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Abstract

Plant phylogenetics has been revolutionised in the genomic era, with target capture act-
ing as the primary workhorse of most recent research in the new field of phylogenomics. 
Target capture (aka Hyb-Seq) allows researchers to sequence hundreds of genomic re-
gions (loci) of their choosing, at relatively low cost per sample, from which to derive phy-
logenetically informative data. Although this highly flexible and widely applicable method 
has rightly earned its place as the field’s de facto standard, it does not come without its 
challenges. In particular, users have to specify which loci to sequence—a surprisingly 
difficult task, especially when working with non-model groups, as it requires pre-existing 
genomic resources in the form of assembled genomes and/or transcriptomes. In the 
absence of taxon-specific genomic resources, target sets exist that are designed to work 
across broad taxonomic scales. However, the highly conserved loci that they target may 
lack informativeness for difficult phylogenetic problems, such as that presented by the 
rapid radiation of Erica in southern Africa. We designed a target set for Erica phylogenom-
ics intended to maximise informativeness and minimise paralogy while maintaining uni-
versality by including genes from the widely used Angiosperms353 set. Comprising just 
over 300 genes, the targets had excellent recovery rates in roughly 90 Erica species as 
well as outgroups from Calluna, Daboecia, and Rhododendron, and had high information 
content as measured by parsimony informative sites and Quartet Internode Resolution 
Probability (QIRP) at shallow nodes. Notably, QIRP was positively correlated with intron 
content, while including introns in targets—rather than recovering them via exon-flanking 
“bycatch”—substantially improved intron recovery. Overall, our results show the value of 
building a custom target set, and we provide a suite of open-source tools that can be used 
to replicate our approach in other groups (https://github.com/SethMusker/TargetVet).
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Introduction

The field of angiosperm phylogenetics has seen considerable advances in the 
last decade, much of which is owed to the democratisation of phylogenom-
ics via target capture (Gnirke et al. 2009; Johnson et al. 2019; Zuntini et al. 
2024). Target capture enables the production of phylogenomic datasets that 
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are informative and universal at a fraction of the cost and effort required to gen-
erate equivalent data from whole genomes. It does so by deriving a customised 
subsample of the genome in vitro prior to sequencing. In principle, any given 
genomic region can be targeted as long as its sequence is known or can be 
approximated to within a minimum threshold of similarity (typically 70–80% se-
quence identity; Gnirke et al. 2009), which makes the method highly flexible and 
widely applicable. However, the flexibility of target capture presents research-
ers with a surprisingly complex challenge: deciding which genomic regions to 
target. Phylogenomic target gene sets have been designed to apply more or 
less universally across flowering plants, including the “Angiosperms353” gene 
set (Johnson et al. 2019) and the “mostly single-copy” gene set identified by 
De Smet et al. (2013) which the software MarkerMiner (Chamala et al. 2015) 
is designed to identify for a given taxonomic group. Nevertheless, there are 
demonstrable benefits of refining and/or extending these for specific groups, 
including improvements in capture success and informativeness (e.g., Folk et 
al. 2015; Kadlec et al. 2017; Straub et al. 2020; Ufimov et al. 2022).

When starting a target capture-based phylogenomic project, researchers 
need to decide whether to use a universal target set or one that is taxon-spe-
cific. While universal sets allow comparability of sequence data among differ-
ent studies in flowering plants (Baker et al. 2021), they might be insufficient 
to achieve good phylogenetic resolution at the scale of interest. This risk is 
inherent to universal target sets because highly conserved genes are by nature 
slow-evolving, and as a result are likely to have relatively few phylogenetical-
ly informative sites, especially in recently and/or rapidly diversified taxa (e.g., 
Jones et al. 2019). Taxon-specific sets may therefore be more appropriate for 
phylogenetically “difficult” groups but may need to be built “from scratch”.

Designing a custom target set affords the researcher the opportunity to 
choose targets optimised for their study system, which might include attempt-
ing to maximise informativeness, minimise the chance of downstream errors, 
or allow for comparability to other data sets. Further, there may be the possibil-
ity of using newly available resources, such as draft genomes or new software, 
to improve on pre-existing target sets. Several factors need consideration when 
designing a custom target set:

•	 Paralogy. Paralogs are genes or genomic regions that have undergone one or 
more duplications in the deep past (Fitch 1970), often as a result of whole-ge-
nome duplications, which have been common throughout angiosperm evo-
lution (Soltis et al. 2015; Tank et al. 2015). Confusing paralogs for orthologs 
(single-copy genes) can lead to erroneous phylogenetic inferences (Fernán-
dez et al. 2020). On the other hand, target capture efficiency is improved for 
paralogs because a single set of baits (the synthesised RNA fragments that 
bind to target regions during library preparation) can in theory capture all gene 
copies (Gardner et al. 2021; Ufimov et al. 2022). Using paralogs for phyloge-
netics does, however, require each gene copy to be distinguished within each 
species and then correctly grouped across species, which is computationally 
intensive and potentially error-prone (Ufimov et al. 2022; Zhou et al. 2022).

•	 Informativeness. In general, phylogenetic information is greater in fast-
er-evolving regions of the genome. A common result in target capture-based 
phylogenetics is that non-coding sequences—in the form of introns and 
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intergenic regions—significantly improve resolution when incorporated 
into phylogenetic analyses (e.g., Folk et al. 2015; Jones et al. 2019; Bagley 
et al. 2020; Maurin et al. 2021; Thomas et al. 2021). This is not just be-
cause of an increase in the overall information content of the data, but also 
because having informative individual loci is crucial for accurate phyloge-
ny inference in the presence of incomplete lineage sorting (ILS; Avise et al. 
1987; Maddison 1997; Degnan and Rosenberg 2006, 2009). Unfortunately, 
target capture usually only partially recovers non-coding regions because 
standard exon-based targets can capture non-coding sequences within 
just a few hundred base pairs flanking the exons (Gnirke et al. 2009).

•	 Divergence. Although target capture is tolerant to 20–30% sequence diver-
gence between baits and the true target sequence, targets designed using 
distantly related sequences or used to capture loci across a set of highly di-
vergent taxa can result in low capture efficiency due to excessive sequence 
divergence and/or gene loss (e.g., Johnson et al. 2019). Poor capture effi-
ciency is the primary concern regarding explicitly targeting non-coding or 
otherwise rapidly evolving sequences, though a few studies have attempted 
this, and reported good capture rates (e.g., Folk et al. 2015; Karin et al. 2019).

•	 Cost. Custom bait designs are priced based on the target “footprint”, i.e., 
the total size of the bait set required to capture the full set of targets. The 
final cost therefore depends on several factors, including the total length 
of all targets combined, sequence complexity and uniqueness, and tiling 
(the degree to which neighbouring baits overlap). In general, designing 
a cost-effective target set imposes a trade-off between including more 
short loci versus fewer long loci.

The genus Erica is notably large, comprising over 851 species distributed in 
Europe and Africa (Elliott et al. 2024; Oliver et al. 2024). However, most species 
(ca. 690) are confined to the Cape Floristic Region (CFR) of South Africa where 
they represent a single monophyletic group (Pirie et al. 2016). This “Cape” clade 
shows clear indications of accelerated diversification upon its arrival in the CFR 
via the Afrotemperate region (Pirie et al. 2019), with a crown age of 6.0–15.0 
Ma and net diversification rates of 0.28–0.97 species. Ma−1, which is notably 
higher than in other CFR angiosperm radiations (Pirie et al. 2016). This diversi-
fication surge is responsible for the genus being easily the largest in the CFR 
(Manning and Goldblatt 2012) and means that studying its diversification could 
shed light on the causes of the region’s exceptional floristic diversity (Linder 
2003). At the same time, however, rapid diversification makes it extremely dif-
ficult to recover robustly resolved phylogenetic hypotheses, a fact that is well 
illustrated by the high degree of topological uncertainty throughout the Cape 
Erica clade in the most recently published phylogeny of the genus (Pirie et al. 
2024), which was inferred using a small number of commonly used plant phy-
logenetic markers including nuclear ribosomal and various chloroplast regions.

Aims and objectives

We set out to design a novel target set that would enable accurate phylog-
enomic analysis of closely related Erica species, but which could also be 
used to study relationships at both higher levels (e.g., between African and 
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European Erica species, or between genera within Ericaceae) and lower levels 
(e.g., between closely related taxa in species complexes, or between popula-
tions within species). We implemented a mixed approach incorporating both 
universal and taxon-specific loci, as well as a mixture of intron-containing and 
exon-only loci. This approach aimed to balance concerns about paralogy, in-
formativeness, comparability, and cost.

Implementing the approach involved (1) refining a pre-existing target set 
by iteration; (2) adding more targets derived from several recently published 
high-quality Rhododendron genomes and by reference to the angiosperm-wide 
Angiosperms353 target set; and (3) producing and using new whole-genome 
shotgun (WGS) sequencing data from three Erica species to quality check the 
new targets and produce Erica-specific versions of most targets, including the 
full gene sequences (exons and introns). We present a new pipeline to dis-
tinguish and identify paralogs during both customized target design and se-
quence data curation.

Furthermore, we investigate the impacts of alternative target set design 
choices on downstream analyses. Firstly, we ask whether draft genomes and 
WGS reads can be used to predict the presence and paralogy of potential tar-
gets. Secondly, we investigate the effect of different target identification meth-
ods on the usefulness and quality of the targets. Lastly, we examine the costs 
and benefits of explicitly targeting intronic regions with emphasis on capture 
efficiency and phylogenetic informativeness.

Materials and methods

Overview

Our primary goal was to improve on the work of Kadlec et al. (2017), who de-
rived a set of 132 targets for Erica phylogenomics from a single Rhododendron 
transcriptome (R. scopulorum Hutch.; Matasci et al. 2014). Since those authors 
had tested their target set by conducting a target capture and sequencing ex-
periment on several Erica samples, we used those data to produce Erica-de-
rived versions of their targets. Subsequent to that study several highly com-
plete and well-annotated Rhododendron genomes were published, bringing 
their number from zero in 2017 to three by the end of 2020 (Zhang et al. 2017; 
Soza et al. 2019; Yang et al. 2020). We therefore used these genomes to identi-
fy additional candidate targets. For this, we used two complementary methods. 
Firstly, we used MarkerMiner (Chamala et al. 2015) to mine the new Rhododen-
dron genomes for “mostly single-copy” loci (De Smet et al. 2013). Secondly, we 
searched for genes from the Angiosperms353 target set (Johnson et al. 2019) 
in the three Rhododendron genomes.

The marker identification steps produced a very large number of candidate 
loci which we filtered based on a variety of criteria. Notably, we were able to 
evaluate not only the presence of each gene in Erica but also its status as single 
copy. This was enabled by newly generated high-depth shotgun WGS data from 
three Erica species. We made further use of this WGS data by building a draft 
genome of Erica cinerea L. and, where possible, we used its scaffolds to pro-
duce Erica-derived “full gene” versions of the targets, i.e., including both exon 
and intron sequences.
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Finally, we conducted a target capture experiment with 295 samples 
(mostly of Cape Erica, but also including many European Erica species and 
additional genera serving as outgroups) using the newly developed target 
set, which comprised a total of 303 genes. We used the data from this ex-
periment to evaluate the quality of each target in terms of capture efficien-
cy, rate of paralogy, and phylogenetic informativeness, and tested whether 
these differed between targets produced using different methods. Specifi-
cally, we tested for differences between targets (1) identified by refining the 
Kadlec et al. (2017) set, (2) new targets found by MarkerMiner, and (3) tar-
gets matching the Angiosperms353 set. We also tested whether the quality 
of “full gene” targets derived from the Erica cinerea genome was better than 
that of targets derived from Rhododendron transcriptomes.

We developed a user-friendly suite of open-source command-line tools, Tar-
getVet, which can be used to aid in developing and assessing a target set. The 
source code and a detailed account of the tool’s functionality and usage, includ-
ing example code, are available at https://github.com/SethMusker/TargetVet. 
A diagram illustrating TargetVet’s functionality is presented in Suppl. material 
1: fig. S1, with pertinent details provided in the following sections. The scripts 
are written in bash and R (R Core Team 2021).

Whole-genome shotgun sequencing and assembly

Genomic DNA was extracted from fresh leaf material of three Erica species 
growing in the University of Bergen (UiB; Norway) arboretum following a 
custom protocol (Musker et al. 2024). These were (1) E. cinerea L. which is 
widespread across western Europe; (2) E. trimera (Engl.) Beentje from the 
East African highlands; and (3) E. cerinthoides L. which is widespread in the 
CFR and further east in South Africa. Library preparation and sequencing 
was conducted by the Genomics Core Facility at UiB. Sequencing was done 
using a single Illumina NovaSeq 6000 SP flowcell to generate 2 × 150 bp 
paired-end reads.

Raw reads were trimmed using fastp (Chen et al. 2018) followed by de-
duplication using clumpify.sh from BBTools v.38.90 (BBMap – Bushnell B. 
– https://sourceforge.net/projects/bbmap/). Overlapping read pairs were 
merged using bbmerge-auto.sh from BBTools, keeping un-merged pairs. 
Read quality was checked with FastQC (https://www.bioinformatics.bbsrc.
ac.uk/projects/fastqc) and MultiQC (Ewels et al. 2016). Draft genomes were 
assembled using ABySS v.2.2.5 (Simpson et al. 2009; Jackman et al. 2017) 
using both merged and un-merged reads. Assembly statistics such as N50 
and L50 were calculated by ABySS and BBToolsstats.sh. To further assess 
genome completeness on the basis of gene recovery, we used BUSCO v.5.0.0 
(Simão et al. 2015). BUSCO searches the assembly for genes that are con-
fidently thought to be single-copy and reports completeness- and duplica-
tion-related statistics. We ran BUSCO separately for each assembly with the 
same parameters: Reference universal single-copy orthologs were from the 
“eudicots_odb10” lineage dataset version 2020-09-10, which consists of 2326 
genes from 31 species, and metaeuk v.4 (Karin et al. 2020) was used as the 
gene predictor. BUSCO results were summarised using the bundled script 
generate_plot.py, which uses ggplot2 (Wickham 2016).

https://github.com/SethMusker/TargetVet
https://sourceforge.net/projects/bbmap/
https://www.bioinformatics.bbsrc.ac.uk/projects/fastqc
https://www.bioinformatics.bbsrc.ac.uk/projects/fastqc
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Designing a target set for Erica phylogenomics

Refining the Kadlec et al. (2017) target set

Refinement method

Kadlec et al. (2017) conducted their target capture experiment using 25 species 
of Cape Erica. Because a major objective of our broader project was to resolve 
relationships in the E. abietina/E. viscaria clade (Pirie et al. 2017), we retrieved 
the reads from the single sample of E. grandiflora – the only member of that 
clade in the sample set – and used HybPiper v.1.3.1 (Johnson et al. 2016) to 
assemble the 134 targets of Kadlec et al. (2017) (132 nuclear loci identified by 
MarkerMiner plus two “universal” loci, rpb2 and topoisomerase B). Additional 
programs used by HybPiper were BWA-MEM v.0.7.17-r1188 (Li 2013) for read 
mapping, SPAdes v.3.13.0 (Bankevich et al. 2012) for contig assembly, and ex-
onerate v.2.2.0 (Slater and Birney 2005) for identifying exon-intron boundaries. 
We then based our new targets on the 134 assembled supercontigs (i.e., scaf-
folds including flanking regions, exons, and introns). In order to avoid target-
ing poorly recovered genes, if a supercontig’s length was less than 70% of the 
length of its corresponding Rhododendron CDS the latter was taken instead. It 
is important to note that this filter was agnostic to the make-up of the super-
contigs. For example, supercontigs with missing exons could still be included.

Identifying new targets

MarkerMiner method

We used MarkerMiner v.1.2 (Chamala et al. 2015) to search for putative sin-
gle-copy orthologs from the gene set identified by De Smet et al. (2013). We 
used the Vitis vinifera single-copy reference genes, setting the minimum tran-
script length to 900 bp. Three Rhododendron CDS files were used to find match-
es: (1) R. simsii Planch. (Genbank: ASM1428224v1, accessed 02.11.2020 Yang 
et al. 2020), (2) R. williamsianum Rehder & E.H.Wilson (Genbank: ASM974610v1, 
accessed 02.11.2020 Soza et al. 2019), and (3) R. delavayii Franch. var. delavayi 
(http://dx.doi.org/10.5524/100331, accessed 02.11.2020; Zhang et al. 2017). 
We employed three initial filters on this set. Firstly, we discarded genes not 
present in both R. simsii and R. delavayii. Presence in R. williamsianum was not 
included as a filtering criterion because it returned relatively few hits (Suppl. 
material 1: fig. S2). Secondly, we kept only the longest sequence out of the 
three potential Rhododendron targets. Lastly, we used BLASTn (e-value: 1e−5, 
BLAST v.2.10.1+; Altschul et al. 1997) to identify targets already present in the 
Refinement set and removed them if there was at least one match.

Because MarkerMiner identified many more genes than could be added to 
the target set given the total footprint available to the project (Suppl. material 
1: fig. S2), we implemented a pre-filtering step for the MarkerMiner genes prior 
to further filtering. As off-target reads from target capture experiments are es-
sentially equivalent to shotgun reads (Costa et al. 2021), we used the off-tar-
get reads from the Kadlec et al. (2017) experiment to identify the MarkerMiner 
genes that were most likely to be present in Erica. Reads were pooled across 
the Erica samples (n = 25) in the Kadlec et al. (2017) data and mapped to 

http://dx.doi.org/10.5524/100331
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the MarkerMiner genes with NextGenMap v.0.5.5 (Sedlazeck et al. 2013). We 
chose to use NextGenMap because it tolerates greater levels of sequence di-
vergence than BWA-MEM (Sedlazeck et al. 2013), which was useful given that 
the number of off-target reads was relatively small. Depth per position was 
determined using BamTools v.2.1.1 (Barnett et al. 2011) and the mean depth 
was calculated as the total depth divided by the gene’s length. We discarded 
genes not having at least 80% of their length covered by at least one read. Of 
those, we kept genes with depth greater than—but still within two standard 
deviations of—the “grand” mean depth (i.e., across all genes). Finally, we dis-
carded genes < 1,500 bp long.

NewTargets method

To incorporate the widely used Angiosperms353 target set, we adapted “New-
Targets” developed by McLay et al. (2021, https://github.com/chrisjackson-pel-
licle/NewTargets) to the task of finding Rhododendron genes matching the An-
giosperms353 targets. We used the script BYO_transcriptome.py to search for 
Rhododendron versions of the Angiosperms353 genes. The “Mega353” gene 
set, an expanded Angiosperms353 set with many additional taxa represent-
ing each sequence (McLay et al. 2021), was used as the reference. The three 
Rhododendron CDS files (see above, MarkerMiner method) were used as the in-
put transcriptomes. To identify homologous sequences in the transcriptomes, 
BYO_transcriptome.py uses hidden Markov model profiles of the reference 
genes made with HMMER3 (Mistry et al. 2013). The chosen settings disabled 
grafting to prevent the formation of chimeric sequences (-no_n) and discarded 
transcripts whose length was < 70% that of the mean of the reference sequence 
homolog (-discard_short -length_percentage 0.7). We extracted the longest of 
the three potential Rhododendron targets and discarded those shorter than 
1,000 bp. We used BLASTn as before to identify and remove any targets already 
present in the MarkerMiner or Refinement sets.

Filtering the target sets using WGS reads

Because WGS sequencing represents a largely unbiased method of deriving 
sequences from a genome, we reasoned that read mapping depth informa-
tion could be used to infer (1) presence/absence and (2) paralogy of the can-
didate targets in Erica. In theory, missing targets should have a depth of zero 
while duplicated regions should have a depth roughly twice that of the mean 
across all targets (assuming most targets are single-copy). Erica cinerea has 
a considerably smaller genome than most Erica species with genome size 
data, including E. trimera (based on the assembly size) and E. cerinthoides 
(Mugrabi De Kuppler 2013), which may indicate a lower rate of paralogy and/
or more missing genes, though could also be due to lower repetitive DNA 
content. We therefore excluded E. cinerea from the next step, in which we 
mapped the WGS reads from E. trimera and E. cerinthoides separately to the 
potential targets using BWA-MEM v.0.7.17 with default parameters, then used 
SAMtools v.1.11 (Danecek et al. 2021) to keep only hits with mapping quality 
> 20, and finally calculated read depth at each position using BamTools. We 
removed any target whose median depth deviated by more than one standard 

https://github.com/chrisjackson-pellicle/NewTargets
https://github.com/chrisjackson-pellicle/NewTargets
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deviation from the mean depth across all targets for either of the two Erica 
species. This process was repeated for each target set separately (Refine-
ment, MarkerMiner, and NewTargets).

Additionally, for the Refinement set we applied the above process separately to 
the E. grandiflora-derived supercontigs and the original transcript-derived targets 
and added the latter to the final set if they passed the filters but the former failed. 
We added to TargetVet a pair of command-line scripts (map_WGS_to_targets.sh 
and VetTargets_WGS.R) which can be applied to any data when provided with one 
or more WGS read files and a set of target sequences (Suppl. material 1: fig. S1).

Extracting Erica-derived targets

We next aimed to produce Erica-derived versions of the new MarkerMiner and 
NewTargets sets, with the aim being to improve capture efficiency by increas-
ing sequence similarity and including introns. We chose to use only the E. 
cinerea assembly as it was by far the most contiguous and complete of the 
three. We removed any scaffolds in the assembly < 500 bp long. The targets 
were translated to protein sequences using EMBOSS (Madeira et al. 2022) 
and these were then mapped to the E. cinerea draft genome assembly using 
tBLASTn (adding the option -max_target_seqs 50000 to ensure that all match-
es were returned; Shah et al. 2019). We kept matches with sequence identity 
≥ 70% and E-value < 1e−6, and only kept targets if > 70% of their length mapped 
to a single E. cinerea scaffold (i.e., discarding any that mapped to more than 
one scaffold). We calculated the length of the mapped region in the E. cinerea 
genome as the difference between the largest end position and the smallest 
start position of the blast matches, giving an estimate of the total gene length 
including exons and introns. We extracted these genomic sequences using 
Rsamtools v.2.10.0 (Morgan et al. 2021). This process was automated within 
TargetVet as an R script: TargetSupercontigs.R.

The WGS read depth-based filtering procedure described above was repeat-
ed for the genomic sequences to help ensure that they were present and sin-
gle-copy across their full length in other Erica species. Genomic sequences 
that failed read depth filtering were reverted to their Rhododendron transcript 
version (which had already passed the filters), while those that passed were 
substituted in for their corresponding Rhododendron transcripts.

Evaluating the target set’s quality

Sequencing new samples

The final target set was used in a target capture experiment including 295 sam-
ples, mostly of Cape Erica species. DNA was extracted using a custom protocol 
(Musker et al. 2024). Bait design (3X tiling), bait synthesis, library preparation 
and sequencing were carried out by Daicel Arbor BioSciences (Ann Arbor, MI 
48103, United States). Samples were paired-end sequenced using an Illumina 
NovaSeq 600 instrument to 2 × 150 bp. To quality-filter, trim and deduplicate 
the raw reads we used fastp v.0.23.2 (parameters: –detect_adapter_for_pe –
dedup –overrepresentation_analysis –trim_poly_g –qualified_quality_phred 20 
–unqualified_percent_limit 30 –average_qual 20 –length_required 100).
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Target assembly

To investigate the effects of target source (i.e., Rhododendron CDS versus Erica 
genome) and marker identification method (i.e., Refinement, MarkerMiner and 
NewTargets) on aspects of target recovery and assembly, we assembled the 
targets from all 295 samples using HybPiper v.2.0.1. We ran HybPiper’s assem-
ble module using BWA-MEM v.0.7.17 for read mapping, SPAdes v.3.15.3 for as-
sembly (with kmer values of 33 and 77), exonerate v.2.4.0, and BBTools v.38.92.

Prior to assembly with HybPiper, in order to ease computational burden we 
used reformat.sh from BBTools to randomly subsample each sample’s reads 
to one million read pairs. Given a total target footprint of 1,161,538 bp and as-
suming a mean read pair length of ca. 290 bp (to account for trimming and pair 
overlaps), this gives an expected mean coverage of ca. 250X.

Assessing paralogy and missingness

To investigate paralogy we first used HybPiper’s length-based criterion which, 
on a per-sample basis, flags a target as a potential paralog if its second-longest 
contig’s length is above a certain proportion (which we set to 0.75, the default) 
of the longest contig’s length (Johnson et al. 2016). Secondly, we developed 
a custom coverage-based approach which characterises paralogy and flags 
putative paralogs based on information across the full sample set. We incor-
porated the approach into a command-line utility in the form of a bash script 
(VetHybPiper.sh), which acts largely as a wrapper around BLAST and several 
custom R scripts that are part of TargetVet (Suppl. material 1: fig. S1). A graph-
ical illustration of the method is provided in Fig. 1, and it proceeds as follows:

1.	For each sample,
i.	 map all assembled contigs to the target sequences using BLAST;
ii.	 remove matches below given thresholds of length (by default, 150 bp) 

and sequence similarity (by default, 70%);
iii.	 for each target, calculate each site’s coverage (c) by counting how 

many BLAST matches from different contigs map to it;
iv.	 define L as the total length of the target in base pairs (i.e., number of 

sites) and lc as the number of sites with coverage = c;
v.	 estimate each target’s paralogy (P) as the fraction of its length with c 

≥ 2, ignoring missing regions, i.e.,

P =
lc ≥ 2

L − l0
.

2.	Across all samples, flag targets as putative paralogs if P is unusually high 
compared to most targets.

Additionally, using the above definitions, missingness (M) can be estimated 
as the fraction of the target’s length with c = 0, and copy number (C) can be 
estimated as the mean coverage across sites ignoring sites with c = 0.

Estimates of P, M and C were derived from two separate BLASTn mapping re-
sults: one in which the actual target sequences were used as the reference, and 
one in which the transcript versions of the targets were used as the reference. 
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To remove putative paralogs, we discarded targets with mean P (across 295 
samples) > 40% according to either of the two BLAST results (n = 13). To re-
move targets that were poorly recovered, we discarded those with mean M > 
40% according to the BLAST result based on the target sequences (n = 5). This 
reduced the total number of genes from 303 to 285, and herein we refer to 
these target sets as “Erica303” and “Erica285”, respectively. Unless otherwise 
stated, all further analyses used the Erica285 target set.

Assessing target and intron capture efficiency

To test whether Erica genome-derived targets had greater capture efficiency than 
Rhododendron CDS-derived targets, we used separate fixed effect models for 
each marker identification method to model supercontig length as a function of 
target source, including sample as a fixed effect to account for random variance, 
while also allowing the sample effect to vary by transcript length to account for 
the tendency for longer transcripts to have longer supercontigs. We used HybPip-
er’s stats module to collect transcript and supercontig lengths for all samples.

Exon-derived baits are only able to capture intronic sequences flanking the 
exons, meaning that sequence coverage drops off considerably with increasing 
distance from the nearest exon (Gnirke et al. 2009), such that long introns are 
often not fully recovered. We therefore hypothesised that, because they included 
intronic sequences, Erica genome-derived targets would recover more complete 
introns than Rhododendron CDS-derived targets, but only when introns were long 
enough to fail to be caught by exon-derived baits. Specifically, we predicted that 
as total gene length increased, CDS-derived targets would exhibit an obvious 

Figure 1. Graphical illustration of how TargetVet’s VetHybPiper.sh script estimates paralogy from HybPiper results. First, 
the assemblies for each target are collated into a single multifasta. These scaffolds are then matched to the reference 
targets using BLAST. Using the BLAST result, VetTargets_genome.R calculates paralogy % for each target. This process 
is repeated for each sample in order to populate the paralogy matrix, which DetectParalogs.R analyses to produce sum-
mary statistics and visualisations.
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“drop-off” in recovered intron length beyond a certain point, whereas genome-de-
rived targets would show a steady increase in intron length with increasing total 
gene length. To test this prediction, we determined the total length of intronic 
sequence assembled for each gene for each sample using the annotations from 
exonerate’s protein2genome model, setting the intron length to zero if no intron-
ic region was identified. We used separate fixed effects linear models for each 
target identification method to model intron length as a function of gene length 
and target source, including sample as a fixed effect. We included the source 
by gene length interaction term to test whether the slope of the relationship be-
tween gene length and intron length was significantly lower for CDS-targeted 
genes, as per our prediction. As a proxy for the gene’s “true” length we used the 
maximum gene length (across all samples) inferred by exonerate. This was like-
ly to be an underestimate for many CDS-targeted genes, especially longer genes 
whose full intronic sequence may not have been recovered in any sample, mean-
ing that estimated differences in slope were likely to underestimate the true dif-
ference. Models and significance tests were run using fixest (Bergé 2018).

Evaluating the target set’s phylogenetic utility

To assess the usefulness of the targets for phylogenomics, we selected a sub-
set of 32 samples including three outgroup samples (Calluna, Daboecia, and 
Rhododendron) and eight European, one Madagascan, one East African, and 
19 Cape Erica (details in Suppl. material 1: table S2). We aimed to characterise 
the ability of the target sets to (1) recover well-established relationships based 
on previous work, and (2) resolve relationships between Cape Erica clades 
that have shown evidence of recent and rapid diversification (Pirie et al. 2011, 
2016). We investigated how these properties were affected by the presence 
or absence of paralogs or largely missing targets (Erica303 versus Erica285), 
as well as target source (Rhododendron CDS versus Erica genome) and mark-
er identification method (Refinement, MarkerMiner and NewTargets). We re-
stricted the analyses to supercontig sequences in order to maximise sequence 
length and thus variation (Bagley et al. 2020).

Multiple sequence alignment

Supercontig MSAs were generated using the L-INS-i algorithm of MAFFT (Katoh 
and Standley 2013), after which poorly aligned ends of individual sequences 
were recoded as missing using a custom modification of HerbChomper (Gard-
ner 2021), a fork of the HerbChomper tool available at github.com/SethMusker/
HerbChomper_MSA. The original HerbChomper algorithm takes a user-specified 
sequence in an MSA (the “reference”) and calculates sequence identity between 
the reference and another user-specified sequence (the “target”) along a sliding 
window of a given number of nucleotides, with two rounds (forward and reverse) 
each of which starts from one end of the alignment and works inwards. Each 
round recodes as gaps (“-”) any target nucleotides that fall within a window whose 
sequence identity (relative to the reference sequence in that window) falls below 
a given threshold and stops when the sequence identity of a window reaches 
the threshold. The modified implementation calculates the majority-rule consen-
sus of the alignment using seqinr (Charif and Lobry 2007) and uses that as the 
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reference sequence to recode each individual sequence in the alignment sepa-
rately. We used a sliding window of 50 bp and a sequence identity threshold of 
0.8 for all MSAs. Finally, gappy regions of the MSAs were removed using ClipKIT 
smart-gap (Steenwyk et al. 2020), which aims to remove gappy regions without 
introducing potential errors caused by excessive trimming (Tan et al. 2015).

Species tree concordance

Species tree inference

Species trees were estimated using a concatenation method and a summary 
coalescent method. For the concatenation method, IQ-TREE v.2.2.0 (Minh et 
al. 2020) was used with an edge-linked proportional partition scheme, setting 
each target as a separate initial partition. ModelFinder (Kalyaanamoorthy et al. 
2017) was used for substitution model estimation and partition merging (to 
reduce over-fitting) while only examining the top 25% of partitioning schemes 
(Lanfear et al. 2014) to reduce computational burden. Branch support values 
were estimated using ultrafast bootstrap (UFBoot; Hoang et al. 2018) and 
SH-alrt (Guindon et al. 2010) with 1,000 replicates each.

For the summary coalescent method we used a modification of ASTRAL 
(Zhang et al. 2018), Weighted ASTRAL – Hybrid (wASTRAL–h) v.1.8.2.3 (Zhang 
and Mirarab 2022), which weights quartets by both branch length and local 
support values to provide more accurate species tree inferences than the un-
weighted ASTRAL algorithm. Gene trees were estimated by maximum-likeli-
hood (ML) using IQ-TREE with two independent runs to improve the tree search 
after automated substitution model selection using ModelFinder, with UFBoot 
(1,000 replicates) used to estimate branch support. We ran wASTRAL–h with 
the flag “–moreround” to increase the number of placement and subsampling 
rounds from four to 16 for a more thorough search of the tree space. Herein we 
refer to wASTRAL–h simply as ASTRAL.

As a means of assessing the impact of paralogs and poorly recovered loci 
on phylogenetic inference, we ran both IQ-TREE and ASTRAL analyses sepa-
rately on the Erica303 and Erica285 target sets.

Topological concordance

We compared trees inferred using different marker sets and different methods 
using cophylo from phytools (Revell 2011). To assess the results in the context 
of previous work, we also compared the newly inferred trees to the most recent 
Erica-wide phylogeny (Pirie et al. 2024), which was inferred based on ribosomal 
and chloroplast markers using RAxML v.8.0.0 (Stamatakis 2014) with standard 
non-parametric bootstrapping (100 replicates) and originally included 752 tips. 
We trimmed the tree to include only the species or subspecies shared between 
the sample sets (n = 30) using the ape function drop.tips.

Phylogenetic informativeness

Lastly, we aimed to investigate the effects of marker identification method and 
target source on phylogenetic informativeness. AMAS (Borowiec 2016) was used 



99PhytoKeys 251: 87–118 (2025), DOI: 10.3897/phytokeys.251.136373

Seth D. Musker et al.: Target capture in Erica

to determine the number of parsimony-informative sites in each alignment. PhyIn-
formR (Dornburg et al. 2016) was used to estimate Quartet Internode Resolution 
Probability (QIRP), which is a measure of phylogenetic informativeness that ac-
counts for sequence substitution rate variation, tree depth, and internode length.

We estimated QIRP for the crown of the clade consisting of the E. abiet-
ina/E. viscaria clade, the E. massonii clade, and the E. corifolia clade. All of 
these clades were recovered with good support by Pirie et al. (2016). We refer 
to this as the “VMC clade”, and chose to focus on it due to (1) its young crown 
age (ca. 5 Ma; Pirie et al. 2016) and (2) the very short internodal branches 
separating the three crowns of the constituent sub-clades (all < ca. 1 million 
years; Pirie et al. 2016). We estimated an ultrametric tree (as required by Phy-
InformR) based on the concatenation phylogeny using chronos in ape (Par-
adis 2013; Paradis and Schliep 2019). We estimated site substitution rates 
using IQ-TREE v.2.2.0 (Minh et al. 2020), using the empirical Bayesian method 
and the best model and partition-merging scheme as estimated for the con-
catenation-based phylogenetic analysis.

Results

Genome assembly results

The quality of the draft genome assemblies of Erica cinerea, E. trimera, and E. 
cerinthoides varied considerably (Table 1; Fig. 2). The much greater contiguity 
of the E. cinerea assembly compared to that of the other species was most 
notable. This was most likely a result its much smaller genome size as approx-
imated by the total sequence length of the assemblies (Table 1), combined 
with the sample having ca. 20% more reads. The E. cinerea assembly also had 
much better completeness based on the BUSCO results, likely due to its greater 
contiguity. The low proportions of duplicated BUSCOs suggest that the three 
species are all diploid. Overall, the assemblies are of reasonable quality and 
should prove useful for genomic studies in Erica beyond the present work.

Table 1. Assembly statistics of the three newly assembled Erica draft genomes.

E. cinerea E. trimera E. cerinthoides

Read statistics

Number of read pairs 340,904,000 282,465,000 284,039,000

% reads merged 50.69% 43.84% 43.97%

Mean insert size 306.8 bp 299.1 bp 303.4 bp

Assembly statistics

Scaffold sequence total 353.050 Mb 708.005 Mb 679.014 Mb

Number of scaffolds 286,992 1,852,782 1,463,182

Number of scaffolds > 50 kb 670 51 1

% genome in scaffolds > 50 kb 13.11% 0.43% 0.01%

Scaffold N50 5,597 124,874 73,631

Scaffold L50 15,727 bp 616 bp 1,028 bp

Max. scaffold length 192,106 bp 121,715 bp 54,438 bp

Mean (SD) GC content 39.5% (0.92%) 44.9% (1.08%) 40.3% (0.89%)
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Target set design results

Refinement method

Of the 134 Kadlec et al. (2017) targets, two were found to be almost identical 
(sequence similarity = 99.8%, identical length), so one of them was arbitrari-
ly discarded. Erica grandiflora supercontigs were assembled for all targets, of 
which 92 passed the WGS depth-based filtering. Of the remaining targets, the 
transcript sequence of a further 13 passed the filtering, bringing the total num-
ber of targets in the Refinement set to 105.

MarkerMiner method

A total of 1,572 mostly single-copy genes were identified by MarkerMiner as 
being present in at least one of the three Rhododendron transcriptomes (Suppl. 
material 1: fig. S2). Of these, 1,293, 1,217 and 999 were present in R. simsii, 
R. delavayi, and R. williamsianum, respectively. Of the 1,021 genes present in 
both R. simsii and R. delavayi, 16 were discarded as they had significant BLAST 
hits to Kadlec et al. (2017) targets. The pre-filtering step based on off-target 
read depth and sequence length (≥ 1,500 bp) reduced the number of genes 
from 1,005 to 129, while the WGS depth-based filtering further reduced the set 
to 114 genes. A total of 71 of these genes had good matches in the E. cinerea 
genome, all of which passed depth-based filtering. This left 43 genes represent-
ed by their transcript sequence in the final MarkerMiner set.

NewTargets method

Of the 353 genes in the Mega353 reference set, 348 were found in at least one 
of the three Rhododendron transcriptomes and 101 of these were longer than 
1,000 bp. Of these, 87 passed WGS depth-based filtering, 59 of which had good 
matches in the E. cinerea genome. Seven of these failed depth-based filtering 
and were reverted to their transcript form, leaving 52 genomic sequences and 
35 transcript sequences in the final NewTargets set.

Figure 2. Graphical summary of the BUSCO results for the three assembled Erica draft genomes. Despite their fragment-
ed nature, the genomes have reasonably good gene recovery rates.
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Combined target superset

After all of the above steps the final combined target “superset” consisted of 
303 targets with a combined length of 1,161,538 bp, which we refer to as the 
“Erica303” set.

Target capture experiment results

Paralogy

Overall paralogy was low across the target superset according to both length- 
and coverage-based analyses (Suppl. material 1: fig. S3 and Fig. 3, respectively), 
although the length-based method was apparently less sensitive. These results 
suggest that the WGS depth-based filtering method was largely successful in 
identifying paralogs. P was largely unaffected by whether it was estimated using 
the actual targets or their CDS versions (Suppl. material 1: fig. S4), with the excep-
tion of two Refinement targets that had high CDS-based P but low target-based P.

Most samples showed similar paralogy patterns (Fig. 4), with the notable 
exception of the single Erica spiculifolia sample, which had a mean P of 47.0% 
(27.3% SD), 142 targets with P > 50%, and a mean copy number (C) of 1.65 (0.491 
SD). Erica spiculifolia has a 1.5-fold higher chromosome number (2n = 36) than 
most Erica, which typically have 2n = 24 (Nelson and Oliver 2005), making ploi-
dy the most likely explanation for this finding.

Target recovery

Genome-derived targets produced significantly longer supercontigs than 
CDS-derived targets for the MarkerMiner (1,162 bp longer) and NewTargets 
(1,647 bp longer) sets, but significantly shorter supercontigs for the Refinement 
set (1,075 bp shorter; Suppl. material 1: table S1). Nevertheless, R2 values were 
generally low even when accounting for variance explained by CDS length and 
sample identity (highest R2 = 0.264, highest within-R2 = 0.077), suggesting that 
variation in supercontig length was not well-predicted. This was most likely 
because supercontig length was not primarily determined by CDS length but 
rather by true target length (i.e., including introns), which could not be modelled 
because true target lengths were unknown for the CDS-derived targets. Never-
theless, the significantly shorter CDS-derived supercontigs in the MarkerMiner 
and NewTargets sets illustrate the benefits of using genome-derived targets.

Intron recovery

The analysis of intron length in relation to gene length suggested that Erica-de-
rived targets captured relatively more intronic sequence (Table 2, Fig. 5). Spe-
cifically, for the MarkerMiner and NewTargets sets intron length increased with 
gene length more steeply for the genome-derived target sets (MarkerMiner: 
slope = 0.721, NewTargets: slope = 0.781) than for the CDS-derived sets (Mark-
erMiner: slope = 0.650, NewTargets: slope = 0.598). For the Refinement set the 
slope difference was reversed (CDS-derived: slope = 0.826, genome-derived: 
slope = 0.648), however, the intercept difference estimate showed that the 
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Figure 3. Heatmap showing paralogy (P), the estimated proportion of a target’s length covered by more than one assem-
bled contig, for all samples and all loci in the Erica303 superset. Values of P were calculated from BLAST results using 
the actual target sequences. Targets and samples are arranged by mean P. This plot is a direct product of the TargetVet 
script VetHybPiper.sh.

Figure 4. Patterns of paralogy (P) per sample. Targets (x-axis) are arranged in ascending order by mean P across all sam-
ples. Curves show the predicted P for each sample obtained from n-parameter logistic regressions. The single sample 
that deviated from the mean P by more than 20% on average across all targets is highlighted (yellow line) and labelled. 
This plot is a direct product of the TargetVet script VetHybPiper.sh.

CDS-derived supercontigs had, on average, less intronic sequence than the ge-
nome-derived supercontigs (Fig. 5). While it is possible that sequence similarity 
could explain these results (i.e., Erica-derived baits capture Erica DNA more 
effectively than Rhododendron-derived baits), the high capture efficiency of the 
CDS-derived baits (Suppl. material 1: table S1) suggests that target capture 
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Figure 5. The relationship between gene length and intron length depends on the source of the target and the method 
of target set design. For MarkerMiner and NewTargets targets, the slope is steeper for genome-derived targets (solid 
lines) than for CDS-derived targets (dashed lines). For Refinement targets, the slope is steeper for CDS-derived targets, 
though these also have relatively less intronic sequence on average. The dotted lines indicate the 1:1 line. Results of the 
statistical tests to compare the slopes are given in Table 2.

Table 2. Results of the fixed effects models of intron length as a function of target source and gene length, showing that 
longer introns were recovered by Erica genome-derived targets identified using NewTargets and MarkerMiner, whereas 
longer introns were recovered by Rhododendron CDS-derived targets identified using the Refinement method. The rela-
tionship was unaffected by sample identity (R2 ≈ Within R2). Numbers in brackets are standard errors.

MarkerMiner NewTargets Refinement
Gene length × Source = Erica genome: slope 0.721*** 0.781*** 0.648***

(0.003) (0.005) (0.002)
Gene length × Source = Rhododendron CDS: slope 0.650*** 0.598*** 0.826***

(0.005) (0.003) (0.005)
Source = Rhododendron CDS: intercept 18.0 607.2*** -1,428.7***

(21.1) (27.2) (18.4)
Observations 33,599 24,691 30,957
R2 0.900 0.904 0.795
Within R2 0.900 0.904 0.795

Signif. codes: *** = 0.01, ** = 0.05, * = 0.10.

was not hampered by sequence divergence. Rather, the results supported the 
hypothesis that explicitly targeting introns results in improved intron recovery 
by mitigating the decline in capture efficiency further from exons.

Species tree concordance

The presence of paralogs and poorly recovered genes had no effect on spe-
cies tree topology and little effect on branch support (Suppl. material 1: fig. S5, 
Fig. 6). In contrast, the effect of phylogenetic reconstruction method was no-
table. In general, branch support values were higher in the concatenation trees 
than in the ASTRAL trees. Trees inferred using the two methods differed in the 
topology of the “VMC clade”: concatenation recovered the E. corifolia clade as 
sister to the E. abietina/E. viscaria and E. massonii clades, i.e., the topology 
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(C,(M,V)), whereas ASTRAL recovered the topology (M,(C,V)). However, this res-
olution had relatively low local posterior probability (PP = 0.8) in the ASTRAL 
trees (Suppl. material 1: fig. S5, Fig. 6) and low support (SH-alrt/UFBoot = 
86/86) in the concatenation tree based on the Erica303 set (Suppl. material 1: 
fig. S5), and therefore the conflict was not strongly supported.

There were also some discrepancies between the “traditional” marker-based 
phylogeny of Pirie et al. (2024, hereafter “Pirie tree”) and the phylogenies in-
ferred here (Figs 7, 8). Regarding the “VMC clade”, the Pirie tree agreed with 
the ASTRAL tree topology (M,(C,V)). On the other hand, both concatenation and 
ASTRAL inferred a different placement of E. australis than the Pirie tree, a con-
flict that was strongly supported according to branch support values. There 
were also some much weaker conflicts. For example, the Pirie tree grouped 
E. trimera with E. arborea with low support (bootstrap = 50%), whereas the phy-
logenies inferred here confidently placed E. arborea outside the clade of African 
and Madagascan species.

In summary, there were some topological conflicts between the Pirie tree 
and the newly inferred trees, as well as between the trees inferred by different 
methods using the new targets, but only one of the conflicting relationships (the 
placement of E. australis) was strongly supported. Overall, the relationships in-
ferred using the new targets were mostly concordant with prior expectations 

Figure 6. Tanglegram comparing the phylogenies inferred by concatenation (IQ-TREE; Left) and by ASTRAL (Right) using the 
Erica285 target superset, which excludes putative paralogs and genes with excessive missing data. For the concatenation 
tree, branch lengths are in substitutions per site and node labels are SH-alrt/UFBoot percentages. For the ASTRAL tree, 
branch lengths represent coalescent units (except for terminal branches which are are arbitrarily set to 1 as they are not esti-
mated by ASTRAL) and node labels show posterior probability support. Nodes with full support are unlabelled. The trees are 
fully bifurcating and are rooted along the branch between the Erica and non-Erica samples arbitrarily for display purposes.
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Figure 7. Tanglegram comparing the phylogenies inferred by Pirie et al. using traditional markers (Left) and by concatenation 
using the Erica285 superset (Right). For the Pirie tree, branch lengths are in substitutions per site and node labels show boot-
strap percentage. For the concatenation tree, node values indicate SH-alrt/UFBoot when either value was less than 100%.

Figure 8. Tanglegram comparing the phylogenies inferred by Pirie et al. using traditional markers (Left) and by ASTRAL 
using the Erica285 superset (Right). For the Pirie tree, branch lengths are in substitutions per site and node labels show 
bootstrap percentage. For the ASTRAL tree, node values indicate local posterior probability values below 1.
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based on previous work and also produced much more strongly supported to-
pologies, with limited conflict within the “VMC clade” localised at a single node 
surrounded by very short branches.

Phylogenetic informativeness

Parsimony informative sites

Table 3 shows that the supercontig alignments from CDS-derived targets had a 
significantly smaller total number of PI sites than did the genome-derived align-
ments for the MarkerMiner and NewTargets sets, but significantly more for the 
Refinement sets (MarkerMiner, mean difference = -130 sites; NewTargets, mean 
difference = -223 sites; Refinement, mean difference = 180 sites). In contrast, the 
proportion of PI sites was slightly greater in CDS-derived alignments for all meth-
ods, though the mean difference never exceeded 1%. However, R2 values were low 
for all models, indicating that, overall, PI did not depend strongly on target source.

Table 3. Results of the fixed effects models of parsimony-informative (PI) sites (number 
and proportion) as a function of target source for supercontig alignments, using the Er-
ica285 set. More PI sites were recovered by Erica genome-derived targets identified us-
ing NewTargets and MarkerMiner, whereas fewer were recovered using the Refinement 
method. In contrast, the proportion of PI sites was slightly greater in Rhododendron 
CDS-derived targets for all methods, though the mean difference never exceeded 1%. 
Numbers in brackets are standard errors.

MarkerMiner NewTargets Refinement
Number Prop. (%) Number Prop. (%) Number Prop. (%)

(Intercept) 717.3*** 9.44*** 720.8*** 8.80*** 374.2*** 9.11
(44.3) (0.217) (41.2) (0.172) (25.6) (0.143)

Source = Rhododendron CDS -130.2* 0.491 -223.5*** 0.598** 180.5** 0.802
(72.3) (0.354) (71.4) (0.299) (70.2) (0.393)

Observations 109 109 78 78 98 98
R2 0.029 0.018 0.114 0.050 0.064 0.042
Adjusted R2 0.020 0.008 0.103 0.038 0.055 0.032

Signif. codes: *** = 0.01, ** = 0.05, * = 0.10.

Quartet internode resolution probability

Overall, informativeness as measured by QIRP was relatively high (mean = 0.80 
± 0.15 SD), indicating that the target set was informative for young, short inter-
nodes. The proportion of PI sites showed no relationship with QIRP, whereas the 
total number of PI sites showed a strong positive correlation with QIRP (Fig. 9). 
While the shape of the relationship between QIRP and total PI sites was the 
same for all methods for the genome-derived alignments, it differed between 
methods for the CDS-derived alignments (Fig. 9). Specifically, genome-derived 
alignments showed an asymptotic trend for all three methods, with QIRP in-
creasing until ca. 1,000 PI sites, at which point most alignments had QIRP > 
0.9. CDS-derived alignments showed a mixture of trends. The MarkerMiner 
alignments fell into two distinct groups, one with higher QIRP regardless of PI, 
though both groups showed a positive trend. The NewTargets alignments had 
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lower QIRP than their genome-derived counterparts, matching the low-QIRP 
group of MarkerMiner alignments in trend and absolute values. The Refinement 
alignments showed no clear trend, though they generally had much lower QIRP 
than the other methods. The smaller range of PI sites for the CDS-derived align-
ments is important to note, as most had fewer than 1,000 PI sites, the point at 
which genome-derived alignments reached consistent QIRP highs.

For a given number of PI sites, QIRP values of genome-derived alignments were 
much higher than those of CDS-derived alignments for the Refinement set (linear 
model: F(1,96) = 27.0, R2 = 0.21, p < 0.001), but not for the other sets (NewTargets: 
F(1,76) = 2.82, R2 = 0.023, p = 0.097; MarkerMiner: F(1,107) = 2.93, R2 = 0.018, p 
= 0.090; Fig. 10). This revealed that, despite their shorter lengths, the Refinement 
targets produced relatively more informative alignments per nucleotide base pair.

Figure 9. Quartet Internode Resolution Probability (QIRP) at the crown of the “VMC clade” in relation to number (top) and pro-
portion (bottom) of parsimony-informative sites, and target source and method. Lines show loess model fits with span = 1.
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QIRP and introns

Regardless of target source, the proportion of intron sequence had a strong and 
significant positive relationship to QIRP (Fig. 11) for the NewTargets alignments 
(best-fit linear model: QIRP ~ intron prop. + source, F(2,75) = 65.2, R2 = 0.63, 
p < 0.001) and a weaker but still significant relationship for the Refinement 
alignments (best-fit linear model: QIRP ~ intron prop. + source, F(2,95) = 11.4, 

Figure 10. QIRP per hundred PI sites in relation to target source and method.

Figure 11. QIRP at the crown of the “VMC clade” in relation to the proportion of intronic 
sequence, target source and method. Lines show loess model fits with span = 1.
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R2 = 0.18, p < 0.001). The same positive relationship applied to the MarkerMiner 
alignments except that its slope varied with source (best-fit linear model: QIRP ~ 
intron prop. * source, F(3,105) = 24.9, R2 = 0.40, p < 0.001), though the slope differ-
ence was only near-significant (difference = -0.17 ± 0.097 SD, t = -1.77, p = 0.079).

Discussion

We developed and tested a new target set for Erica phylogenomics using a variety 
of methods. Overall, we were able to implement effective measures that kept the 
rate of paralogy and missingness in the resulting target capture data to very low 
levels. Post-assembly refinement of the target set only slightly reduced the num-
ber of targets from 303 to 285, suggesting that the target design approaches ef-
fectively identified most undesirable loci. Furthermore, good target recovery in the 
three non-Erica samples tested (Rhododendron rex, Calluna vulgaris, and Daboecia 
cantabrica) suggests that the targets could also be applied to these genera, and 
perhaps even to more distant relatives (i.e., in Ericaceae beyond the Ericoideae). 
In the supplementary data we also provide a version of the target set including 
only the Rhododendron-derived, intron-free targets, which users may prefer as a 
more conservative option when working with Rhododendron or other Ericoideae.

Our results demonstrate that the new target set has excellent phylogenetic 
informativeness. Notably, one of the major reasons for this was the inclusion 
of intronic sequences in ca. 70% of the targets used for bait design. Although 
this approach has rarely been attempted (de Sousa et al. 2014; Folk et al. 2015), 
we observed high intron capture efficiency even for Cape Erica species, despite 
the target source being a European Erica more than 40 million years diverged 
(Pirie et al. 2016). Targeting introns improved their downstream assembly and 
contiguity, as targets including introns recovered a larger proportion of intron-
ic sequence relative to target length (Fig. 5, Table 2). Finally, the proportion 
of intronic sequence correlated positively with phylogenetic informativeness 
(Fig. 11). These results should encourage researchers working in phylogenom-
ics to include introns in their targets, where possible, in order to improve the 
phylogenetic informativeness of their data.

Comparing target design methods (MarkerMiner, NewTargets, and Refine-
ment) revealed certain differences in phylogenetic informativeness that are not 
easy to explain. While the Refinement method (i.e., designing targets from su-
percontigs assembled from a previous target capture experiment) produced 
loci with the highest QIRP per number of PI sites on average (Fig. 10), the thir-
teen targets retained in their original form from the Kadlec et al. (2017) set 
included five of the least informative loci (QIRP at or below 0.4; Figs 9, 11). 
In other words, the targets designed by Kadlec et al. (2017) went from being 
among the least to among the most informative loci when switching from 
R. scopulorum transcripts to E. grandiflora supercontigs. The poor performance 
of the original targets might be due to the design choices made by Kadlec et 
al. (2017), who ranked potential targets by total length, including mean intron 
length (which was inferred using WGS data of Erica plukenetii; Le Maitre et al. 
2019; data not available), but which could nevertheless deliver long but invari-
able coding sequences. Another unusual result was the relatively low QIRP of 
Angiosperms353 targets derived from Rhododendron transcripts compared to 
their MarkerMiner counterparts, which was not explained by differences in the 
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number of parsimony-informative sites or intron content (Figs 9, 11). As we 
measured QIRP at a young node in the tree, this may imply that the variation 
captured by Angiosperms353 targets reflects deeper phylogenetic splits than 
that captured by MarkerMiner genes. These comparisons should not, however, 
be taken as conclusive, as targets were chosen to maximise overall informative-
ness rather than for the specific purpose of comparison between target sets.

Looking beyond our specific target set, we expect that the target design meth-
ods presented here are generally applicable to any plant group. These include (i) 
using the NewTargets method of McLay et al. (2021) for Angiosperms353 target 
discovery, (ii) using assembled targets from a closer relative to iteratively refine 
an earlier target set (Kadlec et al. 2017), (iii) filtering candidate targets based on 
predictions of copy number derived from WGS reads, and (iv) using assembled 
genomic contigs to include introns in our targets. Most notably, we found that 
including introns improved target recovery, that intron content was positively 
correlated with phylogenetic informativeness, and that WGS reads and draft ge-
nomes could be used to good effect to design a target set with low paralogy and 
missingness. To aid others in implementing several of these approaches, we 
developed and made freely available an open-source toolkit, TargetVet.
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noted, collections were made by the author. Specimens have been deposited at NBG.

Copyright notice: This dataset is made available under the Open Database License 
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/phytokeys.251.136373.suppl1

http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/phytokeys.251.136373.suppl1

	Maximising informativeness for target capture-based phylogenomics in Erica (Ericaceae)
	Abstract
	Introduction
	Aims and objectives

	Materials and methods
	Overview
	Whole-genome shotgun sequencing and assembly
	Designing a target set for Erica phylogenomics
	Refining the Kadlec et al. (2017) target set
	Identifying new targets
	Extracting Erica-derived targets
	Evaluating the target set’s quality
	Evaluating the target set’s phylogenetic utility
	Species tree concordance


	Results
	Genome assembly results
	Target set design results
	Refinement method
	MarkerMiner method
	NewTargets method
	Combined target superset

	Target capture experiment results
	Paralogy
	Target recovery
	Intron recovery

	Species tree concordance
	Phylogenetic informativeness
	Parsimony informative sites
	Quartet internode resolution probability
	QIRP and introns


	Discussion
	Additional information
	References

