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A HYBRID CAPTURE BAIT SET FOR BEGONIA

T. Michel ©?, Y.-H. Tseng @3, H. P. Wilson 2?4, K.-F. Chung@®? & C. A. Kidner ®"?*"

Hybrid capture with baits has proven to be a rich source of genetic data for many genera. The depth
of information provided allows resolution of rapid radiations and of deep phylogenetic patterns.
Retrieved data can also be used for population genetic studies and analysis of functional genetic
diversity. To gain a better understanding of the evolutionary patterns across this large, diverse and
fascinating genus through phylogenetics, population genetics and sequence analysis, we have
designed and tested a set of 1239 baits covering low copy number and functionally annotated
genes involved in shade adaptation and development and genetically linked to key traits. We
demonstrate successful recovery of sequence data from species across Begonia and from fresh,
silica-dried and older herbarium material.
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Introduction

Hybrid capture is now a common method for retrieving sequence data for phylogenetics and
population genetics in plants (Cronn et al., 2012; Dodsworth et al., 2019; Hale et al., 2020;
Larridon et al., 2020; Slimp et al., 2021). The method gives high coverage for hundreds of
chosen loci across the genome, and the large numbers of loci recovered give a fuller picture
of evolutionary history and allow exploration of reticulate patterns produced by hybridisation
events. This high coverage gives confidence in variant calling and analysis of variation at
population levels. The ability to choose loci allows testing of evolutionary hypotheses about
the role of specific types of genes (McKain et al., 2018).

The phylogenetic reach of bait sets varies. Cross-angiosperm baits have been produced
and are becoming widely used for both deep and shallow phylogenomic studies (Johnson
et al., 2019; Larridon et al., 2020; Slimp et al., 2021). Family-wide sets have been useful in
untangling relationships, particularly in large groups and recent radiations (e.g. Compositae,
Mandel et al., 2015; Euphorbiaceae, Villaverde et al., 2018; mimosoid legumes, Koenen
et al., 2020; and Annonaceae, Couvreur et al., 2018). Sets focused on specific genera have
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2 Bait set for Begonia

been useful in resolving relationships in difficult groups (Folk et al., 2015; Pezzini, 2019;
Soto Gomez et al., 2019), and even species-specific sets have been designed for population
genetics and breeding (e.g. barley, Hordeum vulgare L. [Hill et al., 2019]; and wheat, Triticum
aestivum L. [Gardiner et al., 2019]).

Begonia L. is one of the largest plant genera (Frodin, 2004; Moonlight et al., 2018)
and presents a number of phylogenetic problems requiring increased resolution at both
deep (sectional divisions) and shallow (recent radiations) levels. Additionally, there is a
need to better understand the influence of past hybridisation events on present Begonia
species diversity, given the evidence of multiple ancient and recent hybridisations (Goodall-
Copestake et al., 2010; Thomas et al., 2012; Moonlight et al., 2015; Tseng et al., 2017, Liu
et al., 2019a). Hybrid capture provides a wealth of genetic data that can help resolve these
issues and provide data for further studies of diversity and evolution across the genus.

In the present study, we aimed to provide background and advice on a genus-specific bait
set for Begonia to encourage the use of this technology in addressing some of the questions
about this exceptional genus. We describe how we designed a specific bait set for Begonia
that incorporates developmental genes, differentially expressed genes, and genes linked to
traits. Four projects have already used the bait set (Forrest et al., 2019; Wilson, 2021; and
two projects whose results are currently unpublished). We use data generated by these
projects to characterise the performance of the bait set. We compare samples, captures
and baits to determine the range of sample quality and species on which the bait set works,
the range of hybridisation conditions, and the performance of individual baits in different
captures. To compare sequence analysis pipelines, we analyse data from one capture using
five pipelines to compare assembly metrics and phylogenies generated as concatenated
data and gene tree analysis. The comparison of captures and analyses in this methods-
focused paper will provide guidance for future projects using this bait set to answer the
many questions about Begonia biology.

Materials and methods
Bait design

Our starting point was a transcriptome produced from mature leaves and male flower buds
of the Asian species Begonia luzhaiensis T.C.Ku (Tseng et al., 2017) (Figure 1). BLASTN of
the transcriptome to itself was used to identify 15,349 sequences that share > 98% of their
identity over 100 bp with another sequence. These were considered likely to be single-copy
genes.

We then used BLASTN to compare the Begonia luzhaiensis transcriptome sequences with
the set of annotated genes from the genome of the Central American Begonia conchifolia
A.Dietr. (Campos-Dominguez, 2020). This identified 15,463 sequences with ‘good’ matches,
that is, matches of > 90% identity over > 100 bp. A total of 11,261 sequences in this set were
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Figure 1. Design of a bait set for Begonia. Sequences from the Begonia luzhaiensis transcriptome were
self-blasted to obtain possible single-copy genes; the overlap with the set of genes annotated in both

the B. conchifolia genome and the Cucumis sativus genome was obtained. To this set were added
sequences of the markers from a genetic map of Begonia, differentially expressed transcriptional
factors, genes linked to quantitative trait loci (QTL), and a set of candidate genes for shade growth.
Numbers in bold are the numbers of sequences retained at each step. ID, identity; SNP, single-
nucleotide polymorphism.
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determined to overlap with the ‘single-copy’ sequences identified in the previous step and
therefore selected for further analysis. These 11,261 sequences were subsequently filtered
by using the genome assembly method described by Yang et al. (2012) to identify only those
with matches of > 90% over > 100 bp to an annotated cucumber gene. This step yielded
1114 sequences.

We added three sets of sequences that may be useful for functional studies in Begonia.
The first consisted of matches to the 130 single-nucleotide polymorphism (SNP) markers
used to generate the first Begonia genetic map (Brennan et al., 2012). The second set
was made up of matches to 100 transcription factors differentially expressed between
Begonia conchifolia and B. plebeja Liebm. (Emelianova et al., 2021). The third set comprised
280 sequences with good matches to genes falling within one logarithm of odds drop
of significant quantitative trait loci for a range of traits in Begonia conchifolia x B. plebeja
(Twyford et al., 2014).

The final set of chosen sequences was a group of shade-associated genes. Having
surveyed the literature on genes associated with light responses, particularly shade
tolerance, we selected PhyA, PhyB, PhyC, PhyD, PhyE, CRY1, CRY2, PIF3, PIF4, PIF5, GLK,
PLASTID MOVEMENT and HAT4 (see the Supplementary table for details of these genes
in Arabidopsis Schur). Using tBLASTN with a cut-off of 1e-40, we identified orthologues
between the Arabidopsis proteins and the Begonia luzhaiensis transcriptome. These
sequences were compared against those already chosen, and the newly identified
sequences were then included to give a final set of 1320 target loci.

The final set of sequences exceeded the 2 MB of a standard kit size. Therefore, the
number of sequences was trimmed to 1288 loci by removing some that had been identified
only as single copy with a cucumber-annotated match. Daicel Arbor Biosciences (Ann Arbor,
MI, USA) designed and synthesised 100-mer nucleotide baits, with 2.1 x tiling across our
target sequences.

The first capture with this bait set was performed on samples from Begonia sect.
Coelocentrum Irmsch. Genomic DNAs were extracted from fresh or dried material using
the DNeasy Plant Mini Kit (Qiagen, Venlo, the Netherlands). Approximately 1 ug of DNA
was sonicated in a Bioruptor Pico machine (Cosmo Bio, Tokyo, Japan) using a program
to generate fragment sizes of 400—500 bp. Using 50 pL of sonicated DNA, a dual-indexed
library for each sample was prepared using the NEBNext Ultra Il DNA Library Prep kit (New
England BioLabs, Ipswich, MA, USA), following the manufacturer’s protocol and selecting
DNA in the range of 400-500 bp.

Each of the eight libraries was pooled into a 2 pg pool to perform hybridisation capture
of target DNA using biotinylated RNA baits from the first custom-designed myBaits kit for
Begonia (Arbor Biosciences, Ann Arbor, MI, USA). The custom bait set included 100-mer
baits with 2.1 x tiling density across 1288 loci with 1,990,537 bp. The hybridisation
procedure was performed at 65°C for 19 h following the myBaits v2.3.2 protocol. For
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post-capture PCR amplification, pools were amplified using 11 or 12 cycles. Target-enriched
libraries were quantified using a Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham,
MA, USA) and quality-checked using an Agilent Bioanalyzer (Agilent, Santa Clara, CA, USA).
All samples were sequenced on the lllumina HiSeq platform (250 bp paired-end) (lllumina,
San Diego, CA, USA) at the High Throughput Genomics Core at Biodiversity Research Centre,
Academia Sinica, Taiwan. This data set is referred to as COEL.

Analysis of the targeted-capture sequencing output from this capture identified 13 loci
with high paralogy and 83 loci with > 90% missing data. These loci were removed from
the set and replaced with target sequences from the following two sets. For the first set,
we identified interesting genes involved in regulating anthocyanin synthesis, flowering,
leaf form, and epigenetic regulation, among other functions. We then used the Arabidopsis
proteins to search for orthologues in the Begonia conchifolia genome using tBLASTN and
a cut-off of Te—40. The second set comprised sequences matching the Angiosperms353
panel (Johnson et al., 2019). The original set of targets had an overlap of 23 loci with the
Angiosperms353 enrichment panel. We added five further overlapping loci to take this
number to 28. The final target sequences are presented in the Supplementary data, with
annotation in the Supplementary table.

Capture experiments

The bait set has been used in four capture projects so far (Table 1). The data for two,
namely HAIR and PNG, have been published (Forrest et al., 2019, and Wilson, 2021,
respectively) and those for the other two, COEL and POP, are unpublished. We used the
sequence data from these experiments to characterise the performance of the bait set.

HAIR

These data derive from a study testing the degree to which various preservation techniques,
including using a hairdryer, affected our ability to derive useful data from samples of three
exemplar species (Forrest et al., 2019). Sample extraction library preparation and capture
methods have been described in detail by Forrest et al. (2019) and are summarised in

Table 1.

PNG

These data are taken from research in which samples from New Guinea begonias were used
for a Ph.D. study of Begonia's colonisation of the island (Wilson, 2021). Taxonomic sampling
was wide and included many closely related species, multiple individuals for some species,
and technical duplicates. Extractions were carried out using the standard Qiagen DNeasy
Plant Mini Kit columns, following the manufacturer’s protocol. Extracted DNA was quantified
using Qubit dsDNA HS chemistry, with duplicate reads taken for all samples. Quality was
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Table 1. Capture experiments carried out using the Begonia bait set

Variable HAIR PNG COEL POP

Reference Forrest et al. (2019) Wilson (2021) Tseng (in preparation) Michel (in preparation)

No. of sections 2 13 3 2

Material Fresh, silica-dried,  Fresh, silica-dried, Fresh, silica-dried Fresh, herbarium
herbarium herbarium

DNA preparation Qiagen Qiagen Qiagen Qiagen

Library NEBNext or TruSeq  NebNext Ultra Il NEBNext Ultra Il NEBNext

myBaits kit version 4 4 3 4

No. of samples 11-17 4-10 8 10-19

pooled per capture

Hybridisation time, 14 h, 60°C 16 h, 62°C 19 h, 65°C 24 h, 60°C

temperature

No. of 13-20 9-22 11-12 16

post-capture PCR

cycles

Sequencing MiSeq 250 bp HiSeq PE 150 bp  HiSeq PE 250 bp NanoSeq6000 150 bp

Maximum capture 86 72 85 52

efficiency (Bowtie2
to baits) (%)

Capture efficiency 634.9 105.0 206.9 437.3
(mean coverage)

Sample no. 45 (3, 3) 191 (152,170) 67 (67, 67) 43 (4, 35)
(species,

individuals)

assessed on a DeNovix DS-11 (DeNovix, Wilmington, DE, USA) and an Agilent TapeStation.
All DNA extractions were normalised to 1.9 ng/pL.

Samples containing high—molecular weight DNA were sheared to 300 bp using a
Covaris M220 Focused-ultrasonicator (Covaris, Woburn, MA, USA). Library preparation
was carried out as half-reactions using one NEBNext Ultra || DNA Library Prep Kit for
Illumina, following the manufacturer’s protocol. Samples that contained > 50 ng of DNA
and had broad fragment size peaks on their ScreenTape were size-selected using Sera-Mag
sample purification beads (Cytiva, Marlborough, MA, USA). The samples were then quality-
checked using Agilent TapeStation High Sensitivity ScreenTapes, and then requantified
on an Invitrogen Qubit 2.0 Fluorometer (Thermo Fisher Scientific) using Qubit dsDNA HS
chemistry, such that each library could be normalised to 10 nM.

Libraries were grouped by quality into 32 pools (each containing 4-10 libraries).
Hybridisation of the library pools followed the method described by Forrest et al. (2019),
with some modifications, using a 16 h hybridisation at 62°C. The number of post-capture
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PCR cycles depended on pool input DNA, varying from 9 to 22 cycles. Sequencing was
carried out by NovogeneAIT Genomics, Singapore, on a HiSeq X, with 150 bp paired-end
reads.

COEL

These data come from a study of the radiation of Begonia sect. Coelocentrum, which
included a wide range of samples, including samples from closely related species, but only a
single sample per species. Sample preparation, library production and hybridisation followed
the same workflow as described above. Details of these samples are being prepared for
publication by Yu-Hsing Tseng and Kou-Fung Chung.

POP

These data derive from a study of variant calling for population genetics using a mapping
population (Brennan et al., 2012) and closely related samples from Begonia socotrana
Hook.f. and B. samhaensis M.Hughes & A.G.Mill. DNA extraction followed the standard
Qiagen DNeasy Plant Mini Kit protocol. DNA was quantified using a Qubit 4 Fluorometer
(Thermo Fisher Scientific) with the dsDNA HS chemistry kit, and a quality check performed
on an Agilent TapeStation. All samples were normalised to 2 ng/pL before the fragmentation
step.

Fresh and recent historical specimens were fragmented to 350 bp using a Covaris M220
Focused-ultrasonicator. Library preparation followed the protocol of the NEBNext Ultra Il
DNA Library Prep Kit for lllumina. Sera-Mag sample purification beads were used for size
selection of samples above 50 ng, and clean-up was used for less concentrated samples.
An Agilent TapeStation with High Sensitivity kit was used for a libraries quality check.
Subsequently, libraries were normalised to 10 nM then pooled according to fragment size
and quality.

Three pools of 10, 14 and 19 libraries were made. The hybridisation step followed
the myBaits Hybridization Capture for Targeted NGS Manual version 4.01. According
to the guidelines of the manual relating to degraded or contaminated DNA libraries,
the hybridisation time was extended to 24 h with a temperature of 62°C. Sixteen
post-amplification cycles were performed on all the samples. Pools were sequenced
by Edinburgh Genomics (Edinburgh, UK) on a single lane of NovaSeq600 SP with 250
paired-end reads. Details of these samples are being prepared for publication by T. Michel
and C. A. Kidner.

An overview of the hybridisations used is presented in Table 1. Comparisons of the
capture by sample and by bait are shown in Figures 2 and 3.
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Pipeline comparisons

We compared five pipelines for generation of consensus sequence from captured reads

on a subset of data from Wilson (2021): BASIC (Nicholls et al., 2015), PALEOMIX (PAL)
(Schubert et al., 2014), HybPiper (Johnson et al., 2016), SECAPR (Andermann et al., 2018)
and HybPhyloMaker (Fér & Schmickl, 2018). Pipelines were run on the Crop Diversity server
(funded by BBSRC BB/S019669/1), except for HybPhyloMaker, which was run on the server
of the Biodiversity Research Center, Academia Sinica.

The data we chose to compare the pipelines are from the PNG data set of Wilson
(2021). This was a group of 47 samples of Begonia sect. Symbegonia (Warb.) L.L.Forrest
& Hollingsw., a small section endemic to New Guinea. This data set was chosen to allow
comparison of technical replicates with samples from the same populations and from
closely related species. We had data for 15 species, with more than one sample for eight
of these and 11 technical replicates. The choice of technical replicates was not optimal but
represented cases in which low yield required the generation of a second set of data, or
when a silica sample was used to confirm results from a herbarium sample.

The BASIC pipeline has been used for Inga Mill, Begonia and Ceiba Mill. (Nicholls et al.,
2015; Hart et al., 2016; Forrest et al., 2019; Pezzini, 2019). It uses a very conservative
approach to align reads to the bait sequences using Bowtie2, using SAMtools and BCFtools
(Li & Durbin, 2009; Li et al., 2009). We followed the method described in Nicholls et al.,
2015). Reads were cleaned using Trimmomatic v0.30 (Bolger et al., 2014). Bowtie2 v2.0.2
(Langmead & Salzberg, 2012), was used to align the reads back to bait sequences with
an alignment score parameter of 140 to minimise mapping of paralogues. A VCF file was
generated using BCFtools and filtered for a quality score of > 36 and to remove indels. A
consensus sequence was generated with a custom Perl script (https://github.com/ckidner/
Targeted_enrichment.git) and ambiguity codes converted to Ns.

HybPiper (Johnson et al., 2016) maps reads to reference target sequences, using BWA
(Li & Durbin, 2009). BLASTx (Altschul et al., 1990) then extracts the reads that map to
each locus, using SAMtools (Li et al., 2009), and performs a de novo assembly for each
locus, using SPAdes (Bankevich et al., 2012). It then removes target flanking regions, using
Exonerate (Slater & Birney, 2005), and selects the best contig to represent each locus.
Alternatively, the intronerate.py script can be used to keep said flanking regions and create
‘supercontigs’, flagging putative paralogues on the process, which can later be investigated.
Our run of HybPiper (Johnson et al., 2016) used the default settings and the script ‘reads_
first.py’ (as described in https://github.com/mossmatters/HybPiper/wiki), with BWA (Li &
Durbin, 2009) as aligner and SPAdes for assembly (Bankevich et al., 2012). The supercontigs
were extracted for analysis with the corresponding Python script.

HybPhyloMaker (Fér & Schmickl, 2018) is a complete sequence to phylogeny pipeline
that has been used for phylogenomic research at different taxonomic levels, such as in
studies on Ranunculus L. (Tomasello et al., 2020), Asteraceae (Jones et al., 2019) and
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Zingiberales (Carlsen et al., 2018). Our run of the HybPhyloMaker pipeline (Fér & Schmickl,
2018) used the following settings: reads were cleaned with Trimmomatic v0.30 (Bolger

et al., 2014); mapped to the ‘pseudoreference’ based on the bait sequences using BWA (Li &
Durbin, 2009); consensus sequence per locus generated with minimum relative abundance
of the alternative base (‘plurality’ in the setting file of HybPhyloMaker) of 0.3; maximum
number of heterozygous sites per exon of four; a minimum read coverage for ambiguity
calling (‘mincov’) of 10; and 51% majority consensus for base calling using Kindel v.0.1.4
(Constantinides & Robertson, 2017).

SECAPR has been used to analyse data sets including those derived from palms
(Helmstetter et al., 2020), Alchemilla L. (Morales-Briones et al., 2018) and Ochnaceae DC.
(Schneider et al., 2021). In this study it was run with default settings. Trimmed and cleaned
reads were assembled de novo and contigs matching target regions were extracted using
the original bait sequence as a reference. Sequence alignments were built using MAFFT
(Katoh & Toh, 2008) for all loci present in at least three samples. Cleaned reads from the
start of the analysis were then aligned to a file containing all alignments and a consensus
produced for each locus, for each sample.

To investigate an approach designed for damaged DNA (potentially useful for herbarium
samples), we used PALEOMIX (Schubert et al., 2014) following the methods described
online (https://paleomix.readthedocs.io/en/latest/) and generating consensus sequences
per locus per sample, using SAMtools (Li et al., 2009). PALEOMIX has been widely used
on data from animals (e.g. Frantz et al., 2016; Schubert et al., 2017) but less frequently on
data from plants (Vallebueno-Estrada et al., 2016). The key step is the use of mapDamage
2.0 (Jonsson et al., 2013) to identify the signatures of typical ancient DNA and rescale the
quality scores based on this analysis.

We ran PALEOMIX using default parameters for cleaning and trimming reads and with
BWA (Li & Durbin, 2009) for aligning reads to the reference bait sequences. PCR duplicates
were marked and removed. The program mapDamage?2 (Jonsson et al., 2013) was used to
recalibrate the BAM files to reduce the errors related to aDNA damage patterns. BCFtools
was used to call variants, normalise indels, filter adjacent indels within 5 bp, and call
consensus sequences for each locus for each sample (Li & Durbin, 2009).

A consensus per locus per sample was derived from each pipeline. The multi-FASTAs
were rearranged by locus rather than by sample, using a custom python script (https://
github.com/ckidner/Targeted_enrichment.git); aligned using MAFFT v7.475 (Katoh & Toh,
2008); and trimmed using trimAl v1.4.rev15 with strict settings (Capella-Gutiérrez et al.,
2009).

The alignments of each target were concatenated using AMAS (Borowiec, 2016).
Phylogenies were produced for the concatenated matrix, using IQ-TREE multicore version
2.1.2 (parameters: -B 1000 -m MFP+MERGE -alrt 1000) (Nguyen et al., 2015). We portioned
the analysis by target locus except for SECAPR and BASIC, for which there were too many
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missing data to allow this. Using our standard pipeline, individual trees for each target were
generated using FastTree version 2.1.10 (Price et al., 2010) to produce a species tree with
ASTRAL.5.7.7 (Zhang et al., 2018). Metrics were collected using AMAS (Borowiec, 2016) and
IQ-TREE (Nguyen et al., 2015) (Table 2). We used PhyParts to analyse gene tree bipartitions
(Smith et al., 2015) and ETE3 to analyse Robinson—Foulds (RF) distances (Huerta-Cepas

et al., 2016). Phylogenies were visualised using FigTree v.1.4.4 (Rambaut, 2012: https://
github.com/rambaut/figtree/releases/tag/v1.4.4) and ETE3 following directions available at
https://github.com/mossmatters/MJPythonNotebooks/blob/master/PhyParts_PieCharts.
ipynb to visualise bipartition analysis results. Tree comparisons used hierarchical clustering
analysis carried out in SciPy Version 1.7.1 with scipy.cluster.hierarchy on the RF distances
and tree space (Jombart et al., 2017) using Kendall-Colijn distances (Kendall & Colijn,
2016).

Results
Design of the bait set

We have produced a bait set that works across Begonia and includes sequences for
genes likely to be of interest in the genus. We started with likely single-copy genes from a
transcriptome produced from the Asian species Begonia luzhaiensis (Tseng et al., 2017).
We were concerned that the baits ought not to be anonymous, because for many
downstream analyses it is important to understand the function of the genes used. At the
time we were designing the baits, the closest related species with a well-annotated genome
available was cucumber (Cucumis sativus L.), so we limited target sequences to those
annotated in the cucumber genome assembly (Yang et al., 2012) (see Figure 1).
We wished to link the bait set to work already done and to maximise our ability for use
in functional studies. We added sequences that matched markers used to generate the first
Begonia genetic map (Brennan et al., 2012), along with genes linked to quantitative trait

Table 2. Alignment metrics per pipeline (post trimming)

Metric BASIC HybPiper  HybPhyloMaker = SECAPR PALEOMIX
Length of alignment (bp) 1,806,453 1,552,006 1,814,262 1,002,748 1,940,728
No. of patterns 261,684 381,325 194,954 19,133 78,046
No. of all-gap or ambiguous sites 188,706 0 5518 79,510 965

No. of phylogenetically informative 28,110 78,788 194,954 42,555 143,386
sites

No. of singletons 47,654 242,602 70,742 53,583 122,762
No. of constant sites 1,730,689 1,230,616 1,692,575 906,610 1,674,580

No. of samples with > 50% gaps 13 16 9 0 7
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loci from an analysis of species-level variation (Twyford et al., 2014) and a DESeq analysis
(Emelianova et al., 2021) and sequences from transcription factors differentially expressed
between Begonia conchifolia and B. plebeja (Emelianova, 2017).

Most Begonia are shade-adapted, and we wished to allow sequence analysis of key
genes in the pathways of light perception and response. We added the Begonia luzhaiensis
orthologues of genes associated with light responses, particularly shade tolerance. Based
on performance in the Begonia sect. Coelocentrum capture (see Table 1), we refined the bait
set, removing baits that captured many paralogues or that captured poorly, and replacing
them with sequences of developmental genes and matches to the Angiosperms353 baits.
We identified 13 target sequences with high paralogy and 83 that failed to capture. These
sequences were removed from the set and replaced with sequences of several more
developmental gene sequences matching the Angiosperms353 bait set (Johnson et al.,
2019). This set was used for the three further captures that generated the data analysed here.

Comparison of hybridisation protocols

To determine how well the bait set worked, we compared four captures using the initial

set and the revised set of baits (see Table 1). All the captures worked, although there was
considerable variation depending on the quality of the sample, as has also been reported by
Forrest et al. (2019) (see Table 1). This particularly affected very poor herbarium samples

in the POP set (four with < 10 ng of DNA input) and the PNG set (eight with < 10 ng of DNA
input).

Variation between baits

Figure 2A shows the log percentage of reads captured for each target compared across
experiments. Eight of the targets (labelled ‘odd’) showed very high capture rates in the POP
data set. These eight targets did not have correspondingly high capture rates in the other
experiments. Examination of these target loci revealed simple sequence repeats (SSRs)

in six of them [Becon104Scf00540g0006.1;CT(32), Becon104Scf00540g0002.1;CT(26),
ACmerged_contig_9951;AG(19), ACmerged_contig_1166;AG(17), ACmerged_
contig_2307;CT(11), Becon104Scf011679g0029.1;TG(10)AG(12)], a poly-T motif in a
seventh one [ACmerged_contig_5451;T(37)], and a myb domain in the eighth (ACmerged_
contig_20957). The SSRs showed high capture rates in samples from Begonia socotrana and
B. samhaensis. The poly-T motive and the myb domain showed high capture rates in three
degraded samples from a specific species (see Figure 2B).

We wish these baits to work across Begonia without bias from how related the samples
are to the species used for bait design. We tried to determine if targets from a closely
related species were captured better than targets from a more distant species. Figure 3
shows the comparison between log percentage capture by target for species in the POP
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data set. There was a greater range of capture efficiency in the targets based on sequences
from Begonia luzhaiensis because there were many more targets (1192 compared with 47 B.
conchifolia targets), but the baits designed from B. conchifolia targets did not capture better
than the ones derived from B. luzhaiensis, even in B. conchifolia samples (Figure 3A). Some
species in the PNG data set had fewer reads captured by the baits designed from Begonia
conchifolia targets, but these species are not more phylogenetically distant to B. conchifolia
than those that did not show this difference (Figure 3B).

Comparison of assembly pipelines

We used sequence data from Begonia sect. Symbegonia generated as part of the PNG

data set to compare the performance of five approaches to assembling consensus
sequences from the captured reads. We chose to compare HybPiper (Johnson et al., 2019),
HybPhyloMaker (Fér & Schmickl, 2018), SECAPR (Andermann et al., 2018), PALEOMIX
(Schubert et al., 2014) and the basic pipeline we had previously used on Inga (referred to
here as BASIC) (Nicholls et al., 2015). We compare ease of installation and use, and the
amount and consistency of the results produced.

The BASIC pipeline was simple to set up and very fast. It generated a highly
conservative consensus with relatively high proportions of missing data due to ambiguous
(heterozygous) sites and indels being removed.

HybPiper (Johnson et al., 2019) had the advantage of excellent instructions for installing
and running (https://github.com/mossmatters/HybPiper/) but required very specific
formatting of input files and extensive memory space due to requiring unzipped read files
and generation of many interim files. Several samples needed to be re-run because initial
memory settings on the cluster (32 G) were insufficient. Two paralogues (or allelic variants)
were identified for most targets.

HybPhyloMaker (Fér & Schmickl, 2018) is also supported by an informative github
(https://github.com/tomas-fer/HybPhyloMaker) and is relatively simple to set up and run.
The pipeline performs all steps of Hyb-Seq data analysis from raw reads to species tree
reconstruction, calculates and summarises the alignment and gene tree, and implements
several species tree reconstruction methods. The preparation steps for renaming the
raw reads and folder structure are more time-consuming in HybPhyloMaker than in other
pipelines, but because it covers the whole process from raw reads to phylogeny, the time
spent is worthwhile.

SECAPR is semi-automated and designed to be as easy as possible for new users;
as such, it can be installed using Conda (Andermann et al., 2018). Individual consensus
sequences generated using SECAPR were shorter than those generated using the other
pipelines, possibly due to the two-step process of de novo assembly followed by mapping to
the assembled contigs, so the final length of consensus sequences depends on the success
of the de novo assembly as well as the mapping step.


https://github.com/mossmatters/HybPiper/
https://github.com/tomas-fer/HybPhyloMaker
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To investigate an approach designed for damaged DNA, which may be useful for
herbarium samples, we also used the bam pipelines of PALEOMIX (Schubert et al., 2014)
to process bams from BWA alignment (Li & Durbin, 2009), followed by a basic consensus
calling using SAMtools and BCFtools (Li & Durbin, 2009; Li et al., 2009). This approach was
fast and made no excessive memory demands.

We recovered extensive sequences using all approaches (see Table 2; Figure 4).

The PALEOMIX pipeline generated the most data, and the BASIC pipeline the least (see
Table 2). The BASIC pipeline removes all ambiguous sites and all indels, whereas the
PALEOMIX pipeline assembles as long a sequence as possible using the reads that map

to the reference. The BASIC pipeline also produced a concatenated matrix with the fewest
number of phylogenetically informative (PI) sites and a high proportion of constant sites
(see Table 2). PALEOMIX produces the targets with the highest distribution of Pl sites

(see Figure 4C). Both HybPiper and HybPhyloMaker output sequences only when a certain
amount of data are present, therefore some targets are missing sequences for samples with
poor data (see Figure 4A). Many of the SECAPR sequences are short (see Figure 4B) and, as
expected, recovered targets have a low number of Pl sites.

The maximum likelihood (ML) trees produced from the concatenated alignments vary
between pipelines (Figures 5, 6). HybPhyloMaker and PALEOMIX are least similar (RF
distance, 0.69) and HybPiper and SECAPR are the most similar, despite the differences in
tree length (RF distance, 0.27) (Figure 6B,C).

The BASIC pipeline has the least distance between technical replicates and the HybPiper
pipeline the most (Figure 6A). This is probably due to the very conservative approach of the
BASIC pipeline and our use of all consensus contigs from the HybPiper output (to facilitate
comparison with other pipelines for the consensus calling) rather than a full paralogue-
sensitive analysis. The placement of technical replicates as anything other than close
sisters is concerning, but in this case, it may be due to the poor quality and quantity of the
samples for the technical replicates.

HybPiper produced the longest tree and the BASIC pipeline the shortest. HybPiper
produced long branches for many samples, contributing to a very long tree overall (see
Figure 5F). These might be reduced by careful selection of which loci to include, removing
all those identified as having paralogues. It is notable that different samples are placed on
long branches by different pipelines, suggesting that the issue is not simply a high rate of
gene duplications in a subset of species. This could represent random noise in the mapping
leading to calling different paralogues, or sensitivity to different types of errors in HybPiper
and PALEOMIX.

Variation among gene trees

The ASTRAL quartet score analysis and the Phyparts bipartition analysis show the very high
ratio of noise to signal in our data (Figure 7). Some nodes in our species trees are supported
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by very few gene trees; in all analyses, we see a minimum of 2/1239 gene trees supporting a
given node, whereas only three nodes in each analysis are supported by a majority of genes.
The well-supported nodes vary between analyses, and in many cases even the technical
replicates are not supported by a majority of gene trees, suggesting that variation between
gene trees of target loci reflects not only biological processes such as hybridisation and
incomplete lineage sorting, but also noise and error in sequence assembly.

We investigated this further by examining the RF distance between each gene tree
and the ASTRAL tree in each pipeline (Figure 8A). SECAPR had a large number of gene
trees very different to the species tree, and HybPiper had a single gene tree (for target
Becon104Scf03147g0009.1, a Dicer-like3 orthologue) that was a very close match to the
ASTRAL tree (RF distance, 0.33). Overall, there is a positive correlation between the gene
trees from each pipeline, supporting the conclusion that an overlapping set of genes are
contributing to the ASTRAL species tree in each case. Loci that have a higher-than-average
similarity to the species tree across all pipelines include Phytochrome A (ACcontig_8273),
Phytochrome C (ACcontig_4025) and Plastid Movement Impaired (ACcontig_6745,
AT5G26160.2).

Some of the similarities between pipelines in which gene trees are best related to the
species tree derives from the influence of locus length. Longer loci produce genes trees that
are closer to the species tree (Figure 8B). Consensus sequences produced by SECAPR were
30% shorter than the reference bait sequences, resulting in many gene trees that individually
had little phylogenetic information. The variation seen between normalised RF distances for
each bait points to the influence of noise, error and variation between consensus calling in
each pipeline on the phylogeny produced.

We used the data from the pipeline with highest PI per target to look for structure
within the gene tree space. We calculated the reciprocal RF distance between all the gene
trees from the PALEOMIX pipeline and ran a hierarchical clustering analysis (in SciPy) to
determine if there were distinct groups of trees. At least two and possibly four or more
groups were detected (Figure 8C). Group 1 (orange in Figure 8C) comprises 465 trees
generally distant to the species tree, group 2 (blue in Figure 8C) comprises 778 trees more
similar to the species tree. To determine whether a similar structure existed in the gene
trees produced by the other pipelines, we used the grouping from the PALEOMIX analysis
to codify the targets across all pipelines and plotted the normalised RF distances between
gene and species trees as box plots (Figure 8D). The group 1 set (the set of targets in
orange in Figure 8C) were generally more distant from the species tree for all pipelines
except SECAPR. This suggests that the groups detected in the clustering analysis reflect a
true pattern and are not an artefact of a particular pipeline.

To examine the two groups of gene trees in more detail, we ran an ASTRAL analysis
on each group, followed by PhyParts to illustrate the gene tree support at each node
(Supplementary figure). The two trees differ with an RF distance of 0.49 (44/90). Nine of the
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11 sets of technical replicates map as sisters on the group 2 tree, seven with support from
the majority of gene trees, but only six are sisters on the group 1 tree, and of these, three
have support from the majority of gene trees. This suggests that group 1 contains trees with
more noise and error than group 2.

Discussion
Why use a target capture approach in Begonia?

The results presented here show that the Begonia bait set resolves species-level phylogenies
well, and the large number of variants identified supports its use on a population level.
However, sequencing costs are decreasing to the point at which it is feasible to use genome
skims for phylogenetics, which begs the question: why deal with the extra laboratory time
and expense of hybrid capture? For some questions genome skims are a useful approach,
but the complexity and large size of plant genomes mean that skims are an inefficient way
of gathering functional genetic data. The prevalence of gene family expansions and partial
and whole genome duplications in plants is also easier to deal with for a limited set of loci
than with skim data.

Because there are more than 2000 Begonia species, few living collections hold anywhere
near a representative collection of the genus needed for genomic studies. Additionally,
field collection of samples is hampered by the remote and often difficult terrain in which
many Begonia species are found. This has meant that Begonia phylogenetic studies must
often rely on data from herbarium collections. For such old, degraded DNA, hybrid capture
represents the only way to extract reliable sequence data across the nuclear genome (Hart
et al., 2016), and the Begonia baits set has been shown to retrieve useful data from even
very poor herbarium samples (Forrest et al., 2019).

Current phylogenetic studies on Begonia indicate a large number of rapid radiations and
likely hybridisation events (Goodall-Copestake et al., 2010; Thomas et al., 2012; Moonlight
et al.,, 2015; Tseng et al., 2017; Liu et al., 2019a). The large number of unlinked SNPs
recovered from hybrid capture (see Figure 4B,C) is ideal for analysis of rapid radiations
and reticulate lineages (Shee et al., 2020; Thomas et al., 2021) and offers our best hope of
understanding the complexities of Begonia evolution.

Studies have shown that broad bait sets such as the Angiosperms353 panel can be used
to resolve recent radiations and have the potential for use in population genetic analysis
even in the case of polyploids (Kates et al., 2018; van Andel et al., 2019; Larridon et al., 2020;
Melicharkova et al., 2020; Slenker et al., 2021; Slimp et al., 2021). However, although general
bait sets give excellent overlap between studies, providing useful data matrices, they can
capture less efficiently than specific baits (Kadlec et al., 2017; Liu et al., 2019b; Larridon
et al., 2020).

Given the numbers of Begonia species and the poor preservation of DNA likely in many
herbarium samples, it is important to focus on obtaining the highest proportion of usable
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data possible in each sequencing run. This is best achieved by using a specific bait set.
Such a set also has the advantage of allowing focus on particular aspects of Begonia
biology and inclusion of genomic regions known to vary between species (as recommended
in Lee et al., 2021). The high degree of resolution achieved in the present study for recent
Coelocentrum radiation (see Figure 5) shows the utility of the Begonia bait set in this
respect, but it also emphasises the need for careful consideration of analysis pipelines.

Integration with previous Begonia phylogeny studies can be achieved through use of the
off-target reads to assemble sequences for plastid and mitochondrial genomes, and for
nuclear repeats. This may require ‘spiking’ of the sequencing reactions with uncaptured
libraries as a high capture efficiency, as observed in some cases in the present study (see
Figure 2A), reduces the off-target reads to levels to a level too low for plastid genome
assembly (Weitemier et al., 2014).

Only 23 of the loci in the Begonia bait set are also present in the Angiosperms353
enrichment panel. Better integration with other studies could be achieved through combining
our bait set with the Angiosperms353 set in the hybridisation step. This approach has
worked well in Brassicaceae (Hendriks et al., 2021).

Library preparation, hybridisation and sequencing

The results of the four capture experiments carried out using our bait set show effective
capture under a range of conditions. Forrest et al. (2019) showed no clear differences
between the NEBNext Seq and TruSeq library preparation kits. Pooling is recommended to
reduce costs. Here we report pooling up to 19, but up to 48 should be possible (Hale et al.,
2020). We suggest that the bait set is fairly robust to small changes in the hybridisation
protocol, and that further work to optimise the protocol may be required for the most
difficult samples. Unfortunately, the most difficult samples are usually those for which the
least material is available, thus limiting the possibilities of multiple hybridisation attempts.
Arbor Biosciences suggests 65°C and 16—24 h as the standard hybridisation conditions,
with lower temperatures (55°C) for very fragmented samples and up to 40 h of incubation
for samples with very low ratios of target to off-target DNA (Arbor Biosciences, 2018).
Based on results presented here, we recommend 19 h at 60°C with 10-12 rounds of
post-capture PCR as a good starting point.

Both 250 bp and 150 bp reads have been generated in the studies examined here.
Because the reads are mapped to a known reference, there is little advantage to the longer
length of read unless off-target sequences (either introns or organellar/ITS data) are also
required. Given the depth of sequencing observed for the on-target reads, we suggest
that the cheapest approach be used regardless of the read length generated. The Begonia
bait set is 1.9 MB, longer than some others, such as the Angiosperms353 set, so more
sequencing is required to obtain a similar sequence depth to that obtained with shorter bait
sets. With 60% capture efficiency, 180 samples could be sequenced in one lane of MiSeq
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to 20 x mean coverage; this is good for species-level phylogenetics, although given the
variation seen across loci and samples, half this number (90 samples per lane) might be
recommended.

Analysis pipelines
Of the five pipelines we trailed for calling consensus sequences from captured reads,
the BASIC pipeline provided the least data but also the least distance between technical
replicates, with all the technical replicates resolving as sisters in the concatenated tree (see
Table 2, Figure 5, 6A). However, the bipartition analysis shows that even these nodes at
technical replicates were not supported by all the gene trees (see Figure 7). This confirms
that all the pipelines tested produce errors that contribute to long branches and poor node
support, despite the high level of support for each node in the ML analysis. It is possible
that some of the discordance in our test set derives from hybridisation and incomplete
lineage sorting in Symbegonia. The PALEOMIX results, particularly, show quite strong
support for an alternative branching pattern in several of the deeper nodes in the tree, which
could be related to hybridisation early in the colonisation of New Guinea, as suggested by
morphology (Wilson, 2021).

We would recommend using at least two methods for deriving consensus bait sequences
to allow comparison of results. We suggest one using reference-based consensus calling
(such as BASIC or PALEOMIX) and one using a de novo assembly step (such as HybPiper,
HybPhyloMaker or SECAPR). Analysis of the gene tree support in each approach could then
be used to exclude ‘noisy’ loci.

Phylogenetic approaches using hybrid capture data

One standard phylogenetic approach with hybrid capture data is to concatenate baits

and generate a species tree using ML analysis. A second approach infers individual gene
trees from each target (also under ML) and produces a species tree from the gene trees
under the multispecies coalescent (MSC) using a program such as ASTRAL. Our bipartition
analysis on the MSC phylogeny revealed very high variation between gene trees (see
Figure 7). The choice of which loci to use for analysis and which to reject will clearly make
large differences to support for particular nodes and the shape of the tree, even with the
concatenated approach, because a few loci can have disproportionate effects on topology
(Shen et al., 2017) (see Supplementary figure).

There is clearly variation between captures in which baits capture well and those that
capture poorly (see Figure 2A). Eight baits with some repetitive sequences gave very high
capture in one experiment (POP, see Figure 2B), but behaved normally in the other three
experiments (see Figure 2A). There is also extensive variation between baits in the number
of parsimony-informative sites obtained (see Figure 2C). Patterns in bait capture need to be
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considered for each experiment, and baits with exceptionally high, low or variable coverage
excluded from further analysis. Analysis of patterns of gene trees is key to reducing noise.
PhyParts can be used to reveal the variation between gene trees and species trees, and this
can be further explored using other software such as treespace (https://thibautjombart.
github.io/treespace/) (see Figure 7, Supplementary figure).

The results of the present study show that some targets have a consistently good match
to the species tree across pipelines (see Figure 8A). We have used clustering analysis to
show that the targets can be divided into two groups, one of which is close to the species
tree, and the other (which appears noisier-technical replicates are more distant) which is
more distant to the species tree. It is possible that one set of targets is reflecting the ‘true
tree’ and the other is capturing more paralogues and thus generating distorting noise.
However, it is also possible that a single ‘true tree’ does not exist.

Striving to derive a single species tree from the mass of data in hundreds of loci is
possibly not the best use of these data. The power of a hybrid capture approach lies in the
ability to resolve complex evolutionary histories, and we suggest the use of approaches that
include incongruence among gene trees in the analysis. In particular, given the prevalence of
hybridisation and gene duplication in the evolution of Begonia (Brennan et al., 2012; Hughes
et al., 2018; Liu et al., 2019a; Tseng et al., 2019), it is only by acknowledging the complex
and reticulate nature of the phylogenies that we will begin to understand the evolutionary
patterns in this genus. Such approaches are becoming more widespread (Morales-Briones
et al., 2018; Harris, 2019; Gagnon et al., 2021; Lee et al., 2021). The published pipelines
accompanying these papers make this type of analysis more accessible, although the
computing resources required can still be considerable for large numbers of trees and larger
bait sets.

Further work

Our choice of loci includes a set of key developmental, physiological and stress-related
genes. The depth of coverage obtained in the captures from good-quality material (including
many herbarium samples) is sufficient to allow sequence analysis enabling comparison of
evolutionary patterns in functional genes. We hope that the wealth of data produced from
capture experiments will not be limited to phylogenetic studies but will provide a greater
knowledge of functional evolutionary patterns across the group.

Conclusions

We recommend this bait set for Begonia phylogenetics and population-level studies.

Arbor Biosciences can produce a copy of this bait set within 2 weeks. It is nearly as quick
to obtain as an off-the-shelf general kit such as the Angiosperms353 set, but it has the
advantages of better capture, more loci and loci chosen to study issues of Begonia biology.
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General advice on a cost-effective approach to hybrid capture protocol has been
published by Hale et al. (2020), making hybrid capture possible for budget-constrained
laboratories and studies using hundreds of samples. We hope that by using a coordinated
approach, the usefulness of the data will be increased and novel comparisons and
overviews will be possible.
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