) per sequence and the mean 218 

percentage of low-quality bases (QV<20) per sequence. 219 

Sequence identification quality control included comparing sequences from 220 

multiple individuals of species and creating neighbour-joining trees. Any 221 

species that were misplaced within the tree (i.e. not with other accessions of 222 

the same species; not close to related taxa) were investigated to verify their 223 

identity. Sequences were also checked against available records on the NCBI 224 

database GenBank using BLAST. 225 

The reference library, for all three loci, was deposited in the Barcode of Life 226 

Database (BOLD) (accessions: FPUK001-14 to FPUK1362-20; POWNA001-10 to 227 

POWNA3220-13; POWNB001-10 to POWNB237-10) and GenBank (accessions: 228 

JN890545-JN896265; KX165423-KX167996; MK924423-MK926404). Each 229 

sequence in the BOLD database is available with quality statistics for the 230 

sequences in addition to the collection information, including location, 231 

collector, date collected, and a scan of the herbarium voucher. 232 

Species recoverability 233 

The ability to successfully retrieve a sequence from a species was summarised 234 

overall and by plant order. To assess the effect of both year of sample 235 

collection and plant order on the successful recovery of a sequence, a 236 

binomial generalised linear model was fit with the proportion of successfully 237 

recovered sequences as the response variable. This analysis was restricted to 238 

plant orders with ten or more species sampled. The effect of year of sample 239 
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collection, plant order and the interaction between the two were included as 240 

explanatory variables. Each marker was fitted as a separate model. Model 241 

selection was based on the lowest Akaike information criterion (AIC) score.  242 

The success of sequence recoverability was also examined for the herbarium 243 

material separately. Year of collection was divided into nine classes for 244 

specimens from 1912 to 2010. Specimens from either side of the range were 245 

excluded, due to the small sample size in these age classes. The relationship 246 

between year of collection and sequence recovery was assessed with 247 

Spearman’s rank correlation for each marker. All analysis was completed in R 248 

v. 3.5.2 (R Development Core Team, 2011).   249 

Species discrimination 250 

The ability of the DNA barcode markers to discriminate to different levels of 251 

taxonomic identification was evaluated using BLAST searches that queried 252 

each sequence in turn against the database. For the Welsh plant flora, similar 253 

results in the discrimination ability were found between using BLAST, barcode 254 

gaps or monophyletic groups within neighbour-joining trees (de Vere et al., 255 

2012). As BLAST identification is a common method in the application of DNA 256 

barcode reference libraries when assigning taxonomic information to 257 

unknown sequences in DNA metabarcoding (Deiner et al., 2017), the 258 

discrimination ability of the UK native reference library was assessed using 259 

BLAST. To allow comparison between the three markers, the BLAST database 260 

was restricted to the plant species that had multiple sequences for all three 261 
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markers, giving 634 species. Each sequence was matched against a database 262 

that excluded the query sequence, and the level of discrimination assessed for 263 

a species, genus, family or order level match.  264 

Intra- and interspecific genetic distances 265 

Alignments were created for the three markers using the R package DECIPHER 266 

(Wright, 2016). The function alignseqs was used for rbcL and ITS2. For ITS2, 267 

alignments were completed separately for each family with short sequences 268 

excluded, estimated as sequences which were below 400 bp in length. For 269 

matK, aligntranslation was used to align the amino acid translation of the 270 

DNA sequences and back-translate to base pairs. The uncorrected intra- and 271 

interspecific genetic distances were calculated using the function 272 

distancematrix for each pairwise comparision. For ITS2, pairwise comparisons 273 

were completed within the family alignment. A barcode gap, where the 274 

minimum interspecific genetic distance is greater than the maximum 275 

intraspecific genetic distance, was assessed for sequences that had more than 276 

one specimen per species. The percentage of species within each genus that 277 

showed a barcode gap was then calculated. 278 

Results 279 

Recoverability within the UK native species 280 

For the 1,482 native and archaeophyte flowering plants and conifers of the 281 

UK, a total of 10,321 barcode sequences were recovered with the rbcL, matK 282 
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and ITS2 primers (Table 1). This represented 4,477 sequences for rbcL 283 

covering 96% of species, 97% of genera and 99% of families (Figure 1a). For 284 

matK, 3,259 sequences were recovered across 90% of species, 93% of genera 285 

and 93% of families, while 2,585 ITS2 sequences, representing 75% of species, 286 

79% of genera and 82% of families were recovered (Figure 1a). All three 287 

markers were obtained for 1,035 species (representing 70% of the total UK 288 

flora), while 98% of plant species, 97% of genera and 100% of families were 289 

represented with at least one marker (Table 1). 290 

When looking at sequence success at the family level, a sequence recovery of 291 

above 50% of specimens was seen for 85% of plant families for rbcL, 54% of 292 

families for matK, and 32% of families for ITS2 (Figure 1a). The family success 293 

level for matK was still low despite the use of multiple primer combinations. 294 

Malvaceae was the most consistently successful family with over 80% 295 

sequence recovery across all three markers. Looking at the families with ten 296 

or more specimens attempted, the rbcL locus was recovered from all families. 297 

ITS2 was not recovered from four plant families (Araceae, Zosteraceae, 298 

Iridaceae and Valerianaceae), three of which are monocots. The matK locus 299 

was not recovered from three of the plant families with more than ten 300 

specimens (Elatinaceae, Hypericaceae and Polygalaceae). 301 

Recoverability was tested at the order level for plant orders with ten or more 302 

species (Figure 2a, Figure S1). For rbcL both the year of sample collection 303 

(Likelihood ratio; LR1,20 = 838.90, p < 0.001) and plant order (LR1,20 = 330.22, p 304 
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< 0.001) were found to significantly predict the success of sequence recovery, 305 

with a significant interaction also found between plant order and year (LR1,20 = 306 

80.92, p < 0.001), suggesting that plant orders have different patterns of DNA 307 

loss or degradation in herbarium specimens (Figure S1).  The same pattern 308 

was seen for both matK, with year (LR1,20 = 1075.63 , p < 0.001), plant order 309 

(LR1,20 = 296.23, p < 0.001) and their interaction (LR1,20 = 96.67, p < 0.001), and 310 

ITS2, with year (LR1,20 = 577.24, p < 0.001), plant order (LR1,20 = 381.82, p < 311 

0.001) and their interaction (LR1,20 = 82.79, p < 0.001). For rbcL three plant 312 

orders showed a significant correlation between sequence recovery and year 313 

class after Bonferroni correction for multiple testing; six orders with matK and 314 

eight orders for ITS2 (Figure S1, full correlation results detailed in Table S4).  315 

Discrimination within the UK native species 316 

Discrimination ability was assessed for 634 of the sequenced species that had 317 

multiple individuals sequenced for all markers (Figure 1b). For rbcL, 64% of 318 

species were returned as a species level match, 98% were a genus level match 319 

and 100% were a family level match. For matK there was greater species 320 

discrimination with 77% of species returned at species level, 99% at genus and 321 

100% at family. ITS2 had the highest level of species discrimination with 85% 322 

to species and 100% returned to genus. 323 

The increased discrimination ability of ITS2 was also reflected in the 324 

relationship between the minimum interspecific genetic distance and the 325 

maximum intraspecific genetic distance (Figure 3). A barcode gap, where the 326 
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minimum interspecific distance is greater than the maximum intraspecific 327 

distance, was found for 50% of rbcL sequences, 63% of matK sequences and 328 

76% of ITS2 sequences.  329 

There were some similar taxonomic patterns across the three markers for 330 

discrimination ability, with reduced species level discrimination in the species-331 

rich Rosales: rbcL and matK distinguish 47% of species to species level, and 332 

ITS2 distinguishes 52% (Figure 2b). The large apomictic genus Sorbus (36 333 

species) within Rosales, showed limited species discrimination across all three 334 

markers (Figure 4). Discrimination was also poor across all three markers 335 

within the Myrtales order in distinguishing Epilobium species. ITS2 showed 336 

increased discrimination ability compared to matK and rbcL in Malpighiales 337 

and Malvales. With rbcL the lowest species level discrimination achieved in a 338 

plant order was 39% (Malpighiales), while in matK the lowest was 44% 339 

(Malvales), and for ITS2 it was 50% (Myrtales).  340 

At the genus level, the proportion of species showing a barcode gap differed 341 

(Figure 4). For matk and ITS2 a negative correlation between genus size and 342 

the proportion of species with a barcode gap was found (Spearman’s rank 343 

correlation coefficient, matk: rs = -0.200, p = 0.002; ITS2: rs = -0.33, p < 0.001). 344 

No correlation was found for rbcL (rs = -0.05, p = 0.405). While ITS2 showed an 345 

increased number of barcode gaps for some genera (e.g. Carex) compared 346 

with rbcL and ITS2, certain genera remain problematic in identification across 347 

all three markers, e.g. Euphrasia and Sorbus. 348 
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Comparison between recoverability from herbarium and fresh 349 

material 350 

In total, 6,100 accessions were sampled, 4,965 from herbarium specimens and 351 

1,135 from recent silica-gel dried tissue samples (Table 2). For all three 352 

markers, freshly collected leaf material was significantly more likely to yield a 353 

successful DNA barcode than herbarium material. For rbcL, overall 73% of 354 

specimens yielded a sequence, with 88% success from fresh samples and 70% 355 

from herbarium samples (chi-squared test, with Yates correction; x2 = 145.45, 356 

d.f = 1, p < 0.001). Lower sequence recoverability was found for matK, with 357 

53% of specimens working overall, 74% for fresh material and 49% for 358 

herbarium (x2 = 236.26, d.f = 1, p < 0.001). ITS2 showed the lowest overall 359 

recoverability at 42% of samples, 65% for fresh material and 37% for 360 

herbarium specimens (x2 = 288.34, d.f = 1, p < 0.001). Looking across the 361 

sequence quality statistics, overall the quality and consistency of returned 362 

sequences was improved within fresh samples compared to herbarium (Table 363 

2, Table S6). 364 

Examining the success of herbarium specimens alone, a significant correlation 365 

between the success of sequence recovery and the age of the herbarium 366 

specimen was found, with greater success of sequencing for more recently 367 

collected specimens (Figure 5; Spearman’s rank correlation coefficient for rbcL 368 

rs = 0.982, p < 0.001; for matK, rs = 0.927, p < 0.001; for ITS2, rs = 0.890,  p < 369 
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0.001). The collection year of herbarium specimens ranged from 1868 to 370 

2011. 371 

Discussion 372 

DNA barcoding is increasingly deployed on large sample sets and to develop 373 

large-scale reference libraries. However, there are still very few national DNA 374 

barcode databases for plants. Here, we present a comprehensive and high-375 

quality DNA barcode reference library for the native UK flora, for three loci, 376 

complete with metadata and herbarium voucher images for each specimen. 377 

This provides a foundational resource for species identification and will enable 378 

future large-scale analyses of evolutionary and ecological processes. We 379 

discuss the development of this resource, and the results of our sequence 380 

analyses, in terms of producing DNA barcode datasets for other floras, the use 381 

of herbarium specimens in large-scale DNA barcoding efforts, and the utility 382 

of DNA barcoding for species identification within the flora. 383 

Developing national DNA barcoding resources 384 

Complete DNA barcoding datasets for regions or countries are scarce—with 385 

examples to date mostly limited taxonomically, to confined geographic areas 386 

or small countries (e.g. research centres in East African savanna (Gill et al., 387 

2019), and the arctic (Wirta et al., 2016). The most comparable effort to ours 388 

is the DNA barcode dataset for the vascular plants of Canada, where 5,190 389 

plant species were targeted with rbcL, matk and ITS2 (Braukmann et al., 2017; 390 

Kuzmina et al., 2017). We achieved similar species coverage across the 391 
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markers to the Canadian flora for rbcL and ITS2, while our species coverage of 392 

matK is higher (89% compared with 41%), although more primer 393 

combinations were attempted. The PhyloAlps and PhyloNorway projects 394 

represent another large scale floristic barcoding effort, using genome 395 

skimming to assemble whole chloroplast data and retrieve barcode regions 396 

(Alsos et al., 2020). The successful retrieval of rbcL, matK and ITS2 was shown 397 

to be higher on a per specimen basis with genome skimming; however, the 398 

increased cost needs to be evaluated by a project’s requirements. 399 

 400 

Our complete DNA barcoding resource for the British flora enables the large 401 

community of researchers studying the British flora to place their research in 402 

a genetic context. For example, ecologists interested in community structure 403 

can incorporate phylogenetic relatedness from DNA sequencing information 404 

in their models (Gill et al., 2019; Heckenhauer et al., 2017; Lim et al., 2014). 405 

Complete country-level DNA barcode databases will also facilitate sample 406 

verification in large-scale genome sequencing projects. For example, the 407 

Darwin Tree of Life (DToL) project aims to sequence the complete genomes of 408 

all British native eukaryotic organisms, including all flowering plant species. 409 

DToL samples can now have their DNA barcode sequence checked against our 410 

reference database to ensure correct sample identification before the 411 

considerable cost of genome sequencing is incurred.   412 
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Use of herbarium material for generating reference DNA 413 

barcoding libraries 414 

Herbarium material represents a readily available and well-curated resource 415 

for plant DNA barcoding efforts. However, degraded museum DNA comes 416 

with its own set of challenges for DNA sequencing. In our study we found 417 

herbarium material performed worse in terms of successful sequence 418 

recovery, across all three markers. When looking at the success of herbarium 419 

material alone, the sequence recovery was strongly related to the age of the 420 

specimen, with more recently collected specimens having increased success. 421 

Similar patterns of effect of specimen age were seen during the Canadian 422 

plant barcoding campaign from herbarium samples (Kuzmina et al., 2017); 423 

however they found ITS2 was less affected by specimen age, which they 424 

theorised was due to its shorter length (~350 bp); similar results were 425 

obtained by Särkinen et al., (2012). That pattern was not observed here, with 426 

ITS2 performing poorly with herbarium material compared to freshly collected 427 

material. 428 

While the use of herbarium material can increase the lab and processing time 429 

involved in gaining a DNA barcode, this increase is mitigated by the relative 430 

effort involved in collecting, identifying and processing new plant specimens 431 

to create high-quality DNA barcodes. However, certain considerations are 432 

required when using herbarium material to maximise success, given that it is 433 

destructive sampling that requires the permission of the holding institution. 434 



21 
 

As evidenced here, sample collection from herbaria should focus on younger 435 

specimens. In addition, quality control checks should monitor for potential 436 

contamination at the specimen sampling stage for both herbarium and recent 437 

samples, including the presence of algae on the plants, which can be difficult 438 

to detect when sampling (de Vere et al., 2012). One possible way to minimise 439 

algal contamination for aquatic plants would be to selectively sample aerial 440 

flowering parts of the plants that will have reduced algae.  441 

Herbaria around the world have been recognised as a potential source of 442 

efficiently capturing the accumulated taxonomic expertise they house 443 

(Dormontt et al., 2018; Kuzmina et al., 2017; Xu et al., 2015), as well as 444 

answering a broad range of questions beyond core species identification and 445 

taxonomy (James et al., 2018). With the decreasing costs of genome skimming 446 

approaches, which by-pass the need for amplicon based methods that are 447 

reliant on relatively undegraded DNA, the use of herbarium collections for 448 

DNA barcoding is likely to continue to grow (Alsos et al., 2020).  449 

By including voucher information with the DNA sequence, taxonomic updates 450 

to the sampled species can continue to be incorporated into the reference 451 

library. Going forward, collections can incorporate data that will benefit 452 

research, with samples stored with future DNA analysis in mind (Heberling 453 

and Isaac, 2017). This involves the creation of a “secondary voucher”, one 454 

intended for destructive analysis (Kageyama et al., 2007). For DNA analysis 455 

this often consists of leaf material stored in silica gel, vouchered by the 456 
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primary traditional herbarium specimen; this material can potentially be used 457 

for other destructive analyses, e.g. analysis of secondary plant compounds.  458 

Utility of DNA barcoding across the UK flora 459 

The relative levels of recovery and discrimination seen in rbcL, matK and ITS2 460 

show the need for a balance between taxonomic universality and the level of 461 

species discrimination gained. For the UK flora, ITS2 performed poorly 462 

compared to rbcL and matK in its species recovery, suggesting that the 463 

primers used are less universal than those for the other markers (Chen et al., 464 

2010; China Plant BOL Group et al., 2011). This needs to be balanced however 465 

by the fact that matK was attempted with multiple primer pairs, whilst just 466 

one primer pair was attempted for ITS2. For ITS2, attempting additional 467 

primer combinations may have improved recoverability, but could also have 468 

increased the risk of amplifying different copies within this multi-copy marker. 469 

In contrast, previous work by de Vere et al. (2012) showed that one pair of 470 

primers for rbcL was highly effective for species recovery across a broad 471 

taxonomic range and that the addition of further primer combinations did not 472 

increase overall recoverability. Overall, all three of the markers performed 473 

well with the UK flora when looking at the ability to discriminate to at least 474 

genus level (98-100%), reflecting similar patterns with the Canadian flora 475 

(>90% across rbcL, matK, and ITS2) (Braukmann et al., 2017). 476 

Analysing DNA barcoding data within and between species across the British 477 

flora reveals a gradient of genetic divergence, from those genera where 478 
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species have a barcoding gap and are easy to tell apart, to those where no 479 

single marker or multi-marker combination provides species-level resolution. 480 

Examples of taxonomically complex genera where species level discrimination 481 

remained low across markers include Euphrasia and Sorbus. DNA barcoding 482 

has been shown to have limited utility in species identification within these 483 

and other taxonomically complex genera, arising from processes including 484 

apomixis, recent species divergence and past hybridisation events (Twyford, 485 

2014; Wang et al., 2018). Groups which have poor overall sequence recovery 486 

can also appear to have higher levels of discrimination because of missing 487 

conspecifics. While plant species are, in general, inherently more difficult to 488 

distinguish with DNA barcoding data than animals (Fazekas et al., 2009), at 489 

least in the relatively species depauperate British flora, DNA barcoding 490 

provides a useful tool for identification in most flowering plant groups. 491 

With DNA metabarcoding applications, the mixed source samples used will 492 

often provide challenges with low amounts of DNA, shorter fragment lengths,  493 

and poorer quality template, such as extractions from soil, honey (Hawkins et 494 

al., 2015), or faecal samples (Moorhouse-Gann et al., 2018). The longer length 495 

of matK combined with the number of primer combinations required to gain 496 

taxonomic coverage makes it generally unsuitable for amplicon-based 497 

metabarcoding, where the sequencing length is often limited by both the 498 

sequencing platform and the degraded quality of the source DNA. Both rbcL 499 

and ITS2 can be used for DNA metabarcoding applications, using primer pairs 500 

for rbcL that produce a shorter amplicon (Table S4, de Vere et al., 2017). 501 
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However, care needs to be taken when using ITS2 as the sole marker in DNA 502 

metabarcoding studies that are surveying a potentially wide range of species. 503 

While ITS2 can give increased species discrimination, it may not be 504 

representing the target community fully due to the low universality. The 505 

higher length variability with ITS2 compared with comparatively fixed-length 506 

amplicons is another source of potential sequencing bias on length restricted 507 

sequencing platforms. Overall, the UK flora as a national reference library may 508 

allow for higher levels of taxonomic discrimination due to species poor 509 

groups. For DNA metabarcoding studies at a finer geographic scale, the level 510 

of species discrimination achieved can be improved further by reducing the 511 

set of locally occurring species and thereby reducing the complexity of the 512 

identification challenge (de Vere et al. 2012). 513 

Conclusions 514 

The DNA barcode reference library presented here represents a high-quality 515 

database that is publicly available and able to facilitate wide-ranging 516 

applications that require plant identification as well as providing a robust 517 

resource for continuing phylogenetic analyses. We have demonstrated the 518 

effective use of herbarium collections for retrieving their “stored” taxonomic 519 

expertise to rapidly build a robust DNA barcode library.  520 
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Tables and Figures 762 

Table 1: Summary statistics for the DNA barcode database for the UK flora of 1,482 763 
species. 764 

 rbcL matK ITS2 All Markers 

Number of species 
successfully DNA barcoded 
out of 1,482  

1418 (96%) 1334 (90%) 1105 (75%) 1035 (70%) 

Species with more than one 
individual DNA barcoded out 
of 1,482 

1312 (89%) 1042 (70%) 786 (53%) 662 (45%) 

Mean (SD) number of DNA 
barcodes per species 

3.0 (1.5) 2.2 (1.5) 1.7 (1.6) 7 (3.8) 

Total number of DNA 
barcodes from 6100 
specimens sampled 

4477 3259 2585 10,321 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 



33 
 

Table 2: The sequence quality for the DNA barcodes retrieved from fresh and 778 

herbarium material for rbcL, matK and ITS2. Overall, freshly collected leaf 779 

material performed better than herbarium material, in terms of returned 780 

sequence quality metrics (Table S6). 781 
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Number of 
samples 
collected 

6100 1135 4965 6100 1135 4965 6100 1135 4965 

Number 
successfully 
barcoded 

4477 
(73%) 

994 
(88%) 

3483 
(70%) 

3259 
(53%) 

845 
(74%) 

2414 
(49%) 

2585 
(42%) 

738 
(65%) 

1847 
(37%) 

Mean 
sequence 
length (SD) 

573 bp 
(25.04) 

578 bp 
(41.17) 

572 bp 
(17.66) 

843 bp 
(62.83) 

833 bp 
(43.79) 

847 bp 
(68.35) 

513 bp 
(97.91) 

515 bp 
(92.06) 

512 bp 
(99.94) 

Mean 
sequence 
QV (SD) 

56 
(4.48) 

57 
(3.06) 

56 
(4.78) 

50 
(4.86) 

51 
(4.29) 

50 
(5.02) 

53 
(5.23) 

54 
(4.77) 

52 
(5.32) 

Mean (SD) 
sequence 
overlap 

472 
(29.76) 

481 
(18.95) 

469 
(31.64) 

719 
(123.49) 

742 
(93.7) 

710 
(132.13) 

388 
(32.55) 

393 
(25.97) 

386 
(34.42) 

Mean (SD) 
of high-
quality 
bases: 
QV>30 (%) 

97% 
(3.32) 

97% 
(2.64) 

97% 
(3.47) 

91% 
(6.53) 

92% 
(5.77) 

91% 
(6.77) 

94% 
(5.39) 

95% 
(4.91) 

94% 
(5.55) 

Mean (SD) 
of low-
quality 
bases: 
QV<20 (%) 

1% 
(1.01) 

1% 
(0.95) 

1% 
(1.02) 

2% 
(2.03) 

2% 
(1.67) 

2% 
(2.14) 

2% 
(2.39) 

2% 
(2.11) 

2% 
(2.48) 
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 795 

Figure 1: The overall level of taxonomic representation in the database for the native 
species of the UK flora. Recoverability (a) shows the level of representation for the 
native species of the UK flora (n = 1,482) in the reference library. Discrimination (b) 
shows the taxonomic resolution achieved using BLAST for those plant species in the 
reference library that were represented by all three markers more than once (n = 634). 
 

(a) (b) 
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 797 

Figure 2: Species level recoverability (a) and discrimination (b) by plant order 
for each marker. Recoverability shows the percentage of specimens in each 
plant order that were successfully sequenced. The discrimination level was 
assessed for plant species that were represented by all three markers more 
than once, showing the percentage of species in each plant order that were 
identified to species level. Number of species represented by an order is 
shown in brackets. The mode number of specimens per species was 3. 

(a) (b) 
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Figure 3: The relationship between the maximum intraspecific genetic distance 
and minimum interspecific distance for each specimen and locus in the UK flora 
reference library, using pairwise comparisons calculated from the multiple 
alignment of each locus.  
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Figure 4: The percentage of species with a barcode gap per genus compared 
with genus size. Genera with more than one species are plotted. Genera with 
more than 10 species are labelled. A significant correlation was found for matk 
(Spearman’s: rs = -0.200, p = 0.002) and ITS2 (rs = -0.33, p < 0.001). No 
correlation was found for rbcL (rs = -0.05, p = 0.405). 
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Figure 5: Effect of herbarium specimen age on sequence recoverability. The 
success of 4,962 herbarium samples was assessed over nine year classes, 
between 1908-2007. Older specimens were not included due to the lower sample 
sizes. The sample size of each age class is annotated above the bar. There was a 
significant correlation for all three markers, between success of sequence 
recoverability and age of the herbarium specimen. (Spearman’s rank correlation 
coefficient for rbcL rs = 0.982, p<0.001; for matK, rs =0.927, p<0.001; for ITS2, rs 
=0.890, p<0.001). 


