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Figure 3. Heatmap of Gene Recovery Efficiency. Each row is one sample, and each column is one gene.
Colors indicate the percentage of the target length (calculated by the mean length of all k-medoid
transcripts for each gene) recovered. Numbers indicate the Input Category (see main text).

Target Enrichment Results

We assessed the probe set using two main statistics: (1) target enrichment, measured as
the percentage of reads successfully mapping to a target instance and (2) gene recovery rate,
measured as the percentage of targeted genes recovered by HybPiper. Target enrichment ranged
from 5% (Fritillaria davidii) to 68% (Dodonaea viscosa), with an average of 27.5% (median
24.8%). However, poor enrichment efficiency did not always predict poor gene recovery rate.
Coding sequences were recovered from between 120 and 344 loci (average 283); more than 300
genes were recovered from 21 of our 42 samples (Figure 3). The median number of genes for

which the length of coding sequence recovered was at least 50% of the target length (the average
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length of target instances for each gene) was 118 (range 10-327, Table 1). There was no
relationship between Input Category (taxonomic relatedness to samples in 1KP) and the number
of sequenced reads (F = 0.70, DF = 3, p > 0.5), the number of mapped reads (F =0.93, DF =3, p
> (.4), the percentage of reads on target (F = 1.4, DF = 3, p > 0.25), or the number of genes with
recovered sequences (F = 0.22, DF = 3, p > 0.8). The lack of relationship between enrichment
success and Input Category suggests that there is no phylogenetic bias in the probe set.

There was no significant linear (F = 0.91, DF = 40, p > 0.3) or log-transformed (F = 0.14,
DF =40, p > 0.7) relationship between the number of genes recovered and the number of
sequenced reads. However, there was a significant relationship between the number of genes
recovered and the log-transformed number of mapped reads (F = 10.1, DF = 40, p < 0.005).
With fewer than 200,000 mapped reads on target, there was roughly a linear relationship between
mapped reads and genes recovered, reaching a plateau of roughly 300 genes recovered
(Supplemental Figure 1). Therefore, it appears that stochasticity related to the enrichment and
sequencing process (e.g., library complexity, pooling strategy), not Input Category, is the most
critical factor in determining successful target enrichment (Table 1). This indicates that an input
sample with low enrichment efficiency could be “rescued” by increased sequencing effort or by
increasing the complexity of the genomic library (for example, by increasing DNA input into
library preparation). If the probes exhibited phylogenetic bias, increasing the number of reads or
increasing library complexity would not overcome the absence of sufficiently homologous

probes, a case that is not reflected in our results.
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Figure 4. Total Length of Sequence Recovery for Both Coding and Non-coding Regions Across 353 Loci
for 42 Angiosperm Species. Reads were mapped back to either coding sequence (yellow) or coding
sequence plus flanking non-coding (i.e. intron) sequence (purple). Only positions with at least 8x depth
were counted. The total length of coding sequence targeted was 260,802 bp. The median recovery of
coding sequence was 137,046 bp and the median amount of non-coding sequence recovered was 216,816
bp (with at least 8x depth of coverage).
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Suitability for Lower-Order Analysis

Although our sampling focused on the applicability of the probes across the breadth of
angiosperm diversity, we also considered whether the same target genes could be used at
narrower phylogenetic scales. Within-genus data are already available from OneKP for the
Angiosperms353 target genes from Oenothera (Myrtales, Onagraceae, 19 taxa), Linum
(Malpighiales, Linaceae, 9 taxa), Portulaca (Caryophyllales, Portulacaceae, 11 taxa), and
Neurachne (Poales, Poaceae, 6 taxa). For each genus, we reduced the OneKP alignments to
retain only the sequences from that genus and calculated the number of variable characters. In
each genus, several dozen variable characters could be found for a large number of genes, with
total numbers of variable characters ranging from 30,479 to 109,068 within genera (Table 2,
Supplemental Table 1). Overall, the percentage of protein-coding sites that were variable ranged
from 7.8% in Neurachne to 27.2% in Linum, while Oenothera and Portulaca were intermediate
at 10.0% and 13.5%, respectively (Table 2).

Sequence capture of coding regions from genomic DNA will also recover non-coding
regions (often introns) flanking the exons. This “splash zone” is less constrained by purifying
selection and is likely to be useful for narrow-scale phylogenetics and population genetics
(Weitemier et al. 2014; Johnson et al. 2016). Although our sampling scheme to test phylogenetic
bias in the probes did not allow for direct observation of phylogenetic information within genera,
we did recover a large fraction of non-coding flanking sequence (Figure 4). The median amount
of non-coding sequence recovered with at least 8x depth of coverage was 216,816 bp, and
fluctuated from 32,233 in Upuna (Category 2) to 664,222 bp in Amborella (Category 4). Input
Category had no significant effect on the length of non-coding regions recovered (df = 38, F =

0.16, p > 0.9). The combination of variable sites within coding regions among congeners and the
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significant recovery of flanking non-coding regions suggests that this probe set will be valuable

for reconstructing both relationships at both shallow and deep phylogenetic scales.

AVAILABILITY AND ONGOING DEVELOPMENT

Probe sequences for the “Angiosperms 353 v1” (Arbor Biosciences Catalog #3081XX)
angiosperm-wide targeted sequencing kit are publicly available at
github.com/mossmatters/Angiosperms353. We expect that updates to the kit will be made to
improve target enrichment efficiency across angiosperms, and these changes will be tracked as
new versions on github. For example, some additional consideration may be made for groups of
angiosperms with high phylogenetic distance to other groups (e.g., Ceratophyllum and Gunnera),
which may necessitate additional orthologous probe sequences. The sequences of target instances
used are also freely available at the same site and will be similarly updated to help improve
sequence recovery. For example, as the use of the kit increases the availability of sequences in
poorly represented groups, these sequences may be added to the target sequence file used to

reconstruct sequences in software such as HybPiper.

CONCLUSIONS

The creation of a universal set of target enrichment probes for angiosperms requires a
phylogenetically diverse set of existing genomic or transcriptomic resources and a method that
can identify the minimum set of representatives from which probes can be designed. Here, we
have shown that the k-medoids method with a diverse set of existing transcriptome sequences
can identify a suitable number of representatives for target enrichment across a wide

phylogenetic breadth. By designing probes based on these representatives and testing them

23


http://dx.doi.org/10.1101/361618
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint first posted online Jul. 4, 2018; doi: http://dx.doi.org/10.1101/361618. The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder. It is made available under a CC-BY 4.0 International license.

Johnson et al.

empirically, we have demonstrated the potential of our probe set to be a universal DNA
sequencing resource across all angiosperms. While sequence recovery efficiency varied among
samples, these differences are not driven by relatedness between the input taxon and any probe
sequence, indicating that there is no phylogenetic bias to sequence recovery across angiosperms
using these probes. Instead, the recovery of gene sequences was impacted more by the number of
reads mapped per library, suggesting that critical samples with low gene recovery could be
improved by further sequencing, or by a more careful evaluation of library complexity. The data
presented here indicate that these probes will be useful for phylogenetic analysis at both deep
and shallow scales, particularly given the recovery of flanking non-coding regions. Additional
applications of the universal probe set could extend to inferring population level genetic
structure, or to the next generation of DNA barcoding (Hollingsworth et al. 2016). Given that
hybridization-based methods of library enrichment using the probes described here should be
successful for most, if not all, angiosperms, there is significant potential for the generation of

large, combinable data sets for future analyses.
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Table 1. Voucher Information, Targeted Sequencing Efficiency, and Gene Recovery for 42

Angiosperms.

Input Sequenced Reads Enrichment Genes Genes
APG IV Order APG IV Family Species Author Category Reads Mapped Efficiency Recovered Recovered (50% Voucher (Collection) Other
(1000s) (1000s) % (Any Length) Target Length)

Acorales Acoraceae Acorus gramineus 4 685.1 100.6 14.7 282 169 Chase 18000 (K)
Picramniales Picramniaceae Alvaradoa amorphoides 1 384 69.9 18.2 208 73 Castillo 2787 (K)
Amborellales Amborellaceae Amborella trichopoda 4 779.3 226.1 29 343 327 Qiu 97123 (NCU)
Commelinales Haemodoraceae Anigozanthos bicolor 1 3229 55.1 17.1 167 62 Smith 239 (k)
Apiales Araliaceae Aralia cordata Thunb. 3 574.2 142.2 24.8 317 232 RBGKew Living Collection 2004-3246
Rosales Barbeyaceae Barbeya oleoides Schweinf. 2 99.5 37.2 374 237 118 Friis 15068 (K)
Berberidopsidales Berberidopsidaceae Berberidopsis beckleri (F.Muell.) Veldkamp 4 908.7 176.3 19.4 342 295 Chase 33137 (K)
Bruniales Bruniaceae Berzelia lanuginosa (L.) Brongn. 1 690.6 216 313 326 224 Chase 34475 (K)
Asparagales Blandfordiaceae Blandfordia punicea (Labill.) Sweet 2 334.1 65.9 19.7 191 53 COLT 69 (K)
Oxalidales Brunelliaceae Brunellia mexicana Standl. 2 521 307.2 59 343 319 Salazar s.n. (MEXU)
Alismatales Butomaceae Butomus umbellatus L. 2 2071.2 376.8 18.2 227 95 Chase 12016 (k)
Ceratophyllales Ceratophyllaceae Ceratophyllum demersum L. 4 1380.5 109.9 8 171 57 Sheahan s.n. (K)
Fagales Myricaceae Comptonia peregrina (L.) Coult. 3 321.8 143.4 44.5 332 278 Chase 14586 (K)
Pandanales Stemonaceae Croomia pauciflora (Nutt.) Torr. 3 776.7 118.6 15.3 258 125 Chase 399 (k) Cultivated J.Wurdack, AL, DeKalb Co
Crossosomatales Crossosomataceae Crossosoma californicum Nutt. 2 203.4 119.2 58.6 328 268 Beier s.n. (UPS)
Dilleniales Dilleniaceae Curatella americana L. 3 616.6 200.7 325 328 251 Chase 973 (K)
Vitales Vitaceae Cyphostemma mappia (Lam.) Galet 3 517.4 36.8 7.1 225 117 Page 11 (MAU)
Ericales Cyrillaceae Cyrilla racemiflora L. 4 695.6 158.1 22.7 331 261 Chase 2531 (K)
Dioscoreales Dioscoreaceae Dioscorea calcicola Prain & Burl 4 656.1 137.5 21 269 152 in 814 (K)
Sapindales Sapindaceae Dodonaea viscosa (L.) Jacq. 3 2191.3 1492.4 68.1 337 277 Strijk 203 (UPS)
Malpighiales Humiriaceae Duckesia verrucosa (Ducke) Cuatrec. 2 560.7 144.2 25.7 331 256 Vintencini 3.401 (NA) RBGKew DNA Bank, 1037
Asterales Asteraceae Echinops sphaerocephalus L. 3 587.9 57 9.7 271 188 Garnatje s.n. (BC)
Escalloniales Escalloniaceae Forgesia racemosa J.F. Gmel. 3 1093.9 346.1 31.6 338 277 REU 10015 (REU)
Liliales Liliaceae Fritillaria davidii Franch. 3 4425 220.6 5 175 75 RBGKew Living Collection 2004-3461
Huerteales Gerrardinaceae Gerrardina foliosa Oliv. 2 558.2 157.8 28.3 344 291 MPU 21 (NBG)
Fabales Fabaceae Gilbertiodendron ecoukense  (Pellegr.) Burgt 3 577.5 198.4 344 322 224 M'Boungou 144 (K)
Aquifoliales Cardiopteridaceae  Gonocaryum litorale (Blume) Sleumer 2 675.9 443.9 65.7 287 187 Chase 1294 (K)
Gunnerales Gunneraceae Gunnera manicata Linden ex André 4 1788 158.1 8.8 305 193 Lewis 2282008 (K)
Petrosaviales Petrosaviaceae Japonolirion osense Nakai 1 413.3 56.9 13.8 259 132 Chase 38664 (K)
Magnoliales Magnoliaceae Magnolia acuminata (L)L 4 381.3 83.5 219 280 171 Larridon 12334 (k)
Metteniusales Metteniusaceae Metteniusa H. Karst. 1 543 283.9 52.3 335 249 Betancur 10386 (K)
Caryophyllales Nepenthaceae Nepenthes mirabilis (Lour.) Druce 4 522.3 113.6 21.7 296 151 RBGKew Living Collection 1981-5655
Solanales Solanaceae Nicotiana heterantha Symon & Kenneally 4 193.5 67.7 35 256 73 Chase 68222 (K)
Gentianales Gelsemiaceae Pteleocarpa malaccensis Oliv. 3 3724 101.6 273 273 130 FRI 52109 (K)
Paracryphiales Paracryphiaceae Quintinia oreophila (Schltr.) Schitr. 1 931.5 305.4 32.8 341 260 on 379 (NOU)
Celastrales Lepidobotryaceae  Ruptiliocarpon caracolito Hammel & N.Zamora 2 1031 343 333 336 275 Pennington 631 (K)
Saxifragales Saxifragaceae Saxifraga fortunei Hook. 4 241.1 92.4 38.3 294 214 RBGKew Living Collection 1982-689
Brassicales Tovariaceae Tovaria pendula Ruiz & Pav. 2 750 137.1 18.3 318 236 Pennington 17749 (K)
Austrobaileyales  Trimeniaceae Ruptiliocarpon caracolito Hammel & N. Zamora 2 647.2 90 139 220 84 Chase 455 (K)
Malvales Dipterocarpaceae  Upuna borneensis Symington 2 465.2 185.2 39.8 120 10 FRI 18195 (K)

Vahliaceae Vahlia capensis (L. f.) Thunb. 1 769.6 149.3 19.4 313 203 Chase 5885 (K)
Boraginales Boraginaceae Wigandia urens (Ruiz & Pav.) Kunth 3 833.8 105.5 12.7 328 244 RBGKew Living Collection 2003-2460
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Table 2: Summary of Parsimony-informative Sites in Multiple Sequence Alignments of

Transcripts Sequenced in OneKP for Four Angiosperm Genera at 353 Loci.

Family Genus Taxa Total Sites Variable Sites

Onagraceae Oenothera 19 386152 38618

Portulacaeae Portulaca 9 386427 52217

Poaceae Neurachne 6 392432 30479

Linaceae Linum 11 400001 109068
SUPPLEMENTAL MATERIAL

Supplemental Table 1. Sequence length, number of taxa, and parsimony informative sites in

alignments of transcriptome sequences at 353 genes for four angiosperm genera.

Supplemental Figure 1. Relationship between reads mapping to the target genes and the number
of loci recovered for 42 angiosperm species. There is a general linear increase in the number of
genes recovered below 100,000 mapped reads, above which there are diminishing returns for

additional sequencing.
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