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Abstract

Standard plant DNA barcodes based on 2-3 plastid regions, and nrDNA ITS show vari-
able levels of resolution, and fail to discriminate among species in many plant groups.
Genome skimming to recover complete plastid genome sequences and nrDNA arrays
has been proposed as a solution to address these resolution limitations. However,
few studies have empirically tested what gains are achieved in practice. Of particu-
lar interest is whether adding substantially more plastid and nrDNA characters will
lead to an increase in discriminatory power, or whether the resolution limitations of
standard plant barcodes are fundamentally due to plastid genomes and nrDNA not
tracking species boundaries. To address this, we used genome skimming to recover
near-complete plastid genomes and nuclear ribosomal DNA from Rhododendron spe-
cies and compared discrimination success with standard plant barcodes. We sampled
218 individuals representing 145 species of this species-rich and taxonomically dif-
ficult genus, focusing on the global biodiversity hotspots of the Himalaya-Hengduan
Mountains. Only 33% of species were distinguished using ITS+matK+rbcL+trnH-psbA.
In contrast, 55% of species were distinguished using plastid genome and nrDNA se-
quences. The vast majority of this increase is due to the additional plastid characters.
Thus, despite previous studies showing an asymptote in discrimination success be-
yond 3-4 plastid regions, these results show that a demonstrable increase in discrimi-
natory power is possible with extensive plastid genome data. However, despite these
gains, many species remain unresolved, and these results also reinforce the need to
access multiple unlinked nuclear loci to obtain transformative gains in species dis-

crimination in plants.
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1 | INTRODUCTION

Distinguishing among the world's species remains a pressing
challenge in biology. Of the estimated 10 million eukaryotic spe-
cies on earth, only c. 2 million have been scientifically described
(Hebert et al., 2016; Mora et al., 2011). Even for species that have
been described, identification of unknown specimens is often
challenging where the differences between species are subtle
and/or where there is a shortage of experts on the group in ques-
tion (Mishra et al., 2016; Vohra & Khera, 2013). These problems
are exacerbated if the material available is suboptimal in one
way or another (e.g., fragmented tissue, processed tissue, juve-
nile/sterile specimens, or organism parts which lack diagnostic
features).

DNA barcoding circumvents many of these challenges, and its
deployment on a massive scale is greatly accelerating the character-
ization of species diversity (deWaard et al., 2019). In many animals,
there is a surprisingly clear signature of interspecific differentia-
tion detected by just a small portion of the mitochondrial genome,
the 648 bp cytochrome oxidase 1 (CO1) barcode region (Hebert
et al.,, 2003). Although there are cases where DNA barcodes do
not provide species-level resolution in animals (Hebert et al., 2003;
Vences et al., 2005)—overall there is remarkable concordance be-
tween data from the CO1 barcode and established species-limits in
well studied groups such as butterflies (Burns et al., 2008; Janzen
et al., 2009) and birds (Hebert et al., 2004; Kerr et al., 2007). In
some other major groups (e.g., Hymenoptera and Diptera) there
are more discrete sequence clusters from DNA barcodes than ex-
pected from the existing morphological classification, suggesting
the presence of large numbers of previously undetected “cryptic”
species (Hebert et al., 2016).

In plants the situation is more complicated, in part due to the
slow substitution rates of plant organelle genomes and the high
frequency of interspecific hybridization (Hollingsworth et al., 2011,
2016; Kress, 2017; Li et al., 2011). This results in the relatively fre-
quent situation of plant species that are morphologically and ecolog-
ically distinct, being indistinguishable via standard DNA barcoding
approaches. Attention is thus being given to design the next wave
of plant DNA barcoding approaches, and suggestions range from
mining the plastid genome for a series of taxon specific barcodes,
genome skims recovering complete plastid genomes and nrDNA,
through to targeted access to the nuclear genome via hybrid capture
(Coissac et al., 2016; Dong et al., 2014; Hollingsworth et al., 2016;
Li et al., 2015).

Desirable traits of any future barcoding approaches include
cost-efficiency and scalability (to allow deployment on a massive
scale), universality of approach (to enable synergies of different
projects building and being able to query a common reference

library), and a significant improvement in resolving power com-
pared to the existing standard plant barcodes (Hollingsworth
et al., 2016).

Genome skimming (i.e., shallow pass shotgun sequencing of c.
1-2 Gbp per sample) is an appealing approach given the straight-
forward and universal nature of its application (Coissac et al., 2016;
Kane et al., 2012; Straub et al., 2012). Genome skimming works
well with degraded DNAs, and benefits from the ever decreasing
costs and improved efficiency of short-read sequencing technolo-
gies (Zeng et al., 2018). A shallow pass shotgun sequence routinely
recovers complete (or near complete) plastid genomes, complete
nuclear ribosomal DNA assemblages, and patchy coverage of vary-
ing depth of other fractions of the nuclear genome (Kane et al.,
2012; Nock et al., 2011). There is a steady growth in the use of
genome skimming in plants, and an associated development of bio-
informatic tools and pipelines for data management and analyses
(Fu et al., 2019; Ji et al., 2019; Jin et al., 2020; Song et al., 2020;
Tonti-Filippini et al., 2017).

Despite this growth in genome skimming studies, there remains
few studies that have empirically tested the resolution gains of this
approach in terms of species discrimination (Fu et al., 2019; Ji et al.,
2019). Most studies to-date have focused on a single individual per
species (Bi et al., 2018). These studies reveal the extent of variation
in plastid and ribosomal sequences, but not the extent to which this
variation tracks species boundaries.

The degree to which plastid genome and nrDNA barcodes from
genome skimming will make a material improvement in resolution
is dependent on how often standard DNA barcoding fails due to
a shortage of variable characters versus failure due to transpe-
cific sharing of plastid and ribosomal haplotypes. The mechanisms
underlying cytoplasmic introgression in plants are well character-
ized, and inter-specific transfer of "barcode containing" genomic
regions is beyond refute (Rieseberg & Soltis, 1991). The impacts
of introgressive hybridization on the sharing of barcodes among
related species can be further exacerbated by selective sweeps, as
in the case of Salix where 53 species from three subgenera share an
identical barcode haplotype (Percy et al., 2014). However—a sim-
ple lack of variation between species is not uncommon in standard
barcoding studies—and it remains possible that material gains in
species resolution may still be generated, by simply obtaining more
variable characters from complete plastid genomes and nrDNA
assemblages.

To test the potential gains in species resolution in plant barcod-
ing studies from genome skimming, we have used the study system
of Rhododendron species in the Himalaya-Hengduan Mountains, to
explore the gains in discriminatory power and phylogenetic resolu-
tion from plastid genome sequences and nrDNA assemblages, com-
pared to standard plant barcodes.



FU ET AL.

Rhododendron (Ericaceae) is a species-rich and taxonomically
difficult genus with over 1000 species globally (Chamberlain et al.,
1996). It is the largest genus of flowering plants in China including
~590 species (Fang et al., 2005). The genus is divided into eight
subgenera consisting of 12 sections and 59 subsections (24 sub-
sections of R. subg. Hymenanthes and 35 of R. subg. Rhododendron,
respectively) (Chamberlain et al., 1996) but some of the subgenera,
sections and subsections are not supported as monophyletic in mo-
lecular phylogenetic studies (Brown et al., 2006; Gao et al., 2002;
Goetsch et al., 2005; Kurashige et al., 2001; Shrestha et al., 2018).
The Himalaya-Hengduan Mountains is a centre of diversity and
diversification in the genus, with more than 320 species, of which
about 66% are endemic to the region (Fang et al., 2005; Shrestha
et al., 2018; Yan et al., 2015). Species from five of the eight subgen-
era are present, with most species (over 90%) belonging to the sub-
genera Hymenanthes and Rhododendron (Chamberlain et al., 1996;
Fang et al., 2005).

More than one third species of R. sect. Rhododendron are poly-
ploids (Ammal, 1950; Atkinson et al., 2000) and hybridization/in-
trogression among sympatric species is considered frequent (Milne
et al., 2010). Diversification in the Rhododendron species in the
Himalaya-Hengduan mountains is associated with the relatively re-
cent uplift of the Tibetan plateau and climate change during Neogene
(Ding et al., 2020; Shrestha et al., 2018). Combined these attributes
of frequent polyploidy, hybridization/introgression and recent
speciation create a challenge for DNA barcoding (Hollingsworth
et al., 2016; Percy et al., 2014; Yan et al., 2015). This is reflected in
a recent study in which only 42% of Rhododendron species in the
Himalaya-Hengduan Mountains were distinguished based on the
combination of standard DNA barcodes (e.g. matK+trnH-psbA+ITS
or rbcL+matK+trnH-psbA +ITS).

In this study we address the following questions: (1) Compared
to standard DNA barcodes, do plastomes and nrDNA sequences im-
prove intrageneric phylogenetic resolution and species identification
in the species-rich and taxonomically difficult genus Rhododendron?
(2) If so, what are the levels of increase in discriminatory power, and
what insights does this provide into the nature of species differences
in Rhododendron?

2 | MATERIALS AND METHODS

2.1 | Taxasampling

A total of 218 individuals representing 145 Rhododendron spe-
cies of four subgenera (Hymenanthes, Rhododendron, Tsutsusi
and Azaleastrum), and eight sections (Azaleastrum, Choniastrum,
Ponticum, Pogonanthum, Rhododendron, Vireya, Tsutsusi, Brachycalyx),
occurring in the global biodiversity hotspots of the Himalaya-
Hengduan Mountains were sampled in this study. This covers ~45%
species of Rhododendron species in the region. Two to nine indi-
viduals per species (including ranks of subspecies and variety) were
sampled for 42 species and the remaining 103 species had a single
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individual sampled. Two individuals of Diplarche multiflora were in-
cluded as outgroups. Detailed information of sampling, classification
and vouchers are provided in Table S1.

Healthy and fresh leaves were collected and dried immediately in
silica gel for total genomic DNA extraction. Voucher specimens col-
lected of each individual/species were deposited at the Herbarium
of Kunming Institute of Botany (KUN), Chinese Academy of Sciences.
All the samples were examined and identified by Rhododendron tax-
onomists at KUN.

2.2 | DNA extraction, sequencing,
assembly and annotation

Total genomic DNA was extracted using a modified CTAB method
(Doyle & Doyle, 1987), in which 4% CTAB was used with incorpora-
tion of 0.1% DL-dithiothreitol (DTT). DNA extracts were quantified
and sheared into about 500 bp fragments for library construction
using standard protocols (NEBNext Ultra ITMDNA Library Prep Kit
for lllumina). Paired-end sequencing from both ends of 150 bp frag-
ments was performed on the Illumina HiSeq X Ten platform at the
BGI company in Wuhan, China, to generate ~2 Gbp data for each
individual.

The plastome and nrDNA were de novo assembled using
GetOrganelle pipeline (Jin et al., 2020). In this pipeline, plastome
reads and nuclear reads were separately extracted from total ge-
nomic reads and subsequently assembled by spabes v 3.10 (Bankevich
et al., 2012). As the plastid genome in Rhododendron and many other
Ericaceae species contain long repeats (except for the inverted re-
peats regions) (Fajardo et al., 2013; Li et al., 2020; Shen et al., 2020), it
is extremely difficult to assemble the complete plastid genome from
genome skimming sequences. Therefore, we produced plastid ge-
nome scaffolds. These scaffolds were annotated and checked using
GeNEIous v8.1 (Kearse et al., 2012), with comparison to the published
plastome of Rhododendron delavayi Franch. (GenBank accession:
NC_047438) as a reference. This reference genome was sequenced
and assembled using data from the PacBio Sequel platform and the
Illumina HiSeq 4000 (Liu et al., 2019). The nrDNAs were annotated
using Geneious with Aralia elata (GenBank accession: KT380919) as

the reference.

2.3 | Dataanalyses

The protein coding genes, rRNA genes and intergenic regions in an-
notated plastid genomes were separately extracted using a python
script  (https://github.com/Kinggerm/PersonalUtilities/blob/maste
r/get_annotated_regions_from_gb.py). Each region was aligned
using MAFFT v7.22 (Katoh & Standley, 2013) and manually modi-
fied in ceNElous. The ITS regions were extracted from nrDNAs in
Geneious, and the nrDNA and ITS were both aligned by MAFFT. In
order to compare the discrimination power of the plastid and nrDNA
genomic barcodes, with standard DNA barcodes (including the best


https://github.com/Kinggerm/PersonalUtilities/blob/master/get_annotated_regions_from_gb.py
https://github.com/Kinggerm/PersonalUtilities/blob/master/get_annotated_regions_from_gb.py
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combinations of standard DNA barcode evaluated in a previous
Rhododendron study (Yan et al., 2015)), we constructed eight data
sets by concatenating different aligned regions, including (A) the
concatenated coding genes, rRNA genes and intergenic regions of
the plastid genome using the maximum coverage for each individual,
(B) the plastid genome data from (A) but using only data recovered
from all samples (i.e., regions with missing data in A are removed
in B), (C) rbcL+matK+trnH-psbA barcoding regions, (D) the 185-5.85-
26S nrDNA cistron including ITS1 and 2, (E) ITS consisting of ITS1-
5.85-ITS2, (F) ITS+matK+trnH-psbA, (G) ITS+rbcL+matK+trnH-psbA,
and (H) data set A+data set D.

Two widely used methods, tree-based and distance-based anal-
yses, were performed with the above data sets to evaluate species
discrimination success. Phylogenetic analyses were conducted using
maximum likelihood (ML) analysis using raxmL v8.1.11 (Stamatakis,
2006). The analyses were conducted using the GTR+I" model, with
the option of rapid bootstrap of 1000 replicates. Pairwise distance
was calculated in MEGA X (Kumar et al., 2018) using the Kimura
2-parameter (k2p) model. The minimum interspecific distance for
all species and the maximum intraspecific distance for species with

multiple individuals were calculated using a python script.

3 | RESULTS

3.1 | Characteristics of data sets

As expected, the plastid genomes of all Rhododendron species here
failed to assemble to a complete circular structure. However, a large
amount of plastome sequence was assembled. A total of 72 protein
coding genes, 4 rRNA genes, and 64 intergenic regions were assem-
bled and annotated in the scaffold sequences (Table S2). Seven genes
(clpP, petB, petD, rpl16, rps12, ycfi, ycf2) present in the complete ref-
erence plastome of R. delavayi were not recovered from any samples
in this study. Combining all the plastid DNA regions, the maximum
plastid genome data set had a length of 107,970 bp (data set A). Data
set B consists of those regions recovered from all 220 sampled in-
dividuals including 47 protein coding genes, 2 rRNA genes, and 32
intergenic regions with a combined length of 41,374 bp. The nrDNA

Dataset Length Variable sites
Alignment code (bp) (%)
Plastome A 107,970 10,119

(9.37%)

Plastome with no missing data B 41,374 3,441 (8.32%)
matK+rbcl+psbA-trnH C 1,989 240 (12.07%)
nrDNA (3S region) D 5,969 235 (3.94%)
ITS E 733 125 (17.05%)
ITS+matK+psbA-trnH F 2,021 321(15.88%)
ITS+matK+rbcl+psbA-trnH G 2,722 365 (13.41%)
Plastome+nrDNA H 113,939 10,359

(9.09%)

(data set D) was 5,969 bp in length, and data set H is combination of
data set A + data set D. Various combinations of standard barcodes
range in length from 733 bp (ITS) to 2,722 bp (ITS+rbcL+matK+trnH-
psbA) (data sets C, E, F, G) (Table 1).

The plastid genome data set (data set A) (10,119 bp variable and
7,336 bp parsimony informative (PI) sites) and nrDNA (235 bp vari-
able and 181 bp Pl sites) contain many more variable sites and Pl sites
than the combination of standard DNA barcodes from the plastid
genome (matK+rbcL+trnH-psbA; 240 bp variable and 189 bp Pl sites)
and ITS (125 bp variable and 103 bp Pl sites). However, the standard
DNA barcodes have a higher percentage of variable and Pl sites than
the other data sets, with the difference being most marked between
ITS (with 17.05% variable and 14.05% PI sites) and the nrDNA as-
sembly (with 3.94% variable and 3.03% Pl sites) (Table 1).

3.2 | Phylogenetic resolution

Based on the data sets with only plastid data (data sets A-C), sub-
genera Rhododendron, Hymenanthes and Tsutsusi were resolved as
monophyletic, whereas R. subg. Azaleastrum was resolved as para-
phyletic with subg. Tsutsusi nested within it (Figure 1, Figure S1A-
C). Based on the data sets with nuclear data, and both nuclear and
plastid data (data sets D-H), the overall topology of monophyletic
subgenera Rhododendron, Hymenanthes and Tsutsusi was retained
(with subg. Tsutsusi nested within a paraphyletic subg. Azaleastrum),
but surprisingly, the sampled individual of a species of R. subg.
Hymenanthes (R. wardii) was resolved within R. subg. Rhododendron
(Figure S1D-G) or resolved as sister group to all other species of sub-
genera Hymenanthes and Rhododendron in the combined plastome
and nrDNA data set H (Figure S1H).

All sections (Azaleastrum and Choniastrum of R. subg.
Azaleastrum; Tsutsusi and Brachycalyx of R. subg. Tsutsusi; Ponticum
of R. subg. Hymenanthes; Pogonanthum and Vireya of R. subg.
Rhododendron) except Rhododendron of R. subg. Rhododendron
were resolved as monophyletic based on the plastid genome data
sets (data sets A, B). R. sect Rhododendron was resolved as para-
phyletic with sections Pogonanthum and Vireya embedded within

it (Figure 1; Figure S1A-B). In the phylogenetic analyses with other

TABLE 1 Comparison of the
characteristics of the alignments of
different data sets

Parsimony
informative sites (%)

7,336 (6.79%)

2,501 (6.04%)
189 (9.50%)
181 (3.03%)
103 (14.05%)
258 (12.77%)
292 (10.73%)
7,517 (6.60%)
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Section

|:| Azaleastrum
|:| Choniastrum
|:| Brachycalyx
. Tsutsusi
|:| Ponticum

|:| Rhododendron

|:| Vireya

|:| Pogonanthum

bootstrap

B <50%
[] 50%-80%
[] 80%-100%

Bl 100%

FIGURE 1 Maximum likelihood tree based on the plastid genome data set A. The background colours represent the eight sections, and

the branch colours represent the bootstrap values

TABLE 2 Species discrimination
success of eight data sets based on tree-

D
based and distance-based methods CLLE

Plastome

Plastome with no missing
matK+rbcL+trnH-psbA
nrDNA

ITS

ITS+matK+trnH-pshA
ITS+matK+rbcL+trnH-psbA
Plastome+nrDNA

Data set
code

I O m m g O ® >

Tree-based
method?

(22/42) 52.38%
(21/42) 50%
(10/42) 23.81%
(8/42) 19.05%
(7/42) 16.67%
(12/42) 28.57%
(14/42) 33.33%
(23/42) 54.76%

Distance-based
method?®

(21/42) 50%
(22/42) 52.38%
(10/42) 23.81%
(10/42) 23.81%
(7/42) 16.67%
(13/42) 30.95%
(12/42) 30%
(23/42) 54.76%

®The data in the table reports only the discrimination success of species with >1 individual sampled
per species. The success statistics in parentheses are the number of species discriminated out of

the total tested.

Only 10 of the 26 subsections of R. sect Rhododendron and
R. sect Ponticum which had more than one sampled individual

data sets (data sets C-G), the results were similar but species
of R. sect. Pogonanthum are mixed with species of the R. sect.

Rhododendron clade (Figures S1C-F). were resolved as monophyletic with the plastid genome data sets
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(A and B). The success rate was much lower in other data sets
(Figure 1; Figure S1C-G).

3.3 | Species discrimination
3.3.1 | Species discrimination based on
phylogenetic analyses

In the phylogenetic analyses, a species was considered to be suc-
cessfully identified when all conspecific individuals were resolved
as monophyletic with a support value over 50%. The genomic
barcodes showed much higher discriminatory power than differ-
ent combinations of standard barcodes for the 42 species where
multiple individuals were sampled. Among the eight data sets, the
combined plastid genome and nrDNA (data set H) show the high-
est discriminatory power (55% of 42 species discriminated), fol-
lowed by the plastid genome including missing data (data set A)
(52%), then the plastid genome data set with no missing data (data
set B) (50%), ITS+matK+rbcL+trnH-psbA (33%), ITS+matK+trnH-
psbA (29%), matK+rbcL+trnH-psbA (24%), nrDNA (19%), and ITS
alone showed the lowest resolution (17%) (Table 2). There is
thus an increase in discriminatory power of 19%-22% with the
genomic barcodes (data set H, 23 of 42 species resolved; data
set A, 22 of 42 species resolved), compared to the best perform-
ing combination of standard barcodes (data set G, 14/42 species
resolved).

It is noteworthy, that species with distinct named variants form
a large portion of the “discrimination failures”. Of the six species
where our sampling included different named varieties and/or sub-
species, all failed to resolve as a monophyletic clade in all data sets
(Table S3).

3.3.2 | Species discrimination based on
genetic distance

In the distance analyses, a species was considered to be success-
fully identified where its minimum interspecific distance is larger
than its maximum intraspecific distance. The distance-based
method showed a similar trend to the tree-based method. The
combined plastid genome and nrDNA (data set H) show the high-
est discriminatory power (55% of 42 species discriminated), fol-
lowed by the plastid genome data set B (no missing data) (52%),
plastid genome data set A which included missing data (50%),
ITS+matK+trnH-psbA  (31%), ITS+matK+rbcl+trnH-psbA (30%),
matK+rbcL+trnH-psbA (24%), nrDNA (24%), and finally the ITS data
set (17%) (Table 2).

The interspecific genetic distance ranged from 0 to 0.0057 in
combined plastid genome and nrDNA, and ranged from O to 0.0056
among all species in the plastid genome data sets (data set A). Two
species pairs, R. dichroanthum versus R. sanguineum, and R. maddenii
versus R. scopulorum, showed the minimum interspecific distance of

zero in data set A, data set H and all the other data sets. A total of
14 species showed a minimum interspecific distance of zero in the
plastid genome data set B, and 62 to 112 species showed the mini-

mum interspecific distance of zero in data sets C-G (Table S4).

3.3.3 | Signal underlying the increase in species
discrimination from the plastid genome data compared
to standard plastid barcodes

Out of the 42 species with multiple individuals sampled, 12 spe-
cies were successfully discriminated by the plastid genome (data
set A), but not by the combination of standard plastid barcodes
(matK+rbcL+trnH-psbA; data set C). This included six species from
R. subg. Hymenanthes. For instance, all samples of R. arboreum and
R. niveum were resolved as monophyletic, and distinguished from
each other with 100% bootstrap support in data set A, whereas
in the standard plastid barcode data set identical haplotypes were
shared between all individuals of R. arboreum and R. niveum. For R.
hemsleyanum, both sampled individuals of this species grouped as
monophyletic with 100% bootstrap support in data set A, whereas
this species shared an identical haplotype in the standard plas-
tid barcode data set with some individuals of R. decorum, R. dis-
color and R. giaojiaense. Similarly, all individuals of R. sinofalconeri
formed a monophyletic clade in data set A (100% bootstrap sup-
port), whereas in the standard barcode data set the samples were
resolved as paraphyletic with two species of R. subsect. Grandia (R.
oreogenum and R. praestans). A similar pattern was also found for R.
vellereum and R. sperabiloides. All samples of these species were re-
solved as monophyletic with data set A (100% bootstrap support),
whereas they were resolved as paraphyletic in the standard plastid
barcode data set.

Six species were also resolved in R. subg. Rhododendron with
data set A but not by data set C. For R. augustinii, both individuals
of this species were resolved as monophyletic in data set A (with
76% bootstrap support), whereas they shared identical haplotypes
in the standard plastid barcode data set with those of R. rubiginosum,
R. concinnum and R. yunnanense. All sampled individuals of R. oreo-
trephes and R. rubiginosum were resolved as monophyletic respec-
tively in data set A (both with 100% bootstrap support), whereas
with matK+rbcL+trnH-psbA, the individuals of the two species
were resolved as paraphyletic with many species in R. subsections
Heliolepida and Triflora. Similarly, all samples of R. tephropeplum
formed a monophyletic clade with data set A (100% bootstrap sup-
port), whereas in the standard plastid barcode data set the samples
were resolved as paraphyletic with R. pendulum. For R. primuliflorum,
both sampled individuals of this species were resolved as monophy-
letic in data set A (with 93% bootstrap support), whereas with the
standard plastid barcodes, they were mixed with species in R. sect.
Pogonanthum (including samples with zero interspecific differences).
All sampled individuals of R. mekongense were resolved as monophy-
letic with maximum support (100% support value) in data set A, but
only 47% in data set C.
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3.3.4 | Signal underlying the increase in species
discrimination from the combined nuclear and plastid
genome data

When the nrDNA data was combined with the plastome data
(data set H), only one additional species was resolved (R. oreodoxa,
69% support value). This species was also identified (71% support
value) in the plastid genome with no missing data (data set B), and
weakly resolved by the ITS+matK+trnH-psbA with <50% bootstrap
support (20%).

In contrast, two species (R. delavayi and R. agastum) were dis-
tinguishable with the combined plastid standard barcodes and ITS
data sets (data set F and G), but not with the plastid genome data
(data set A) or the combined data set (data set H). Furthermore, R.
delavayi was resolved as monophyletic for ITS and the nrDNA data
set, but not with any of the plastid data sets. However, R. agastum
was not resolved as monophyletic for ITS, the wider nrDNA and any
plastid data.

4 | DISCUSSION

4.1 | Discriminatory power of genome skim data
versus standard barcodes

In the current study, data from standard barcode regions discrimi-
nated between 7 (ITS, 17%) and 14 (ITS+rbcL+matK+trnH-psbA,
33%) of the 42 species with >1 individual sampled. This range of
17%-33% of species being discriminated is similar to the findings
in the Rhododendron barcoding study of Yan et al. (2015) where the
maximum species discrimination from combinations of 3-4 barcode
regions was 42%, and 12% from ITS.

In contrast, the discrimination from the genome skimming data
was notably higher, with the plastid genome data set A discriminat-
ing 22 of the 42 species with >1 sampled individual, and bootstrap
support for the monophyly of resolved species increased in all cases.
The greater resolution of the standard plastid barcodes compared
with ITS is mirrored by the genomic barcodes, with greater resolu-
tion of the plastid genome data set (22 species discriminated) com-
pared to the nrDNA assembly (eight species discriminated). When
the nrDNA data (data set D) was combined with the plastid genome
data set (data set A), one additional species (R. oreodoxa) was re-
solved (Table S3).

Of the 12 species that were discriminated in data set A, but
not with the standard plastid barcodes (data set C), the increased
resolution comes from additional variable characters leading to
species level monophyly in data set A, compared to the shortage
of variable character with the standard barcoding regions. This in-
crease in discrimination with the complete plastid genome data is
noteworthy, in light of several studies which showed an asymptote
in discriminatory power when small numbers of plastid regions are
added (CBOL Plant Working Group, 2009; Fazekas et al., 2008;
Li et al., 2011). Clearly there are likely to be different patterns of
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sequence variation among different taxonomic groups, but given
the complexity of Rhododendron and its history of hybridization
(Yan et al., 2015, 2017) and recent radiation (Milne et al., 2010;
Shrestha et al., 2018), this is an encouraging result. It indicates
material gains in species discrimination are possible by substan-
tially increasing the number of variable plastid sites. It also sug-
gests that aside from true plastid genome sharing among species
(e.g., due to introgression), there is nevertheless a component of
the discrimination challenge that is simply due to a shortage of
variable sites.

In terms of the 20/42 species with multiple sampled individ-
uals that failed to resolve with the plastome sequences in data
set A, six were species where the sampled individuals consisted
of different named varieties/subspecies. In one case (e.g., the
different subspecies of R. campylocarpum), the individuals were
resolved as phylogenetically disparate, suggesting that there may
be an underlying taxonomic issue associated with how to treat
these variants as opposed to a “lack of discriminatory power”.
However, the other species with named intraspecific variants did
not show clear evidence of atypical disparate phylogenetic place-
ments, and while an imperfect taxonomy could not be ruled out,
the different intraspecific variants were no more phylogeneti-
cally dispersed than individuals in species without named intra-
specific ranks.

Of the remaining 19 species with >1 sampled individual that
were not resolved in data set A, one (R. sanguineum) showed some
intraspecific variation, but some individuals of this species shared
an identical haplotype with R. dichroanthum. One species (R. ore-
odoxa) showed minimum interspecific variation larger than the in-
traspecific variation but did not resolve as monophyletic. The other
17 species did not share identical haplotypes with other species, but
their maximum intraspecific variation was larger than the minimum
interspecific variation and they did not resolve as monophyletic (i.e.,
R. agastum, R. cephalanthum, R. ciliicalyx, R. clementinae, R. R. concin-
num, R. decorum, R. delavayi, R. heliolepis, R. hippophaeoides, R. hypen-
anthum, R. kongboense, R. nivale, R. phaeochrysum, R. pseudociliipes, R.

tapetiforme, R. telmateium, R. trichostomum).

4.2 | Potential reasons for species discrimination
failure in Rhododendron

Rhododendron is one of the most taxonomically difficult and species-
rich groups for species identification and phylogenetic inference due
to its complex evolutionary history (Yan et al., 2015). Numerous spe-
cies of Rhododendron occur sympatrically and undergo extensive in-
terspecific hybridization and/or introgression (Ma et al., 2010; Milne
et al., 2010; Yan et al., 2017, 2019; Zou et al., 2020). Hybridization/
introgression can result in the sharing of maternally inherited plastid
genomes between closely related species (Du et al., 2009), and thus
the plastid genome may not track species boundaries (Hollingsworth
et al., 2016; Petit & Excoffier, 2009). For example, R. agastum is veri-
fied as a natural hybrid between maternal R. delavayi and parental R.
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irroratum (Zhang et al., 2007) or R. decorum (Zha et al., 2010), which
likely explains why the plastid data fail to discriminate R. agastum
and R. delavayi (Figures S1A, B). R. dichroanthum is another case of
a species with hybrid origin with the inferred maternal parent being
R. sanguineum (L. J. Ye, unpublished). As expected, these two spe-
cies are indistinguishable using the plastid genome sequences. The
plastid genome also failed to discriminate potential hybrid species
in Panax (Ji et al., 2019). Interestingly, one sample of R. wardii of R.
subg. Hymenanthes formed a monophyletic clade with species of this
subgenus using the plastid genome data set (Figures S1A, B), but fell
within the clade of R. subg. Rhododendron based on the nrDNA data
sets (Figures S1D, E). It hints that interspecific hybridization may
occur between the two subgenera. This is the first case of inter-
subgeneric natural hybridization in Rhododendron and warrants fur-
ther investigation.

An additional indication of the importance of hybridization is
the geographical signal in our data, with some samples grouping to-
gether by geographic proximity rather than taxonomic affinity, indi-
cating gene flow among sympatric species. For example, one sample
(504822) of R. telmateium, grouped together with R. nivale subsp.
nivale (54759), but not with other samples of this species; with this
grouping reflecting their shared location of Ganzhi, west Sichuan
province. Similar geographical groupings of samples occurred with R.
nivale subsp. boreale (512059) and R. yushuense (510985) from Yushu,
Qinghai, and R. intricatum (S04833) and R. dawuense (S13051) from
Ganzhi in Sichuan (Figure S1A).

In addition to hybridization, discriminating closely related spe-
cies in recently radiated groups is an additional challenge for DNA
barcoding (Coissac et al., 2016; Hollingsworth et al., 2016; Yan et al.,
2015). Most species of subgenera Hymenanthes and Rhododendron
are recently diversified in the Himalaya-Hengduan Mountains (Ding
etal., 2020; Milne, 2004; Shrestha et al., 2018), and this is associated
with a shortage of substitutions to distinguish closely related spe-
cies. In this study, the phylogenetic trees of the species of R. subsect.
Lapponica and R. sect. Pogonanthum displayed extremely short in-
ternal branch lengths among species (Figure S1, Table S4). Similarly,
short branches also occur in subsections Heliolepida, Triflora of R.
sect./subg. Rhododendron, and subsections Fortunea, Neriiflora,

Taliensia of R. subg. Hymenanthes.

4.3 | Insights into subgeneric classification of
Rhododendron

The genome skim data generated here also provides insights into
the classification of Rhododendron. Three of the four subgenera
were resolved as monophyletic, with R. subg. Azaleastrum resolving
as two strongly supported separate monophyletic clades, corre-
sponding to the two sections in the subgenus, supporting findings
from previous studies (Gao et al., 2002, 2003; Goetsch et al., 2005;
Kurashige et al., 2001; Shrestha et al., 2018). This supports the no-
tion that these two sections (Choniastrtum and Azaleatrum) could
be raised to the rank of subgenera (Gao et al., 2003; Kron & Judd,

1990). At the section level in the genus, all eight sections apart
from R. sect. Rhododendron were resolved as monophyletic. R.
sect. Rhododendron was paraphyletic with sect. Pogonanthum and
Vireya nested within it, again matching results from previous stud-
ies (Goetsch et al., 2005; Kurashige et al., 2001; Shrestha et al,,
2018; Yan et al., 2015). At the subsection level, the consistency
with the existing classification was much lower. Only 10 out of the
34 sampled subsections (including eight subsections only sampled
with a single species here) were resolved as monophyletic. The
widespread non-monophyly of the subsections was also recov-
ered by previous studies (Goetsch et al., 2005; Khan et al. 2020;
Shrestha et al., 2018; Yan et al., 2015). The classification system of
Rhododendron is mainly based on morphology (Chamberlain et al.,
1996), and these studies and previous results suggest a revision
of the subsections of Rhododendron may be warranted, although
further evidence is required to establish a new stable classification
at these lower taxonomic levels.

5 | CONCLUSIONS

Rhododendron represents a set of classical challenges for using DNA
barcoding to discriminate among plant species, including a large
number of closely related, co-occurring species, with evidence for
a recent radiation and interspecific hybridization, resulting in as-
sociated taxonomic uncertainty. The current study has shown that
a genome skimming approach to produce near-complete plastome
and nrDNA sequence can provide more variation to discriminate
Rhododendron species compared to standard barcodes. Although
many species remain unresolved, there is a clear increase in dis-
criminatory power, consistent with a shortage of variable characters
being a rate limiting step for standard barcodes in the genus. With
the decreasing costs and increasing ease of use of genome skimming,
this illustrates the benefits to moving beyond standard barcodes in
groups such as Rhododendron (Coissac et al., 2016; Hollingsworth
et al,, 2016; Li et al., 2015; Nevill et al., 2020; Tonti-Filippini et al.,
2017; Yang et al., 2013). As noted elsewhere (Coissac et al., 2016), as
the resulting plastome and nrDNA data are compatible with previ-
ous barcode data sets, this is a pragmatic augmentation of existing
standard barcodes, rather than replacement. And given that genome
skimming data also recovers the standard DNA barcode regions, this
approach will continue to enrich the reference database of standard
plant barcodes (Coissac et al., 2016).

Data from the nuclear genome will clearly be required to fully
understand and resolve species limits in Rhododendron. Nuclear ge-
nomes of R. delavayi, R. williamsianum and R. simsii have recently been
published (Soza et al., 2019; Yang et al., 2020; Zhang et al., 2017),
and we have used these data alongside unpublished transcriptome
data of Rhododendron, to design probes to assay variation in the nu-
clear genome using the target capture method (Nicholls et al., 2015;
Senapathy et al., 2010). A future study will evaluate the efficacy of
these newly developed nuclear markers in discriminating species in

this most challenging genus of plants.
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