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Deep genome skimming (DGS) has emerged as a promising approach to recover orthologous nuclear
genes for large-scale phylogenomic analyses. However, its reliability with low DNA quality and quantity
typical of archival specimens, such as herbarium material, remains largely unexplored. We used
Rhododendron as a case study to evaluate best practices for DGS in phylogenetic analyses at both deep
and shallow scales. We first investigated locus recovery variation with sequencing depth, before eval-
uating the phylogenetic utility of different sets of loci, including Angiosperms353, target nuclear exons,
and extended exon-flanking regions. We found DGS effectively recovered nuclear genes from herbarium
specimens, with ~15� coverage performing similarly to deeper sequencing. The recovery of target exon
and flanking regions was improved by using supercontigs as a reference, offering a potential solution to
limited sequencing depth. The high-integrity nuclear sequences recovered robust phylogenetic re-
lationships within Rhododendron. Notably, exon-flanking regions showed significant potential for
resolving relationships at shallow scales. Genes recovered with taxon-specific references had less
missing data than those recovered by Angiosperms353 and generated higher-resolution phylogenetic
trees. This study demonstrates the utility of DGS data for obtaining numerous nuclear genes from her-
barium specimens for phylogenetic studies, and makes recommendations for best practices regarding
sequencing coverage, locus selection, and bioinformatic approaches.
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1. Introduction

Plant phylogenetics has expanded through the use of next-
generation sequencing technologies and bioinformatic methods
(Yu et al., 2018; Guo et al., 2023; Zhang andMa, 2024), with genome
skimming, transcriptome sequencing (RNA-seq), target enrich-
ment, and restriction-site associated DNA sequencing (RAD-seq)
proving popular for different applications (Lemmon and Lemmon,
2013; Dodsworth et al., 2019; Guo et al., 2023). However, ques-
tions remain regarding the best approach for recovering nuclear
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
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genomic data for resolving close species-level relationships. Spe-
cifically, the acquisition of nuclear genomic data should be afford-
able, scalable, and applicable to preserved material represented in
herbarium collections. One approach that meets these criteria is
whole genome sequencing, especially if flanking regions can be
reliably recovered, though this approach has rarely been tested on
herbariummaterial (Liu et al., 2019, 2020, 2022; Su et al., 2023; Xue
et al., 2023). It is now increasingly possible to not only perform low-
coverage genome skimming, but to increase the amount of data
generated to approximately 10e20� coverage. This deep genome
skimming (DGS, also known as whole genome resequencing) en-
hances the potential of genome skimming to obtain hundreds of
single/low-copy nuclear gene sequences (Liu et al., 2021), which
may in turn improve phylogenetic inference (Liu et al., 2022; Yang
et al., 2023; Yu et al., 2023; Jin et al., 2023, 2024). DGS can utilize
not only fresh and silica-gel dried leaves but also effectively recover
valuable data from low-quality degraded DNA in herbarium spec-
imens (Bakker et al., 2016). However, little practical exploration has
been conducted to evaluate the number and integrity of target
nuclear genes recovered fromherbarium specimens using DGS, and
whether these data will improve phylogenetic resolution.

Various regions of the genome are potential targets for plant
phylogenetics. For example, exons are particularly appealing and
commonly used as a reference for target sequence assembly, as
these regions are easily aligned across taxa. In addition, non-coding
sequences that flank exons are thought to have significant potential
for resolving shallow-scale phylogenetic and intraspecific re-
lationships (Villaverde et al., 2018; Johnson et al., 2019; Maurin
et al., 2021). However, the recovery of exon-flanking sequence is
typically limited and in general this approach has been underutil-
ized (Villaverde et al., 2018). Intron-containing sequences (i.e.,
supercontigs, comprising both exons and introns) as a reference
may provide better recovery and allow the full assembly of target
exons and their flanking regions. This would be expected to be the
case especially for intergenic regions or introns that are signifi-
cantly longer than the read length, resulting in a considerable
reduction in missing data and a significant increase in the number
of sites and the degree of sequence variability. Extending sequence
recovery beyond the coding sequence into more variable flanking
regions is, therefore, of particular importance for addressing
shallow-scale phylogenetic relationships.

Rhododendron is an ideal genus for evaluating the utility of
different genomic regions in phylogenomic analyses. It is a species-
rich and taxonomically challenging genus with over 1000 species
that frequently co-occur and hybridize (Chamberlain et al., 1996).
Evolutionary relationships of Rhododendron have been recently
reconstructed using plastomes (Mo et al., 2022) and various types
of nuclear genomic data (Ma et al., 2022; Xia et al., 2022), with the
latter providing particularly high phylogenetic resolution. Effi-
ciently acquiring nuclear genomic data is crucial for future phylo-
genetic studies of this genus, especially when taxonomic sampling
expands. Recent studies have resolved relationships across the
whole angiosperm phylogeny (Zuntini et al., 2024), as well as in
focal groups such as Celastrales (Simmons et al., 2022), Bromelia-
ceae (Yardeni et al., 2022), and Puya (Aguirre-Santoro et al., 2024)
by using the Angiosperms353 gene set, comprising 353 universal
low-copy nuclear genes across angiosperms (Johnson et al., 2019).
However, studies have indicated conserved universal gene sets may
provide poorer phylogenetic resolution than taxon-specific
sequence data, especially for shallow-scale phylogenetic relation-
ships and rapidly radiating groups (Kadlec et al., 2017; Yardeni
et al., 2022; Wang et al., 2024). The recent publication of several
Rhododendron genomes may facilitate the use of taxon-specific
references, allowing DGS data to retrieve single- or low-copy nu-
clear loci (e.g., Zhang et al., 2017; Soza et al., 2019; Shirasawa et al.,
594
2021; Chang et al., 2023; Xia et al., 2024), and also raising the
prospect that introns could be incorporated into the assembly
process.

In this study, we investigate the utility of DGS for phylogenomic
analyses in the species-rich genus Rhododendron. We address a
range of practical concerns, including the type of material, the
amount of sequencing data (target coverage), the bioinformatic
approaches, and the utility of different types and combinations of
loci. We first compare sequence recovery rates for both silica-gel
dried material and herbarium specimens, with collection ages of
approximately 40 and 80 years. We then subsampled sequencing
data from a set of samples to explore the optimal minimum
sequencing depth for high-quality target gene assembly from her-
barium material. In addition to the common practice of using only
exons as reference for read sorting in the assembly process, we also
used supercontigs as reference to evaluate whether sequence re-
covery can be extended, particularly for non-targeted exon-flank-
ing regions. We then assessed the phylogenetic resolution and
availability of the recovered target loci and flanking regions from
herbarium specimens across different sequencing depths and ref-
erences. Additionally, we identified Angiosperms353-related genes
from the target exons obtained here (i.e., taxon-specific sequences)
and evaluated the phylogenetic resolution of these genes recovered
using both taxon-specific sequences and Angiosperms353 genes as
a reference. This allowed us to explore the potential benefits of the
transition from Angiosperms353 to taxon-specific reference
sequences.

2. Materials and methods

2.1. Sampling, DNA extraction, and sequencing

Silica-gel dried leaf samples from 13 Rhododendron species, and
leaf material from seven herbarium specimens of five Rhododen-
dron species were sampled (Table S1). These specimens were
chosen to represent various intrageneric ranks, including sub-
genera, sections, and subsections. We used three accessions, R.
delavayi, R. heliolepis, and R. oreotrephes, that were collected
approximately 40 years ago, and four accessions of two species, R.
rubiginosum and R. racemosum, that were collected around 40 and
80 years ago, to evaluate the potential of DGS for older natural
history collections. These two time periods (~40 and 80 years) were
chosen as at these intervals Rhodondendron collections are abun-
dant and well-represented in the herbarium. Silica-dried material
of Diplarche multiflora was used as the outgroup for phylogenetic
analysis.

For the silica-gel dried material, total genomic DNA was
extracted using a DNeasy Plant kit (QIAGEN), and its quality and
quantity were assessed with a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). Genomic
sequencing libraries were prepared using the NEBNext Ultra™ DNA
Library Prep Kit (NEB, MA, USA) according to the manufacturer's
protocol. Libraries were sequenced with 150 bp paired-end reads
on the Illumina HiSeq X Ten platform (San Diego, CA, USA) at
Novogene Bioinformatics Technology Co., Ltd. (Beijing, China). The
sequencing depth ranged from 10.7� to 15.7�, with an average of
12.1�, assuming an estimated genome size of ~700 Mb based on
the genome of the diploid species R. griersonianum (677 Mb; Ma
et al., 2021) and R. delavayi (695 Mb; Zhang et al., 2017). For the
herbarium specimens, DNA extraction, library preparation, and
sequencing followed the methods described by Zeng et al. (2018),
with the sequencing depths ranging from 20.7� to 33.2�, with an
average of 26.6� (Table S1). Despite the polyploid nature of certain
species, sequencing depth was calculated as the diploid genome
size.



Z.-Q. Mo, C.-N. Fu, A.D. Twyford et al. Plant Diversity 47 (2025) 593e603
2.2. Data processing and sequence subsampling

Adapters and low-quality sequences from raw sequencing data
were trimmed and filtered using fastp v.0.21.0 (Chen et al., 2018). To
explore the optimal minimum depth for herbarium specimens, a
total of 21 subsets were generated using seqtk v.1.3-r106 (available
from https://github.com/lh3/seqtk) by randomly subsampling
reads with approximately 10�, 15�, and 20� coverage from the
clean data files of the seven herbarium accessions (Table S1).
Several plastid genomes (R. delavayi NC_047438, R. simsii
MT239364, R. molle MZ073672, and Vaccinium macrocarpon
NC_019616) and a mitochondrial genome (R. simsii NC_053763)
were downloaded from GenBank (http://www.ncbi.nlm.nih.gov/
genbank/) to construct an organellar database. Reads mapping to
this organellar database were then filtered out from the sequencing
data of silica-gel dried material and subsets generated from her-
barium specimens using Bowtie2 v.2.3.4 (Langmead and Salzberg,
2012).

2.3. Single-copy nuclear marker development

Twomethods, OrthoFinder (Emms and Kelly, 2015) and Hyb-Seq
(Weitemier et al., 2014), were employed to identify single-copy
orthologous genes. Genes identified by both methods, with a
minimum length of 600 bp, were retained as the final reference for
sequence capture. Protein-coding sequences from the available
chromosome-level genomes of diploid Vaccinium macrocarpon
(Diaz-Garcia et al., 2021) and three Rhododendron species, R. simsii
(Yang et al., 2020), R. griersonianum (Ma et al., 2021), and R. ovatum
(Wang et al., 2021), were clustered into homologous gene families
using OrthoFinder v.2.3.12 with default settings. Alternative
splicing isoforms and duplicated or incorrect annotations often
result in inaccurate estimation of single-copy orthologous genes. To
address this issue, we retained orthogroups that should be classi-
fied as single copy but were initially misidentified as multiple
copies, and removed orthogroups containing genes that were
clustered into multiple orthogroups. Furthermore, only those
single-copy orthologous genes present in all species were retained.

To identify single-copy genes with the Hyb-Seq method, we
used the nuclear genome and protein-coding sequences of Rhodo-
dendron simsii, as the exon(s) of each gene of this species were
stored as a single protein-coding sequence. The genome sequences
were matched against protein-coding sequences with a minimum
sequence identity threshold of 99% using BLAT v.35 (Kent, 2002),
and only loci with a single match against the genome were
retained. Additionally, genes with � 90% similarity were removed
from the remaining genes using CD-HIT-EST v.4.6.1 (Li and Godzik,
2006).

2.4. Capturing target nuclear loci and Angiosperms353-related
genes in silico

We used HybPiper pipeline v.1.3.1 (Johnson et al., 2016) to
capture specified single-copy nuclear genes and their flanking re-
gions from DGS data, using default settings. This analysis was
performed on the cleaned raw reads without organelle-matching
reads. In this pipeline, BWA v.0.7.17 (Li and Durbin, 2009) was
employed to map reads to specified exon sequences. SPAdes
v.3.12.0 (Bankevich et al., 2012) was employed for de novo assembly
of reads into contigs. Exonerate v.2.2.0 (Slater and Birney, 2005)
was used to align contigs to target exons and determine exon-
intron boundaries. The script intronerate.py extracted flanking re-
gions from assemblies, and retrieve_sequences.py was used to
extract the assembled target exons and flanking sequences.
Furthermore, we added supercontigs (containing both exon and
595
intron regions) to the reference for the read sorting step in the
assembly process, and specified to only use exons for the Exonerate
step, instead of following common practice of using only exons as
reference. Both exon and flanking sequences were also extracted in
this novel analysis.

Each recovered exon and flanking region was aligned using
MAFFT v.7.407 (Katoh and Standley, 2013) with the “emaxiterate
1000 eglobalpair” option. TAPER v.1.0.0 (Zhang et al., 2021) was
then used to identify and mask divergent outlier regions in each
multiple alignment using default parameter values together with
the command “-m N” to mask identified nucleotides with the “N”
ambiguity code. To assess sequence recovery, we summarized the
count and integrity of target exons and flanking regions for each
accession past TAPER processing, excluding “N” nucleotides. The
efficiency of sequence recovery was visualized using the R script
gene_recovery_heatmap_ggplot.R included in the HybPiper
pipeline.

OrthoFinder was employed to identify the Rhododendron-spe-
cific orthologs of the Angiosperms353 gene set. If genes were
previously identified by both OrthoFinder and Hyb-Seq in R. simsii
(above), then these were retained as references for the HybPiper
assembly. This gene set recovered from silica-gel driedmaterial and
herbarium specimens with 20� coverage was designated as the
‘TaxonSpecific-1’ dataset. Additionally, the Angiosperms353 gene
set was also used as a reference for target gene assembly, and the
results were designated as the ‘Angiosperms353-1’ dataset. Genes
in these two datasets were aligned using MAFFT and filtered with
TAPER.

2.5. Nuclear sequence quality-control and phylogenetic analyses

We performed a series of filtering steps on the assembled se-
quences of target loci from Rhododendron prior to phylogenetic
analysis. Initially, we retained exons and exon-flanking regions
from the reference that fell within a length range of 900e3000 bp,
resulting in 3988 exons and 1257 flanking regions. Recovered
sequences shorter than half of the reference length were
excluded, and the outgroup sequence was removed from the TA-
PER outputs to avoid potential artifacts caused by its long branch
length. Alignments were conducted using MAFFT, followed by
gene tree construction using RAxML v.8.2.12 (Stamatakis, 2014)
with a GTR þ G substitution model and 500 bootstrap (BS) repli-
cates. To address assembly errors and paralogs, we applied scripts
trim_tips.py and cut_long_internal_branches.py (available from
https://bitbucket.org/yanglab/phylogenomic_dataset_
construction/src/master/scripts/) from Yang and Smith (2014) to
trim spurious terminal branches and cut deep paralogs in gene
trees. Based on the trimmed trees, we combined sequences from
the subsetted sequence reads from the herbarium specimens at
10�, 15�, and 20� depths separately with the silica-gel dried
material to create 12 datasets, with the outgroup sequence added.
Exons or flanking regions were removed from these datasets if
they contained fewer than 19 accessions (< 90%; 19/21). We
adopted a custom naming convention (E/S) (10/15/20)�-(exon/
flank) for these 12 datasets, where components in parentheses
indicate the reference sequence used (exon or supercontig), the
depth of sequencing data for the herbarium specimens (10�, 15�,
or 20�), and the type of assemblies (exon or flanking region).
Finally, each exon and its flanking region were aligned using
MAFFT and trimmed using trimAl v.1.4 (Capella-Gutierrez et al.,
2009) with “-automated1” parameter.

For the Angiosperms353-1 and TaxonSpecific-1 datasets, se-
quences shorter than half of the reference length were removed
from the TAPER results, and genes with more than 50% of total
accessions (i.e., > 10 accessions) were retained. A MAFFT analysis
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was re-run for each remaining gene, and the aligned matrix was
trimmed using trimAl.

We employed both coalescent- and concatenation-based
methods to construct phylogenetic trees for these 14 nuclear
datasets. For the coalescent-based phylogeny, a ML tree based on
each trimmed matrix was generated using RAxML with a GTR þ G
substitution model and 500 BS replicates. Gene trees for each
dataset were used to infer a species tree with ASTRAL-III v.5.7.8
(Zhang et al., 2018). For the concatenation-based analysis, AMAS
(Borowiec, 2016) was used to concatenate the trimmed matrices of
each dataset, and IQ-TREE v.2.2.2.6 (Nguyen et al., 2015) was used to
construct a ML tree for each concatenated supermatrix with the
best-fitting model selected by ModelFinder (Kalyaanamoorthy
et al., 2017) and 1000 ultrafast bootstrap (UFBS) replicates (Hoang
et al., 2018).

Phyparts v.0.0.1 (Smith et al., 2015) was employed to calculate
the amount of conflict and concordance by comparing gene trees
against the corresponding species tree for the dataset S15�-exon.
Gene trees containing the outgroup (Diplarche multiflora) and/or
the early-diverging Rhododendron species (R. redowskianum) were
retained for Phyparts analysis and rooted using the nw_reroot
program in Newick utilities (Junier and Zdobnov, 2010). Ten gene
trees that lacked these two species were excluded from the anal-
ysis. Branches in gene trees with BS � 50% were considered unin-
formative. Phyparts results were summarized and visualized with
phypartspiecharts.py (available from https://github.com/
mossmatters/MJPythonNotebooks/).

3. Results

3.1. Single-copy nuclear loci

OrthoFinder initially identified 4566 nuclear protein-coding loci
as single-copy orthologous gene clusters. An additional 2085
clusters initially identified as multi-copy were reclassified as single
copy, likely due to multiple splicing isoforms, duplicated annota-
tions, and/or incorrect annotations. Of the 6651 clusters, 82 were
removed because sequences from the same gene were clustered
into two or more gene families, and 636 were excluded due to not
meeting the minimum length threshold of 600 bp. This resulted in
5933 genes remaining from the OrthoFinder output. Of these, 5358
genes overlapped with the Hyb-Seq results and were retained as
references for assembly (Table S2).

3.2. Capturing single-copy nuclear orthologous genes

Across samples, the number of target exons and their flanking
regions recovered with 15� and 20� depth was higher than those
with 10� depth (Figs. 1 and 2). For silica-gel dried material, the
combined numbers of exons and flanking regions was no less than
4763 of the total 5358 loci (exceeding 88% recovery), regardless of
whether exons or supercontigs were used as a reference (Fig. 2;
Tables S1 and S3eS6). Herbarium specimen subsampled to 10�
depth led to the recovery of both exons and flanking regions be-
tween 74% and 96%. At 15� depth, the recovery of both significantly
increased, surpassing 97% (� 5201). At 20� depth, both exons and
flanking regions exceeded 99% recovery (� 5335) (Fig. 2; Tables S1
and S3eS6).

The integrity of recovered sequences, especially flanking re-
gions, improved significantly using supercontigs as a reference
compared to using exons as a reference (Fig. 3). When using exons
as reference, recovered exon integrity was superior to that of
flanking regions, and both increased with sequencing depth in
herbarium specimens, albeit with a small increase in flanking re-
gions (Fig. 3). Most exons (> 75%) recovered from silica-gel dried
596
materials exceeded 50% of the reference length, with certain genes
nearly as long as the reference, whereas most flanking regions were
less than 50% of the reference length (Fig. 4A). For the same spec-
imen accession, exons recovered from deeper sequencing depth
(15� and 20�) were closer in length to the reference and signifi-
cantly longer than those from 10� depth (Fig. 4B). Although the
integrity of flanking regions increasedwith sequencing depth, most
flanking regions from 10� depth were less than 50% of the refer-
ence length, and from 15� and 20� depths were still less than 75%
of the reference length (Fig. 4B).

Using supercontigs as a reference, most exons and flanking re-
gions recovered from silica-gel driedmaterials andmost herbarium
specimen subsets at 15� and 20� depths were over 75% or close to
the reference length (Fig. 4). At 10� depth, recovery was also
improved compared to using exons as a reference, but only a few
accessions had sequences close to the reference length, with certain
accessions showing low integrity in a large part of the flanking
region (Fig. 4). For the same specimen accession, the integrity of
flanking regions increased with sequencing depth increase. The
flanking regions of herbarium specimens 80 years old were well
recovered but shorter than those from specimens 40 years old
(Fig. 4B).

The number of exon alignments passing the filtering process,
conducted prior to phylogenetic analysis, increased with
sequencing depth for herbarium specimens (Table 1). Notably, us-
ing supercontigs as a reference produced significantly more filtered
exon alignments than using exons as a reference. Specifically, the
S20�-exon dataset yielded 1.7 times more alignments than did the
E20�-exon (3547 vs. 2053), the S15�-exon dataset yielded 1.9
times more than did the E15�-exon (3391 vs. 1751), and the S10�-
exon dataset yielded 2.6 more alignments than did the E10�-exon
(1619 vs. 614). When using exons as a reference, only two recovered
flanking regions met the filtering criteria in dataset E10�-flank,
even though higher sequencing depths of 15� and 20� (datasets
E15�-flank and E20�-flank) yielded 36 and 62 flanking regions,
respectively. In contrast, when using supercontigs as a reference,
183 flanking regionsmet the filtering criteria in dataset S10�-flank,
and amuch larger number in datasets with herbarium specimens at
sequencing depths of 15� and 20�, accounting for 42% (528/1257)
and 47% (591/1257) of the total, respectively.

A total of 255 genes from the Angiosperms353 gene set were
identified from the 5358 single-copy Rhododendron genes, of which
77.3% (197/255) were retained in the TaxonSpecific-1 dataset for
subsequent phylogenetic inference. Additionally, using the Angio-
sperms353 gene set as a reference, only 40.2% (142/353) were
retained in the Angiosperms353-1 dataset.

3.3. Phylogeny inferences

Datasets using supercontigs as a reference exhibited higher
phylogenetic resolution than those using exons as reference (Figs. 5
and S1). Coalescent phylogenetic trees constructed from all six
datasets using supercontigs as a reference (i.e., datasets S10�-exon,
S15�-exon, S20�-exon, S10�-flank, S15�-flank, and S20�-flank)
showed a consistent topology with high local posterior probabili-
ties (LPP) across all nodes (Figs. 5 and S1), aligning with a previous
nuclear gene-based phylogeny (Xia et al., 2022). Among these
datasets, four showed the identical topology with the maximum
UFBS from IQ-TREE. However, datasets S10�-exon and S10�-flank
displayed different topologies due to the position changes of R.
heliolepis and R. oreotrephes. When using exons as a reference,
phylogenetic trees constructed with ASTRAL and IQ-TREE from
datasets E10�-exon, E15�-exon, and E20�-exon all exhibited the
same topology (Fig. 5), but datasets E10�-flank, E15�-flank, and
E20�-flank exhibited multiple conflicting relationships with low

https://github.com/mossmatters/MJPythonNotebooks/
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Fig. 1. Sequence recovery efficiency for 5358 genes using HybPiper. E-exon (A) and E-flank (B) represent the exons and flanking regions recovered using exon as reference,
respectively. S-exon (C) and S-flank (D) represent the exons and flanking regions recovered using intron-containing sequences (supercontigs) as reference, respectively. Each
column corresponds to a gene, and each row corresponds to a sample. The shading in each cell indicates the proportion of the recovered sequence length relative to the reference
length, with 1.0 representing complete recovery. sgdm represents silica-gel dried material and hbsp represents herbarium specimen. The labels 10�, 15� and 20� represent the
sequencing depths. Full data are provided in Tables S3eS6.

Fig. 2. Number of recovered exons (A) and exon-flanking regions (B) of 5358 genes. sgdm represents silica-gel dried material and hbsp represents herbarium specimen. The labels
10�, 15� and 20� represent the sequencing depths. E/S-exon/flank indicates the exons/flanking regions recovered using exons/supercontigs as reference for read sorting.
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phylogenetic resolution (Fig. S1), likely due to a limited number of
informative sites.

The TaxonSpecific-1 dataset showed higher phylogenetic res-
olution compared to the Angiosperms353-1 dataset (Fig. S2). For
TaxonSpecific-1, phylogenetic trees had relatively high LPP values,
with three accessions (Rhododendron leptothrium, R. rubiginosum
40y, and R. spiciferum) showing different phylogenetic place-
ments. However, certain samples or nodes (e.g., R. heliolepis,
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R. spiciferum, R. lepidotum, R. molle, R. oreotrephes, and
R. rubiginosum 40y) in the trees from dataset Angiosperms353-1
were unresolved.

Phyparts analysis of the 3381 exon gene trees revealed thatmost
topologies were conflicting (red) or uninformative (grey) compared
to the internal nodes of the species tree, except for the nodes of R.
sect. Choniastrum, subgenera Hymenanthes and Tsutsusi, which
showed more congruence (blue) (Fig. S3).



Fig. 3. Relative lengths of sequences recovered from silica-gel dried materials and herbarium specimens at sequencing depths of 10�, 15� and 20�. sgdm represents silica-gel dried
material and hbsp represents herbarium specimen. E/S-exon/flank represents the exons/flanking regions recovered using exons/supercontigs as reference for read sorting.
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4. Discussion

4.1. DGS is an effective strategy for obtaining nuclear loci from
herbarium specimens

Phylogenomics studies have demonstrated that genomic data,
particularly extensive nuclear orthologous gene data, can reveal
robust and reliable phylogenetic relationships, especially for taxa
that have undergone recent rapid radiation (Xia et al., 2022; Yu
et al., 2023; Chen et al., 2025). This highlights the benefit of
recovering nuclear sequences from DGS data for phylogenetic
research (Liu et al., 2021, 2022; Yu et al., 2023). Recent efforts have
increasingly aimed at utilizing plant nuclear genetic resources from
DGS data (Vargas et al., 2019; Liu et al., 2021). Consistent with this,
Wang et al. (2024) reported that increased sequencing depth
generally leads to better recovery of Angiosperms353 loci across
genome skimming datasets, reinforcing the importance of
adequate sequencing coverage. Similarly, Liu et al. (2021) suggested
that a minimum of 10� coverage is optimal for recovering high-
quality single-copy nuclear genes. Our assembly results from
silica-gel dried materials (10.7e15.7�, mean coverage 12.1�)
corroborated this recommendation, as evidenced by the large
number and high integrity of recovered target loci; however,
further coverage beyond 10� can still be beneficial to recover the
most complete loci (Figs. 1A, 2, 3 and 4A).

We demonstrated that DGS can also efficiently recover many
nuclear loci from herbarium specimen, comparable to those ob-
tained from silica-gel dried material. While DGS has been shown to
be useful for low-quality DNA materials (Bakker et al., 2016; Zeng
et al., 2018), such as herbarium specimens up to 146 years old,
these studies primarily focused on obtaining organelle genomes
and nrDNA sequences without evaluating the availability of nuclear
orthologous genes. Unveiling the extensive genomic information
preserved in herbarium specimens could create unprecedented
opportunities for biological research, including studies of phylog-
eny, domestication, and population genomics (Staats et al., 2013;
Burbano and Gutaker, 2023). Using herbarium collections can
substantially reduce the necessity for fieldwork, thereby increasing
sample availability. More importantly, this facilitates historical
studies comparing modern samples to historical ones, allowing for
an examination of evolutionary changes over time.

Choosing the optimal sequencing depth can be challenging, and
this is particularly difficult for historical samples where the extent
of DNA degradation is unknown. A sequencing depth of 15� per-
formed similarly to 20� in term of the recovered sequence integrity
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for herbarium specimens (Figs. 1e4), suggesting high coverage
might be not routinely required. However, 15� outperformed 10�
depth by yielding more and longer target loci, and approached the
performance of silica-gel dried material. The phylogenetic topol-
ogies constructed from the 15� data of herbarium specimens was
consistent with those from the 20� data (Fig. 5F, H, J, and L).
Although the herbarium specimen subsets with 10� data recovered
the same topology, certain nodes showed low support values
(Fig. 5B and D). Therefore, we propose 15� as a rule of thumb for
the optimal minimum sequencing depth for herbarium specimens;
however, further work must be done to identify if different
threshold coverages are required under certain suboptimal condi-
tions (e.g., age, method of drying, preservation condition, or pres-
ence of contamination).

4.2. Improved sequence recovery of exons and their flanking regions

In this study, we found notable improvements in the integrity of
exons and their flanking regions, especially the latter, when using
intron-containing sequences (supercontigs) as references during
the assembly process, compared to the common practice of using
exons alone (Figs. 1, 3 and 4). Exon-flanking regions are useful for
resolving close-species level phylogenetic relationships, even at the
intraspecific level (Johnson et al., 2019). Improved reference infor-
mation provides possibilities for assembling longer non-coding
regions and capturing various combinations of single- or low-
copy nuclear genes (e.g., with or without introns) for phyloge-
netic inference (Liu et al., 2021). However, current studies use only
a small portion of the flanking region adjacent to target exons
(Villaverde et al., 2018), which is not surprising given the challenge
of obtaining them from contigs assembled using short reads (e.g.,
150 bp pair-end reads) mapped to target exons.

When using exons as a reference, the recovered exons exhibited
high integrity and closelymatched the reference length, even in the
herbarium specimen (Figs. 1, 3 and 4), making them sufficient for
high-resolution phylogenetic analysis (e.g., Liu et al., 2021; Liu et al.,
2022; Yu et al., 2023). The high integrity of exons retrieved at
higher coverage (15� and 20� depths) indicates that increasing
sequencing depth can compensate for the effects of degraded DNA
fragmentation on sequence recovery. Notably, a substantial pro-
portion of exons and flanking regions recovered with 10�
sequencing depth from herbarium specimens exhibited low
integrity (Figs. 3 and 4). Nevertheless, integrity can be improved
when supercontigs are used as a reference. This suggests that using
supercontigs as a reference can effectively alleviate the issue of



Fig. 4. Relative lengths of sequences recovered from all silica-gel dried materials (A) and herbarium specimen subsets (B). E/S-exon/flank represents the exons/flanking regions
recovered using exons/supercontigs as reference for read sorting. Combinations of E/S and 10/15/20� represent the recovered sequence from herbarium specimens with sequencing
depths of 10�, 15� and 20�, using exons/supercontigs as reference for read sorting.
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limited recovery, even with lower sequencing depth. The growing
availability of plant genomes and whole genome sequencing data
makes it feasible and promising to use these intron-containing
sequences as references for target loci assembly, even with only
~15� sequencing data from degraded DNA.
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The assembly results from herbarium specimens at 15� and
20� depths (Fig. 4B) indicate that the age of herbarium specimens
in this study had little influence on the acquisition of exon se-
quences. However, the integrity of flanking regions varied with
specimen age at the same depth. Herbarium specimens



Table 1
Summary information of 12 datasets obtained for Rhododendron from silica-gel dried material and herbarium specimen subset to different sequencing depths, including total
loci number, trimmed multiple sequence alignment (MSA) length, and parsimony informative (PI) and variable sites number.

Dataset No. of loci Trimmed MSA length (bp) No. of PI sites No. of variable sites

E10�-exon 614 1,074,167 52,781 171,134
S10�-exon 1619 2,760,236 124,374 412,146
E10�-flank 2 3852 257 1183
S10�-flank 183 419,221 30,828 113,893
E15�-exon 1751 2,906,046 147,201 455,663
S15�-exon 3391 5,429,981 252,260 810,689
E15�-flank 36 67,663 4776 18,449
S15�-flank 528 1,223,350 98,230 341,419
E20�-exon 2053 3,360,854 168,074 519,520
S20�-exon 3547 5,639,252 263,481 839,930
E20�-flank 62 105,794 7458 28,052
S20�-flank 591 1,378,150 113,041 387,055

Fig. 5. Phylogenetic trees inferred using ASTRAL and IQ-TREE from exon datasets E10�-exon, S10�-exon, E15�-exon, S15�-exon, E20�-exon and S20�-exon (AeL). Numbers in
parentheses represent the gene count in the dataset. Comparisons of phylogenetic trees constructed from datasets using exons or supercontigs as reference for read sorting were
made. Accessions with conflicting placements between the trees are connected with dashed lines, and accessions or clades with conflicts in the primary topology are highlighted in
red. Branch support values are shown near the nodes, where values are omitted when fully supported (LPP ¼ 1.0 and UFBS ¼ 100%).
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approximately 40 years old yielded high-integrity sequences
compared to older specimens around 80 years old. Increasing
sequencing depth can improve the integrity of flanking sequences
when using exons as reference for older specimens, although this
improvement is less pronounced when compared to using
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supercontigs as a reference. It is important to note that these
findings were based on a limited number of samples. Future
research should consider expanding the sample size to further
validate these results and explore the impact of specimen age on
sequencing quality.



Z.-Q. Mo, C.-N. Fu, A.D. Twyford et al. Plant Diversity 47 (2025) 593e603
We demonstrated that using supercontigs as a reference can
yield a large number of nuclear loci (targeted exons and their
flanking regions) with high integrity from both silica-gel dried
material and herbarium specimen. This approach requires a
genomic reference or a large number of targeted genes assembled
from transcriptome and genome data (Zhang et al., 2019; Liu et al.,
2021). In the genomic era, with numerous plant genomes either
published or in progress, it is now feasible to obtain numerous
single- or low-copy nuclear genes as references, enabling the as-
sembly of these genes from DGS data for phylogenomic
applications.

4.3. Phylogenetic utility of high-integrity nuclear genes

DGS data at ~12.1� coverage for silica-gel dried material and
15� coverage for herbarium specimen, coupled with the use of
supercontigs as a reference, represents an effective approach of
recovering a large amount of useful comparative nuclear single-
copy orthologous loci for phylogenetic analysis (3391 genes and
528 flanking regions; Table 1). The resulting data from this
approach gave comparable levels of phylogenetic resolution and
node support as our reference phylogeny, which was based on 20�
sequence coverage of herbarium specimens (Figs. 5 and S1). Spe-
cifically, our ‘10�-silica 15�-herbarium supercontig’ approach
recovered 100% of species relationships congruent with the refer-
ence phylogeny, and all nodes showing UFBS ¼ 100%/LPP ¼ 1,
except for one node with LPP ¼ 0.99 support. This is markedly
higher than other methods, e.g., ‘10�-silica 15�-herbarium exon’.
In this approach, the flanking regions only recovered 66.7%e88.9%
(12e14/18) species relationships with 5~6 nodes showing UFBS �
72%/LPP � 0.65 support, and the exons recovered all species re-
lationships but with one node showing UFBS ¼ 89% and another
node with LPP ¼ 0.52.

In this study, the utilization of taxon-specific genes as a refer-
ence recovered a higher number of genes and improved sequence
integrity, and enhanced resolution capability compared to the An-
giosperms353 gene set (Fig. S2). Our findings are in line with those
of Yardeni et al. (2022), who also reported that a taxon-specific kit
yielded more segregating sites, which showed a comparable
phylogenetic resolution between universal and taxon-specific set.
However, our results indicate that the latter offers a distinct
advantage, particularly in the case of the rapid radiating group.
Moreover, gene recovery is not only affected by the types of loci
being recovered, but the presence of absence of a reference
genome, and the genetic distance of the reference genome to the
focal group of interest. While the use of a divergent reference
genomewill impact sequence recovery, we observed high sequence
integrity and recovery of Diplarche multiflora (outgroup) even with
Rhododendron as the reference genome. However, reduced integrity
due to the use of a distant reference genome may compromise
phylogenetic resolution or even produce inaccurate relationships,
as seen when using the Angiosperms353 gene set, where low
sequence recovery yielded a poorly resolved tree. We recommend
assessing the number and integrity of assembled loci in detail when
a close reference genome is not available to ensure phylogenetic
relationships are not inferred based on large amounts of missing
data. Further exploration across a broader sampling is needed to
fully assess the potential of such sets in other groups.

Accurate species delimitation is essential for reliable phyloge-
netic inference, particularly in taxa with cryptic hybridization or
introgression (Wang et al., 2019). In our study, species were
selected based on distinct morphology and prior DNA barcoding
results (Fu et al., 2022), with careful identification to ensure accu-
rate representation of species. This approach minimized the risk of
misidentifying hybrid or introgressed individual, thereby ensuring
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robust phylogenetic analyses. Despite these checks, there is
inherent complexity within Rhododendron that is unavoidable, and
we note that several polyploid species, such as R. heliolepis (hexa-
ploid), R. oreotrephes (octaploid or decaploid), and R. racemosum
(tetraploid), were included here. Interestingly, high-integrity target
loci and flanking regions can be recovered from these accessions at
similar rates as those of diploid species with similar DGS data.
Furthermore, under the current sampling framework, the phylo-
genetic relationships of these species were reliably resolved using
all exon datasets and the datasets of flanking sequences with
supercontigs serving as reference (Figs. 5 and S1). As the number of
sampled species increases, the results may not fully capture the
complicated reticulate relationships that characterize polyploid
species, possibly contributing to phylogenetic conflicts. The pres-
ence of polyploids, especially allopolyploids, poses significant
challenges in phylogenetic studies, complicating the reconstruction
of evolutionary relationships. The difficulty in identifying reliable
orthologous genes and accurately distinguishing between multiple
homeologous copies in allopolyploids remains a substantial
obstacle in the field (Ning et al., 2024). Therefore, in genera such as
Rhododendron and other polyploid-rich groups, it is crucial to
accurately identify and handle multiple gene copies in future
studies. Fortunately, recently developed tools that phase gene
copies into polyploid subgenomes using phylogenetic and simi-
larity approaches (e.g., Nauheimer et al., 2021; Freyman et al., 2023)
offer promising solutions for addressing these complex challenges.

5. Conclusions

With the decreasing cost of genome sequencing, DGS has
become feasible for large-scale phylogenetic analyses across a wide
range of taxa. By increasing sequencing depth, it is practical to
successfully recover high-integrity target genes from DGS data,
whether obtained from silica-gel dried material as demonstrated in
previous studies, or from herbarium specimen where the DNA is
typically degraded into short fragments as shown in this study. Our
study shows that, for herbarium specimens, DGS at a depth of 15�
recovered extensive comparative nuclear genome data for phylo-
genetic analysis. While greater sequencing depth can further
enhance data recovery, 15� can be considered the optimal mini-
mum coverage for herbarium specimens, and acts as a cost-effec-
tive means to recover a large number of target genes with high
integrity. Additionally, using supercontigs as a reference signifi-
cantly improved the recovery of both target exons and flanking
regions compared to an exon-only reference, underscoring its value
in advancing phylogenomic insights. Furthermore, sequences
assembled using taxon-specific genes as a reference exhibited
higher sequence recovery and phylogenetic resolution than those
using a universal angiosperm gene set (the Angiosperms353),
highlighting their potential for phylogenetic studies, especially for
groups undergoing evolutionary radiations. These insights,
demonstrated using Rhododendron as a case study, offer valuable
guidelines for applying DGS in herbarium genomics for phyloge-
netic research, especially in groups experiencing rapid
diversification.
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