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Target enrichment (also known as target capture, exon capture, or 
Hyb- Seq) has become the leading high- throughput sequencing 
methodology for phylogenomics, offering reliable retrieval of hun-
dreds or thousands of loci at a reasonable price per base pair (Cronn 
et al., 2012; Grover et al., 2012; Barrett et al., 2016; Bragg et al., 2016; 
Dodsworth et al., 2019). The method has proven useful for resolving 
relationships at all taxonomic ranks, including higher- level phylo-
genetic relationships among orders or families, as well as lower- level 
relationships among genera or species, and for species delimitation 
(Bi et al., 2013; Nicholls et al., 2015; Song et al., 2017; Choi et al., 2019; 
Breinholt et al., 2021). Target enrichment uses available genome 
sequence information in the form of genomes, transcriptomes, or 

genome skimming data to identify a set of target loci (e.g., genes, 
exons, or ultra- conserved elements [UCEs]), which are typically 
low-  or single- copy (Faircloth, 2017; McKain et al., 2018). From the 
target loci set, short 80– 120 bp RNA baits (also called probes) are 
designed, to create a “bait kit.” These short RNA baits are used in a 
hybridization reaction to bind to DNA fragments matching the tar-
get loci, which are then captured and PCR- amplified for sequenc-
ing. The increasing availability of genomic resources held in public 
repositories, combined with the use of pipelines to identify low-  or 
single- copy genes based on these resources, has enabled bait kit de-
sign for a wide range of plant groups (Kadlec et al., 2017; Campana, 
2018; Chafin et al., 2018; Vatanparast et al., 2018).
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PREMISE: Universal target enrichment kits maximize utility across wide evolutionary 
breadth while minimizing the number of baits required to create a cost- efficient kit. The 
Angiosperms353 kit has been successfully used to capture loci throughout the angiosperms, 
but the default target reference file includes sequence information from only 6– 18 taxa per 
locus. Consequently, reads sequenced from on- target DNA molecules may fail to map to 
references, resulting in fewer on- target reads for assembly, and reducing locus recovery.

METHODS: We expanded the Angiosperms353 target file, incorporating sequences from 566 
transcriptomes to produce a ‘mega353’ target file, with each locus represented by 17– 373 
taxa. This mega353 file is a drop- in replacement for the original Angiosperms353 file in 
HybPiper analyses. We provide tools to subsample the file based on user- selected taxon 
groups, and to incorporate other transcriptome or protein- coding gene data sets.

RESULTS: Compared to the default Angiosperms353 file, the mega353 file increased the 
percentage of on- target reads by an average of 32%, increased locus recovery at 75% length 
by 49%, and increased the total length of the concatenated loci by 29%.

DISCUSSION: Increasing the phylogenetic density of the target reference file results in 
improved recovery of target capture loci. The mega353 file and associated scripts are 
available at: https://github.com/chris jacks on- pelli cle/NewTa rgets.
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Universal bait kits, such as the Angiosperms353 bait kit, aim to cap-
ture the same set of loci from samples representing significant phylo-
genetic breadth and evolutionary timescales (Bossert and Danforth, 
2018; Breinholt et al., 2021; Johnson et al., 2019). Such kits typically 
require a larger number of baits to encompass the sequence diversity 
potentially found among samples at each locus. Larger kits are more 
costly (Hutter et al., 2019; Couvreur et al., 2019), and therefore to keep 
costs manageable universal bait kits balance the number of baits syn-
thesized, and hence bait sequence diversity for each locus, against the 
total number of RNA baits strictly required to fully capture diversity at 
each locus. Incomplete representation of sample sequence diversity in 
the synthesized baits is in part compensated for by the high affinity of 
the biochemical interaction in the hybridization reaction binding the 
RNA bait to the DNA target. This high affinity enables successful cap-
ture reactions between the RNA baits and the target DNA even in cases 
where bait and target sequences differ by ~20% (although Johnson 
et al., 2019 extended this to 30% when designing the Angiosperms353 
kit, based on the findings of Liu et al., 2019), and provides a constraint 
around the minimal sequence diversity required to capture loci across 
the desired phylogenetic breadth (Mayer et al., 2016; Branstetter et al., 
2017; Faircloth, 2017; Couvreur et al., 2019). This is demonstrated by 
the wide range of flowering plant groups that have successfully utilized 
the Angiosperms353 kit (Johnson et al., 2019; Van Andel et al., 2019; 
Larridon et al., 2020; Shee et al., 2020), as well as many other univer-
sal bait kits (e.g., flagellate plants [GoFlag; Breinholt et al., 2021], ferns 
[Wolf et al., 2018], arachnids [Starrett et al., 2017], Cnidaria [Quattrini 
et al., 2018], and Gastropoda [Teasdale et al., 2016]).

The assembly of raw sequence reads into the desired locus typically 
follows one of two strategies: (1) de novo assembly of reads and subse-
quent matching of contigs to target loci, or (2) mapping reads to each 
locus, followed by de novo assembly of the mapped reads for each lo-
cus. Various pipelines are available to perform locus assembly, such as 
HybPiper (read- mapping; Johnson et al., 2016), PHYLUCE (de novo 
assembly; Faircloth, 2016), and SECAPR (both de novo assembly and 
read- mapping; Andermann et al., 2018). For any strategy, a file con-
taining the target loci sequences (i.e., the target file) is required. This is 
typically the same file that was used to design the baits. For universal- 
scale kits, this means that closely related reference sequences might not 
be present in the target file for a given data set. This raises a question: 
what if the biochemistry of hybrid enrichment enables the success-
ful capture of target loci DNA in vitro, but subsequent bioinformatic 
processing of raw or assembled data to reconstruct the target locus is 
inefficient or fails because there is no suitable reference in silico? A 
mismatch between biochemical locus capture and bioinformatic locus 
recovery is expected to have a larger impact in broader- scale univer-
sal kits, or groups where suitable reference sequences are lacking, and 
could influence locus recovery at any phylogenetic level. To investigate 
the impact of target file sequence diversity on locus recovery, we devel-
oped tools to expand the Angiosperms353 target file and compared lo-
cus recovery across a range of phylogenetic depths against the default 
Angiosperms353 file, using HybPiper for locus assembly.

METHODS

Generating the mega353 target file

The target file for the Angiosperms353 kit was downloaded from 
https://github.com/mossm atter s/Angio sperm s353/blob/maste r/
Angio sperm s353_targe tSequ ences.fasta (referred to here as the 

‘default353’ target file). To obtain a phylogenetically diverse set of 
angiosperm sequences from which to recover the Angiosperms353 
loci, transcriptomes were downloaded from the 1KP portal (http://
www.onekp.com/public_data.html; Carpenter et al., 2019). A maxi-
mum of two samples per genus were added, with samples with the 
largest number of sequences preferentially included. The resulting 
set included 566 transcriptomes (see https://github.com/chris jacks 
on- pelli cle/NewTa rgets/ blob/maste r/filte ring_optio ns.csv).

To create the mega353 target file, the following process was carried 
out (summarized in Fig. 1). For each locus in the default353 target 
file, a single locus alignment was produced using MAFFT (Katoh and 
Standley, 2013), and a corresponding hidden Markov model (HMM) 
profile was generated using HMMER (Eddy, 2011). HMM profiles 
were used to search the 1KP transcriptomes using hmmsearch with 
an E- value cut- off of 1e- 50, and the top hit (if present) was recovered. 
Transcriptome hits were added to the corresponding locus align-
ment, and the 5′ and 3′ termini were trimmed to the longest origi-
nal target file sequence from either Arabidopsis thaliana (L.) Heynh. 
(Brassicaceae), Amborella trichopoda Baill. (Amborellaceae), or Oryza 
sativa L. (Poaceae), as at least one of these three species was included 
for each locus in the default353 target file. In cases where a transcrip-
tome hit sequence was shorter than the longest original target file se-
quence for a given locus, the transcriptome hit sequence was extended 
by grafting with the 5′ and/or 3′ termini of the closest related original 
sequence. If the resulting grafted sequence was still shorter than the 
longest original target file sequence, it was grafted again with the lon-
gest original sequence. In such cases, the resulting target file sequence 
was therefore a chimeric construct, and these cases are flagged in the 
sequence name. This grafting process was necessary as HybPiper 
translates a single chosen target file sequence for each locus and sam-
ple, and the resulting protein sequence is used as a query in Exonerate 
(Slater and Birney, 2005) to search against assembled nucleotide con-
tigs, using the protein2genome model. Consequently, short protein 
queries recover truncated nucleotide loci sequences, even if longer 
contigs have been successfully assembled.

As recovery of target loci using HybPiper requires correct trans-
lation of the chosen target file sequences in the first reading frame, 
any frameshifts observed in trimmed and/or grafted transcriptome hit 
sequences were corrected or compensated for (see https://github.com/
chris jacks on- pelli cle/NewTa rgets for further details). In cases where a 
frameshift could not be corrected, the corresponding transcriptome 
hit sequence was removed for that locus/sample. Finally, sequences 
were extracted from each locus alignment, gap positions were re-
moved, and all sequences were concatenated to create a new target file.

Filtering the mega353 target file

To tailor the large mega353 target file to investigation- specific taxon 
sampling, we include the script filter_megatarget.py. This script can 
be used to create a filtered target file based on user- selected taxa or 
taxon groups, defined by unique 1KP transcriptome codes, fami-
lies, orders, or clades (see https://github.com/chris jacks on- pelli cle/
NewTa rgets for full options). In addition to the chosen samples, all 
sequences from the default353 target file are retained.

Adding sequences from any transcriptome to any existing 
target file

As an additional resource, we provide the script BYO_transcrip-
tome.py, which allows sequences from any transcriptome (e.g., from 

https://github.com/mossmatters/Angiosperms353/blob/master/Angiosperms353_targetSequences.fasta
https://github.com/mossmatters/Angiosperms353/blob/master/Angiosperms353_targetSequences.fasta
http://www.onekp.com/public_data.html
http://www.onekp.com/public_data.html
https://github.com/chrisjackson-pellicle/NewTargets/blob/master/filtering_options.csv
https://github.com/chrisjackson-pellicle/NewTargets/blob/master/filtering_options.csv
https://github.com/chrisjackson-pellicle/NewTargets
https://github.com/chrisjackson-pellicle/NewTargets
https://github.com/chrisjackson-pellicle/NewTargets
https://github.com/chrisjackson-pellicle/NewTargets
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GenBank or personal data) to be added to an 
existing target file. A target file and a directory 
of transcriptomes are the only inputs required. 
For Angiosperms353 analyses, this script can 
be run using a filtered mega353 target file to 
expand phylogenetic coverage of target file 
sequences in a custom manner. The default 
BYO_transcriptome.py pipeline is the same 
as that described above for creation of the 
mega353 target file. Optionally, a flag can be 
specified to discard short transcriptome hits 
rather than grafting them, and this option can 
be applied with a user- specified length thresh-
old. This allows recovery of non- chimeric ho-
mologous sequences from transcriptomes that 
can be used in downstream phylogenetic anal-
yses. For additional options, see https://github.
com/chris jacks on- pelli cle/NewTa rgets/ wiki.

Comparing locus recovery between the 
default353 target file and the expanded 
mega353 target file

To compare locus recovery between the 
default353 versus the expanded mega353 
target file, we used several data sets, encom-
passing orders (Asparagales, Sapindales), 
families (Ericaceae), and genera (Azorella 
Lam., Apiaceae; Nepenthes L., Nepenthaceae; 
Cyperus L., Cyperaceae [Larridon et al., 2020]; 
Bulbophyllum Thouars, Orchidaceae), as well as 
the data set used to test the bait kit in the original 
Angiosperms353 publication (i.e., the exemplar 
Angiosperms353 data set; Johnson et al., 2019) 
(Table 1). A target file corresponding to each 
data set was produced by filtering the mega353 
target file to include sequences for the respec-
tive family and/or order, depending on the data 
set. Because the exemplar Angiosperms353 
data set included a phylogenetically diverse 
set of angiosperms, the full mega353 target 
file was used without filtering. The filtered 
Orchidaceae target file was expanded using a 
set of Bulbophyllum transcriptomes and the 
BYO_transcriptome.py script to create a third, 
more specific target file for the Bulbophyllum 
data set, in addition to the family and default 
target files. Trimmomatic (Bolger et al., 2014) 
was used to trim low- quality bases and remove 
Illumina sequencing adapters and primers, with 
default settings. HybPiper was used to assemble 
and extract loci, using a nucleotide target file 
and the flag to call BWA (Li and Durbin, 2009) 
for each data set, first using the default353 target 
file as the reference and then the corresponding 
filtered mega353 target file. For each sample, 16 
CPUs and 16 GB of RAM were allocated.

FIGURE 1. Overview of the steps involved in creating the mega353 target file. First, loci in 
the default353 file are aligned and hidden Markov model (HMM) profiles are created for each 
locus. The HMM profiles are used to identify these loci in the 1KP transcriptomes, and tran-
script hits are added to the alignment. The alignment of each locus is then trimmed, grafted 
if necessary, a frameshift correction is performed, and all loci are combined in the mega353 
target file. The gray boxes indicate steps the user can take to modify the mega353 target 
file. The mega353 target file can be filtered (based on sample identifiers in the filtering_ 
options.csv file) to select samples included in the target file. The BYO_transcriptome.py script 
can be used to add GenBank or personal transcriptomes to the filtered mega353 target  
file.
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Expanding the phylogenetic density of target files for custom 
bait kits with BYO_transcriptome.py

The input required for the script BYO_transcriptome.py is a target 
file and a directory of transcriptomes and/or nucleotide sequences 
corresponding to protein- coding genes, and it can therefore be used 
to expand target files from other bait kits. To test this functionality, 

BYO_transcriptome.py was used to expand target files for an 
Asteraceae- specific bait kit (Mandel et al., 2014) and a Hibisceae- 
specific bait kit (McLay et al., in prep.).

The Asteraceae bait kit was designed using Helianthus annuus 
L. (Asteroideae), Lactuca sativa L. (Cichorioideae), and Carthamus 
tinctorius L. (Carduoideae). The Asteraceae target file (comprising 

TABLE 1. Summary of recovery statistics produced by HybPiper comparing the default353 target set to the mega353 target set (filtered by family or order). Values 
represent averages of each data set for each target file.

Data set (no. of 
samples) Target file

% reads on target 
(average)

No. of loci with 
sequences (average)

No. of loci at 75% of 
target length (average)

Length of concatenated 
loci (bp, average)

Angiosperms353 
exemplar data (41)

default353 22.3% 275.5 117.7 144,283.5
mega353 32.3% 287.9 132.2 165,867.4
mega353 vs. default353 % 

improvement
44.9% 4.5% 12.3% 15%

Asparagales (8) default353 1.2% 146.9 22.9 55,484.3
Order (Asparagales) 1.7% 159.5 27.8 65,637.4
Order vs. default353 % 

improvement
37.1% 8.6% 21.3% 18.3%

Azorella (5) default353 15.7% 292.8 89 131,292.6
Family (Apiaceae) 16.3% 299.2 107.6 144,951
Order (Apiales) 19.4% 309 119.8 158,014.8
Family vs. default353 % 

improvement
3.7% 2.2% 20.9% 10.4%

Order vs. default353 % 
improvement

23.1% 5.5% 34.6% 20.4%

Bulbophyllum (12) default353 12.30% 238.8 46 93,043
Family (Orchidaceae) 14.6% 268.2 75.5 122,451.8
Family + genus 

(Orchidaceae+Bulbophyllum)
15% 273.1 83.8 131,549.8

Family vs. default353 % 
improvement

19% 12.3% 64.1% 31.6%

Family+genus vs. default353 % 
improvement

22.2% 14.3% 82.2% 41.4%

Cyperaceae (6) default353 9.4% 201.1667 68 91,865.5
Family (Cyperaceae) 11.1% 249 103.8333 129,220
Order (Poales) 12.1% 251.3333 100.3333 131,571
Family vs. default353 % 

improvement
18.1% 23.8% 52.7% 40.7%

Order vs. default353 % 
improvement

28.3% 24.9% 47.5% 43.2%

Ericaceae (12) default353 7.5% 307 97.2 145,031.8
Family (Ericaceae) 11.9% 335.8 185.6 198,784.3
Order (Ericales) 12.9% 338.6 189.2 205,629
Family vs. default353 % 

improvement
60% 9.4% 91% 37.1%

Order vs. default353 % 
improvement

73.3% 10.3% 94.7% 41.8%

Nepenthes (8) default353 8.8% 306.6 105.5 145,598.6
Order (Caryophyllales) 12% 322.9 147.5 182,845.1
Order vs. default353 % 

improvement
36% 5.3% 39.78% 25.6%

Sapindales (6) default353 26.6% 335.6 188.6 193,205.6
Order (Sapindales) 31.3% 341.4 248.7 229,415.1
Order vs. default353 % 

improvement
17.4% 1.7% 31.9% 18.7%

Average percentage 
improvement

31.9% 10.2% 49.4% 28.7%

Minimum 
percentage 
improvement

3.7% 1.7% 12.3% 10.4%

Maximum 
percentage 
improvement

73.3% 24.9% 94.7% 43.2%
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only the H. annuus and L. sativa target sequences) was expanded 
using 1KP transcriptomes of taxa closely related to Asteraceae 
tribe Gnaphalieae (Appendix S1). The Hibisceae- specific bait kit 
was designed using three Hibisceae transcriptomes, Abelmoschus 
esculentus (L.) Moench, Hibiscus cannabinus L., and Hibiscus syri-
acus L. The Hibisceae target file was expanded using available se-
quence data from the other Malvaceae subfamily Malvoideae tribes, 
Malveae and Gossypieae (Appendix S2).

RESULTS

Sequence number and phylogenetic density in the default353 
target file compared to the mega353 target file

In the default353 file, there are 4780 target reference sequences, and 
each locus is represented on average by 13.5 reference sequences 
(range 6– 18). In the mega353 target file, there are 98,994 target ref-
erence sequences, and each locus is represented on average by 280 
reference sequences (range 17– 373). In terms of improvement in 
phylogenetic density, the default353 target file has an average of 13.5 
orders and 13.5 families per locus, whereas the mega353 target file 
has an average of 49.8 orders and 170 families per locus (see Fig. 2 
for order comparisons and Appendix S3 for family comparisons, 
Appendix S4).

Comparing locus recovery between the default353 target file 
and the mega353 target file

To compare locus recovery between the default353 and filtered 
mega353 target files, results were evaluated using statistics provided 
by the HybPiper scripts hybpiper_stats.py and get_seq_lengths.py, 
averaged across all samples for each data set (Table 1). Four statistics 
were considered: (1) the percentage of reads on target, i.e., the number 

of reads for a sample that map to the loci in the target file, (2) the 
number of loci with sequences, or the total number of loci that are in 
the final locus set for each sample, (3) the number of loci ≥75% of the 
target length, i.e., of those loci in the final data set, the number that 
are ≥75% of the length of the target sequence for that loci, and (4) the 
concatenated length (in base pairs) of the final loci set for each sample.

For each data set, the mega353 target file improved each of 
these measures (Table 1, Fig. 3). The average percentage of reads 
on target improved by 31.9% across all data sets (between 3.7% 
and 73.3%). This had the downstream impact of increasing the 
number of loci with sequences by an average of 10.2% (24 loci) 
across all data sets (between 1.7% or six loci, and 24.9% or 50 
loci). A greater increase was found in the number of loci at ≥75% 
of the target length, with an average increase of 49.4% (41 loci) 
across all data sets (between 12.3% or five loci, and 94.7% or 92 
loci). The total length of the concatenated loci increased by an 
average of 28.7% (from an average of 125 kbp to an average of 
155 kbp). This increase in sequence length was an accumulation 
of length improvements across many loci, rather than large im-
provements in a small number of loci (Fig. 4). Rarely, locus length 
decreased for some samples and genes when using the mega353 
target file instead of the default353 target file (see Fig. 4 and 
Appendices S5– S16, red boxes). This most often occurred when 
many reads mapped to a particular mega353 target sequence ref-
erence at some positions, causing HybPiper to select the reference 
for filtering of assembled contigs via Exonerate. However, this 
mega353 reference was overall less similar to the sample being 
assembled than the target reference selected from the default tar-
get file. In these instances, HybPiper filtering of assembled con-
tigs via Exonerate returned shorter contig matches (see https://
github.com/chris jacks on- pelli cle/NewTa rgets/ wiki for further 
information). Nonetheless, the overall length of concatenated se-
quences was still higher when using the mega353- derived target 
files compared to the default files.

FIGURE 2. The number of loci represented for each order in the default353 (red) compared to the mega353 (blue) target files.
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For the Bulbophyllum data set, analyses using the target file with 
sequences from 12 additional Bulbophyllum transcriptomes showed 
improvements over the filtered Orchidaceae target file, with a 2.5% 
increase in mapped reads, an 11% increase in loci over 75%, and a 
7% increase in concatenated loci length (Table 1).

Impact of the mega353 target file on HybPiper paralog 
detection

HybPiper includes a method to detect paralogs as part of its main 
pipeline, and it alerts the user if at least one paralog is detected for 
a given sample and locus, in addition to the “primary” contig output. 
For most of the smaller Angiosperms353 data sets, analyses with the 
expanded target files resulted in slightly more paralog warnings, with a 
total increase of only one or two warnings for each data set (Appendix 
S17). However, for the Sapindales data set, there were an additional 27 

paralog warnings. For the custom Asteraceae kit, the expanded tar-
get file reduced the total number of paralog warnings by 50.4% (from 
698 to 346). For the Hibisceae custom kit, the expanded target file in-
creased the number of paralog warnings by 8.94% (from 705 to 768).

Impact of the mega353 target file on HybPiper computation 
time

The first script in the HybPiper pipeline is reads_first.py, which in-
cludes mapping of sequence reads to target references and subse-
quent assembly, and is the most computationally time- consuming 
step of the pipeline. For most data sets, using a filtered mega353 target 
file resulted in a small increase in the number of CPU hours taken by 
each HybPiper run, because as more reference targets are added the 
time taken for reads_first.py increases (Appendix S2). However, the 
CPU hours used by HybPiper to run the Angiosperms353 exemplar 

FIGURE 3. Summary of recovery statistics produced by HybPiper comparing the default353 target set to the mega353 target set (filtered by family 
or order), for (A) the number of reads mapped to reference sequences, (B) the number of loci with sequences, and (C) the number of loci recovered 
at ≥75% of reference length. Data set abbreviations for boxplot headings: og353 (Angiosperms353 exemplar), asp (Asparagales), azo (Azorella), bul 
(Bulbophyllum), cyp (Cyperaceae), eri (Ericaceae), nep (Nepenthes), sap (Sapindales).
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data set increased by 40% with the mega353 target file compared to 
the default353 target file, and by more than 60% for the Ericaceae 
data set using the order- filtered mega353 target file.

Comparing locus recovery for custom bait kits using target files 
expanded with BYO_transcriptome

Each new target file was compared to its default target file using 
HybPiper with the approach described above. Seven representa-
tive samples from Asteraceae tribe Gnaphalieae, captured using the 
Asteraceae bait kit (Mandel et al., 2014), were used to compare the 
default Asteraceae target file (two targets per locus) to the expanded 
Asteraceae target file (average of 3.88 targets per locus). Five rep-
resentative taxa from Malvaceae tribes Malveae and Gossypieae, 
captured using the Hibisceae bait kit, were used to compare the de-
fault Hibisceae target file (average of 2.5 targets per locus) to the 
expanded Malvoideae target file (average 4.34 targets per locus). 
Locus recovery was improved using the expanded target file for 
both data sets. This improvement was more pronounced with the 
expanded Asteraceae target file, with a 31% increase in the number 
of loci at ≥75% of the target length, and a 22% increase in concate-
nated loci length (Appendix S18).

DISCUSSION

We have demonstrated that sequence recovery for a universal se-
quence capture bait kit can be substantially improved by appropri-
ate tailoring of target files to the group under study. To enable the 
best possible locus recovery from Angiosperms353 capture data, we 
have developed an expanded target file using 1KP transcriptomes. 
As the Angiosperms353 bait kit is becoming increasingly widely 
used, tools such as those developed here will allow researchers to 
optimize use of their target enrichment sequence data by assem-
bling more and longer loci, thereby creating larger and more com-
plete data sets for phylogenetic analyses, increasing cost efficiency, 
and improving data set combinability.

The use of the mega353 target file does increase the computation 
time for HybPiper. For this reason, we recommend strategically se-
lecting the phylogenetic rank used to filter the target file (i.e., clade, 
order, or family should be preferred where possible), rather than us-
ing the complete mega353 target file. Filtering can be applied using 

multiple phylogenetic ranks or sample identifiers (see https://github.
com/chris jacks on- pelli cle/NewTa rgets/ blob/maste r/filte ring_optio 
ns.csv). For example, a filtered mega353 target file for Malvales could 
comprise the target sequences from the order, in addition to selected 
outgroup sequences (e.g., Brassicaceae), and a specific 1KP sample 
name (e.g., UPZX, Cleome gynandra L., Cleomaceae). Filtering of the 
mega353 target file allows the user to develop a data set– appropriate 
target file and ensures a more efficient trade- off between increased 
locus recovery and computational time.

We have demonstrated these improvements using the bioinfor-
matic tool HybPiper. However, it is likely that any pipeline that in-
volves read- mapping to reference files as a first step will see similar 
improvements when provided with a more phylogenetically dense 
target file (e.g., tools such as HybPhyloMaker [Fér and Schmickl, 
2018]). It is less clear whether expanded target files would improve 
locus recovery using tools that perform a de novo assembly first, 
and then map contigs to a reference sequence (such as SECAPR 
[Andermann et al., 2018] or PHYLUCE [Faircloth, 2016]). Regardless, 
HybPiper is currently the most widely used tool to assemble target 
enrichment data sets in plants, and researchers using HybPiper can 
obtain improved locus recovery using expanded target files.

Finally, our BYO_transcriptome.py script can be used to incorpo-
rate additional target sequences from any available transcriptome, and 
we have shown that this tool can be used with target files from cus-
tom bait kits to improve locus recovery. With the growing number of 
transcriptomes and whole genome data becoming available in public 
repositories, the approach developed here will prove to be an increas-
ingly valuable resource for efficient recovery of target enrichment data.
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subtracted from the mega353 locus lengths. Increases in length are shown in blue, decreases in length are shown in red.
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are shown in red.
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Hibisceae) that were expanded using BYO_transcriptomes.py. 
Values represent averages of each data set for each target file.

https://github.com/chrisjackson-pellicle/NewTargets
https://github.com/chrisjackson-pellicle/NewTargets/wiki
https://github.com/chrisjackson-pellicle/NewTargets/wiki
http://www.onekp.com/samples/list.php


Applications in Plant Sciences 2021 9(7): e11420 McLay et al.—New targets for the Angiosperms353 probe set • 9 of 9

http://www.wileyonlinelibrary.com/journal/AppsPlantSci © 2021 McLay et al.

LITERATURE CITED

Andermann, T., Á. Cano, A. Zizka, C. Bacon, and A. Antonelli. 2018. SECAPR: 
A bioinformatics pipeline for the rapid and user- friendly processing of 
targeted enriched Illumina sequences, from raw reads to alignments. PeerJ 
2018: e5175.

Barrett, C. F., C. D. Bacon, A. Antonelli, Á. Cano, and T. Hofmann. 2016. An intro-
duction to plant phylogenomics with a focus on palms. Botanical Journal of 
the Linnean Society 182: 234– 255.

Bi, K., T. Linderoth, D. Vanderpool, J. M. Good, R. Nielsen, and C. Moritz. 2013. 
Unlocking the vault: Next- generation museum population genomics. 
Molecular Ecology 22: 6018– 6032.

Bolger, A. M., M. Lohse, and B. Usadel. 2014. Trimmomatic: A flexible trimmer 
for Illumina sequence data. Bioinformatics 30: 2114– 2120.

Bossert, S., and B. N. Danforth. 2018. On the universality of target- enrichment 
baits for phylogenomic research. Methods in Ecology and Evolution 9: 
1453– 1460.

Bragg, J. G., S. Potter, K. Bi, and C. Moritz. 2016. Exon capture phylogenom-
ics: Efficacy across scales of divergence. Molecular Ecology Resources 16: 
1059– 1068.

Branstetter, M. G., J. T. Longino, P. S. Ward, and B. C. Faircloth. 2017. Enriching 
the ant tree of life: Enhanced UCE bait set for genome- scale phylogenetics of 
ants and other Hymenoptera. Methods in Ecology and Evolution 8: 768– 776.

Breinholt, J. W., S. B. Carey, G. P. Tiley, E. C. Davis, L. Endara, S. F. McDaniel, L. G. 
Neves, et al. 2021. A target enrichment probe set for resolving the flagellate 
plant tree of life. Applications in Plant Sciences 9(1): e11406.

Campana, M. G. 2018. BaitsTools: Software for hybridization capture bait design. 
Molecular Ecology Resources 18: 356– 361.

Carpenter, E. J., N. Matasci, S. Ayyampalayam, S. Wu, J. Sun, J. Yu, F. R. Jimenez 
Vieira, et al. 2019. Access to RNA- sequencing data from 1,173 plant species: 
The 1000 Plant transcriptomes initiative (1KP). GigaScience 8: 1– 7.

Chafin, T. K., M. R. Douglas, and M. E. Douglas. 2018. MrBait: Universal iden-
tification and design of targeted- enrichment capture probes. Bioinformatics 
34: 4293– 4296.

Choi, B., M. D. Crisp, L. G. Cook, K. Meusemann, R. D. Edwards, A. Toon, and 
C. Külheim. 2019. Identifying genetic markers for a range of phylogenetic 
utility: From species to family level. PLOS ONE 14: e0218995.

Couvreur, T. L. P., A. J. Helmstetter, E. J. M. Koenen, K. Bethune, R. D. Brandão, 
S. A. Little, H. Sauquet, and R. H. J. Erkens. 2019. Phylogenomics of the ma-
jor tropical plant family Annonaceae using targeted enrichment of nuclear 
genes. Frontiers in Plant Science 9: 1941.

Cronn, R., B. J. Knaus, A. Liston, P. J. Maughan, M. Parks, J. V. Syring, and J. Udall. 
2012. Targeted enrichment strategies for next- generation plant biology. 
American Journal of Botany 99: 291– 311.

Dodsworth, S., L. Pokorny, M. G. Johnson, J. T. Kim, O. Maurin, N. J. Wickett, F. 
Forest, and W. J. Baker. 2019. Hyb- Seq for flowering plant systematics. Trends 
in Plant Science 24: 887– 891.

Eddy, S. R. 2011. Accelerated profile HMM searches. PLoS Computational 
Biology 7: 1002195.

Faircloth, B. C. 2016. PHYLUCE is a software package for the analysis of con-
served genomic loci. Bioinformatics 32: 786– 788.

Faircloth, B. C. 2017. Identifying conserved genomic elements and designing universal 
bait sets to enrich them. Methods in Ecology and Evolution 8: 1103– 1112.

Fér, T., and R. E. Schmickl. 2018. HybPhyloMaker: Target enrichment data 
analysis from raw reads to species trees. Evolutionary Bioinformatics 14: 
117693431774261.

Grover, C. E., A. Salmon, and J. F. Wendel. 2012. Targeted sequence capture as a power-
ful tool for evolutionary analysis. American Journal of Botany 99: 312– 319.

Hutter, C., K. Cobb, D. Portik, S. Travers, P. Wood, and R. Brown. 2019. FrogCap: 
A modular sequence capture probe set for phylogenomics and population 
genetics for all frogs, assessed across multiple phylogenetic scales. bioRxiv: 
825307 [Preprint] [posted 31 October 2019]. Available at https://doi.
org/10.1101/825307 [accessed 19 April 2021].

Johnson, M. G., E. M. Gardner, Y. Liu, R. Medina, B. Goffinet, A. J. Shaw, N. J. C. 
Zerega, and N. J. Wickett. 2016. HybPiper: Extracting coding sequence and 

introns for phylogenetics from high- throughput sequencing reads using tar-
get enrichment. Applications in Plant Sciences 4: 1600016.

Johnson, M. G., L. Pokorny, S. Dodsworth, L. R. Botigué, R. S. Cowan, A. Devault, 
W. L. Eiserhardt, et al. 2019. A universal probe set for targeted sequencing 
of 353 nuclear genes from any flowering plant designed using k- medoids 
clustering. Systematic Biology 68: 594– 606.

Kadlec, M., D. U. Bellstedt, N. C. Le Maitre, and M. D. Pirie. 2017. Targeted NGS 
for species level phylogenomics: ‘Made to measure’ or ‘one size fits all’? PeerJ 
2017: e3569.

Katoh, K., and D. M. Standley. 2013. MAFFT multiple sequence alignment 
software version 7: Improvements in performance and usability. Molecular 
Biology and Evolution 30: 772– 780.

Larridon, I., T. Villaverde, A. R. Zuntini, L. Pokorny, G. E. Brewer, N. Epitawalage, 
I. Fairlie, et al. 2020. Tackling rapid radiations with targeted sequencing. 
Frontiers in Plant Science 10: 1.

Li, H., and R. Durbin. 2009. Fast and accurate short read alignment with 
Burrows- Wheeler transform. Bioinformatics 25: 1754– 1760.

Liu, Y., M. G. Johnson, C. J. Cox, R. Medina, N. Devos, A. Vanderpoorten, L. 
Hedenäs, et al. 2019. Resolution of the ordinal phylogeny of mosses using tar-
geted exons from organellar and nuclear genomes. Nature Communications 
10: 1485.

Mandel, J. R., R. B. Dikow, V. A. Funk, R. R. Masalia, S. E. Staton, A. Kozik, R. W. 
Michelmore, et al. 2014. A target enrichment method for gathering phyloge-
netic information from hundreds of loci: An example from the Compositae. 
Applications in Plant Sciences 2: 1300085.

Mayer, C., M. Sann, A. Donath, M. Meixner, L. Podsiadlowski, R. S. Peters, M. 
Petersen, et al. 2016. BaitFisher: A software package for multispecies tar-
get DNA enrichment probe design. Molecular Biology and Evolution 33: 
1875– 1886.

McKain, M. R., M. G. Johnson, S. Uribe- Convers, D. Eaton, and Y. Yang. 2018. 
Practical considerations for plant phylogenomics. Applications in Plant 
Sciences 6: e1038.

Nicholls, J. A., R. T. Pennington, E. J. M. Koenen, C. E. Hughes, J. Hearn, L. 
Bunnefeld, K. G. Dexter, et al. 2015. Using targeted enrichment of nuclear 
genes to increase phylogenetic resolution in the neotropical rain forest genus 
Inga (Leguminosae: Mimosoideae). Frontiers in Plant Science 6: 710.

Quattrini, A. M., B. C. Faircloth, L. F. Dueñas, T. C. L. Bridge, M. R. Brugler, I. F. 
Calixto- Botía, D. M. DeLeo, et al. 2018. Universal target- enrichment baits 
for anthozoan (Cnidaria) phylogenomics: New approaches to long- standing 
problems. Molecular Ecology Resources 18: 281– 295.

Shee, Z. Q., D. G. Frodin, R. Cámara- Leret, and L. Pokorny. 2020. Reconstructing 
the complex evolutionary history of the Papuasian Schefflera radiation 
through herbariomics. Frontiers in Plant Science 11: 258.

Slater, G. S. C., and E. Birney. 2005. Automated generation of heuristics for bio-
logical sequence comparison. BMC Bioinformatics 6: 31.

Song, S., J. Zhao, and C. Li. 2017. Species delimitation and phylogenetic recon-
struction of the sinipercids (Perciformes: Sinipercidae) based on target en-
richment of thousands of nuclear coding sequences. Molecular Phylogenetics 
and Evolution 111: 44– 55.

Starrett, J., S. Derkarabetian, M. Hedin, R. W. Bryson, J. E. McCormack, and B. 
C. Faircloth. 2017. High phylogenetic utility of an ultraconserved element 
probe set designed for Arachnida. Molecular Ecology Resources 17: 812– 823.

Teasdale, L. C., F. Köhler, K. D. Murray, T. O’Hara, and A. Moussalli. 2016. 
Identification and qualification of 500 nuclear, single- copy, orthologous 
genes for the Eupulmonata (Gastropoda) using transcriptome sequencing 
and exon capture. Molecular Ecology Resources 16: 1107– 1123.

Van Andel, T., M. A. Veltman, A. Bertin, H. Maat, T. Polime, D. Hille Ris Lambers, 
J. Tjoe Awie, et al. 2019. Hidden rice diversity in the Guianas. Frontiers in 
Plant Science 10: 1161.

Vatanparast, M., A. Powell, J. J. Doyle, and A. N. Egan. 2018. Targeting legume 
loci: A comparison of three methods for target enrichment bait design in 
Leguminosae phylogenomics. Applications in Plant Sciences 6: e1036.

Wolf, P. G., T. A. Robison, M. G. Johnson, M. A. Sundue, W. L. Testo, and C. J. 
Rothfels. 2018. Target sequence capture of nuclear- encoded genes for phylo-
genetic analysis in ferns. Applications in Plant Sciences 6: e01148.

https://doi.org/10.1101/825307
https://doi.org/10.1101/825307

