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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 

> 0.4), 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 
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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.  
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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. 

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

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

