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ABSTRACT

Sequencing of target-enriched libraries is an efficient and cost-effective method for obtaining
DNA sequence data from hundreds of nuclear loci for phylogeny reconstruction. Much of the
cost associated with developing targeted sequencing approaches is preliminary data needed for
identifying orthologous loci for probe design. In plants, identifying orthologous loci has proven
difficult due to a large number of whole-genome duplication events, especially in the
angiosperms (flowering plants). We used multiple sequence alignments from over 600
angiosperms for 353 putatively single-copy protein-coding genes to design a set of targeted
sequencing probes for phylogenetic studies of any angiosperm lineage. To maximize the
phylogenetic potential of the probes while minimizing the cost of production, we introduce a k-
medoids clustering approach to identify the minimum number of sequences necessary to
represent each coding sequence in the final probe set. Using this method, five to 15
representative sequences were selected per orthologous locus, representing the sequence
diversity of angiosperms more efficiently than if probes were designed using available sequenced
genomes alone. To test our approximately 80,000 probes, we hybridized libraries from 42
species spanning all higher-order lineages of angiosperms, with a focus on taxa not present in the
sequence alignments used to design the probes. Out of a possible 353 coding sequences, we
recovered an average of 283 per species and at least 100 in all species. Differences among taxa in
sequence recovery could not be explained by relatedness to the representative taxa selected for
probe design, suggesting that there is no phylogenetic bias in the probe set. Our probe set, which
targeted 260 kbp of coding sequence, achieved a median recovery of 137 kbp per taxon in coding

regions, a maximum recovery of 250 kbp, and an additional median of 212 kbp per taxon in


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 The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder.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.

A UNIVERSAL FLOWERING PLANT PROBE SET

flanking non-coding regions across all species. These results suggest that the Angiosperms353
probe set described here is effective for any group of flowering plants and would be useful for

phylogenetic studies from the species level to higher-order lineages, including all angiosperms.
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PLANT PHYLOGENETICS AND REDUCED REPRESENTATION SEQUENCING

Progress in molecular phylogenetics has frequently been a struggle between the
availability of genetic markers and the suitability of those markers for the specific systematic
study. This is especially true in plants, where numerous gene and genome duplication events
(Blanc and Wolfe 2004; Barker et al. 2009; Jiao et al. 2011; Amborella Genome Project et al.
2013) have made identification of universally orthologous genes difficult. As a result,
phylogenetic inference in plants has frequently relied on plastid markers, using either single
genes such as rps4 or rbcL (Palmer et al. 1988; Chase et al. 1993; Soltis et al. 1993; Olmstead
and Sweere 1994), entire plastid exomes (Ruhfel et al. 2014; Gitzendanner et al. 2018; Medina et
al. 2018) or the full plastid genome sequence (Carbonell-Caballero et al. 2015; Bernhardt et al.
2017). Although sequence homology can easily be determined for the plastid genome, thus being
universally applicable across plants, it is often considered to represent a single phylogenetic
history (though there are exceptions, see (Sullivan et al. 2017) that may be incongruent with
species trees inferred from nuclear genes (Hudson 1992; Maddison 1997). In cases where nuclear
data have been applied to plant phylogenetics, it has generally relied upon relatively few loci
(e.g. ITS, reviewed in (Alvarez and Wendel 2003); low copy loci reviewed in (Zimmer and Wen
2012). However, studies of both empirical and simulated data demonstrate that phylogenetic
inference is most accurate when conducted with tens to hundreds of nuclear loci because
historical processes such as deep coalescence can be modeled (Degnan and Rosenberg 2006;
McCormack et al. 2009; Smith et al. 2015).

Several reduced-representation sequencing methods have been developed to sample
hundreds of nuclear loci for plant phylogenetic studies (reviewed in (McKain et al. 2018). These

methods allow users to reap the benefits of high-throughput sequencing, yielding data sets of
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tractable scale for phylogenetics without the bioinformatic challenges and costs associated with,
for example, whole genome sequencing. Aside from cost considerations, the decision of which
method to use depends on the taxonomic breadth of the study as well as the availability of
existing genomic resources. For example, restriction site-associated sequencing methods (RAD-
Seq or GBS) are an efficient and cost-effective way to generate single nucleotide polymorphisms
(SNPs) for lower-level phylogenetic studies without having to rely on existing genome or
transcriptome sequences (Eaton et al. 2016). However, the markers generated by this method are
exclusive to the lineage for which they were developed and may introduce a number of biases
(reviewed in (Andrews et al. 2016)). Another reduced representation method that has been
employed for plant phylogenetics is transcriptome sequencing (Wickett et al. 2014; Yang et al.
2015; Zeng et al. 2017; Walker et al. 2018). Despite reduced costs compared to whole genome
sequencing, and increased efficiency in both library construction and sequencing, transcriptomes
are not the most cost-effective and reproducible source of data for phylogenetics. Assembled
transcripts include members of multi-copy gene families and other genes that may not be
phylogenetically informative, therefore sequencing cost and effort is not optimized for the
reconstruction of species phylogenies. Furthermore, the same genes may not be expressed in the
same tissues for all targeted taxa, reducing reproducibility and increasing the amount of missing
data. Finally, generating transcriptomic data sets requires fresh tissues and is not feasible for
extremely rare, extinct, or ancient samples, where only herbarium specimens may be available.
Plastid data have long met the criteria of reproducibility and cost-effectiveness necessary
for phylogenetics in non-model plants. In addition, the widespread use of specific plastid loci for
plant phylogenetics has facilitated data reuse in analyses of expanded data sets and higher-order

relationships (e.g., (Chase et al. 1993). A set of similarly consistent, overlapping, cost-effective
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nuclear loci would enable plant systematists to produce data appropriate for lineage-specific
investigations while generating data that would benefit the plant systematics community more
broadly. By populating sequence databases with the same set of putatively orthologous loci,
taxon-rich analyses that mine al/l publicly available sequences (Hinchliff and Smith 2014;
Eiserhardt et al. 2018; Smith and Brown 2018) will be subject to lower levels of missing data.
The question remains, then, as to which reduced-representation method best addresses the goal

of generating an accessible and combinable set of loci for plant phylogenetics.

TARGET ENRICHMENT, CONSIDERATIONS, AND OBJECTIVES

Among genome-scale methods developed to date, the sequencing of target-enriched
genomic libraries has emerged as a cost-effective method for obtaining large data sets for
phylogenetics from diverse sources, particularly for methods that rely on reconstructing gene
trees (Faircloth et al. 2012; Lemmon et al. 2012; Mandel et al. 2014; Weitemier et al. 2014). In
this method, high-throughput sequencing libraries are enriched for regions of interest, such as
ultra-conserved elements or protein-coding genes, using 80—120-mer DNA or RNA probes
(sometimes called baits) that hybridize to library inserts. Like the design of primer regions for
Sanger sequencing, the selection of loci and design of probe sequences requires a careful
balance: the challenge of selecting genomic regions variable enough to infer phylogenies while
remaining conserved enough to ensure sequence recovery. As discussed above, the unique
challenges of identifying universal phylogenetically informative loci for plants (Kadlec et al.
2017) have likely contributed to the relatively small number of targeted sequencing probe sets

applicable across a broad phylogenetic spectrum (e.g. all vascular plants or all flowering plants)
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compared to the availability of such tools in animals (Faircloth et al. 2012; Lemmon et al. 2012;
Prum et al. 2015; Faircloth 2017).

A set of orthologous single-copy genes identified from 25 angiosperm genomes was
recently used to develop probes for target enrichment across angiosperms (Léveillé-Bourret et al.
2018). Although there are about 75 well-assembled and annotated angiosperm nuclear genomes
publicly available (e.g., Phytozome version 12.1, www.phytozome.org), the phylogenetic
distribution of genomic resources is uneven and groups that are not closely related to
economically important flowering plants are poorly sampled. To maximize the potential for
successful hybridization to probe sequences from a set of phylogenetically diverse species, it is
critical to include as much phylogenetic breadth as possible when designing probes. For
example, projects such as the Plant and Fungal Trees of Life (www.paftol.org) —which aims to
capture the diversity of all angiosperm genera (13,164 genera; (Christenhusz and Byng 2016))—
or the Genealogy of Flagellate Plants (http://flagellateplants.group.ufl.edu/) —which aims to
sequence all flagellate plant species (ca. 30,000 species of bryophytes, lycophytes, ferns, and
gymnosperms; (Villarreal et al. 2014; Forest et al. 2018))— require a universal set of markers
that represent an even distribution of diversity. To maximize the likelihood of successful
hybridization in any angiosperm lineage, the design of a universal probe set for angiosperms
should make use of the most phylogenetically diverse set of gene sequences available.

In contrast to available genomic resources, transcriptome sequences generated by the
1000 Plant Transcriptomes Initiative (OneKP or 1KP) provide a more even phylogenetic
distribution (Matasci et al. 2014) and include sequences for over 830 flowering plant taxa (data
available at onekp.com/public_data.html). Transcriptome sequences have been successfully used

to develop probe sets for targeting nuclear protein-coding genes in several plant groups
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(Chamala et al. 2015; Landis et al. 2015, 2017; Gardner et al. 2016; Heyduk et al. 2016; Crowl et
al. 2017; Garcia et al. 2017; Stubbs et al. 2018). Although intron-exon boundaries are not known
when probes are designed exclusively from transcriptomes in non-model organisms, this does
not prevent efficient sequence recovery (Heyduk et al. 2016). The design of probes to capture
coding sequences commonly results in the capture of non-coding sequence flanking the exons,
(i.e. the “splash-zone”; (Weitemier et al. 2014); Fig. 1). This protocol is useful for narrow-scale
phylogenetic analysis (Heyduk et al. 2016; Johnson et al. 2016) and represents an advantage over
transcriptomes due to the consistent and reproducible recovery of more variable non-coding
regions.

Designing probes for target enrichment of nuclear protein-coding genes involves the
identification of three pieces of information: (1) the locus itself or target gene, ideally one that
exists as a single copy in all species belonging to the lineage under investigation; (2) the
minimum number of target instances such that the target genes from any input sample are
sufficiently related to ensure hybridization, and (3) probe sequences designed from all selected
target instances, tiled across the length of each instance (Figure 1). For example, the target genes
and all target instances could be full length (whenever possible) coding sequences (CDS) of
genes inferred to be orthologous across a lineage, while the probes are RNA sequences of known
length (usually ~120-mers) that hybridize to genomic DNA, usually sequencing library inserts.
Multiple probes are tiled across the target instances to ensure that the entire target is recovered. If
a substantial phylogenetic breadth of input libraries is to be used for hybridization, multiple
target instances must be present in the probe set to maximize the chance that inserts will
hybridize with at least one probe from a specific region of the target, since the chance of

hybridization is proportional to sequence similarity between the input library and probes. A
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“universal” set of probes, therefore, would first require identifying a suitable number of

sequences to “universally represent” a target sequence for a large lineage (Figure 1).
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Figure 1. Overview of Probe Design and Phylogenetic Considerations. Given a hypothetical gene
ABCDI, the goal of probe design is to include a sufficient diversity of 120-mers (probes) such that any
angiosperm ABCD] sequence can be recovered by hybridization. If a number of ABCD1 sequences are
known, represented by solid branches and tips with a small gray square in the phylogeny, the minimum
number of representatives of those sequences should be selected that maximize the chances of recovering
ABCDI from any “unknown” sample (dotted lines in the phylogeny). If sequences X, Y, and Z are
selected, 120-mer probes are designed, here with 2X tiling, across the entire length of the sequence. The
final probe set includes all unique 120-mers; asterisks represent cases in which individual 120-mers are
identical from two (*) or all three (**) of the representative sequences X, Y, and Z. In these cases only
one or two 120-mers, rather than three, would be necessary for that region of the gene in the final probe
set. While this is possible in probe design, we did not encounter any such cases in the Angiosperms353
probe set. For a particular “unknown” sample, here represented by the dark gray dotted line and denoted
as sample Q, a sequencing library consisting of size-selected inserts, adapters, and indexes, is hybridized
to the final probe set and the resulting sequence reads can be reconstructed to extract both the coding
region and flanking non-coding (“splash zone”) regions. In this simplified example, the final probe set
represents only gene ABCD] but the Angiosperms353 final probe set includes probes tiled across 353
genes.

Flowering plants are estimated to have arisen sometime in the Early Cretaceous (Bell et
al. 2010; Herendeen et al. 2017; Barba-Montoya et al. 2018) and comprise approximately
369,400 extant species (Kew 2016). Therefore, for any given target sequence, probes designed
from several instances of that target sequence would be required for the successful hybridization
of inserts from taxa that are significantly divergent from any representative in the probe set. For
example, if a hypothetical gene ABCD] is a target, probes may need to be designed from a
monocot ABCD1, arosid ABCD1, and an asterid ABCD1, at a minimum, to ensure that any
angiosperm ABCD] sequence would successfully hybridize with at least one set of probes that
span the entire length of ABCD1 (Figure 1). Because increasing the number of probes increases
the cost of a target enrichment kit, producing a cost-effective kit to enrich phylogenetically
informative exons from any angiosperm requires minimizing the number of instances of each
target sequence while maximizing the phylogenetic depth of hybridization.

We report the design of a set of target enrichment probes that efficiently capture hundreds

of putatively orthologous gene regions (targets) from any angiosperm species. Our two main

objectives were to: (1) develop an approach to choose the minimum number of target instances
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needed to successfully recover the targets from any flowering plant, and (2) generate probes
from those target instances and use empirical data to demonstrate that there is no phylogenetic
bias in the probe set. We introduce here a novel application of a k-medoids clustering algorithm
for selecting target instances. The target instances chosen via this method allowed for a probe
design using fewer than 80,000 probes to capture 353 protein-coding genes. We carried out an
initial test of the probe sequences on 42 species spanning 30 angiosperm orders. We find high
rates of recovery for both the targeted coding sequences and flanking intron regions, suggesting
that the probe set will be a cost-efficient and universally accessible tool for flowering plant

phylogenetics at both deep and shallow scales.

PROBE DESIGN
Target Identification

We started with a set of 410 protein-coding loci developed for phylogenetic analysis by
the OneKP initiative (One Thousand Plant Transcriptomes Initiative, In Review(Matasci et al.
2014). All available green plant (Viridiplantae) genomes were clustered into homologous gene
families using OrthoFinder (Emms and Kelly 2015). For each family, a Hidden Markov Model
was generated from a multiple sequence alignment, and transcriptome sequences from over 1400
green plant species were added to the gene families using hmmsearch implemented in HMMER
(hmmer.org). The 410 alignments identified as low-copy contained orthologous transcripts from
over 1100 green plants and predicted coding sequences from 52 plant genomes. We removed all
non-angiosperm sequences from the OneKP alignments and trimmed all gap-only sites from the
alignments. The 410 nucleotide alignments contained between 12 and 655 angiosperm sequences

and varied in length from 105 to 3498 bp.
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Selection of Target Instances

To minimize the number of probe sequences needed to reliably recover sequences from
all angiosperms, we reduced the OneKP alignments by selecting the minimum possible number
of target instances. Our goal was to select instances such that 95% of all angiosperm sequences
in the alignment were no more than 30% diverged from any target instance, a threshold that has
been demonstrated as the practical limit of target enrichment in other plant groups (Li, Johnson
et al., in review). First, we calculated a dissimilarity matrix (p-distance) using all pairwise non-
gap characters in the angiosperm-only sequence alignments. We employed a k-medoids
clustering algorithm (Bauckhage 2015) to partition the sequences into groups, centered around a
set number of sequences (the medoids). The k-medoid method attempts to minimize the within-
group distance between the medoid and other sequences in the group. We chose this method over
the related k-means clustering method because the k-medoid approach would identify a single
real sequence at the center of each cluster, rather than a hypothetical sequence at the centroid of a
cluster generated by k-means. We explored how varying the number of medoids (k) affected the
percentage of angiosperm sequences that could be representative of the whole alignment (at a
maximum 30% sequence divergence). For each gene, we tested values of k between 5 and 15,
repeating each analysis up to 100 times. To evaluate the k-medoids method, we calculated the
sequence divergence between all angiosperm transcript sequences and the selected medoid
sequences and compared this to the sequence divergence from manually selected target instances
chosen from publicly available genome sequences (Figure 2). The scripts used to select k-medoid

alignments are available at http://github.com/mossmatters/Angiosperms353.

12
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Final Probe Set

Using the k-medoids method, we identified 353 genes (targets) for which 95% of
angiosperm sequences could be represented by 15 or fewer target instances (Figure 2). A
sequence was represented if it was within 30% sequence divergence of one of the target
instances. For each gene, if they were not already in the set of representative sequences chosen
by the k-medoid method, we added target instances from the genomes of Arabidopsis thaliana,
Oryza sativa, and Amborella trichopoda. Sequences from these three genomes were added to
ensure a well-annotated gene model was present for each gene spanning deep divergences in the
angiosperm phylogeny. Probe sequences were designed from multiple sequence alignments of all
selected target instances for each gene. Across all 353 targets, there were 4781 sequences (target
instances) used for probe design (all alignments are available in the Dryad repository). Probe
sequences were padded to a minimum length of 120 bases, and any regions with 1-10 Ns were
replaced with Ts (to facilitate probe design across short stretches of ambiguity). Synthesis of
120-mer RNA probes with 3x tiling on each orthologous sequence was carried out by Arbor
Biosciences (formerly MY croarray, Ann Arbor, Michigan, USA, Catalog #3081XX). Each probe
sequence was compared to seven angiosperm reference genomes (Amborella trichopoda,
Aquilegia coerulea, Brachypodium distachyon, Populus trichocarpa, Prunus persica, Solanum
tuberosum, and Vitis vinifera) to check for specificity; any probe sequence with multiple hits in
more than one genome was removed from the probe set. The final probe set contains 75,151 120-
mer probes. Probe sequences are publicly available under a CC-BY-SA license at
github.com/mossmatters/Angiosperms353

The goal of our probe design was to maximize the usability of the probes across
angiosperms by ensuring that 95% of known angiosperm sequences had less than 30% sequence

divergence from any target instance for each gene. We also wanted to minimize the number of
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target instances needed for each gene to reduce the cost for users of the probes. To validate
whether k-medoids method was an improvement over selecting target instances using existing
angiosperm genome sequences only, we calculated the pairwise sequence divergence between
each OneKP transcript and its nearest ortholog from an angiosperm genome. For each gene, we
compared the percentage of angiosperm sequences within 30% divergence of a k-medoid to the
percentage within 30% divergence of an angiosperm genome sequence. Using reference genome
sequences alone was insufficient and frequently resulted in a large number of angiosperm
sequences falling beyond the 30% sequence divergence threshold (Figure 2). Using the k-
medoids method, we were able to successfully identify a different number of target instances for
each gene, based on individual sequence divergence profiles across angiosperms. The number of
required medoid sequences ranged from six (in 64 genes) to 15 (in 125 genes) with an average of
11.1 medoid sequences (median 13 sequences). Of the 410 original angiosperm alignments,
medoids fitting our criteria could not be identified for 57 genes, leaving 353 loci in the final
probe design. Using the mean length of target instances from each gene, the total length of

coding sequence targeted was 260,802 bp.

14
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Figure 2. Comparison Between the k-medoids Method of Selecting Representative Sequences with Using
the Closest Available Angiosperm Genome. A) Each point is one gene, and its position indicates the
percentage of angiosperm transcripts (from OneKP) that fall within 30% sequence divergence of a
representative sequence. Only genes where the k-medoids could represent 95% or more angiosperms were
selected for probe design. Note the x-axis and y-axis ranges are not identical. Arrow indicates gene 5348,
which is highlighted in the other panels. B) Distribution of distances between each angiosperm sequence
in 1KP and the nearest k-medoid for gene 5348. C) Distribution of distances between each angiosperm
sequence in 1KP and the nearest published genome sequence for gene 5348.

TESTING THE PROBE SET

Sampling Strategy and Data Generation

To test the efficiency of target capture across angiosperms, we tested the probes using 42
“input” taxa that were not included in the OneKP transcriptome data (Table 1), increasing the
likelihood that no input insert would be identical to any probe sequence. However, Amborella
trichopoda was also included as an input taxon as a control of recovery efficiency by using a
taxon that was included in probe design. Our sampling scheme was designed to test whether
target recovery is determined by relatedness to the species used to design the probes (i.e. to

ensure that the probes are not phylogenetically biased). We used taxonomic rank from APG IV
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(The Angiosperm Phylogeny Group 2016) as a proxy for phylogenetic distance. For each input
species, its relationships to the OneKP taxa (pool of potential probe sequences) fell into four

categories, which we refer to throughout as Input Categories:

1) The input taxon belongs to an order that was not included in OneKP (7 taxa)

2) The input taxon belongs to an order that was included in OneKP, but not to a
family, genus, or species that was included in OneKP (12 taxa)

3) The input taxon belongs to an order and family that were included in OneKP, but
not to a genus or species that was included in OneKP (12 taxa)

4) The input taxon belongs to an order, family, and genus included in OneKP, but

not to a species that was included in OneKP (11 taxa).

The input taxa span 41 of the 64 angiosperm orders recognized in APG IV. If the probe
set is phylogenetically biased, we would expect to see any metrics of hybridization efficiency
improve from Input Category 1 to Input Category 4. Conversely, if hybridization success is more
dependent on stochastic effects, we would expect to see no relationship between Input Category
and hybridization efficiency.

DNA extractions were tailored to tissue provenance: the Qiagen DNeasy Plant Mini Kit
was used for silica-dried materials following the manufacturer’s protocol (Qiagen, Valencia,
California, USA), while a modified CTAB protocol (Doyle and Doyle 1987) was the choice for
material sampled from herbarium specimens. We also relied on existing DNA extractions from
the DNA bank of the Royal Botanic Gardens, Kew, obtained using a standard CTAB-

chloroform, ethanol precipitation and washing stages, followed by density gradient cleaning and
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dialysis. All extractions were run on a 1.5x agarose gel to visually assess average fragment size
and quantified using a Qubit® 3.0 Fluorometer (Life Technologies, Carlsbad, California, USA).
Samples demonstrated (by gel) to have fragment sizes above the desired 350 bp (typically those
obtained from silica-dried tissue and most DNA bank aliquots) were sonicated using a Covaris
M220 Focused-ultrasonicator™ with Covaris microTUBES AFA Fiber Pre-Slit Snap-Cap
(Covaris, Woburn, Massachusetts, USA) following the manufacturer’s program for ~350-bp
insert sizes. Dual-indexed libraries for Illumina® sequencing were prepared using the DNA
NEBNext® Ultra™ II Library Prep Kit at half the recommended volume, with Dual Index
Primers Set 1, NEBNext® Multiplex Oligos for Illumina® (New England BioLabs, Ipswich,
Massachusetts, USA). All resulting libraries were checked for quality with an Agilent
Technologies 4200 TapeStation System using the High Sensitivity D1000 ScreenTape (Agilent
Technologies, Santa Clara, California, USA) and quantified with the Qubit® 3.0 Fluorometer.
Equimolar 1 pg pools were enriched using our custom-designed probe kit (Arbor Biosciences
myBaits® Target Capture Kit, “Angiosperms 353 v1”, Catalog #3081XX) following the
manufacturer’s protocol (ver. 3, available at http://www.arborbiosci.com/mybaits-manual).
Multiple libraries were pooled in a single hybridization reaction. Hybridizations were carried out
at 65°C for 28-32 hours in a Hybex® Microsample Incubator with red Chill-out™ Liquid Wax
(Bio-Rad, Hercules, California, USA) to prevent evaporation. Enriched products were amplified
with KAPA HiFi 2X HotStart ReadyMix PCR Kit (Roche, Basel, Switzerland) for 10 cycles.
PCR products were cleaned using the QIAquick PCR purification kit (Qiagen). Final products
were quantified with a Qubit® 3.0 Fluorometer and run on an Agilent Technologies 4200

TapeStation System to assess quality and average fragment size. Multiple enriched library pools
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were multiplexed and sequenced on an [llumina MiSeq with v2 (300-cycles) and v3 (600-cycles)
chemistry (Illumina, San Diego, California, USA) at the Royal Botanic Gardens, Kew.
Sequencing reads were trimmed using Trimmomatic (Bolger et al. 2014) to remove reads
with a quality score below 20 and reads that had any 4-bp window below 20, retaining reads with
at least 50 bp (LEADING: 20 TRAILING: 20 SLIDING WINDOW:4:20 MINLEN:50). Only
read pairs where both reads passed these filters were retained. Recovered target sequences were
assembled using HybPiper version 1.3 (Johnson et al. 2016) using a target file available at
http://github.com/mossmatters/Angiosperms353. Reads were mapped to de-gapped medoid
sequences using BWA (Li and Durbin 2009), each gene was assembled de-novo using SPAdes
(Bankevich et al. 2012), and coding sequences were extracted using Exonerate (Slater and
Birney 2005). Non-coding sequences (i.e. introns) flanking the coding sequences were recovered
using the script intronerate.py available with HybPiper. Statistical analysis of sequence recovery
was conducted in R (Version 3.4.2, R Core Development Team, 2017). Sequence reads have
been deposited in the NCBI Sequence Read Archive (SRP151601); recovered gene sequences,
alignments, and distance matrices are available from the Dryad Digital Repository
(http://dx.doi.org/10.5061/dryad.[NNNN]). Code for statistical analysis is available at

http://github.com/mossmatters/Angiosperms353 .
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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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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.

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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