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Abstract
Low-coverage whole genome shotgun sequencing (or genome skimming) has emerged 
as a cost-effective method for acquiring genomic data in nonmodel organisms. This 
method provides sequence information on chloroplast genome (cpDNA), mitochondrial 
genome (mtDNA) and nuclear ribosomal regions (rDNA), which are over-represented 
within cells. However, numerous bioinformatic challenges remain to accurately and 
rapidly obtain such data in organisms with complex genomic structures and rearrange-
ments, in particular for mtDNA in plants or for cpDNA in some plant families. Here 
we introduce the pipeline ORTHOSKIM, which performs in silico capture of targeted 
sequences from genomic and transcriptomic libraries without assembling whole orga-
nelle genomes. ORTHOSKIM proceeds in three steps: (i) global sequence assembly, 
(ii) mapping against reference sequences and (iii) target sequence extraction; impor-
tantly it also includes a range of quality control tests. Different modes are imple-
mented to capture both coding and noncoding regions of cpDNA, mtDNA and rDNA 
sequences, along with predefined nuclear sequences (e.g., ultraconserved elements) 
or collections of single-copy orthologue genes. Moreover, aligned DNA matrices are 
produced for phylogenetic reconstructions, by performing multiple alignments of the 
captured sequences. While ORTHOSKIM is suitable for any eukaryote, a case study 
is presented here, using 114 genome-skimming libraries and four RNA sequencing 
libraries obtained for two plant families, Primulaceae and Ericaceae, the latter being a 
well-known problematic family for cpDNA assemblies. ORTHOSKIM recovered with 
high success rates cpDNA, mtDNA and rDNA sequences, well suited to accurately 
infer evolutionary relationships within these families. ORTHOSKIM is released under 
a GPL-3 licence and is available at: https://github.com/cpouc​hon/ORTHO​SKIM.
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1  |  INTRODUC TION

In the last decade, the advent of high-throughput sequencing tech-
niques has offered unprecedented possibilities in evolutionary biol-
ogy by greatly increasing both taxonomic coverage and the amount 
of sequence data at a relatively low cost. Alongside, the develop-
ment of fast and efficient genome assemblers (Bankevich et al., 
2012; Simpson et al., 2009; Zerbino & Birney, 2008) has also given 
access to large sets of genomic contigs for the genotyping of sin-
gle nucleotide polymorphisms, among others (e.g., Li et al., 2019; 
Plomion et al., 2018; Twyford & Ness, 2017). The resulting profusion 
of genomic resources sheds new light on the phylogenomic infer-
ence of rapid diversification events (Pouchon et al., 2018; Vargas 
et al., 2017) or on DNA barcoding (Coissac et al., 2016), widely used 
for species identification (Braukmann, Kuzmina, et al., 2017; CBOL 
Plant Working Group et al., 2009; Tyagi et al., 2019), species mon-
itoring and conservation (Fahner et al., 2016; Porter & Hajibabaei, 
2018; Weigand et al., 2019), or biodiversity analyses (Clarke et al., 
2019; Kennedy et al., 2020).

Low-coverage whole-genome shotgun sequencing, or genome 
skimming, is a powerful method for acquiring genomic data on non-
model taxa. This approach consists of sequencing the total genomic 
DNA of a nonmodel organism at low coverage, typically less than 
5× coverage of the nuclear genome, through random shearing with 
no targeted genomic enrichment (McKain et al., 2018; Straub et al., 
2012). Genome skimming includes sequences from all genomic com-
partments, but especially those represented in higher copy num-
bers with a relatively high coverage (~>30×), such as the organelle 
genomes, plastid DNA (cpDNA) and mitochondrial DNA (mtDNA), 
and the nuclear ribosomal regions (rDNA). Genome skimming has 
been efficiently used for phylogenetic analyses (Barrett et al., 2016; 
Liu et al., 2018; Malé et al., 2014) and DNA barcoding questions 
(Bohmann et al., 2020; Coissac et al., 2016). It is widely applied to 
both fresh and degraded samples such as museum collections, and 
for a range of organisms such as plants (Alsos et al., 2020; Bakker 
et al., 2016; Nevill et al., 2020), animals (Grandjean et al., 2017; 
Linard et al., 2015; Trevisan et al., 2019) and fungi (Greshake et al., 
2016; Meiser et al., 2017). Thus, genome skimming is scalable and 
cost-effective for large-scale projects of biodiversity genomics. For 
instance, we have recently produced genome skimming libraries 
for a total of 6655 samples and 5575 plant taxa (including species 
and subspecies) of the artic and alpine regions within the projects 
PhyloAlps and PhyloNorway (see phyloalps.org for more details, 
Alsos et al., 2020).

The assembly of large genome skimming projects leads to many 
bioinformatic challenges to rapidly and efficiently produce large 
data sets of reference barcodes or aligned sequences. Most exist-
ing computational workflows perform de novo assembly of whole 
mtDNA, cpDNA and rDNA regions through targeted organelle 
assembler and genome annotation pipelines (Freudenthal et al., 
2020; McKain et al., 2018). Examples of such pipelines include: 
ORG.ASM (http://metab​arcod​ing.org/org-asm), NOVOPLASTY 
(Dierckxsens et al., 2016), IOGA (Bakker et al., 2016), FAST-PLAST 

(https://github.com/mrmck​ain/Fast-Plast) and GETORGANELLE 
(Jin et al., 2020). One issue is that chloroplast genomes sometimes 
have complex structures due to gene translocation, inverted re-
peat expansion or contraction, or multiple sequence repeats. As 
a result, full cpDNA genome assembly is difficult (Bendich, 2004; 
Twyford & Ness, 2017), a particularly prominent issue in sev-
eral Angiosperm families such as Campanulaceae, Cyperaceae, 
Ericaceae, Goodeniaceae, Orchidaceae and Poaceae (Alsos et al., 
2020; Freudenthal et al., 2020; Nevill et al., 2020). Also, mtDNA 
genomes are currently underused in plant phylogenomic applica-
tions, because of their complex structure (Kozik et al., 2019), and 
the difficulty in assembling them (Van de Paer et al., 2018; Zhang 
et al., 2015; Zhang, Jin, et al., 2019). On the other hand, most 
phylogenetic studies based on organelle sequences mainly focus 
on genes and not on the whole genome structure (e.g., Givnish 
et al., 2018; Li et al., 2019), emphasizing the need for alternative 
approaches focusing on targeted sequences, such as atram (Allen 
et al., 2015) or hybpiper (Johnson et al., 2016), but suitable for ge-
nome skimming data and not dependent on assembling the whole 
organelle. A further impediment is that genetic material has been 
frequently transferred from the plastid genome into the mitochon-
drial genome, called MTPTs (mitochondrial plastid DNAs), during 
the course of seed plant evolution (Gandini & Sanchez-Puerta, 
2017; Sloan & Wu, 2014; Straub et al., 2013; Wang et al., 2018). 
Such DNA transfers may cause errors in genome assemblies and 
annotations (discussed in Jin et al., 2020), resulting in species 
misidentifications, and/or in deteriorating phylogenetic signal 
when using genes from within these genomic regions (Gandini & 
Sanchez-Puerta, 2017; Park et al., 2020).

Here, we present a user-friendly and generic pipeline called 
ORTHOSKIM, which addresses all of the aforementioned lim-
itations. ORTHOSKIM performs in silico sequence capture from 
genomic and transcriptomic sequence data through mapping of 
global assemblies (i.e., on all sequencing reads) on a set of tar-
get reference sequences. It makes it possible to analyse large 
genome skimming data by capturing cpDNA, mtDNA and rDNA 
sequences (both coding and noncoding) in a single analysis. 
ORTHOSKIM extracts only target sequences in genomic as-
semblies without assembling the whole organelle genomes, so it 
works in organisms with complex cpDNA or mtDNA structures. 
Moreover, ORTHOSKIM can be used to capture nuclear markers 
(nuDNA, e.g., ultraconserved elements [UCEs]) and single-copy 
orthologues (i.e., from the BUSCO library of single-copy DNA 
sequences; see Simão et al., 2015; Waterhouse et al., 2018), 
which enhances its application to genome skimming with large 
enough sequencing depths (Berger et al., 2017; Liu et al., 2021; 
Vargas et al., 2019; Zhang, Ding, et al., 2019), RNA sequencing 
(RNAseq) libraries (Larson et al., 2020; Zhang et al., 2020) or 
hybrid capture libraries (Andermann et al., 2020; Koenen et al., 
2020). Finally, ORTHOSKIM provides tools to rapidly perform 
multiple alignments of the captured sequences across a range of 
libraries. Although it is applicable to any eukaryotic taxa, here we 
demonstrate the utility of ORTHOSKIM to infer the phylogenetic 
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relationships for two flowering plant families, one for which pre-
vious organelle assemblers have regularly failed, Ericaceae, and 
another one for which they performed well, Primulaceae. These 
analyses illustrate the range of applications of this new pipeline.

2  |  MATERIAL S AND METHODS

2.1  |  ORTHOSKIM overview

ORTHOSKIM is an open source pipeline, released under a GPL-3 li-
cence and available at https://github.com/cpouc​hon/ORTHO​SKIM. 
It is written in python and bash languages and runs as command line 
on UNIX environments. Its modular design takes advantage of mul-
ticore/processors architectures, for instance in Linux environments 
and HPC clusters. As it depends on different softwares and python 
libraries, ORTHOSKIM is contained within a conda package with all 
dependencies. Please refer to the online code documentation on the 
GitHub repository for installation and user instructions.

Different tasks, called “modes,” are implemented in 
ORTHOSKIM. When calling ORTHOSKIM from the command line, 
the “mode” has to be specified as well as another parameter, the 
“target.” Figure 1 provides an overview of ORTHOSKIM calling, 
with different “mode” and “target” options, to: (1) produce the se-
quence reference database for cpDNA, mtDNA and rDNA targets 
(pink arrows in Figure 1), (2) perform contig assembly and cleaning 
from whole sequencing reads (green arrows), (3) capture targeted 
sequences based on the most similar reference (blue arrows), and 
(4) obtain the alignments of these captured sequences among li-
braries (orange arrows). The sequence capture strategy can be 
aimed to cpDNA, mtDNA, rDNA, nuDNA (as UCE sequences) or 
BUSCO-type markers on both coding and noncoding sequences. 
A parameter file needs to be supplied to indicate the parameters 
and paths for data location, together with a sample description file 
(see documentation). Computation time is reported at the end of 
each call. A typical use of the ORTHOSKIM pipeline, as depicted in 
Figure 1, is described in the following section.

2.1.1  |  Reference database collection

ORTHOSKIM first uses a multitaxon database of reference se-
quences for each of the targeted markers, from which the software 
will select the closest reference to perform sequence capture (see 
Section 2.1.3). The reference input files required for each of the tar-
get sequences are displayed by yellow boxes in Figure 1 and sum-
marized in Appendix S1. We encourage users to customize their 
own reference database for the specific purposes and focus of their 
study. Please see the online documentation for recommendations on 
how to construct these input files.

For nuDNA sequences, the users have to provide their own 
database of reference sequences, consisting in a multifasta file 
of the target regions with a different data type depending on the 
capture mode: amino-acid sequences for the “nucleus_aa” target 
(suitable for coding sequences), or nucleotide sequences for the 

“nucleus_nt” target (for noncoding sequences). Sequence names 
need to be compliant with the ORTHOSKIM nomenclature (see 
documentation). ORTHOSKIM can also use the BUSCO single-copy 
nuDNA reference sequence database to capture such markers by 
using the “busco” target in the “capture” mode. In the BUSCO mode, 
ORTHOSKIM uses the amino acid consensus, or ancestral se-
quence variants of each BUSCO gene. Using amino acid sequences 
as references will maximize gene recovery during the capture even 
for the most divergent taxa. The different BUSCO data sets can be 
downloaded at: https://busco​-data.ezlab.org/v4/data/linea​ges/. 
Note that no seeds are required for running ORTHOSKIM in the 
nuclear and BUSCO modes (“nucleus_aa,” “nucleus_nt” or “busco” 
targets).

For all cpDNA, mtDNA and rDNA target sequences, the data-
base is built from the “database” mode along with the corresponding 
target (e.g., “chloroplast” target for cpDNA, step 1 in Figure 1). For 
such purposes, ORTHOSKIM needs an annotated genome file with 
multitaxon accessions for each of the corresponding genome com-
partments, with “seeds” sequences for each target sequence. These 
seeds consist of multifasta files with a single reference of each of 
the targeted sequences (see online documentation for examples and 
formats). ORTHOSKIM extracts all gene sequences from the anno-
tated genomes and maps them onto the given seed sequences to 
correctly identify targeted reference genes. It is important to note 
that each of the three annotation files has to be given for plant mod-
els, or both mtDNA and rDNA annotation files for other organisms, 
even if a single region is targeted (e.g., cpDNA sequences). This is 
because such files are also used to assign the genomic assemblies 
to the cpDNA, mtDNA or rDNA regions in order to take into ac-
count gene transfer between such regions (Section 2.1.3). For both 
cpDNA and mtDNA, seed files are given separately for the target 
coding (CDS) genes with amino acid sequences, and with nucleotide 
sequences for the noncoding RNA genes. For the cpDNA, a seed se-
quence file for the chloroplast trnL-UAA gene, a traditional plant bar-
code, must also be provided. Concerning the rDNA, the three rRNA 
genes sequences (i.e., rrn18S, rrn5.8S and rrn26S) have to be included 
in the corresponding seed sequence file. ORTHOSKIM then designs 
probes from these rRNA genes for both seeds and references, al-
lowing the identification and capture of the two internal transcribed 
spacer regions (ITS1 and ITS2).

The resulting reference sequence database consists of a mul-
tifasta file for each type of gene sequence (i.e., CDS, rRNA and 
tRNA), generated with amino acid sequences for CDS and nucle-
otide sequences for rRNA and tRNA genes. In addition, two free 
capture modes, working with any reference sequences, were also 
implemented for cpDNA and mtDNA (“chloroplast_nt” and “mito-
chondrion_nt” capture targets) that can be easily used to capture 
intergenic regions. For this purpose, a custom reference database 
has to be supplied for each of two modes, consisting of a multitaxon 
fasta file with nucleotide sequences of targeted regions and se-
quence names compliant with the ORTHOSKIM nomenclature (see 
documentation, Appendix S1). Users may also supply their own ref-
erence fasta files for each type of sequence (CDS, rRNA and tRNA), 
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but need to collect annotations for cpDNA, mtDNA and rDNA for 
the contig selection step (Section 2.1.3).

By default, ORTHOSKIM is supplied with a database of reference 
sequences designed to the study of green plants (i.e., Viridiplantaeae) 
genome skimming data sets: the BUSCO plant set (viridiplantaeae_
odb10), 353 UCEs designed for angiosperms (Johnson et al., 2018), 
which can be used as “nucleus_nt” references, and a collection of an-
notations for plant cpDNA, mtDNA and rDNA genomic regions col-
lected from the NCBI. For any other eukaryotic taxa, please refer to 
the online documentation for more information on how to develop 
and format input files.

2.1.2  |  Global assembly and contaminant cleaning

The second step of ORTHOSKIM is to perform a global assembly 
of the sequencing reads into a set of contigs (without targeting a 
specific organelle genome), which are then used to capture target 
sequences (see step 2 in Figure 1). Assemblies are performed for 
each library using spades (Bankevich et al., 2012). spades is a nontar-
geted genome assembler, which combines good performance and 
low computational requirements (Bankevich et al., 2012), especially 
for organelle genomes (Freudenthal et al., 2020; Jin et al., 2020). 
This step is called in ORTHOSKIM using the “assembly” mode and 

F I G U R E  1  ORTHOSKIM workflow. The main steps, shown by coloured arrows are: (1) compute a multitaxa reference database for 
cpDNA, mtDNA and rDNA targets (in pink arrows); (2) assemble reads (including a cleaning step, green arrows); (3) capture targeted 
sequences from the database (blue arrows); and (4) align captured sequences across libraries and get alignment files for phylogenetic 
inference (orange arrows). The yellow boxes indicate user-supplied information. The command lines to call the software are printed next to 
the respective steps
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the “spades” target for genomic libraries or the “rnaspades” target 
for transcriptomic libraries. For genomic libraries, spades is run in 
read-correction mode and with the –cov-cutoff auto parameter to 
determine conservative read coverage cutoff values. The other pa-
rameters of the assembly (i.e., kmer sizes, threads, available memory) 
are read from the input parameter file. Once assemblies are com-
pleted, the “format” mode is used to extract and format the final 
scaffold of sequences from spades outputs.

Several sources of contamination could compromise the anal-
ysis of genomic data. The “cleaning” mode is next used to identify 
and remove potential cpDNA, mtDNA and rDNA contaminants in 
the final assemblies. For this purpose, all contigs of each library 
are blasted against the RFAM (Burge et al., 2013) and the SILVA 
(Ludwig et al., 2004) RNA databases, taken from the sortmerna 
software (Kopylova et al., 2012), and also against our own data-
base, called DBFAM, including a subset of cpDNA, mtDNA and 
rDNA genomes covering a wide taxonomic range in Eukaryota 
with plant, animal and fungal sequences (see step 2 in Figure 1). 
For each contig, the taxonomic level of the best-hit blast output 
is next compared to an expected level supplied by the user in the 
input parameter file. Contigs outside the expected taxonomy are 
hence considered as contaminants and filtered out. This function 
was not designed to assign a contig to a specific taxonomic level 
(e.g., family, genus or species) but to quickly remove obvious con-
taminants. So, we recommend keeping a deep expected taxonomic 
level (e.g., kingdom, subkingdom or phylum), as the taxonomy of 
the SILVA, RFAM and DBFAM databases used is nonexhaustive. 
For example, for a plant model, the user can set the expected level 
to “Embryophyta” to remove all contaminants contigs in assemblies 
with a blast best-hit outside this level, which will filter out fungal, 
animal or bacterial contigs.

2.1.3  |  Sequence capture

Step 3 of ORTHOSKIM consists in the capture of targeted sequences 
from cleaned assemblies (blue arrow in Figure 1). This step is called 
using the “capture” mode in accordance with the targeted genome 
compartment and sequence type, for example -t chloroplast_CDS 
for chloroplast CDS or -t chloroplast_rRNA for the chloroplast rRNA. 
Sequence capture follows the three following steps:

Selection of references and contigs
For each targeted sequence and study library, ORTHOSKIM first se-
lects the closest reference from the reference sequence database. 
This selection follows the NCBI taxonomy: a valid taxonomy identi-
fier (TaxId) is supplied for each library of the sample description file 
into the library name. If the TaxId is not provided, ORTHOSKIM will 
use all the provided seeds as reference, or the longest sequence for 
the nuclear targets (“nucleus_aa” and “nucleus_nt”). With the single-
copy reference sequences (“busco” target), the procedure is slightly 
different: with a formatted set of references from BUSCO, the se-
lection step is skipped because the ancestral sequence variants are 
provided.

Each contig is then assigned to a genomic compartment. This 
step is crucial to avoid cross-genome contamination, in particular 
MTPTs. A mitochondrial copy of a plastid gene should not be cap-
tured even if the homologous plastid gene is absent from the re-
constructed contigs. To do so, each contig is blasted against the five 
closest organelle genomes and rDNA regions, and this procedure is 
repeated for each library and for all three genomic compartments: 
mtDNA, cpDNA and rDNA regions. As a result, annotations need to 
be supplied for all three compartments in plant models even if only 
one cpDNA, mtDNA or rDNA region is targeted, or only for mtDNA 
and rDNA for other study models. For modes without annotated 
genomes (“busco,” “nucleus_aa” and “nucleus_nt” targets), it is also 
possible to identify which contigs align with targeted sequences. 
Mapping is performed using the diamond software for amino acid 
sequences (Buchfink et al., 2015) or using blast for nucleotide se-
quences. Several thresholds should be specified by the user within 
the parameter file, to set kmer coverage, contig length and minimal 
blast e-value, so as to exclude all low-quality contigs following clas-
sic standards for these thresholds. Default values, which are good 
enough for most applications, are given in the supplied parameter 
file.

Exon–intron sequence prediction
The selected contigs are then aligned on the closest targeted ref-
erences using the exonerate algorithm. This algorithm predicts the 
entire exonic structure of the targeted sequences by incorporating 
the appropriate gaps and frameshifts. In ORTHOSKIM, this step is 
achieved by using the protein2genome or the genome2genome mode, 
depending on the type of reference sequences (i.e., amino acid or 
nucleotide sequence). A gff3-formatted output is generated.

Extraction of targeted sequences
The homology of each targeted sequence is next assessed from se-
quence similarity thresholds. For each targeted sequence, the best 
alignment with the greatest sequence similarity is identified from 
the gff table and the sequence is outputted into a fasta file (e.g., 
ycf1.fa file, see documentation for output files). Options exist in the 
input parameter file to extract exonic regions, intronic regions or 
both. For coding targeted sequences, ORTHOSKIM quality-checks 
the output by verifying that the longest open reading frame (ORF) 
from the extracted exons covers at least a minimal fraction of the 
capture sequence. The fraction must be set in the input parameter 
file, with 80% the default value. The NCBI genetic code used for 
translation of the sequences must also be fixed to best accom-
modate the inference of ORF according to the studied model and 
the target sequences. For example, the vertebrate mitochondrial 
code must be specified if animal mtDNA sequences are targeted. 
This check flags variation or error in gene predictions, such as al-
ternative start codons in the protein sequence of the reference. If 
such condition is not verified, due to pseudogenes or prediction 
errors, the sequence is tagged as a gene-like sequence (e.g., ycf1-
like), and stored in a different file (e.g., ycf1-like.fa file). For plant 
models, a second control is performed to ensure the correct origin 
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of reconstructed organelle genes: the extracted sequences are 
aligned against the organelle seeds, to filter out chimeric organelle 
contigs. Such chimeras are assembled from conserved regions, and 
must be dealt with separately because they usually pass the previ-
ous quality-control steps.

ORTHOSKIM also includes a coverage cut-off option during the 
capture of cpDNA and mtDNA target sequences, to remove all possible 
contigs from organelle contaminants (e.g., alien sequenced DNA), which 
are characterized by lower sequencing depths. This step allows filtering 
out remaining contaminant contigs, which would have passed through 
the final “cleaning” step of global assembly. To achieve this, the soft-
ware retrieves the coverage of each contig for which the best alignment 
of the targeted sequences is identified and then computes the mean 
coverage adjusted by the contig lengths. Each contig having a weighted 
coverage below this mean minus 3 standard deviations is then removed 
from the data set. We recommend using this option only for genome 
skimming libraries, for which homogeneous coverage is expected for 
cpDNA and mtDNA. For the rDNA target, ITS1 and ITS2 barcodes are 
extracted from the intronic regions of our rRNA probes. ORTHOSKIM 
stores the list of contigs for which sequences were extracted, in case 
the user prefers to use the contig sequences directly.

2.1.4  |  Alignment of captured sequences

In a final step, ORTHOSKIM includes an “alignment” mode which 
generates multiple sequence alignments from the captured se-
quences for each of the analysed libraries (step 4 Figure 1). This 
facilitates downstream phylogenetic analyses. Multiple align-
ments are performed using mafft (Katoh & Standley, 2013) with the 
--adjustdirectionaccurately option, and poorly aligned regions are 
trimmed out using trimal (Capella-Gutiérrez et al., 2009) option-
ally with the automated1, gappyout or strictplus method if indicated 
in the parameter file. At this step, the user chooses which libraries 
and which sequences will be aligned, from a list provided in the pa-
rameter file. We recommend checking for the presence of potential 
contaminants in the captured genes before aligning all extracted se-
quences. This can be done through the “checking” mode for a selec-
tion of captured sequences, including classic plant DNA barcodes 
(e.g., matK, rbcL, trnL-UAA). In these, the taxonomic assignation of 
the extracted sequences is verified by blasting the sequences to the 
NCBI database. Moreover, ORTHOSKIM is not designed to treat 
duplicated genes, so we recommend checking sequence alignments 
visually to ensure that homologous regions were well captured: plant 
mtDNA in particular is known to include divergent or chimeric gene 
copies (e.g., Kozik et al., 2019; Omelchenko et al., 2020; Palumbo 
et al., 2020). Softwares such as prequal (Whelan et al., 2018) or spru-
ceup (Borowiec, 2019), may be used to further check and correct the 
homology assignment of captured genes.

A concatenated alignment file is produced together with a 
partition file giving the location of the chosen sequences into the 
alignment in raxml-style format. Libraries with missing data above a 
threshold specified in the parameter file are excluded. Output files 
generated by ORTHOSKIM can be used as inputs of phylogenetic 

tree reconstruction softwares (e.g., iqtree; Minh et al., 2020) or pipe-
lines (e.g., treeasy; Mao et al., 2020).

2.2  |  Pipeline illustration

Here we provide an example application of ORTHOSKIM, using a 
set of shotgun libraries sequenced for plant species from two fami-
lies of Ericales: Primulaceae and Ericaceae. Inferring the phyloge-
netic relationships within this diverse and species-rich order, which 
found considerable interest among systematists, has been a recal-
citrant problem in the past (Rose et al., 2018; Schönenberger et al., 
2015). Moreover, Ericaceae are resistant to cpDNA assembly due 
to their complex plastid structure (Inger Greve Alsos et al., 2020). 
ORTHOSKIM was used to capture chloroplast and mitochondrial 
genes along with ribosomal regions, and to subsequently infer phy-
logenetic hypotheses from these markers.

2.2.1  |  Data sets

We used a total of 114 genome skimming libraries generated within 
the framework of the PhyloAlps and PhyloNorway projects (Inger 
Greve Alsos et al., 2020). The libraries, with a mean sequencing 
depth estimated at 1.3× coverage (Appendix S2), were produced 
from 54 samples of Ericaceae, 52 of Primulaceae and eight of the 
Balsaminoid clade (one Macrgravia +seven Impatiens species). This 
sampling represented a total of 30 genera and 91 distinct species, 
including replicates and subspecies (see Appendix S2). Balsaminoid 
taxa were incorporated as outgroups for phylogenetic inference ac-
cording to previous studies (Rose et al., 2018; Zhang et al., 2020).

This sampling included 82  libraries generated from leaf tissues 
freshly collected in the field and dried in silica gel (PhyloAlps proj-
ect), but also 32 libraries obtained from the sequencing of herbarium 
leaf tissues (PhyloNorway project, see Appendix S2). This strategy 
was implemented to assess the efficiency of ORTHOSKIM to deal 
with both degraded and fresh DNA samples.

We also assessed the efficiency of ORTHOSKIM to extract 
phylogenetically informative sequences from both genomic and 
transcriptomic libraries. To that effect, we included four RNAseq 
data sets available from the European Nucleotide Archive (ENA) 
of Ericales generated from fresh leaf tissues, for the following 
species: Lysimachia nummularia L. (SRR6434984), Primula vulgaris 
Huds. (SRR1578145), Pyrola americana Sweet (SRR11994223) and 
Vaccinium corymbosum L. (SRR6472974).

2.3  |  Pipeline run

ORTHOSKIM was executed on a single PC running Linux with 24 
cores and 125 GB of RAM. The following versions of software de-
pendences were used: blast version 2.9.0, diamond version 0.9.13, 
exonerate version 2.2.0, mafft version 7.429, python version 3.7.5 and 
spades version 3.13.1; and we used the following python modules: 
BioPython version 1.74, numpy version 1.17.2, ete3 version 3.1.1 
and joblib version 0.14.1.
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A database was computed for the cpDNA and the rDNA se-
quence targets using the “-m database” mode of ORTHOSKIM, using 
164 annotated cpDNA and 267 annotated rDNA regions produced 
for Ericales by the PhyloAlps and PhyloNorway projects (see Alsos 
et al., 2020), and sixx more annotated cpDNAs available from NCBI 
GenBank/Refseq (KX668174, MK550716, KU513437, MN418389, 
LC521967, MT533181). The database consisted of 79 chloroplast 
coding DNA sequences (CDS), four chloroplast noncoding rRNA 
(rrn16S, rrn23S, rrn4.5S and rrn5S) genes, the trnL-UAA gene, and 
the three nuclear ribosomic noncoding rRNA genes (rrn18S, rrn26S 
and rrn5.8S). For the mitochondrial genome, we computed the da-
tabase from annotated mtDNA of 307 plant species available from 
NCBI GenBank/Refseq, including 39 coding and three noncoding 
rRNA genes (rrn18S, rrn26S and rrn5S). The seed sequences for the 
cpDNA and rDNA genes were extracted from the cpDNA genome of 
Arabidopsis thaliana (L.) Heynh. (AP000423), while seed sequences 
for the mtDNA genes were extracted from the mtDNA genomes of 
Camellia sinensis L. (NC_043914) and Vaccinium macrocarpon Aiton 
(NC_023338).

Global assemblies of sequence contigs were performed on 
each library with the “-m assembly” mode with a kmer size of 55, 
using the “-t spades” target for genome skimming libraries and the 
“-t rnaspades” target for the transcriptomic libraries. To capture tar-
geted sequences, we included only contigs with kmer coverage ≥3 
and size ≥500  bp. We set a minimal mapping e-value at 1e-5. We 
captured the exonic regions for each targeted sequence with the 
exception of the trnL-UAA for which the intronic region was in-
cluded in the target. Sequence capture was considered successful 
if at least 60% of the reference was covered. Moreover, the minimal 
fraction of captured sequence covered by an ORF was set at 80%. 
ORTHOSKIM was run with the “-m capture” mode along with “-t 
chloroplast_CDS,” “-t chloroplast_rRNA,” “-t chloroplast_tRNA,” “-t mi-
tochondrion_CDS,” “-t mitochondrion_rRNA” and “-t nucrdna” targets 
(see step 3 Figure 1). Contaminations were checked using the “-m 
checking” mode on matK, rbcL, trnL-UAA, ITS1 and ITS2.

Next, the libraries were aligned for each captured sequence with 
the “-m alignment” mode by excluding gene-like tagged sequences 
and by trimming alignments using the heuristic automated1 algo-
rithm of trimal. This produced a concatenated data set for each set 
of the cpDNA, mtDNA and rDNA captured regions. Libraries with 
<70% of the values in the concatenated alignments were filtered 
out. Alignments were checked for the possible capture of paral-
ogues, in particular for the mtDNA, by using spruceup to identify and 
remove outlier sequences from the obtained alignments.

Phylogenetic inferences were conducted on the cpDNA, mtDNA 
and rDNA concatenated and partition files in iqtree (Minh et al., 
2020). We used modelfinder (Kalyaanamoorthy et al., 2017) to de-
termine the best-fit model by partition (-m MFP), 1,000 ultrafast 
bootstrap (UFBoot) replicates (-bb 1000), the hill-climbing nearest 
neighbour interchange (NNI) search option (-bnni), and the SH-like 
approximate likelihood ratio test to assess branch support with 
1000 replicates (-alrt 1000).

3  |  RESULTS

3.1  |  Sequence capture in Ericales

The median computational time was 01 h:04 min:00 s per genome 
skimming library and 03 h:02 min:24 s per RNAseq library using 24 
cores and 125 GB of RAM per library (Appendix S2). This difference 
can be explained by the larger library sizes for the RNAseq libraries 
used here (Appendix S3). Moreover, the computational time within 
genome skimming libraries was highly correlated with the library 
size produced in terms of read number and the available number 
of assembled contigs, regardless of sample preservation (silicagel 
or herbarium) and independently of the sampled family (Appendix 
S3). Although some variability was shown in sequencing and as-
sembly summary statistics (i.e., sequencing reads, contig number, 
N50, Appendix S1), the success rate of chloroplast gene capture 
from genome skimming libraries was 98% for Primulaceae, 93% for 
Ericaceae and 96% for Balsaminoids (including complete, partial and 
pseudogenes, Figure 2). This overall success of capture appeared to 
be correlated with the number of reconstructed contigs for cpDNA 
(Appendix S4), which are, as a whole, highly covered. Most of the 
genes were captured completely although some genes were only 
partially recovered, such as the genes with complex structure (e.g., 
ycf1, ycf2 and rps12, particularly in Ericaceae), or were sometimes 
totally missing from the final concatenated alignment (e.g., ycf2 in 
Ericaceae). We also found variant copies for some genes across fami-
lies, such as clpP and infA in Primulaceae, or ndh genes in Ericaceae 
(tagged as gene-like in Figure 2). The capture rate of classical cpDNA 
plant barcodes (matK, rbcL and the intron of trnL-UAA) was 100% for 
Primulaceae, 94%, 98% and 100% for Ericaceae, respectively; and 
75%, 100% and 75% for the Balsaminoids, respectively (Figure 2). In 
Balsaminoids, matK had a variant copy in 12.5% of samples (Figure 2).

Concerning mitochondrial genes, the capture rate from ge-
nome skimming libraries was 84% for Primulaceae, 69% for 
Ericaceae and 82% for Balsaminoids (Figure 2). Such rates cor-
related with the overall reconstructed size, and the amount and 
the coverage of mtDNA contigs (Appendix S4). More mtDNA 
genes were partially recovered in comparison to cpDNA, such as 
nad2 or nad5, and nad1, rps7, rps15 and rpl16 were nearly missing 
from the captured genes (Figure 2). Concerning the rDNA targets, 
the capture rate was 97% in Primulaceae, 96% in Ericaceae and 
100% in Balsaminoids (Figure 2) and highly correlated with the 
total reconstructed size of the rDNA contigs (Appendix S4). The 
rrn18S gene was captured with the lowest success rate. We re-
covered ITS1 and ITS2 barcodes in 96% and 100% of Primulaceae, 
in 98% and 100% of Ericaceae, and 100% for both ITS copies in 
Balsaminoids (Figure 2).

For the RNAseq libraries, we obtained a success rate for chloro-
plast, mitochondrion and ribosomal sequence recovery of respec-
tively 94%/95%/80% for Lysimachia nummularia, 95%/74%/100% 
for Primula vulgaris, 62%/71%/80% for Pyrola americana and 
93%/88%/60% for Vaccinium corymbosum.
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F I G U R E  2  Sequence capture rates in Ericales genome skimming data sets for cpDNA genes, mtDNA genes and rDNA regions. Grey 
shading indicates the length coverage of the reference, whereas gene-like captured sequences (pseudogenes or prediction errors) are shown 
in orange. Icons were retrieved from BioRender
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3.2  |  Phylogenetic inferences based on 
sequence capture

We inferred three different phylogenies, one for cpDNA genes, 
mtDNA genes and the rDNA sequences.

For chloroplast DNA, all 118 libraries were retained in the final 
concatenation of all captured gene alignments. Only accD and clpP 
were excluded from the concatenation because of the low alignment 
quality produced for both genes. The resulting alignment consisted 
in 68,010  bp with 18,587 informative sites and 16% missing data 
(Figure 3). Sequence homology was well estimated as only 0.22% of 
sites were identified as outliers in spruceup. The proportion of miss-
ing data tends to be slightly higher for herbarium and silica gel-dried 
materials (Mann–Whitney p  =  .061). Moreover, Ericaceae had sig-
nificantly more missing data (Kruskal–Wallis p  =  2.2  ×  10−16). The 
resulting phylogeny was well resolved at both deep and shallow 
nodes with 86% of the nodes having a UFBoot ≥95 (Figure 3). In the 
analyses, all genera were monophyletic, except for Primula L. due to 
the placement of Dodecatheon frigidum Cham. & Schltdl within the 
Primula clade. All species replicates clustered together at the species 
level (Impatiens noli-tangere L., Vaccinium myrtillus L., Trientalis euro-
paea L.) with the sole exception of Androsace halleri L. Samples from 
the transcriptomic libraries were also correctly placed: Pyrola amer-
icana was sister to the clade of Pyrola media Sw. and Pyrola minor L.; 
Vaccinium corymbosum sister to Vaccinium myrtillus; Lysimachia num-
mularia sister to its genomic replicate; and Primula vulgaris sister to 
Primula veris veris L.

For mtDNA, four genes (nad1, rpl16, rps7, rps15) had a consis-
tently low capture rate and were removed from the concatenation 
(see Figure 2). Nine Ericaceae libraries had ≥70% of missing data and 
were removed. Concatenation of the remaining 38 gene alignments 
for 109 libraries resulted in 33,095 bp with 3717 informative sites, 
12% missing data and 0.48% of outlier sites (Figure 4). In contrast to 
cpDNA, a higher proportion of missing data was found for herbar-
ium specimen than for silica gel-dried plant material (Mann–Whitney 
p = 7.1 × 10−6). Primulaceae had a lower proportion of missing data 
than the other two families (Kruskal–Wallis p = 3.80 × 10−10).

The phylogenetic hypothesis inferred from mitochondrial genes 
was less resolved than that for cpDNA, notably for shallow nodes 
(e.g., within Primula or Androsace L. clades), with only 72% of the 
nodes having a UFBoot ≥95 (Figure 4). All families and genera were 
retrieved as monophyletic with the exception of Primula including 
D. frigidum, consistent with the cpDNA inference. Some sets of spe-
cies replicates were not monophyletic (Impatiens parviflora DC. or 
Vaccinium uliginosum L.). Consistent with the cpDNA tree, Androsace 
halleri was not monophyletic. Taxa from transcriptomic-based librar-
ies also placed as expected but had consistently longer branches 
than those inferred from genomic-based libraries. We also noted 
incongruences between cpDNA and mtDNA phylogenies for some 
low-support nodes (Appendix S5): Vaccinium L., some Primula sub-
clades or Soldanella calabrella Kress.

Concerning the rDNA sequences, two accessions with ≥70% 
of missing data were removed. For the 116  remaining libraries, 

all five alignments of sequences were concatenated, resulting 
in 5,546  bp with 913 informative sites, 5.37% of missing data 
and 0.06% of outlier sites (Figure 5). The proportion of missing 
data did not differ significantly between herbarium and silica 
gel-dried materials (Mann–Whitney p =.162). The phylogeny was 
much less resolved than for both organelle data sets, for both 
deep and shallow nodes, with only 64% of the nodes displaying 
a UFBoot ≥95 (Figure 5). As for organelle phylogenies, all gen-
era were monophyletic, except for Primula due to the inclusion of 
D. frigidum within the Primula clade. Species replicates were con-
sistently placed with the exception of Vaccinium uliginosum, and 
RNAseq samples were also placed as expected. We also noted cy-
tonuclear discordances (i.e., between cpDNA and nuDNA), shown 
in Appendix S6, either with low support values for the discordant 
nodes (e.g., relative position of Daboecia cantabrica (Huds.) K. 
Koch; and the Erica L. spp. Clade, within Ericaceae) or highly sup-
ported tree incongruences, such as the placement of Soldanella 
alpina L. spp. (Appendix S6).

4  |  DISCUSSION

ORTHOSKIM offers an efficient method to capture both organelle 
and ribosomal sequences from genome skimming data sets through 
a single analysis. By also providing different modes to capture any 
coding or noncoding target regions, suitable for any eukaryotes and 
different types of genomic libraries, this pipeline opens new oppor-
tunities for phylogenomics and DNA barcoding studies.

4.1  |  Sequence capture in genome 
skimming libraries

ORTHOSKIM streamlines the capturing of all cpDNA and mtDNA 
genes along with the rDNA regions, using both genomic and tran-
scriptomic libraries. In this benchmark on Ericales samples, the ap-
proach displayed particularly high capture rates of the targeting 
sequences in genome skimming libraries despite very low genome 
coverage (median ~1.3×, SD ~0.8). This can be explained by high 
coverage obtained for these three regions in genomic assemblies 
(Appendix S7), as expected in genome skimming libraries. Such cov-
erages depend highly on the sequencing effort of produced libraries 
(Appendix S8).

Concerning cpDNA targets, ORTHOSKIM performed notably 
well for shotgun data sets generated from herbarium and silica-
dried material, and also from Ericaceae, a family known to display 
complex plastid structure, making these data difficult for de novo 
organelle assembly (Inger Greve Alsos et al., 2020). Here we cap-
tured almost all the cpDNA genes where previous attempts had 
failed, although some genes were only partially recovered in this 
family because of the complex nature of their cpDNA. Indeed, we 
found a higher number of cpDNA contigs assembled for Ericaceae 
data sets compared to other families (e.g., 13.26 contigs recon-
structed on average in Ericaceae vs. 5.55 in Primulaceae, Appendix 
S4). Such fragmentation can thus explain why lower capture rates 
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were obtained for Ericaceae, as the overall success of cpDNA cap-
ture seems to depend primarily on the amount of reconstructed 
contigs (Appendix S4).

Most of the missing cpDNA genes among the three studied 
families are known to be nonfunctional in Ericales (Braukmann, 
Broe, et al., 2017; Liu et al., 2016; Logacheva et al., 2016; Ren 

F I G U R E  3  Phylogenetic relationships of Ericales families based on the concatenation of 82/84 chloroplast (cpDNA) genes and 118/118 
taxa. Phylogenetic support (SH-aLRT/UFBoot) values are given for nodes for UFBoot values <95%. Bottom panels indicate the distribution 
of missing data according to the origin of the samples (silica-dried or herbarium-preserved materials for genome skimming libraries, or 
RNAseq libraries), and the clade (Balsaminoids, Ericaceae and Primulaceae). Taxa from transcriptomic-based libraries are highlighted in 
orange. The chloroplast icon was retrieved from BioRender

CHLOROPLAST
118/118 taxa - 82/84 genes - 68,010 sites - 16.35% missing data - 18,587 informative sites

Balsaminoids (8/8)

Primulaceae (54/54)

Ericaceae (56/56)

m
is

si
ng

 d
at

a

he
rb

ar
iu

m

si
lic

a

R
N

A-
se

q

Marcgravia sp. FAM005627

Impatiens balfourii PHA004756

Impatiens noli-tangere PHA004762
Impatiens noli-tangere TROMV650260

Impatiens glandulifera TROMV964524

Impatiens balsamina PHA004757

84.7/81

Impatiens parviflora PHA004764
Impatiens parviflora TROMV89843

Empetrum nigrum hermaphroditum TROMV962923
Empetrum nigrum hermaphroditum PHA003225

Lysimachia nummularia PHA005579

Primula albenensis PHA007171

Pyrola media PHA007378

Hottonia palustris TROMV145592

Rhodothamnus chamaecistus PHA007614

Trientalis europaea PHA009300

Vaccinium gaultherioides PHA009498

Trientalis europaea TROMV96829

Androsace beringensis CLA003044

Primula integrifolia PHA007216

Pyrola americana SRR11994223

Kalmia procumbens TROMV963947

Vaccinium myrtillus TROMV961324

Rhododendron hirsutum PHA007607

Primula latifolia PHA007223
Primula apennina CLA007175
Primula villosa PHA007247

Moneses uniflora TROMV94028

Erica scoparia PHA003345

Chamaedaphne calyculata TROMV145855

Kalmia polifolia TROMV301404

Vaccinium oxycoccos PHA009504

Soldanella angusta CLA010120

Anagallis minima PHA000451

Lysimachia thyrsiflora PHA005583

Primula hirsuta PHA007211

Vaccinium uliginosum TROMV355010

Androsace halleri PHA000487

Orthilia secunda PHA006313

Erica cinerea TROMV158415

Soldanella chrysosticta CLA010132

Kalmia procumbens PHA005438

Primula elatior leucophylla CAR007201

Erica herbacea PHA003342

Rhododendron ferrugineum PHA007604

Soldanella calabrella CLA010124

Moneses uniflora PHA005879

Lysimachia maritima TROMV964697

Anagallis arvensis PHA000447

Rhododendron myrtifolium CAR007612

Soldanella alpina CLA010110

Andromeda polifolia PHA000470

Erica spiculifolia CAR003348

Vaccinium vitis-idaea TROMV965838

Primula veris veris PHA007245

Vaccinium myrtillus PHA010070

Lysimachia nummularia SRR6434984

Arbutus unedo TOU010327

Pyrola minor PHA007382

Erica tetralix PHA003350

Androsace rioxana CLA000545

Vaccinium uliginosum TROMV355015

Primula vulgaris SRR1578145

Harrimanella stelleriana TROMV135813

Calluna vulgaris TROMV966239

Anagallis tenella PHA000453

Pyrola chlorantha PHA007377
Pyrola rotundifolia PHA007385

Andromeda glaucophylla TROMV300246

Vaccinium vitis-idaea PHA009507

Androsace pubescens PHA000540

Androsace arctica CLA003043

Andromeda polifolia TROMV147529

Trientalis europaea TROMV964193

Rhododendron lapponicum TROMV651537

Erica arborea PHA003341

Primula kitaibeliana CLA007222

Cyclamen purpurascens PHA002728

Soldanella alpina cantabrica CLA010117

Androsace idahoensis CLA003046

Androsace septentrionalis PHA000552

Androsace delphinensis sp.nov. PHA010691

Harrimanella hypnoides TROMV962002

Androsace cylindrica hirtella CLA000498

Androsace delavayi CLA000503

Pyrola carpatica CAR007374

Rhododendron luteum PHA007610

Soldanella marmarossiensis CLA010150
Soldanella hungarica hungarica CAR010045

Primula auricula PHA007176

Primula recubariensis PHA007237

Pyrola grandiflora norvegica TROMV94029

Dodecatheon frigidum TROMV135782

Phyllodoce caerulea TROMV962175

Daboecia cantabrica PHA010511

Arctostaphylos uva-ursi PHA000781

Lysimachia vulgaris PHA005585

Vaccinium microcarpum TROMV700157

Arbutus unedo PHA000767

Primula carniolica CLA007187

Primula elatior intricata CAR007199

Androsace villosa CLA000566

Calluna vulgaris PHA001461

Orthilia secundaTROMV67649

Androsace chamaejasme CAR000493

Empetrum nigrum nigrum PHA003227
Empetrum nigrum TROMV135794

Primula elatior elatior PHA007194

Arctostaphylos uva-ursi TROMV76920

Hottonia palustris PHA004642

Soldanella carpatica CLA008771

Primula deorum CLA007193

Androsace halleri CLA000506

Vaccinium microcarpum PHA009500

Lysimachia thyrsiflora TROMV700160

Samolus valerandi PHA007921

Vaccinium corymbosum SRR6472974

Cassiope tetragona TROMV963315

24/45

0/64

78.1/72
94.6/93

69.3/73

18.5/53 82.7/74
93.8/86

75.8/94

75.2/87

9.6/46

36.5/60

28.6/82

0/62



2028  |    POUCHON et al.

et al., 2018). For example, ndh genes (detected but classified in the 
“gene-like” category for Orthilla spp. and Pyrola spp.) have been 
shown to be pseudogenized in Pyrola rotundifolia (Logacheva et al., 
2016). Probably due to their pseudogenization and size reduction 
(Braukmann, Broe, et al., 2017; Logacheva et al., 2016; Martínez-
Alberola et al., 2013), some of the cpDNA genes were also dis-
carded in Ericaceae, such as accD or ycf1, as they did not pass the 

reference coverage threshold. Moreover, both accD and clpP were 
shown under pseudogenization or unusual forms in both Ericaceae 
and Primulaceae (Braukmann, Broe, et al., 2017; Liu et al., 2016; 
Logacheva et al., 2016). This finding makes sense because these two 
genes have been shown to present accelerated rates of evolution in 
multiple independent lineages of Angiosperms, and at least in some 
cases it has been shown to be due to positive selection instead of 

F I G U R E  4  Phylogenetic relationships of Ericales families based on the concatenation of 38/42 mitochondrial (mtDNA) genes and 
109/118 taxa. Phylogenetic support (SH-aLRT/UFBoot) values are given for UFBoot values <95%. Bottom panels indicate the distribution of 
missing data according to the origin of the samples (silica-dried or herbarium-preserved materials for genome skimming libraries, or RNAseq 
libraries), and the clade (Balsaminoids, Ericaceae and Primulaceae). Taxa from transcriptomic-based libraries are highlighted in orange. The 
mitochondrial icon was retrieved from BioRender
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pseudogenization (e.g., Rockenbach et al., 2016). This could explain 
the ambiguous alignment obtained for these genes, which resulted 
in their removal from the phylogenetic analysis.

Concerning mtDNA, their use in phylogenomic studies has 
long been limited in plants owing to their highly dynamic structure 
and variation in size, high recombination rates, and enrichment in 

repeated elements and intronic regions (Galtier, 2011; Gualberto 
et al., 2014). Here, ORTHOSKIM succeeded in capturing mtDNA 
genes, but with an overall lower success rate than for the other ge-
nomic compartments, in particular within Ericaceae. Lower capture 
rates were also found for herbarium specimens than for silica gel-
dried materials, regardless of the age of the herbarium specimens 

F I G U R E  5  Phylogenetic relationships of Ericales families based on the concatenation of 5/5 ribosomal (rDNA) sequences and 116/118 
taxa. Phylogenetic support (SH-aLRT/UFBoot) values are given for UFBoot values <95%. Bottom panels indicate the distribution of missing 
data according to the origin of the samples (silica-dried or herbarium-preserved materials for genome skimming libraries, or RNAseq 
libraries), and the family (Balsaminoids, Ericaceae and Primulaceae). Taxa from transcriptomic-based libraries are highlighted in orange. The 
ribosomal icon was retrieved from BioRender
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(Appendix S9). By investigating the assembly statistics, the overall 
mtDNA contigs were less covered than cpDNA and rDNA contigs 
(mean coverage of 14.3 vs. 190.2 and 434.5 respectively) for a higher 
global reconstructed size (mean size of 349,000 bp vs. 127,000 and 
7200 bp, Appendix S7). Moreover, the success of mtDNA capture 
depends on the overall reconstructed size, the amount and the cov-
erage of mtDNA contigs in global assemblies (Appendix S4). The 
lower capture rates in mtDNA may thus be explained by their under-
representation in leaf cells and thus in genome skimming data sets 
in contrast to cpDNA or rDNA (Malé et al., 2014). This is particularly 
true for herbarium specimens, as overall cpDNA and mtDNA contigs 
were less covered in shotgun data sets produced from herbarium 
than from silica gel-dried materials (Appendix S10). The assembly 
of mtDNA contigs is consequently more sensitive to the coverage 
threshold set in ORTHOSKIM than for other genomic compart-
ments. For rDNA, the overall success of capture depends on the 
total reconstructed size of the rDNA contigs (Appendix S4). This can 
be explained by the restrictions set in ORTHOSKIM to select only 
contigs including at least the rrn5.8S and one of the two other rRNA 
genes, as intergenic spacers are targeted. Finally, given this low suc-
cess rate and the limited studies on mtDNA in Ericales and relatives, 
it remains unclear if the absence of some of mtDNA genes is due to 
pseudogenization or to the sampling coverage.

On the other hand, ORTHOSKIM appeared efficient for the 
retrieval of plant DNA barcodes, as traditional plant barcodes (i.e., 
matK, rbcL, ITS1, ITS2, trnL-UAA) were nearly always fully captured. 
ORTHOSKIM was recently used at larger scale to capture both matK 
and rbcL in 1815 genome skimming libraries for which these genes 
were missing following a targeted organelle assembly and anno-
tation approach (Inger Greve Alsos et al., 2020). The capture rate 
of matK was 77% for silica-dried materials and 78% for herbarium 
materials, and 68%–70% for rbcL, when using the assembled anno-
tated cpDNA genome obtained with org.asm (http://metab​arcod​ing.
org/org-asm). ORTHOSKIM increased the capture rate to ≥95% for 
both matK and rbcL and was particularly efficient for Aspleniaceae, 
Campanulaceae, Cistaceae, Cyperaceae, Ericaceae, Gentianaceae, 
Geraniaceae and Juncaceae, which proved challenging to full cpDNA 
assembly. This thus opens new perspectives in DNA barcoding for 
other plant families identified as parasitic plants in the literature 
(Graham et al., 2017), Cupressaceae (Qu et al., 2017) or Geraniaceae 
(Weng et al., 2014), but also for animals with complex mitochondrial 
genome structures (Lavrov & Pett, 2016; Valach et al., 2017).

4.2  |  Application to phylogenomics

As demonstrated here on two Ericales families, ORTHOSKIM pro-
duces aligned DNA sequence matrices suited for phylogenetic infer-
ence, using both genomic and transcriptomic libraries directly.

The phylogeny inferred from cpDNA genes was highly robust 
and concordant with the literature for both deep and shallow nodes 
among Ericaceae and Primulaceae taxa. In Ericaces, the relation-
ships among genera were similar to those inferred by Rose et al. 
(2018), with: a basal clade of Arbutus L. – Arctostaphylos Adans., with 

a second divergence of Moneses Salisb. ex Gray – Pyrola. We also 
found the two main sister clades composed of: Harrimanella Coville 
– Chamaedaphne Moench – Andromeda L. – Vaccinium and one com-
posed of other genera with similar relationships between Daboecia D. 
Don – Calluna Salisb. – Erica and between Kalmia L. – Rhodothamnus 
Rchb. – Phyllodoce Salisb. A similar concordance was found among 
the genera of Primulaceae (Boucher et al., 2016; Rose et al., 2018). 
Within genera, the relationships estimated among Androsace taxa 
were fully concordant with a previous study (Roquet et al., 2013). 
Indeed, we recovered a first divergence between a Central-Asian 
clade (Androsace chamaejasme Wulfen ex Host – A. villosa L.) and a 
European–North American clade with: a basal position of A. septen-
trionalis L. and subclades of taxa occurring in the Pyrenees (A.  ri-
oxana A.  Segura – A.  halleri), southeastern Europe (A.  delphinensis 
– A.  pubsecens) and North America (A.  idahoensis – A.  beringensis) 
mountains. The position of Dodecatheon frigidum within Primula, 
recovered in three phylogenies, was consistent with the literature 
(Mast et al., 2004).

In contrast to plastome data, phylogenies based on mitochon-
drial and ribosomal data sets yielded weaker and somewhat conflict-
ing signals. Discordances between organellar DNA and rDNA can be 
explained by biological causes such as incomplete lineage sorting, 
lateral gene transfers or hybridization events with differential paren-
tal inheritance (Govindarajulu et al., 2015; Pouchon et al., 2018; Rice 
et al., 2013; Smith, 2014; Walker et al., 2017, 2019). In contrast to 
nuclear inheritance, plant organelles are usually maternally inherited 
(Corriveau & Coleman, 1988; Schneider et al., 2015; Van de Paer et al., 
2016). However, cases of both paternal and biparental transmissions 
have also been documented in plants (Chybicki et al., 2016; McCauley, 
2013; Shen et al., 2015), which could lead to heteroplasmy (i.e., dif-
ferent copies of organellar DNA in cells) and different phylogenetic 
signal (Sullivan et al., 2017). Such discordances between organellar 
DNA were detected among Rubiaceae genera (Rydin et al., 2017) or 
within octoploid Fragaria L. (Govindarajulu et al., 2015). However, 
they seem to at best play a minor role in our study as they concerned 
shallow nodes with low bootstrap supports on the mtDNA phylog-
eny (e.g., within Vaccinium or Primula clades, Appendix S5). Likewise, 
cytonuclear discordances, which have been shown in Ericales, due to 
genome duplications (Larson et al., 2020; Vargas et al., 2019), were not 
obviously present here as most of the conflicting nodes were not fully 
resolved in the rDNA phylogeny. However, even with low bootstrap 
support, some of these nodes were consistent with the literature. For 
example, the phylogenetic relationships inferred for Soldanella L., from 
rDNA, are the same previously reported based on the ITS1, rrn5.8S and 
ITS2 markers (Bellino et al., 2015; Steffen & Kadereit, 2014) but were 
discordant from cpDNA and mtDNA inferences. The paraphyly re-
trieved here for Androsace halleri on organelle genomes in constrast to 
rDNA is also convergent with the previously demonstrated reticulate 
evolution highlighted in this species (Dixon et al., 2007).

Mitochondrial genes (CDS and rRNA genes) appeared useful in 
inferring deep relationships, as previously shown for Fabaceae (Choi 
et al., 2019), for Vitaceae (Zhang et al., 2015), for angiosperms (Xue 
et al., 2020) or here on Ericales. As an example, mtDNA fully supported 

http://metabarcoding.org/org-asm
http://metabarcoding.org/org-asm
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the sister clades of Daboecia/Erica and Empetrum L./Rhododendron L., 
unlike with cpDNA. However, the usefulness of mtDNA genes, which 
were less informative than plastid genes (i.e., 11.23% of informative 
sites in the mtDNA alignment vs. 27.32% in cpDNA), appeared lim-
ited for recent nodes (Van de Paer et al., 2018). As for mtDNA, rDNA 
genes yielded a lower proportion of informative sites than cpDNA 
alignments (16.46% of informative sites). Overall, mtDNA and rDNA 
had a relatively smaller contribution to phylogenetic inference than 
cpDNA within the families Ericaceae and Primulaceae. Such limitation 
over mtDNA and rDNA was also evidenced in Bignoniaceae (Fonseca 
& Lohmann, 2019). However, combining data from several genome 
compartments can be useful to resolve some problematic taxonomic 
groups. For example, our phylogenetic analyses placed Vaccinium 
gaultherioides Bigelow within V. uliginosum for both mtDNA and rDNA 
data sets, or as sister species for cpDNA. This supports past conclu-
sions based on cpDNA, rDNA and AFLP markers over the systematic 
position of V. gaultherioides as a prostrate form of V. uliginosum (Alsos 
et al., 2005; Eidesen et al., 2007).

Finally, we obtained mixed results for the use of transcriptomic li-
braries along with genomic libraries for phylogenomics applications. 
Although RNAseq libraries seemed correctly positioned on phyloge-
nies, the branch lengths recovered for these taxa differed markedly, 
in particular for mtDNA. Such a pattern could result from RNA-editing 
processes in transcriptomic libraries, which mostly concern organelle 
genomes and C–U changes (Ichinose & Sugita, 2016; Knie et al., 2016). 
Indeed, by comparing all CDS captured on genomic and transcriptomic 
libraries of Lysimachia nummularia, we found similar patterns of RNA 
editing as reported for Arabidopsis thalania (Chu & Wei, 2019), with 
~74% of C–U variants detected and ~89% of them located in mtDNA 
genes (see Appendix S11). Incorporating such edited sequences in 
alignments could therefore result in long branch attraction with topo-
logical artefacts in the inferred phylogenetic trees.

4.3  |  Advantages and perspectives of ORTHOSKIM

The ORTHOSKIM algorithm, presented here in detail, fills an impor-
tant niche. It provides a generic, flexible and user-friendly tool suit-
able for both genomic and transcriptomic sequence data, and for a 
wide range of applications, including phylogeny, DNA barcoding and 
RNA-editing pattern. ORTHOSKIM is also a scalable tool as its com-
putational burden is reasonable, and allows flexibility to the user by 
giving a wide range of options during sequence capture, with default 
parameters suitable for most applications.

Similar approaches have published, such as atram (Allen 
et al., 2015), hybpiper (Johnson et al., 2016) and mitofinder (Allio 
et al., 2020). However, in contrast to these pipelines, ORTHOSKIM 
is especially designed to work with any type of genome skimming 
libraries. Indeed, organelle gene transfer is explicitly considered in 
ORTHOSKIM, such as mtDNA and cpDNA rearrangements, lead-
ing to genomic conflict and taxonomic mispositioning (Park et al., 
2020; Rice et al., 2013; Wang et al., 2018). For example, rbcL copies 
have frequently been found in angiosperm mtDNA genomes (Park 
et al., 2020; Van de Paer et al., 2018). Moreover, ORTHOSKIM offers 

opportunities to capture and align lots of sequences from different 
genomic compartments in a single analysis, such as cpDNA, mtDNA 
and rDNA sequences from genome skimming libraries. It can also be 
applied more broadly to retrieve any targeted sequences including 
nuclear ones, which enhances its application beyond genome skim-
ming data sets. This contrasts with mitofinder, focusing on mtDNA 
genes or UCE markers, with hybpiper for which ITS sequences can-
not be directly targeted, or with traditional genome skimming 
approaches, mostly focusing on cpDNA for plants, and involving or-
ganelle assembler, annotators and alignment software (McKain et al., 
2018). Furthermore, in contrast to other approaches, we also de-
veloped a specific mode to flag possible cpDNA, mtDNA and rDNA 
contaminants in libraries, which can be problematic when focusing 
on such regions, when microbiote communities (e.g., fungi or bacte-
ria) are also sequenced and assembled (Chaudhry et al., 2021; Hsiang 
& Goodwin, 2003; Toju et al., 2019). In our benchmark on Ericales 
taxa, ORTHOSKIM cleaned genome-skimming libraries from algae 
cpDNA regions, and mtDNA and rDNA regions of fungi and oomy-
cetes, avoiding misidentification of targeted sequences (Appendix 
S12). Another advantage of ORTHOSKIM is that it overcomes the 
issues of organelle assemblers dealing with complex organelle struc-
tures as it only focuses on key regions and does not attempt to fully 
assemble organelle genomes. Nevertheless, contrary to organelle 
assemblers, we cannot confirm whether a gene sequence is partial 
or missing, as shown here for rps7, rpl16 or rps12, due to issues such 
as low coverage, fragmented assemblies or biological causes (e.g., 
pseudogenization, gene or exon loss events, see Xu et al., 2015).

Finally, we propose that two further improvements could be 
integrated in future releases of ORTHOSKIM. First, sequence ho-
mology is currently assessed in ORTHOSKIM by using sequence 
similarity thresholds, whose efficiency depends on the taxonomic 
coverage of reference sequences and the genomic coverage of 
genome skimming data sets. When the reference database is ap-
propriate to the study scale, in particular in terms of taxonomic 
coverage, the bias of capturing paralogous sequence should be 
reduced. For example, in our benchmark tests, the homology was 
well estimated, with less than 0.5% of sites identified as outliers 
in spruceup for cpDNA, mtDNA and rDNA targets, which are highly 
conserved across taxa and well covered in genome skimming li-
braries. We currently recommend that users check and correct 
the homology assignment of captured genes, by using external 
software, such as prequal (Whelan et al., 2018) or spruceup, as 
done here. Control steps for checking sequence paralogy in final 
alignments could be added in further versions of ORTHOSKIM, 
based on heterozygosity and hypervariable site detection, as re-
cently performed on the ppd pipeline (Zhou et al., 2021). Second, 
the ability to assemble contigs and capture target sequences in 
ORTHOSKIM is improved when using higher coverage genomic 
libraries. For example, higher success rates of capture were ob-
tained here for cpDNA than mtDNA due to a higher coverage 
of cpDNA contigs than mtDNA contigs in our shotgun data sets 
(Appendix S7). Moreover, while the very low overall genomic cov-
erage of our benchmark tests (i.e., ~1.3×) was sufficient to retrieve 
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all cpDNA, mtDNA and rDNA targets, it did not allow us to cap-
ture any additional nuclear markers (e.g., UCEs or BUSCO-like). 
Capturing single copy nuclear sequences should be possible for 
greater sequencing depth (i.e., >3–10×; Berger et al., 2017; Liu 
et al., 2021; Zhang, Ding, et al., 2019; Zhang, Jin, et al., 2019). 
With lower genomic coverage, we recommend using alternative 
approaches based on read mapping when interested in nuDNA 
capture from genome skimming data sets (Vargas et al., 2019). 
Interestingly, Berger et al. (2017) showed that transcriptome 
assemblers implementing low k-mer values, such as soapdenovo-
trans (Xie et al., 2014) or trinity (Grabherr et al., 2011), performed 
better than spades to capture nuDNA regions, other than rDNA. 
Other assemblers, as implemented in mitofinder, could therefore 
be integrated in forthcoming versions of ORTHOSKIM to increase 
our capacity of capturing nuclear sequences in genome skimming 
libraries even at low coverage (Berger et al., 2017; Vargas et al., 
2019; Zhang, Ding, et al., 2019).
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Institut François Jacob, CEA, CNRS, Univ Evry, Université Paris- 
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