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Advances in DNA sequencing and informatics have revolutionised biology over the 14 

past four decades, but technological limitations have left many applications 15 

unexplored1,2. Recently, portable, real-time, nanopore sequencing (RTnS) has 16 

become available. This offers opportunities to rapidly collect and analyse genomic 17 

data anywhere3–5. However, the generation of datasets from large, complex 18 

genomes has been constrained to laboratories6,7. The portability and long DNA 19 

sequences of RTnS offer great potential for field-based species identification, but 20 

the feasibility and accuracy of these technologies for this purpose have not been 21 

assessed. Here, we show that a field-based RTnS analysis of closely-related plant 22 

species (Arabidopsis spp.)8 has many advantages over laboratory-based high-23 

throughput sequencing (HTS) methods for species level identification-by-24 

sequencing and de novo phylogenomics. Samples were collected and sequenced in 25 

a single day by RTnS using a portable, “al fresco” laboratory. Our analyses 26 
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demonstrate that correctly identifying unknown reads from matches to a reference 27 

database with RTnS reads enables rapid and confident species identification. 28 

Individually annotated RTnS reads can be used to infer the evolutionary 29 

relationships of A. thaliana. Furthermore, hybrid genome assembly with RTnS and 30 

HTS reads substantially improved upon a genome assembled from HTS reads alone. 31 

Field-based RTnS makes real-time, rapid specimen identification and genome wide 32 

analyses possible. These technological advances are set to revolutionise research 33 

in the biological sciences9 and have broad implications for conservation, taxonomy, 34 

border agencies and citizen science.  35 

DNA sequencing used to be a slow undertaking, but the past decade has seen an 36 

explosion in HTS methods2,10. DNA barcoding (i.e., the use of a few, short DNA 37 

sequences to identify organisms) has benefited from this sequencing revolution11,12, but 38 

has never become fully portable. Samples must be returned to a laboratory for testing and 39 

the discrimination of closely related species using few genes can be problematic due to 40 

evolutionary phenomena (e.g. lineage sorting, shared polymorphism and hybridisation)10. 41 

While typical barcoding approaches have been effective for generic level identification, 42 

accuracy is much more limited at the species level11,13 and concerns remain14. Species 43 

delimitation using limited sequencing information has also been problematic and is thought 44 

to heavily underestimate species diversity11,15. Consequently, increasingly elaborate 45 

analytical methods have been spawned to mitigate the inherent limitations of short 46 

sequences13,16. The Oxford Nanopore Technologies® MinION® is one of a new generation 47 

of RTnS DNA sequencers that is small enough to be portable for fieldwork and produces 48 

data within minutes17,18. These properties suggest species identification could be 49 

conducted using genome scale data generated at the point of sample collection. 50 

Furthermore, the large number of long reads generated17 may provide more accurate 51 

species-level identification than current approaches. This application offers great potential 52 
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for conservation, environmental biology, evolutionary biology and combating wildlife crime, 53 

however, this potentially exciting combination of methods has not yet been tested in the 54 

field for eukaryotes.  55 

Our experiment was designed to determine whether DNA reads produced entirely in 56 

the field could accurately identify and distinguish samples from closely-related species (A. 57 

thaliana (L.) Heynh. and A. lyrata (L.) O’Kane & Al-Shehbaz). Recent analyses have 58 

shown that gene flow has been common and shared polymorphisms are abundant 59 

between the morphologically distinct species in Arabidopsis. Indeed, the two study species 60 

share >20,000 synonymous SNPs8, making this a good stress test of genome scale RTnS 61 

sequencing for species discrimination.  62 

The first goal was to extract and sequence shotgun genomic data from higher plant 63 

species in the field using RTnS technology in sufficient quantity for downstream analyses 64 

within hours of the collection of plant tissue (Extended Figure 1). On consecutive days, 65 

tissue was collected from three specimens each of A. thaliana and A. lyrata subsp. petraea 66 

(Figs. 1b,c) in Snowdonia National Park, and  prepared, sequenced and analysed 67 

outdoors in the Croesor Valley (Fig. 1a). Only basic laboratory equipment was used for 68 

DNA extraction and MinION sequencing-library preparation; we did not use a PCR 69 

machine (Fig. 1d; Extended Data Table 1). One specimen of each species was sequenced 70 

with both R7.3 and R9 MinION chemistries. For A. thaliana, the RTnS experiment 71 

generated 97k reads with a total yield of 204.6Mbp over fewer than 16h of sequencing 72 

(see Extended Data Table 2). Data generation was slower for A. lyrata, over ~90h 73 

sequencing (including three days of sequencing at RBG Kew following a 16h drive), 26k 74 

reads were generated with a total yield of 62.2Mbp. At the time, a limited implementation 75 

of local basecalling was available for the R7.3 data only. Of 1,813 locally basecalled reads, 76 

281 had successful BLAST matches to the reference databases with a correct to incorrect 77 

species ID ratio of 223:30. The same samples were subsequently sequenced using HTS 78 
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short read technology (Illumina MiSeq™, paired-end, 300bp; Supplementary note 1). 79 

Mapping reads to available reference genomes for the A. thaliana (TAIR10 release19) and 80 

two A. lyrata assemblies20,21 indicates approximate RTnS coverage of 2.0x, 0.3x, and 0.3x 81 

for A. thaliana, A. lyrata, and A. lyrata ssp. petraea, respectively; and 19.5x, 11.9x and 82 

12.0x respectively for HTS reads (Extended Data Tables 2 and 3, Supplementary note 2). 83 

These results demonstrate that the entire process (from sample collection thorough to 84 

genome scale sequencing) is now feasible for eukaryotic species within a few hours in 85 

field conditions. As the technology develops, run yields are expected to improve and 86 

implementation of sample indexing will allow many samples to be run on a single flow cell. 87 

As expected given the developmental stages of the technologies, the quality and 88 

yield of field sequenced RTnS data was lower than the HTS data (Extended Data Tables 2 89 

and 4). Arabidopsis thaliana RTnS reads could be aligned to approx. 50% of the reference 90 

genome (53Mbp) with an average error rate of 20.9%. Indels and mismatches were 91 

present in similar proportions. The A. lyrata RTnS data were more problematic with 92 

significantly poorer mapping to the two A. lyrata assemblies, whereas, the HTS data 93 

performed relatively well. For the limited number of alignable RTnS reads, error rates were 94 

slightly higher than for A. thaliana (22.5% and 23.5%). The poorer RTnS results for A. 95 

lyrata may be a consequence of temperature-related reagent degradation in the field or 96 

due to unknown contaminants in the DNA extraction that inhibited library preparation 97 

and/or RTnS sequencing. Despite the smaller yield and lower accuracy of the RTnS 98 

compared to HTS data, the RTnS reads were up to four orders of magnitude longer than 99 

the HTS reads and we predicted they would be useful for species identification, hybrid 100 

genome assembly and phylogenomics.  101 

To explore the utility of these data for species identification, the statistical 102 

performance of field-sequenced (RTnS) and lab-sequenced (HTS) read data was 103 

assessed. Datasets for each species were compared to two databases via BLASTN, 104 
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retaining single best-hits: one database contained the A. thaliana reference genome and 105 

the second was composed of the two draft A. lyrata genomes combined. Reads which 106 

matched a single database were counted as positive matches for that species. The 107 

majority of matching reads hit both databases, which is expected given the close 108 

evolutionary relationships of the species. In these cases, positive identifications were 109 

determined based on four metrics; a) the longest alignment length, b) the highest % 110 

sequence identities and c) the largest number of sequence identities d) the lowest E-value 111 

(Extended Data Table 4).  Test statistics for each of these metrics were calculated as the 112 

difference of scores (length, % identities, or E-value) between ‘correct’ and ‘incorrect’ 113 

database matches. The performance of these difference statistics for binary classification 114 

was assessed by investigating the true and false positive rates (by reference to the known 115 

sample species) across a range of threshold difference values (Fig. 2a-d and Extended 116 

Data Figs. 2-4). For both short- and long-read data at thresholds greater than 100bp, the 117 

differences in total alignment lengths (∆LT) or number of identities (∆LI) are superior to e-118 

value or % identity biases (Figs. 2a-d). Furthermore, at larger thresholds (i.e., more 119 

conservative tests), RTnS reads retained more accuracy in true- and false-positive 120 

discrimination than HTS data. This proves that whole genome shotgun RTnS is a powerful 121 

method for species identification. We posit that the extremely long length of the observed 122 

‘true positive’ alignments compared with an inherent length ceiling on false-positive 123 

alignments in a typical BLASTn search is largely responsible for this property. 124 

To evaluate the speed with which species identification can be carried out, we 125 

performed post hoc analyses by subsampling the RTnS A. thaliana dataset. This simulated 126 

the rate of improvement in species assignment confidence over a short RTnS run. We 127 

classified hits among the subsampled reads based on (i) ∆LI over a range of threshold 128 

values (ii) mean ∆LI and (iii) aggregate ∆LI (Fig. 3). This demonstrates that a high degree 129 

of confidence can be assigned to species identifications over the timescales needed to 130 
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generate this much data (i.e., < one hour) and that variation in the accuracy of 131 

identifications quickly stabilises above 1000 reads. Aggregate ∆LI values rapidly exclude 132 

zero (no signal) or negative (incorrect assignment) values, making this simple and rapidly-133 

calculated statistic particularly useful for species identification. In a multispecies context, 134 

the slopes of several such log-accumulation curves could be readily compared, for 135 

example (see Supplementary Discussion). 136 

Assembly of large and complicated eukaryotic genomes with RTnS data alone 137 

would require a greater volume of data than available here7,22–24. Field extracted samples 138 

are unlikely to be of similar purity to those obtained with more sophisticated laboratory-139 

based methods, leading to lower yields. As expected, de novo assembly of our RTnS data 140 

performed poorly, likely due to insufficient coverage. However, these data do have 141 

potential for hybrid genome assembly approaches. We assembled the HTS data de novo 142 

using ABYSS25 and produced a hybrid assembly with both RTnS and HTS datasets using 143 

HybridSPAdes26. The hybrid assembly was an improvement over the HTS-only assembly 144 

(see Extended Data Table 5) with fewer contigs,  a total assembly length closer to the 145 

reference (119.0Mbp), N50 and longest contig statistics both increasing substantially and 146 

estimated completeness (CEGMA27) of coding loci increased to ~99%. These results 147 

suggest that relatively small quantities of long and short reads can produce useful genome 148 

assemblies when analysed together, an important secondary benefit of field–sequenced 149 

data. The length of typical RTnS reads is similar to that of genomic coding sequences (1-150 

10kb)17. This raises the possibility of extracting useful phylogenetic signal from such data, 151 

despite the relatively high error rates of individual reads. We annotated individual raw A. 152 

thaliana reads directly, without genome assembly, which recovered over 2,000 coding loci 153 

from the data sequenced in the first three hours (Fig. 2e). These predicted gene 154 

sequences were combined with a published dataset spanning 852 orthologous, single-155 

copy genes28, downsampled to 6 representative taxa. Of our gene models, 207 were 156 
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present in the Wickett et al.28 dataset and the best 56 matches were used for 157 

phylogenomic analysis (see Supplementary Methods for details). The resulting 158 

phylogenetic trees (Fig. 2f and Extended Data Fig. 5) are consistent with the established 159 

intergeneric relationships28. Although the taxonomic scale used here for phylogenomics is 160 

coarse it highlights an additional benefit to rapid, in-the-field sequencing for evolutionary 161 

research. 162 

This experiment is the first to demonstrate field-based sequencing of higher plant 163 

species. When directly compared to lab-based HTS, our experiment highlights key 164 

discriminatory metrics for highly accurate species identifications using portable RTnS 165 

sequencing. Few approaches can boast this level of discriminatory power and none of 166 

these have the same degree of portability10,11. The data produced for identification is also 167 

useful for genome assembly. Entire coding sequences can be recovered from single reads 168 

and incorporated into evolutionary analyses. Clearly, data generated with the goal of 169 

accurate species identification has much broader usefulness for genomic and evolutionary 170 

research. Few technical barriers remain to prevent the adoption of portable RTnS by non-171 

specialists, or even keen amateurs and schoolchildren. As these tools mature, and the 172 

number of users expands, portable RTnS sequencing can revolutionise the way in which 173 

researchers and practitioners can approach ecological, evolutionary and conservation 174 

questions.  175 

Methods summary: Genomic DNA was extracted from two plant specimens and 176 

sequenced on Oxford Nanopore MinION devices according to manufacturers’ 177 

recommendations in a portable outdoor laboratory. Offline basecalling software and local 178 

BLAST (v2.2.31) were used to identify individual reads on-site. Short reads were 179 

sequenced in the laboratory from the same extracted DNA using an Illumina MiSeq. Local 180 

BLAST was used to identify reads from all four datasets (2 field x 2 species) by 181 

comparison to available published reference genomes. Gene models were predicted 182 
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directly from individual DNA reads using SNAP (v2006-07-28), matched to existing 183 

phylogenomic datasets and used to infer plant phylogenies using MUSCLE (v3.8.31) and 184 

RAxML (v7.2.8). de novo genome assemblies were performed using Abyss (v1.5.2) and 185 

Hybrid-SPAdes (v3.5.1) with completeness assessed with QUAST (v4.0) and CEGMA. R 186 

(v3.1.3) was used to perform statistical analyses. Additional details are given in the 187 

Supplementary Methods. 188 

 189 
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 280 

Figure 1 | Logistics and scope of field-based sequencing. a, Location of sample 281 

collection and extraction, sequencing and analyses in the Snowdonia National Park, 282 

Wales. b, Arabidopsis thaliana. c, A. lyrata ssp. petraea. d, The portable field laboratory 283 

used for the research. Ambient temperatures varied between 7-16ºC with peak humidity 284 

>80%. A portable generator was used to supply electrical power.  285 

 286 
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 287 

 288 

Figure 2 | Sample identification and phylogenomics using field-sequenced RTnS 289 

data. a-d Orthogonal species identification using BLASTN difference statistics: HTS data 290 

(red) and RTnS (black) matched to reference databases via BLASTN. a, c Receiver 291 

operating characteristic (ROC; estimated false-positive rate vs. estimated true positive 292 

rate) and b, d estimated true- (solid lines) and false-positive (dashed lines) rates. a, b ∆LT 293 

statistic; c, d, ∆LI statistic. e, Accumulation curves for ab initio gene models predicted 294 

directly from individual A. thaliana reads over time. Count of unique TAIR10 genes (solid 295 
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line) and total number of gene models (dashed line). Shaded boxes represent periods 296 

where the MinION devices were halted while the laboratory was dismantled and moved. f, 297 

phylogenetic tree inferred under the multispecies coalescent from RTnS reads.  298 

 299 
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 300 

Figure 3 | Simulated accumulation curves for rapid species identification by DNA 301 

sequencing. 34k pairwise BLASTN hits of A. thaliana RTnS reads were subsampled 302 

without replacement to simulate an incremental accumulation of data (104 reads; 103 303 

replicates). For each read the total identities bias (∆LI) is the number of identities with the 304 

A. thaliana reference minus the number of identities with the A. lyrata reference. a) the 305 

proportion of A. thaliana reads correctly identified on a per-read basis, classified as A. 306 

thaliana where ∆LI > threshold cutoff (0, 1, 10 or 100). b) Mean ∆LI in the simulated 307 

dataset rapidly stabilises on the population mean (+754bp, e.g. an average matching read 308 

alignment to A. thaliana is 754bp longer than to A. lyrata). c) Cumulative aggregate ∆LI; 309 

negative or zero ∆LI can rapidly be excluded. Typical data throughput rates exceed 104 310 

reads per hour of sequencing.311 
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 312 

Extended Methods 313 

Study site and sample collection. On consecutive days, tissue was collected from three 314 

specimens each of A. thaliana and A. lyrata subsp. petraea in Snowdonia National Park 315 

and sequenced and analysed in a tent. A. lyrata was collected from the summit of 316 

Moelwyn Mawr (52.985168° N, 4.003754° W; OL17 65554500; SH6558244971) and 317 

Arabidopsis thaliana was collected at Plâs Tan-y-Bwlch (52.945976° N 4.002730° W; 318 

OL18 65604060; SH6552940610). Representative voucher specimens of each species 319 

are deposited at RBG, Kew. DNA extractions, library preparation and DNA sequencing 320 

with the MinION technology were all conducted using portable laboratory equipment in the 321 

Croesor valley on the lower slopes of Moelwyn Mawr immediately following sample 322 

collection (52.987463°N 4.028517° W; OL17 63904530; SH6392745273). Laboratory 323 

reagents were stored in passively-cooled polystyrene boxes with internal temperatures 324 

monitored using an Arduino Uno. Only basic laboratory equipment was used (including two 325 

MinION sequencers and three laptops; see Extended Data Table 1).  326 

DNA extraction. The standard Qiagen DNeasy plant mini prep kit was used to extract 327 

genomic DNA from Arabidopsis spp. with the exception that the two batches were pooled 328 

at the DNeasy mini spin column step to maximise the DNA yield.  329 

DNA library preparation and sequencing. An R7.3 and R9 1D MinION library 330 

preparation were performed for each species according to the manufacturer’s instructions 331 

using a developer access programme version of the commercially available Nanopore 332 

RAD-001 library kit (Oxford Nanopore Technologies). No PCR machine was used. 333 

Lambda phage DNA was added to A. thaliana R9 library for quality control. For A. thaliana, 334 

the MinION experiment generated 96,845 1D reads with a total yield of 204.6Mbp over 335 

fewer than 16h of sequencing. Data generation was slower for A. lyrata, possibly due to 336 
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temperature-related reagent degradation or unknown contaminants in the DNA extraction. 337 

Over ~90h sequencing, 25,839 1D reads were generated with a total yield of 62.2Mbp; this 338 

included three days of sequencing at RBG Kew following a 16h drive, during which 339 

reagents and flowcell were stored sub-optimally (near room-temperature). BLASTN 2.4.029 340 

was used to remove 5,130 reads with identity to phage lambda. Data are given in 341 

Extended Data Table 2. The following week in a laboratory, NEBNext Ultra II sequencing 342 

libraries were prepared for four field-extracted samples (two individuals from each species) 343 

and sequenced on an Illumina MiSeq (300bp, paired end). In total, 11.3Gbp and 37.8M 344 

reads were generated (each ~ 8M reads and 2Gbp; see Supplementary Note 1).  345 

Field offline basecalling and bioinformatics in real-time. Offline basecalling using 346 

nanocall 0.6.1330 was applied to the R7.3 data as no offline R9 basecaller was available at 347 

the time. Basecalled reads were compared to the reference genomes of A. thaliana 348 

(TAIR10 release) and A. lyrata subsp petraea (1.0 release). In total, 119 reads were 349 

processed in real-time with six reads making significant hits by BLASTN that scored 350 

correctly : incorrectly for species ID in a 2:1 ratio. After the sequencer had been halted a 351 

larger dataset of 1,813 reads gave 281 hits, with correct : incorrect : tied identifications in a 352 

223:30:28 ratio. 353 

Accuracy and mapping rates of short- and long-read data. Both lab-sequenced NGS 354 

reads (trimmed with Trimmomatic31) and untrimmed, field-sequenced RTnS reads were 355 

aligned to the appropriate reference genomes using the BWAv0.7.12-r103932 and 356 

LASTv58133 , to estimate depth of coverage and nominal error rate in mapped regions 357 

(see Supplementary Note 2). For all A. thaliana datasets (short and long-read), average 358 

mapped read depths were approximately equal to the gross coverage. MinION reads could 359 

be aligned to 53Mbp of the reference genome with LAST (approx. 50% of the total genome 360 

length). The nominal average error rate in these alignments was 20.9%).  For both MinION 361 

and MiSeq datasets, mapping and alignment to the A. lyrata and A. lyrata ssp. petraea 362 
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assemblies was more problematic. For alignable MinION reads, error rates were slightly 363 

higher than for A. thaliana at 22.5% and 23.5%, estimated against A. lyrata and A. lyrata 364 

ssp. petraea assemblies, respectively. We note that these assemblies are poorer quality 365 

than the A. thaliana TAIR10 release; total genome lengths differ (206Mbp and 202Mbp,) 366 

and contiguity is relatively poor in both (695 and 281,536 scaffolds). 367 

Determination of true- and false-positive detection rates, sensitivity, and specificity. 368 

Each of the four datasets (HTS and RTnS, for each species) was matched against two 369 

custom databases (the A. thaliana reference genome and the two draft A. lyrata genomes 370 

combined) separately with BLASTN, retaining only the best hit for each query. Queries 371 

matching only a single database were counted as positive matches for that species 372 

(Extended Data Table 4). Non-matching reads were treated as negative results 373 

(Supplementary Methods). Queries matching both databases were defined as positives 374 

based on: a) longest alignment length (LT); b) highest % sequence identities, c) longest 375 

alignment length counting only identities (LI), or c) lowest E-value.  Test statistics for each 376 

of these metrics were simply calculated as the difference of scores (length (∆LT), % 377 

identities, identities (∆LI), or E-value) between ‘true’ and ‘false’ hits. The statistical 378 

performance of these statistics (true- and false-positive rates, and accuracy) in putative 379 

analyses under varying threshold values were calculated and visualized using the ROCR 380 

package in R34. The high proportion of reads with significant hits to both species is 381 

expected given the close evolutionary relationships of the species. Analyses to determine 382 

the best statistics to discriminate between species using reads which aligned to both 383 

databases strongly indicated that difference in alignment lengths between the best 384 

discriminator, shown in Figure 2a-d and Extended Data Figures 2, 3 & 4. Overall these 385 

show that the difference in alignment length is a powerful indicator for both short- and 386 

long-read data at any threshold ≥ ~100bp. Furthermore, and surprisingly, at this and more 387 

conservative (greater difference) threshold, long-read field-sequenced reads had 388 
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substantially more accuracy in true- and false-positive discrimination than short-read data. 389 

This suggests that this method provides a powerful means of species identification and we 390 

posit that the extremely long length of ‘true positive’ alignments compared with the natural 391 

length ceiling on false-positive alignments is largely responsible for this property. 392 

Accumulation curves for simulated identification. 33,806 pairwise BLASTN hits 393 

obtained above in identification against A. thaliana and A.lyrata genomic reference 394 

databases were subsampled without replacement to simulate incremental accumulation of 395 

BLASTN hit data during progress of a hypothetical sequencing experiment producing 396 

10,000 reads produced in total. 1,000 replicates were used to calculate means and 397 

variances for data accumulation in 0.1 log-increments from r=1 read to 104 reads total. For 398 

each read, ∆LI, ‘number of identities bias’, was calculated as the difference (number of 399 

identities in A. thaliana alignment – number of identities in A. lyrata alignment).  Each read 400 

was assigned to A. thaliana or not if it ∆LI exceeded a given threshold, repeated at four 401 

possible values, Lthreshold ={0, 1, 10, 100}. Mean and aggregate (total) ∆LI values were also 402 

calculated for each replicate over the progress of the simulated data collection. Results are 403 

shown in Figure 3. 404 

De novo genome assembly. Short-read HTS data was assembled de novo using ABYSS 405 

v1.9.035. A hybrid assembly with both HTS and RTnS datasets was performed with 406 

HybridSPAdes v3.5.036. Assemblies were completed for A. thaliana (sample AT2a) and A. 407 

lyrata (sample AL1a). Assembly statistics were calculated in Quast v4.337. Completeness 408 

of the final hybrid assemblies was assessed using CEGMA v2.538. Results of de novo 409 

genome assemblies are given in Extended Data Table 5. Analyses of genome contiguity 410 

and correctness and conserved coding loci completeness indicated that assembly of HTS 411 

data performed as expected (20x coverage produced ~25,000 contigs covering 412 

approximately 82% of the reference genome at an N50 of 7,853bp). By contrast, the hybrid 413 

assembly of A. thaliana illumina MiSeq and Oxford Nanopore MinION data significantly 414 
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improved on the MiSeq-only assembly: 24,999 contigs reduced to 10,644; total assembly 415 

length increased to close to the length of the reference genome (119.0Mbp) with nearly 416 

89% mappable; N50 and longest contig statistics both improved (N50 7,853 ! 48,730bp) 417 

indicating better contiguity from the addition of long reads. Completeness of coding loci as 418 

estimated by CEGMA (Extended Data Table 5) greatly increased to ~99%. Long reads did 419 

not compromise the accuracy of high-coverage short-read data; basewise error rates were 420 

not significantly worse. 421 

Direct gene annotation of single unprocessed field-sequenced reads. The length of 422 

typical individual RTnS reads is of similar magnitude to genomic coding sequences. 423 

Consequently, useful phylogenomic information could potentially be obtained by 424 

annotating reads directly, without a computationally expensive genome assembly step. 425 

Raw, unprocessed A. thaliana reads were individually annotated directly without assembly 426 

via SNAP39. To verify which gene predictions were genuine, the DNA sequences (and 1kb 427 

flanking regions, where available) were matched to available A. thaliana (TAIR10) genes 428 

with default parameters. BLAST hits were further pruned based on quality (based on 1st-429 

quartile quality scores: alignments length bias ∆LT ≥ +570bp / % identities bias ≥ +78.68 / 430 

E-value bias ≥ 0), reducing the number of hits from 18,098 to 10,615. Sample read 431 

alignments and details of SNAP output BLAST score summary statistics are given in 432 

Supplementary Table 1 and encounter curves-through-time are shown in Figure 2e. 433 

Phylogenomics of raw-read-annotated A. thaliana genes. Predicted A. thaliana gene 434 

sequences were combined with a published phylogenomic dataset spanning 852 435 

orthologous, single-copy genes in plants and algae28, downsampled to 6 representative 436 

taxa for speed: Equisetum diffusum, Juniperus scopulorum, Oryza sativa, Zea mays, Vitis 437 

vinifera and A. thaliana. Our putative gene models were assigned identity based on 438 

reciprocal best-hit BLASTN matching with the A. thaliana sequences in these alignments, 439 

yielding 207 matches, of which the top 56 were used for phylogenomic analysis 440 
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(Supplementary Table 1), only 18 having no missing taxa in the Wickett et al.28 dataset. 441 

Alignments were refined using MUSCLE v3.8.3140 and trimmed with a 50% missing-data 442 

filter (using trimAL v1.4rev1541) then used to infer species trees in two ways: (i) single 443 

gene phylogenies inferred separately (using RAxML v7.2.842) under the GTRCAT 444 

substitution model with 10 discrete starting trees then combined into a summary tree using 445 

TreeAnnotator v.1.7.443; (ii) a species tree inferred directly from the data under the 446 

multispecies coalescent44, implemented in *BEAST v2.4.445 (with adequate MCMC 447 

performance confirmed using Tracer v1.5). A maximum clade credibility (MCC) tree was 448 

produced using TreeAnnotator v.1.7.4. Phylogenies inferred by orthodox (RAxML) and 449 

multispecies coalescent (*BEAST) methods are shown in Extended Data Figure 5 and 450 

agreed with each other and the established phylogeny presented in Wickett et al.28 451 
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 493 
Extended Data  494 

a 495 

 496 

b 497 

 498 

c 499 

 500 

Extended Data Figure 1 | Schematic of experimental workflows. a, Sampling-to-sequencing 501 

workflow. b, Sample identification workflow via BLASTN. c, Outline for direct annotation of raw 502 

RTnS reads followed by phylogenomic inference. See Methods for details. 503 

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted March 14, 2017. ; https://doi.org/10.1101/107656doi: bioRxiv preprint 

https://doi.org/10.1101/107656
http://creativecommons.org/licenses/by-nd/4.0/


 504 

Extended Data Figure 2 | Distribution of difference statistics in BLASTN comparisons for 505 

species ID. Empirical distribution of test statistics for each-way congeneric sample ID (binary 506 

classification) using BLASTN evaluated for RTnS MinION (left column) and NGS MiSeq (right 507 

column) platforms. Difference (test) statistics were calculated for each alignment as (true positive 508 

(TP) score – false positive (FP) score) for each of: alignment length; % identities; and number of 509 

identities. Reads sequenced from A. thaliana samples (comprising nominal true positives and 510 

false-positives (contaminants) are shown in red; reads from A. lyrata samples (nominal true 511 

negatives) shown in blue. ‘True’ and ‘false’ distributions’ overlap is small, while alignment length 512 

and number of identities’ distributions are both unimodal, showing a simple cutoff-based classifier 513 

should perform well to discriminate between ‘true’ and ‘false’ cases. 514 

515 
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 515 

 516 

  517 

Extended Data Figure 3 | Performance of difference statistics in BLASTN comparisons for 518 

species ID. Performance of test statistics for each-way congeneric sample ID (binary 519 

classification) using BLASTN evaluated for MinION (black) and MiSeq (red) platforms. Difference 520 

(test) statistics were calculated amongst reads matching both databases for each alignment as 521 

(true positive (TP) score – false positive (FP) score) for each of e-value, length, % identities and 522 

number of identities. Reads matching only one or neither database were additionally included with 523 

either ‘all-false’ encoding (dashed green line) or mixed false and true encoding depending on 524 

sample origin (blue line; see Methods and Supplementary Information for details). RTnS reads’ 525 

true- and false-positive rates are comparable to, and in some cases better than, NGS reads’ 526 

performance; while the longer length of RTnS reads permits the use of high thresholds where 527 

greater confidence is desired (perhaps in the case of very closely related specimens). Top row:  528 

true-positive (TP) vs false-positive (FP) rate; classical receiver operating curve. Second row: FP 529 

rate with varying test statistic threshold. Third row: TP rate with varying test statistic threshold. 530 

Bottom row: Accuracy with varying test statistic threshold. Accuracy estimated as (TP+TN / (P + 531 

N)). Columns (L-R): Difference statistics for e-value, total alignment length, % identities, and 532 

number of identities, respectively. 533 

534 
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 536 

Extended Data Figure 4 | Modelling potential effect of incorrectly estimated TN/FN 537 

proportions. Red and black lines show empirically estimated statistical performance for species 538 

ID via BLASTN comparison of HTS and RTnS reads respectively (as for Extended Data Figure 3; 539 

see Methods for details). Reads that produced no hits to either database might represent false 540 

negatives (sequencing error, or genomic regions not represented in the reference genome BLAST 541 

databases) or true negatives (sequencing contaminants and sequencer noise). These 542 

nonmatching reads were to reflect ‘true negative’:’false negative’ (‘TN:FN’) mixtures in 10% 543 
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increments shown from light to dark green shading. Plots (a-d) show results for bias statistics in E-544 

value; total alignment length; % identities; and total alignment identities, respectively. Extreme 545 

TN:FN mixtures still display adequate true-positive vs. false-positive rates; empirical data is 546 

approximated by the 30% TN:FN mixture, approximately reflecting the proportions of A. lyrata to A. 547 

thaliana nonmatching reads in the dataset. 548 

549 
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a 550 

 551 

b 552 

 553 

 554 

Extended Data Figure 5 | Phylogeny of species spanning major plant groups. Putative coding 555 

sequences recovered from single, unassembled raw RTnS reads using SNAP ab initio gene 556 

prediction could be aligned to existing phylogenomic data from other taxa and used to infer a 557 

phylogeny consistent with accepted plant relationships. a, Multispecies coalescent species tree 558 

inferred from 18 gene trees (genes predicted directly from raw nanopore reads). Inferred using 559 
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multispecies coalescent implemented in BEAST 2.4.4; b, consensus species tree inferred by 560 

majority-rule from 18 gene trees, inferred with RAxML 7.2.8.  561 

562 
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 563 

 564 

                Extended Data Table 1 | List of field-sequencing equipment. 565 

 566 

567 
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 567 

 568 

                      Extended Data Table 2 | Performance of MinION sequencing runs 569 

 570 

Data produced with field-extracted and field-sequenced in conditions ranging from 6-14ºC and up 571 

to 100% humidity, producing genome-scale sequence data despite several pauses in sequencing 572 

to dismantle, relocate, and reassemble equipment. The two latest sequencing runs (A. lyrata 573 

samples) performed markedly worse than the two earliest runs (A. thaliana), possibly due to the 574 

impact of storage temperature (passively controlled, and steadily rising over the week) on reagent 575 

performance. Yield summary statistics refer to untrimmed raw reads, including phage-lambda 576 

experimental control in the case of A. thaliana R9 data (filtered from subsequent steps). See 577 

Methods for details. Note: *Final A. lyrata sequencing phase performed in laboratory owing to time 578 

constraints on-site. 579 

580 
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 581 

 582 

               Extended Data Table 3 | Statistics of reference genomes used 583 

 584 

A. thaliana TAIR10 release is considerably more complete than either of the draft A. lyrata 585 

assemblies. 586 
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 589 

                Extended Data Table 4 | Sample identification via BLASTN 590 

 591 

Individual RTnS and NGS reads were aligned to A. thaliana and A. lyrata databases (designated 592 

TRUE or FALSE depending on sample origin) with BLASTN, keeping the single best-hit alignment 593 

for each database. More ‘1-way’ (only one database matched) hits to TRUE than FALSE 594 

databases accumulated in all sample / technology combinations. Amongst ‘2-way’ hits, positive 595 

differences in the metrics were consistent with correct sample identification. For RTnS reads 596 

differences between TRUE and FALSE hits were considerably larger than amongst HTS reads (by 597 

an order of magnitude for length or number of identities), showing that confident identification could 598 

be made with fewer RTnS reads. Notes: *A. lyrata and A. lyrata ssp. petraea databases combined, 599 

see Methods; †Total number of reads matching only conspecific database (‘true-positives’); ‡Total 600 

number of reads matching only pairwise-compared database (‘false-positives’ in the case of a 601 

mixed /multiplexed sample, or ‘false-negatives’ in the case of a single sample); §Total number of 602 
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reads matching both databases; ¶Total number of reads with no hits in either comparison, e.g. 603 

‘false-negatives’; #Difference statistics for each query read calculated as (score conspecific 604 

comparison – score congener comparison), for BLASTN alignment length, alignment identities, 605 

alignment % identities and E-value; ✩Mean bias across all reads. 606 

607 
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 608 

 609 

                 Extended Data Table 5 | Performance of de novo genome assembly 610 

 611 

Field-extracted DNA material was of sufficient quality to enable a de novo assembly with lab-612 

sequenced NGS data. Furthermore, field-sequenced RTnS reads considerably augmented the 613 

NGS data in hybrid assembly, greatly improving contiguity and estimated coding loci coverage 614 

substantially without substantially raising basewise error rates. Notes: *de novo genome 615 
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assemblies used either lab-sequenced short-read HTS data only (Abyss) or both HTS and field-616 

sequenced RTnS datasets (Hybrid-SPAdes). †TAIR10 release. ‡INSDC: A. lyrata: 617 

ADBK00000000.1 (Hu et al., 2011); A. lyrata ssp. petraea: BASP00000000.1 (Akama et al., 2014). 618 

§Assembly statistics calculated using QUAST 4.0. ¶Approximate completeness of coding loci 619 

assessed via CEGMA. See Methods for details.  620 

 621 
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