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Premise of research. Previous studies based on plastid fragments and/or nuclear ribosomal DNA have had lim-
ited success resolving relationships within the genus Salvia. This study evaluates the efficacy of complete plastome
sequences for phylogenetic inference within Salvia, using the recently established Salvia subg. Glutinaria as a case
study. We use these plastomes to identify hypervariable and simple sequence repeat (SSR) regions for future studies

within Salvia.

Methodology.

In order to produce a phylogenetic backbone for Salvia, we sequenced and assembled com-

plete plastomes for six species of Salvia. These plastomes were combined with 11 plastomes (10 species) of Salvia
from GenBank for analyses. This sampling represented seven of the 10 subgenera of Salvia. Genome features of
these plastomes were analyzed, and hypervariable regions, SSRs, and longer repeats were identified. Phylogenetic
relationships of 16 Salvia species were investigated using maximum likelihood and Bayesian methods based on

four different data sets.

Pivotal results.

All of the 17 Salvia plastomes displayed a typical quadripartite structure, and 114 different

genes were identified in each accession. In addition, a total of 18 hypervariable regions and 626 SSRs were iden-
tified. The monophyly of Salvia and Salvia subg. Glutinaria was supported in our phylogenetic analyses.

Conclusions.

Complete plastome sequences are promising for phylogenetic reconstruction of Salvia and likely

other clades within Lamiaceae. In addition, we identified 18 hypervariable regions that should be useful as plastid
phylogenetic markers for phylogenetic inferences within the genus and potentially as bar code markers for identi-
fying different species of Salvia. The extended analysis of SSRs will be helpful for future population genetics studies
and in elucidating the genetic diversity of Salvia and its relatives.
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Introduction

Salvia L. is the largest genus within Lamiaceae, with approx-
imately 1000 species (Kriebel et al. 2019), and it includes well-
known medicinal, ornamental, edible, and hallucinogenic plants
(Will and ClafSen-Bockhoff 2017). The large number of species,
wide geographic breadth, and relatively high level of morpho-
logical variation within Salvia make this genus taxonomically
challenging (Gonzalez-Gallegos and Gama-Villanueva 2013;
Will and Claflen-Bockhoff 2017; Kriebel et al. 2019; Drew et al.
2020; Gonzalez-Gallegos et al. 2020). Salvia has a nearly world-
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wide distribution (Walker et al. 2004; Drew et al. 2017a;
Will and Claflen-Bockhoff 2017; Hu et al. 2018; Kriebel et al.
2019) but has radiated extensively in three regions: Meso-
america/South America, southwestern Asia and the Mediterra-
nean region, and East Asia (Walker and Sytsma 2007). In East
Asia, most species (ca. 83 out of ca. 100) are distributed and en-
demic to China (Li and Hedge 1994; Hu et al. 2014, 2017,
Xiang et al. 2016; Ding et al. 2019). Salvia is one of the most
medicinally important genera in China, and 45 species are used
in traditional Chinese medicine (Peng and Xiang 2017). Salvia
has traditionally been distinguished from other genera within
Lamiaceae by a unique staminal morphology in which only two
(as opposed to four in most of the related tribe Mentheae) func-
tional stamens are expressed. Each of the two stamens has its
thecae (anther sacs) separated via an elongated theca connective
that is generally modified into the “staminal lever mechanism”
(ClafSen-Bockhoff et al. 2003).
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During the past two decades, substantial progress has been
made toward clarifying phylogenetic relationships and generic
boundaries within Salvia and related genera. Molecular phylo-
genetic studies showed that Dorystaechas Boiss. & Heldr. ex
Benth., Meriandra Benth., Perovskia Kar., Rosmarinus L., and
Zhumeria Rech. f. & Wendelbo are embedded within Salvia
(Walker et al. 2004, 2015; Walker and Sytsma 2007; Drew
and Sytsma 2011, 2012, 2013; Takano and Okada 2011; Jenks
et al. 2013; Li et al. 2013; Will and Claflen-Bockhoff 2014,
2017; Drew et al. 2017a; Fragoso-Martinez et al. 2018; Kriebel
et al. 2019). However, most of these five genera lack the elon-
gated theca connective (and staminal lever mechanism) that has
traditionally defined Salvia. As a result, there are two competing
classifications of Salvia that have been proposed. The first is to
synonymize the five embedded genera within Salvia (Gonzalez-
Gallegos 2015; Walker et al. 2015; Drew et al. 2017a, 2020;
Hu et al. 2018, 2020; Kriebel et al. 2019), while the second pro-
posal is to split Salvia into at least six genera (Will et al. 2015;
Will and Clalen-Bockhoff 2017). On the basis of the reasons
outlined by Drew et al. (2017a), a broadly defined Salvia is
adopted here.

Investigations of the evolutionary history of Salvia and closely
related genera using phylogenetic analysis have used a combi-
nation of 16 DNA markers (table 1; Walker et al. 2004, 20135;
Taylor and Ayers 2006; Sudarmono and Okada 2007, 2008;
Walker and Sytsma 2007; Jenks et al. 2011, 2013; Takano and
Okada 2011; Drew and Sytsma 2012, 2013; Will and ClafSen-
Bockhoff 2014, 2017; Dizkirici et al. 2015; Will et al. 2015; Drew
et al. 2017a, 2017b; Fragoso-Martinez et al. 2017, 2018; Hu
et al. 2018). However, five (trnT-trnl, trnV intron, trnS-trnG,
atpB-rbcL, and rps16) of these markers were used only once
(Dizkirici et al. 2015; Walker et al. 2015) and were low in vari-
ability. For example, only one of 34 variable sites was parsimony

informative within the #rnT-trnL intergenic spacer (IGS) region
(Dizkirici et al. 2015). In addition, although a backbone phylog-
eny was established on the basis of combined data sets using some
of the aforementioned 16 DNA regions, resolution was poor for
deep-level relationships (Walker and Sytsma 2007; Jenks et al.
2011, 2013; Takano and Okada 2011; Li et al. 2013; Will and
Clalen-Bockhoff 2014, 2017; Walker et al. 2015; Fragoso-
Martinez et al. 2018; Hu et al. 2018), and they were generally
not useful in resolving relationships within smaller subclades. De-
velopment of more effective DNA markers is therefore necessary
for resolving relationships within Salvia, and thus identification
of hypervariable regions as candidates for phylogenetic study
and identification of species of Salvia is needed.
Next-generation sequencing has provided a large amount of
genome sequence data for green plants, and chloroplast genome
sequencing has greatly contributed to elucidating phylogenetic
and taxonomic problems as well as historical biogeographic in-
ferences for flowering plants at different taxonomic levels
(Jansen et al. 2007, 2011; Moore et al. 2007, 2010; Lin et al.
2010; Zhong et al. 2010; Xi et al. 2012; Barrett et al. 2014;
Ma et al. 2014; Stull et al. 2015; Williams et al. 2016; Yu et al.
2017; Zhang et al. 2017b; Menezes et al. 2018; Xiang et al.
2020). A total of 51 complete chloroplast genomes from Lam-
iaceae have been reported. While Salvia is the largest genus in
Lamiaceae, the complete chloroplast genome has been reported
for only seven species (table S1; tables S1-S6 are available online;
Qian etal. 2013; H. Chen et al. 2014; Ha et al. 2018; Y. P. Chen
etal.2019; Duetal. 2019; Liang et al. 2019). Consequently, little
is known regarding structural variation within Salvia plastomes,
and the phylogenetic utility of the complete plastome sequences
within Salvia and tribe Mentheae remains unclear. Furthermore,
the plastome can be a major resource for finding simple sequence
repeats (SSRs), also known as microsatellites, which can be used

Table 1

DNA Markers Utilized in Previous Phylogenetic Studies of Salvia

DNA region Reference(s)

rbcL Walker et al. 2004; Sudarmono and Okada 2007, 2008; Takano and Okada 2011; Hu et al. 2018

trnL-trnF Walker et al. 2004, 2015; Sudarmono and Okada 2007, 2008; Walker and Sytsma 2007; Jenks et al. 2011; Takano and
Okada 2011; Drew and Sytsma 2012, 2013; Dizkirici et al. 2015; Will et al. 2015; Fragoso-Martinez et al. 2017, 2018;
Hu et al. 2018

psbA-trnH Walker and Sytsma 2007; Jenks et al. 2011, 2013; Walker et al. 2015; Fragoso-Martinez et al. 2017, 2018; Hu et al. 2018

yefl Drew and Sytsma 2012, 2013; Walker et al. 2015

Drew and Sytsma 2012; Will and ClafSen-Bockhoff 2014, 2017; Will et al. 2015

ycfl-rps1s Drew and Sytsma 2012, 2013; Walker et al. 2015; Hu et al. 2018
rpl32-trnl

trnT-trnL Dizkirici et al. 2015

trnV intron Dizkirici et al. 2015

trnS-trnG Walker et al. 2015

atpB-rbcL Walker et al. 2015

rpsl6 Walker et al. 2015

trnK-matK Walker et al. 2015

ITS Taylor and Ayers 2006; Sudarmono and Okada 2007, 2008; Walker and Sytsma 2007; Jenks et al. 2011, 2013; Takano
and Okada 2011; Drew and Sytsma 2012, 2013; Will and Claflen-Bockhoff 2014, 2017; Dizkirici et al. 2015; Walker
et al. 2015; Will et al. 2015; Drew et al. 2017b; Fragoso-Martinez et al. 2017, 2018; Hu et al. 2018

ETS Drew and Sytsma 2012; Will and Claflen-Bockhoff 2014, 2017; Walker et al. 2015; Will et al. 2015; Drew et al. 2017b;
Hu et al. 2018

GBSSI Drew and Sytsma 2012; Drew et al. 20174

PPR-T3G09060 Drew and Sytsma 2012; Drew et al. 2017a

Note. ITS = internal transcribed spacer; ETS = external transcribed spacer.
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as genetic markers for population genetics studies as they provide
rich information for population genetics and evolutionary history
(Powell et al. 1996). However, plastid SSRs have rarely been used
within Salvia or Lamiaceae in general.

Although plastome phylogenies can be misleading because of
issues associated with the maternal inheritance of the plastome,
cpDNA sequences are nonetheless still important for phyloge-
netic studies of flowering plants, even in the face of hundreds of
nuclear genes (e.g., Zeng et al. 2014; Couvreur et al. 2019; Zhang
et al. 2019; reviewed by Jansen and Ruhlman 2012). In particu-
lar, cpDNA can be indispensable for detecting ancient and recent
hybridization events, especially when used in concert with low-
copy nuclear data. In this study, we analyzed plastomes from
17 accessions representing 16 species and 7 subgenera (out of
10) of Salvia for the following objectives: (1) present complete
plastome sequences and compare plastid genomic structure and se-
quence variation within Salvia; (2) identify SSRs for potential use
in future population genetics studies involving Salvia; (3) screen
plastomes for hypervariable regions to use in phylogenetic analy-
ses and species identification for future studies within Salvia; and
(4) evaluate how effective whole plastomes are in phylogeny esti-
mation within subclades of Salvia, using Salvia subg. Glutinaria
as a case study.

Material and Methods

Taxon Sampling

In total, 23 species from subfamily Nepetoideae (Lamiaceae)
were sampled. Ingroup taxa included 17 accessions representing
16 Salvia species: six species were newly sequenced, five species
were reassembled on the basis of the whole-genome shotgun se-
quencing from the Sequence Read Archive (SRA) database, and
others were downloaded from the National Center for Biotech-
nology Information database (table 2). This sampling represented
seven of the 10 subgenera of Salvia. Our taxonomic sampling was
mainly focused on the newly erected Salvia subg. Glutinaria (Hu
et al. 2018) because we are interested in evaluating the utility of
whole plastomes for future phylogenetic reconstruction of this
subgenus. Published data on S. japonica (He et al. 2017) were
not included for this analysis as we had doubts regarding its iden-
tification. Five species (Dracocephalum palmatum Stephan ex
Willd., Melissa officinalis L., Ocimum basilicum L., Origanum
vulgare L., and Prunella vulgaris 1.) were selected as an outgroup
for phylogenetic analyses (table 2). Voucher specimens for the
newly sequenced taxa were deposited at the herbarium of the
Kunming Institute of Botany (KUN), Chinese Academy of Sci-
ences, and detailed information on the species sampled in the
present study is provided in table 2.

DNA Extraction and Sequencing

Total genomic DNA was extracted from about 100 mg of fresh
or silica gel-dried leaves using the modified CTAB method of
Doyle and Doyle (1987), in which 4% CTAB was used with
incorporation of 0.1% DL-dithiothreitol. The DNA concentra-
tion was measured using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Carlsbad, CA) to ensure that the DNA con-
centration used for library construction was at least 30 ng/uL.
Sample integrity and purification were detected by 1% agarose
gel electrophoresis for 40 min at a voltage of 150 V.

The DNA samples (12 pg) were sheared into 300-bp fragments
using a Covaris S2 instrument (Covaris). The fragmented DNA
was combined with End-Repair Mix and incubated at 20°C for
30 min. The QIAquick PCR Purification Kit (Qiagen) was used
to purify the end-repaired DNA, A-Tailing Mix was added, and
it was incubated at 37°C for 30 min. The purified adenylate 3"-ends
DNA was combined with adapter and ligation mix, and then the li-
gation reaction was incubated at 20°C for 15 min. Adapter-ligated
DNA was selected by running a 2% agarose gel to recover the tar-
get fragments. Several rounds of PCR amplification with PCR
primer cocktail and PCR master mix were performed to enrich
the adapter-ligated DNA fragments. Last, the PCR products were
selected by running another 2% agarose gel to recover the target
fragments, and the gel was purified with the QIAquick Gel Extrac-
tion Kit (Qiagen). The final library was quantitated in two ways:
(1) determining the average molecule length using the Agilent
2100 Bioanalyzer Instrument (Agilent DNA 1000 Reagents)
and (2) quantifying the library with real-time quantitative PCR
(TagMan). The qualified libraries were first amplified within the
flow cell on the cBot instrument for cluster generation (HiSeq
4000 PE Cluster Kit, Illumina). Then, the clustered flow cell was
loaded onto the HiSeq 4000 sequencer for paired-end (PE) sequenc-
ing (HiSeq 4000 SBS Kit, lllumina) to generate PE 150-bp reads.

Genome Assembly and Annotation

Adapter sequences were trimmed, and low-quality reads were
removed using fastq-mcf version 1.04.636 in the ea-utils package
under the 64-bit Linux platform with default parameters (http://
github.com/ExpressionAnalysis/ea-utils; Aronesty 2013). The qual-
ity of PE Illumina sequences was evaluated using the FastQC tool
kit (http://www.bioinformatics.babraham.ac.uk/projects/fastqc)
with the parameter set as Q > 25 to acquire clean reads to ensure
the high quality of the downstream analysis. After the raw data
were filtered and low-quality reads were removed, high-quality
PE reads were used for subsequent analyses. De novo assembling
of the chloroplast genome was implemented in the GetOrganelle
pipeline (http://github.com/Kinggerm/GetOrganelle; Jin et al.
2018). Contigs were connected with the help of Bandage version
0.8.1 (Wick et al. 2015) and were manually corrected when nec-
essary. In order to validate the assembly error, we mapped the
raw sequencing reads to the assembled plastid genome sequences
using the Bowtie 2 (Langmead and Salzberg 2012) plug-in in
Geneious version 11.0.3 (Kearse et al. 2012).

Chloroplast genome sequences were annotated using the
online program Dual Organellar GenoMe Annotator with de-
fault parameters (Wyman et al. 2004). The putative starts, stops,
and intron positions were manually adjusted according to com-
parisons with the plastome of S. miltiorrhiza in Geneious version
11.0.3 (Kearse et al. 2012). The tRNA boundaries were further
verified using the online tRNAscan-SE service (Lowe and Chan
2016). The circular physical maps of all sequenced plastomes
were drawn using the OrganellarGenomeDRAW tool (Lohse
etal. 2013).

Simple and Long Repeat Sequence Analysis

The microsatellite search module MISA (Thiel et al. 2003), an
SSR motif scanning tool written in Perl (http:/pgrc.ipk-gater
sleben.de/misa), was applied to identify SSRs in Salvia plastomes.
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Table 2
Voucher Information and GenBank Accession Numbers for Salvia and Related Taxa Used in This Study
Taxon Voucher, herbarium Locality GenBank no. Reference
Ingroup:
S. bulleyana Diels na na MH603954 Liang et al. 2019
S. chanryoenica Nakai s.n., KH Mount Sobaek, South  MH261357 Ha et al. 2018
Korea
S. digitaloides Diels CL Xiang 1292, KUN Lijiang, Yunnan, MNS520016 This study
China
S. hispanica L. na na MNS$520017 SRR6940040*
S. japonica Thunb. Cultivated at Shaanxi Normal na KY646143 He et al. 2017
University
S. meiliensis S.W. Su GX Hu 0089, KUN Yuexi, Anhui, China ~ MNS520018 This study
S. miltiorrhiza Bunge Cultivated at Institute of Medicinal Beijing, China HF586694 Chen et al. 2014
Plant Development
S. nilotica Juss. ex Jacq. GS Li 4276, IBSC Kenya MNS520020 This study
S. officinalis L. 1 na na MNS520021 SRR694004°
S. officinalis L. 2 na na MG772529 C. Schmiderer and J. Novak,
unpublished data, 2018
S. petrophila G.X. Hu, ED.  GX Hu 0292, KUN Libo, Guizhou, China MNS520022 This study
Liu & Yan Liu
S. przewalskii Maxim. na na MH603953 Liang et al. 2019
S. rosmarinus Spenn. Cultivated at Xi’an Botanical Garden ~ Xi’an, Shaanxi, China KR232566 Chen and Hua 2019
S. sclarea L. na na MNS520023 SRR8534308°
S. merjamie Forssk. GS Li 4279, IBSC Kenya MNS520019 This study
S. splendens Sellow ex na na MNS520024 SRR63825532
Wied-Neuw.
S. yangii B.T. Drew na na MNS$520025 SRR6940082
S. yunnanensis C.H. Wright GX Hu QT001, KUN Kunming, Yunnan, MNS520026 This study
China
Outgroup:
Dracocephalum palmatum na na KU958581 M. R. Kabilov et al.,
Stephan ex Willd. unpublished data, 2016
Melissa officinalis L. na na SRR69400502
Ocimum basilicum L. C. Lee 007 na KY623639 Rabah et al. 2017
Origanum vulgare L. ssp. University of Veterinary Medicine, Bad Deutsch- JX880022 Lukas and Novak 2013
vulgare Vienna (accession SR1985) Altenburg, Austria
Prunella vulgaris L. University of Macau (accession Zhejiang, China MG589640 Han and Zheng 2018

HYW170001)

Note. na = not available.
* Sequence Read Archive.

Thresholds for a minimum number of repeat units were 10 for
mononucleotides; five for dinucleotides; four for trinucleotides;
and three for tetranucleotides, pentanucleotides, and/or hexanuc-
leotides. Four types of long repeat sequences in Salvia plastomes,
direct (forward), inverted (palindromic), complement, and re-
verse repeats, were determined using the online REPuter program
(Kurtz et al. 2001) according to the following criteria: cutoff
>30 bp and 90% sequence identities (Hamming distance of 3).

Chloroplast Genome Comparison and Sequence
Divergence Analysis

Published complete plastome sequences of Salvia provide an
opportunity to compare the sequence variation within the ge-
nus. The software mVISTA (Frazer et al. 2004) was used to
evaluate variability of the complete plastome sequences among
the Salvia species, default parameters were used to align the pla-
stomes under LAGAN mode, and S. przewalskii (MH603953)

was used as the reference. The Mauve version 2.3.1 (Darling
et al. 2004) plug-in in Geneious version 11.0.3 (Kearse et al.
2012) was used with the default parameters to identify locally
collinear blocks among the 17 Salvia plastomes.

All the sequences of Salvia were aligned using MAFFT ver-
sion 7.271 (Katoh and Standley 2013) and were manually ad-
justed in Geneious version 11.0.3 (Kearse et al. 2012). The nu-
cleotide diversity (m) of the chloroplast genome was estimated
in a sliding-window analysis using DnaSP version 6.0 (Rozas
et al. 2017). The step size was set to 200 bp, with a 600-bp
window length.

Codon Usage Analysis

The relative synonymous codon usage (RSCU) is the ratio
between the frequency of use and the expected frequency of
a particular codon and is a simple measure of nonuniform us-
age of synonymous codons in a coding sequence. Here, the



ZHAO ET AL.—CHLOROPLAST GENOME OF SALVIA

000

codon usage was determined for all protein-coding genes. The
software DAMBE (Xia and Xie 2001) was used to calculate
the value of RSCU, and the histogram was drawn using the R
package ggplot2 (Wickham 2009).

Phylogenetic Analysis

In this study, four data sets were generated for phylogenetic
inference. The first data set consisted of 22 complete plastid
genome sequences (CPGs) with one inverted repeat (IR) region
excluded, the second data set contained 80 protein-coding genes
and named coding regions (CRs), the third data set included the
IGSs and introns (noncoding region [NCR]), and the fourth data
set included only the 18 hypervariable regions. Because our goal
with the fourth data set was to assess the utility and effective-
ness of the hypervariable regions for phylogenetic study within
Salvia, we used only M. officinalis as an outgroup (on the basis of
Drew and Sytsma 2012). Before the establishment of the com-
bined matrices, each protein-coding gene, IGS, and intron was
realigned using MAFFT version 7.271 (Katoh and Standley 2013)
with the L-INS-i algorithm.

Maximum likelihood (ML) analyses were conducted using
RAxML version 8.1.11 (Stamatakis 2014) as implemented on
the Cyberinfrastructure for Phylogenetic Research (CIPRES)
Science Gateway (http:/www.phylo.org/; Miller et al. 2010),
with 1000 bootstrap iterations (—#| —N) and other parameters
using the default settings. Bayesian inference (BI) analyses were
carried out with MrBayes version 3.2.3 (Ronquist et al. 2012)
as implemented on CIPRES using the default settings. Markov
chain Monte Carlo analysis was executed for 20 million genera-
tions with four chains (one cold and three heated), each starting
with a random tree and sampled every one-thousandth generation.
Convergence of runs was accepted when the average standard

deviation of split frequencies dropped below 0.01. Tracer ver-
sion 1.6.0 (Rambaut et al. 2014) was used to check that the ef-
fective sample size values were >200. The first 25% of the trees
were discarded as burn-in, and the remaining trees were used to
construct majority-rule consensus trees.

Phylogenetic trees were edited using TreeGraph 2 (Stover
and Miller 2010), and we defined branches with posterior
probabilities (PP) < 0.90 and bootstrap values (BS) < 70% as
weakly supported, with PP = 0.90 and BS = 70%-80% as
moderately supported, and with PP > 0.95 and BS > 80%
as strongly supported (Chen et al. 2019).

Results

Genome Assembly and Chloroplast Genome
Characterization of Salvia

For the six newly sequenced species, Illumina PE sequencing
generated 52,378,453 (S. merjamie Forssk.) to 68,112,046 (S.
meiliensis S. W. Su) clean reads, with mean coverage from 837
(x)in 8. nilotica to 1970 ( x ) in S. meiliensis. For the five spe-
cies reassembled on the basis of the whole-genome shotgun se-
quencing from the SRA database, the PE reads ranged from
16,847,780 (S. sclarea L.) to 128,316,200 (S. splendens Sellow
ex J.A. Schultes), with mean coverage from 362 ( x ) in S. sclarea
to 1944 ( x ) in S. splendens. Among the 17 Salvia plastomes, ge-
nome size ranged from 150,604 bp in S. splendens to 152,462 bp
in S. rosmarinus (table 3).

All of the 17 Salvia plastomes displayed a quadripartite struc-
ture that consisted of a pair of IR regions (25,283-25,623 bp) sep-
arated by the large single-copy (LSC; 82,181-83,400 bp) and
small single-copy (SSC; 17,464-17,967 bp) regions (table 3);
thus, only the chloroplast genome maps of S. merjamie and S.

Table 3

Accession Numbers and Features of the 17 Salvia Plastomes in the Present Study

Mean

Complete LSC SsC IR
coverage

Reads used of base  Length GC  Length GC  Length GC  Length GC
Taxon Accession no. Clean reads in assembly (x) (bp) (%) (bp) (%) (bp) (%) (bp) (%)
S. bulleyana MH603954 na na na 151,547 38.00 82,853 36.10 17,592 31.90 25,551 43.10
S. chanryoenica MH261357 na na na 151,689 38.00 82,903 36.10 17,630 32.00 25,578 43.10
S. hispanica MNS520017 33,007,821 28,430,914 1127 150,980 38.00 82,279 36.20 17,535 31.60 25,583 43.10
S. miltiorrhiza HF586694 na na na 151,332 38.00 82,689 36.20 17,556 32.00 25,539 43.10
S. officinalis 1 MNS520021 25,242,685 18,665,433 1075 151,135 38.00 82,463 36.20 17,500 31.90 25,586 43.10
S. officinalis 2 MG772529 na na na 151,089 38.00 82,407 36.20 17,500 31.90 25,591 43.10
S. przewalskii MH603953 na na na 151,319 38.00 82,732 36.10 17,605 31.90 25,491 43.10
S. rosmarinus KR232566 na na na 152,462 38.00 83,355 36.20 17,967 31.90 25,571 43.10
S. sclarea MNS520023 16,847,780 12,173,289 362 151,268 37.90 82,535 36.10 17,595 31.70 25,569 43.10
S. splendens MN520024 128,316,200 17,751,167 1944 150,604 38.00 82,181 3620 17,857 31.90 25283 43.20
S. yangii MNS520025 31,776,790 8,725,805 854 151,466 38.10 82,694 3620 17,566 31.90 25,603 43.10
S. yunnanensis MNS520026 67,605,182 23,963,346 1564 151,413 38.00 82,656 36.10 17,577 32.00 25,590 43.10
S. digitaloides MNS520016 67,784,948 26,595,742 853 152,159 38.00 83,400 36.20 17,579 31.90 25,590 43.10
S. petrophila MNS520022 67,976,942 27,112,112 932 151,688 38.00 82,883 36.10 17,641 31.80 25,582 43.10
S. nilotica MNS520020 56,097,063 26,694,277 837 151,450 38.00 82,740 36.10 17,464 31.90 25,623 43.10
S. meiliensis MNS520018 68,112,046 25,577,470 1970 151,614 38.00 82,854 36.10 17,580 32.00 25,590 43.10
S. merjamie MNS520019 52,378,453 25,467,727 1226 151,286 37.90 82,566 36.10 17,586 31.70 25,567 43.10

Note.

na = not available; GC = guanine-cytosine; LSC = large single copy; SSC = small single copy; IR = inverted repeat.
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digitaloides are presented as representatives of Salvia (fig. 1),
and others are provided in the supplemental material (fig. S1;
figs. S1-S5 are available online).

The guanine-cytosine (GC) content was evenly distributed, and
the average GC content was 38.0% (table 3). In general, the GC
content in the IR regions (43.1%-43.2%) was higher than in the

.M
e
DO SW

Salvia merjamie

chloroplast genome
151,286 bp

M photosystem |

LSC (36.1%-36.2%) and SSC (31.6%—32.0%) regions. Accession
numbers of all newly sequenced plastomes are listed in table 3.
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When duplicated genes in the IR regions were counted only
once, each plastome harbored 114 different genes, including 80
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Gene map of chloroplast genomes of Salvia merjamie and S. digitaloides. Genes inside and outside the circle are transcribed in the clock-
wise and counterclockwise directions, respectively. Genes belonging to different functional categories are color-coded.
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Table 4

Gene Contents and Functions of Salvia

Category of genes, group of genes

Name(s) of genes

Self-replication:
Ribosomal RNA genes
Transfer RNA genes, 30 tRNA genes

Small subunit of ribosome

Large subunit of ribosome

RNA polymerase subunits
Photosynthesis:

Subunits of NADH dehydrogenase

Photosystem 1

Photosystem II

Cytochrome b/f complex

ATP synthase

rml6,° rrn23,° rrmn4.5,° rrnSc

6 contain an intron; 7 are duplicated in the IR region; trnA-UGC,* trnfM-CAU,
trnl-GAU,*<, truM-CAU, truR-ACG trnS-UGA, trnC-GCA, trnG-GCC,* truK-UUU,*
truN-GUU, trmnW-CCA, trnT-GGU, truD-GUC, trnG-UCC, truL-CAAc trnY-GUA,
trnR-UCU, trnT-UGU, trnE-UUC, trnH-GUG, trul-UAA,* truP-UG, trnS-GCU,
trnV-GAC trnF-GAA, trnl-CAU,c trul-UAG, trnQ-UUG, trnS-GGA, trnV-UAC*

1ps2, rps3, rpsd, rps7, rps8, rpsll, rps12, rpsl4, rpslS, rps16,* rpsl8, rps19

rpl2,2< rpll4, rpll16,* rpl20, rpl22, rpl23, rpl32, rpl33, rpl36

rpoA, rpoB, rpoC1,* rpoC2

ndhA,* ndhB,> ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndbl, ndh], ndhK

psaA, psaB, psaC, psal, psa], ycf3®

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psb], psbK, psbL, psbM, psbN
petA, petB,* petD,* petG, petL, pet

atpA, atpB, atpE, atpF,* atpH, atpl

Large chain of Rubisco rbcL
Other genes:
Translation initiation factor infA
Maturase matK
Protease clpP®
Envelope membrane protein cemA
Subunit of acetyl-CoA-carboxylase accD
Cytochrome ¢ biogenesis protein ccsA
Component of TIC complex yefl

Genes of unknown functions

yef2, yef4, yeflse

Note. IR = inverted repeat.
* Gene with a single intron.

> Gene with two introns.

¢ Gene with duplicated introns.

protein-coding genes, 30 tRNAs, and 4 rRNAs (tables 4, 5), that
were arranged in the same order. Nine protein-coding genes and
seven tRNA genes contained one intron, and three genes (c/pP,
rps12, and ycf3) contained two introns (table 4). Within those
sampled sequences in the study, protein-coding regions accounted
for 51.11%-53.45% of the whole genome, while tRNA and
rRNA regions accounted for 1.83%-1.86% and 5.94%-—
6.01%, respectively (table 5). The remaining regions were non-
coding sequences, including IGSs, introns, and pseudogenes.

SSR Polymorphisms and Long Repeat Sequence Analysis

In total, 626 SSRs were detected among the 17 Salvia
plastomes (fig. 2; table S2), with length variation from 10 to
188 bp. Comparative analysis shows that all six types of SSRs
(mononucleotide, dinucleotide, trinucleotide, tetranucleotide, pen-
tanucleotide, and hexanucleotide repeats) were detected, while the
number of each repeat unit was different. Among these SSRs,
the majority consisted of mononucleotide, dinucleotide, and tetra-
nucleotide repeats, which were found 419, 81, and 118 times, re-
spectively. In contrast, the tri-, penta-, and hexanucleotides showed
a lower frequency, appearing only three, two, and three times, re-
spectively. In the mononucleotide repeat unit, the proportions of
mononucleotide repeat unit A/T and C/G repeats were 98.57%
and 1.43%, respectively. In the dinucleotide repeat unit, 66.7%
of the dinucleotide repeat sequences consisted of AT/AT repeats,

and the remainders were AC/GT and AG/CT repeats. The trinu-
cleotide repeat unit (AAT/ATT) was detected in S. yunnanensis,
S. sclarea, and S. hispanica. The tetranucleotide repeat unit in-
cluded seven different sequence types, and the sequence repeat units
AAAT/ATTT and ACAG/CTGT were shared by all 17 plastomes.
The other five tetranucleotide repeat types were uncommon and
were observed in only a few species. The pentanucleotide repeat
sequence (AATCT/AGATT) was found only in S. przewalskii.
The hexanucleotide repeat unit contained three different types
(AAAATC/ATTTTG, AATTAT/AATTAT, and AAGTCI/ACTTAG),
and these were detected only once in S. meiliensis, S. yangii, and
S. miltiorrhiza, respectively (table 6). Within the 17 Salvia plas-
tomes, SSR loci were mainly located in the LSC region (83.39%;
fig. 2), followed by the SSC region (13.42%) and the IR regions
(3.19%).

A total of 715 long repeat sequences, including forward, re-
verse, palindromic, and complementary repeats, were detected
in the 17 Salvia plastomes (fig. 3; table S3). The number of repeats
ranged from 30 (S. merjamie and S. sclarea) to 49 (S. hispanica, S.
miltiorrbiza, S. petrophila, S. rosmarinus, and S. splendens), and
the size ranged from 30 to 216 bp. Most repeats were shorter than
100 bp, while four forward repeats longer than 100 bp were
found in S. rosmarinus. The forward repeat, which accounted
for 48.95% of the total repeats, was the most frequent type,
followed by palindromic repeats (48.11%), reverse repeats
(1.96%), and complementary repeats (0.98%). Reverse repeats



Table 5
Gene Numbers and Length Percentages of Protein Coding, rRNA, and tRNA in Salvia Plastomes

Protein coding rRNA sequence tRNA sequence
Total Protein-coding tRNA rRNA Length  Percentage  Length  Percentage  Length  Percentage

Taxon genes genes genes genes (bp) (%) (bp) (%) (bp) (%)
S. bulleyana 114 80 30 4 79,335 52.35 9064 5.98 2791 1.84
S. chanryoenica 114 80 30 4 80,076 52.78 9052 5.97 2797 1.84
S. digitaloides 114 80 30 4 80,715 53.05 9048 5.95 2789 1.83
S. hispanica 114 80 30 4 79,419 52.60 9052 6.00 2787 1.85
S. meiliensis 114 80 30 4 79,186 52.23 9048 5.97 2794 1.84
S. merjamie 114 80 30 4 80,856 53.45 9052 5.98 2789 1.84
S. miltiorrhiza 114 80 30 4 80,722 53.34 9084 6.00 2818 1.86
S. nilotica 114 80 30 4 80,802 53.35 9048 5.97 2789 1.84
S. officinalis 1 114 80 30 4 79,053 52.31 9048 5.99 2789 1.85
S. officinalis 2 114 80 30 4 79,389 52.54 9052 5.99 2792 1.85
S. petrophila 114 80 30 4 79,401 52.34 9048 5.96 2789 1.84
S. przewalskii 114 80 30 4 79,449 52.50 9052 5.98 2791 1.84
S. rosmarinus 114 80 30 4 77,925 S1.11 9056 5.94 2794 1.83
S. sclarea 114 80 30 4 79,494 52.55 9052 5.98 2789 1.84
S. splendens 114 80 30 4 79,011 52.46 9048 6.01 2789 1.85
S. yangii 114 80 30 4 80,609 53.22 9052 5.98 2790 1.84
S. yunnanensis 114 80 30 4 79,458 52.48 9046 5.97 2789 1.84
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Fig. 2 Numbers, types, and distribution of simple sequence repeats (SSRs) in the 17 Salvia plastomes. A, Numbers and types of SSRs. B, Total
number of SSRs detected in each species. C, Presence of SSRs in the large single-copy (LSC), small single-copy (SSC), and inverted repeat (IR) regions.
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Table 6
Numbers and Types of the Simple Sequence Repeats of the 17 Salvia Plastomes
S. S. S. S. S. S. S. S. S. S. S. S. S. S. S. S. S. Percentage
Type, repeat sequence bull chan digi hisp meil merj milt nilo offi 1 offi 2 petr prze rosm scla sple yang yunn (%)
Mono:
A/T 31 31 27 26 32 18 27 19 21 22 23 23 17 22 26 16 32
C/G 1 1 1 1 1 1 66.93
Di:
AC/GT 3 S 4
AG/ICT 1 1 1 1 1 1 1 2 1 1 1 1 12.94
AT/AT N 4 3 4 1 4 4 3 S 2 N 4 N
Tri:
AAT/ATT 1 1 1 A48
Tetra:
AAAC/GTTT 1 1 1 1 1 1 1 2 2 2 1 1 1 1
AAAG/CTTT 1 1 1 1 1 1 1 2 2 2 1 2
AAAT/ATTT 4 4 4 4 3 2 4 1 2 2 3 3 3 2 4 2 3
AAAT/ATTT 1 18.85
AATT/AATT 1 1
ACAG/CTGT 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
AGAT/ATCT 1 1 1 1 1 1 1 1 1 1 1 1
Penta:
AATCT/AGATT 2 32
Hexa:
AAAATC/ATTTTG 1
AATTAT/AATTAT 1 48
AAGTCT/ACTTAG 1
Total 44 45 39 42 45 27 41 26 34 35 35 38 34 31 40 26 44 100
Note. 8. bull = S. bulleyana; S. chan = S. chanryoenica; S. digi = S. digitaloides; S. hisp = S. hispanica; S. meil = S. meiliensis; S. merj = S.

merjamie; S. milt = S. miltiorrhiza; S. nilo = S. nilotica; S. offi 1 = S. officinalis 15 S. offi 2 = S. officinalis 2; S. petr = S. petrophila; S. prze = S.
przewalskiiy S. rosm = S. rosmarinus; S. scla = S. sclarea; S. sple = S. splendens; S. yang = S. yangii; S. yunn = S. yunnanensis.

were detected only in S. merjamie (one), S. rosmarinus (12), and S.
sclarea (one). The complementary repeats were found in S.
meiliensis and S. rosmarinus, with frequencies of one and six, re-
spectively. These repeats were scattered around the complete
plastomes; 474 (66.3%) were located in the IR regions, and
241 (33.7%) were located in the single-copy region. The majority
(56.6%) of those repeats were located in CRs (i.e., accD, psaB,
ycfl, and ycf2), and the others were found in intronic regions
(17.3%) and intergenic regions (26.1%).

Comparative Analysis of the Chloroplast Genome of Salvia

All the genes within the Salvia plastomes were found in the
same order, and the IRa and IRb regions were more conserved
than the LSC and SSC regions (fig. 4). In addition, the CRs
presented higher sequence identity than the NCRs, and the most
divergent regions among the chloroplast genomes occurred within
IGSs (i.e., rps16-trnQ and rpl32-trnL). The variation of the IR re-
gions among all Salvia species included for analyses was small and
mostly conserved. Except for S. hispanica, the LSC/IRa junction of

the other Salvia taxa was located within the 7ps19 gene, ranging
from 24 to 45 bp away from the LSC/IRa junction, which caused
a pseudogene fragment (Yrps19) at the IRb/LSC border. For most
species, the IRa region expanded into ndbF, with the length rang-
ing from 17 to 36 bp (fig. 5). However, the IRa/SSC junction in S.
rosmarinus was distinctly different compared with those of the
other species in this study. In S. rosmarinus, the ndhF gene was
completely located within the SSC region at a distance of 213 bp
from the IRa/SSC border. In all species, the ycf1 gene crosses the
SSC/IRD region, with a length variation from 864 bp to 1171 bp
and an equal length of pseudogene ycf1 (Yycf1) detected in the
IRa/SSC boundary. In addition, the #rnH gene is separated from
the IRa/LSC border by a spacer varying from 3 to 65 bp.

The results of the sequence divergence analyses of the 17 Salvia
plastomes showed that the 7 values ranged from 0 (171216 gene) to
0.066 (ycf1 gene), with an average of 0.0136 (fig. 6; table S4). In
total, 18 regions with high divergence values (w > 0.03) were de-
tected in the 17 plastomes (fig. 6); these are termed hypervariable
regions here. Among these 18 regions, 11 of those loci were lo-
cated in the LSC region, seven in the SSC region, and none in
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the IR region. Fifteen of the hypervariable regions were intergenic
regions or introns (&rnK-rps16, rps16 intron-trnQ, psbK-psbC,
atpH-atpl, rpoB-trnC-petN, trnE-trnT, rbcL-accD, petA-pab],
rpl16 intron, rps3-rpl22, rpl32-trnl-ccsA, ccsA-ndhD, ndhG-
ndhl, ndhA intron, and rps15-ycf1), while three were protein-
coding genes (matK, ndhF, and ycf1).

Codon Usage

The length of the concatenated data set of 80 protein-coding
genes from the 17 Salvia plastomes ranged from 68,763 to
69,009 bp and was composed of between 22,921 and 23,003
codons. The codon content for the 20 amino acids and the stop
codon for the 80 protein-coding genes of the Salvia plastomes
are summarized in figure 7 and table S5. Among these codons,
the amino acid in the highest proportion was leucine (10.61%),
followed by isoleucine (8.45%) and serine (7.59%), while cys-
teine was the least frequent amino acid, with a percentage of
1.94%. The standard initiator codon AUG was employed by
most protein-coding genes; however, other start codons were
identified in the rps19 gene (GTG) and the ndhD gene (TTG,
CTG). The RSCU value analysis showed that, except for methi-
onine and tryptophan, other amino acids have more than one
synonymous codon. In Salvia plastomes, the codons of chloro-
plast genes with A/U at the third-position nucleotide were more
frequent than those ending with G/C, according to RSCU
values (with a threshold of RSCU > 1).

Phylogenetic Analysis

Properties and statistical characters of the four data sets used in
this study are summarized in table 7. The aligned CPG data set
had a length of 134,646 bp, of which 117,632 bp (87.36%) were
constant and 6597 bp (4.90%) were parsimony informative. The
aligned data sets of the combined CRs and combined NCRs were
68,987 bp (CR data set) and 61,615 bp (NCR data set) and con-
sisted of 2681 bp (3.89%) and 3868 bp (6.28%) of parsimony-
informative sites, respectively. The combined 18 hypervariable
regions had an aligned length of 26,028 bp, with 22,515 constant
sites (86.50%) and 1774 parsimony-informative sites (6.82%).
As expected, the combined 18 hypervariable regions data set
showed the highest percentage of parsimony-informative sites
(6.82%) among those data sets, while the CR data set (3.89%)
showed the lowest.

The backbones of the trees constructed from ML and BI
analyses of each of the four combined data sets were identical
(figs. S2-S4). The tree from the ML analysis of the CR data set
is the representative tree illustrated for discussion of phyloge-
netic relationships (fig. 8).

In all analyses, the monophyly of Salvia was recovered with
strong support (fig. 8; ML BS: 100%; BI PP: 1.00; all values
reported in this order below). Representatives of subgenera
Perovskia, Rosmarinus, Salvia, and Sclarea and the “Hetero-
sphace” clade formed a clade sister to subgenera Calosphace and
Glutinaria. In this clade, the first and second branching members
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Fig. 5 Comparison of junctions between the inverted repeat (IR), large single-copy (LSC), and small single-copy (SSC) regions (orange, yellow,
and green areas, respectively) of the 17 Salvia genomes. The distance between the gene and the boundary is not proportionate. The ¥ notation
indicates a pseudogene.
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were S. rosmarinus (subg. Rosmarinus) and S. yangii (subg. Perov-
skia), which were sister to S. nilotica (“Heterosphace” clade). The
first was sister to a clade of two individuals of S. officinalis, S.
sclarea, and S. merjamie (100%; 1.00). These four species formed
part of a large clade in previous studies (e.g., clade I in Will and
Claflen-Bockhoff 2014, 2017).

Two species (S. splendens and S. hispanica) of Salvia subg. Calo-
sphace were recovered as a clade sister to Salvia subg. Glutinaria
(100%;31.00), consisting of eight species. Within Salvia subg. Glu-
tinaria, as reported by Hu et al. (2018), S. petrophila of sect.
Sonchifoliae was sister to all remaining taxa. Salvia chanryoenica
(sect. Glutinaria) diverged next, followed by sect. Eurysphace
(S. digitaloides, S. przewalskii, and S. bulleyana) and sect. Dry-
mosphace (S. miltiorrhiza, S. yunnanensis, and S. meiliensis).

Most trees constructed from Bl and ML analyses of each indi-
vidual region produced a topology identical to that of the con-

catenated data set of 18 hypervariable regions; however, the
ccsA-ndhD tree showed that S. nilotica, S. sclarea, S. merjamie,
and two individuals of S. officinalis formed the first clade, and
the second clade in turn was composed of S. yangii, S. rosma-
rinus, S. splendens, S. hispanica, and members of subg. Glutinaria
(fig. SSB). Among the 18 trees, most clades were supported in the
tree constructed by the single combined data set; the ycf1 tree
(fig. S5R) had the highest support values for most clades.

Discussion

This study is the first to examine plastome structure and varia-
tion among multiple subgenera of Salvia. We found that, in gen-
eral, plastome structure is conserved within Salvia, although some
taxa showed variation in terms of what gene/pseudogene oc-
curred at the IR boundary. We also identified 626 short and
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Fig. 7 Codon content of 20 amino acids and stop codon of 80 coding genes of the 17 Salvia plastomes. The color of the histogram corresponds

to the color of the codons. RSCU = relative synonymous codon usage.
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Table 7

Summary of the Data Set Information for Phylogenetic Analyses

Data matrix Aligned (bp) Constant sites (bp) Variable sites (bp) Parsimony informative (bp)
CPG 134,646 117,632 (87.36%) 10,417 6597 (4.90%)
CR 68,987 62,073 (89.98%) 4233 2681 (3.89%)
NCR 61,615 51,535 (83.64%) 6212 3868 (6.28%)
18 hypervariable regions 26,028 22,515 (86.50%) 3513 1774 (6.82%)

Note. CPG = complete plastid genome sequence; CR = coding region; NCR = noncoding region.

715 long repeat sequences among the Salvia plastomes. These re-
peats should prove valuable in future population genetics studies.
Finally, we identified 18 hypervariable regions that should be use-
ful in future phylogenetic studies as well as in bar coding efforts
within Salvia. To our knowledge, this study is the first to identify
SSRs and hypervariable regions within Salvia.

Comparison of the Plastomes in Salvia

All 17 Salvia plastomes share the same 114 unique genes (80
protein-coding genes, 30 tRNAs, and 4 rRNAs) that were
recorded for Origanum vulgare L. from subfamily Nepetoideae
(Lukas and Novak 2013). The gene order within Salvia plastomes
is identical to that of other published Lamiaceae genomes (He

etal. 2016; Jiang et al. 2017; Han and Zheng 2018), emphasizing
the conserved nature of plastid genomes in seed plants, as sug-
gested by Raubeson and Jansen (2005). Some protein-coding
genes (e.g., accD, ycfl, ycf2, rpl22, rps16, rpl23, infA, and ndhF)
have been shown to be independently lost over the course of an-
giosperm evolution (Millen et al. 2001; Jansen et al. 2007). How-
ever, these genes were not lost in any of the 17 Salvia plastomes.
Furthermore, the sequence length and GC content of the whole
plastomes, LSCs, SSCs, and IRs of the 17 Salvia plastomes were
highly similar (table 3), suggesting that plastome structure and
gene content are highly conserved in Salvia and other Lamiaceae.

The present study suggests that expansion and/or contrac-
tion of the IR regions is infrequent within Salvia, although
IR expansion/contraction has occurred in many seed plants

Salvia meiliensis

Salvia yunnanensis
Salvia miltiorrhiza
/.fkalvia bulleyana
7S;alvia przewalskii
. Salvia digitaloides
Salvia chanryoenica

subg. Glutinaria

ol Salvia petrophila ~ _..|
4”* Salvia tcplefldens. """" ] subg. Calosphace
Salvia hispanica ...
ap * [k Salvia merjamie - ]subg. Sclarea
B /% Salvia sclarea .
*/%I Salvia officinalis #2 .
——— Salvia offff'icinalis #oo ] subg. Salvia
— . : Salvia nilotica . “Heterosphace” Clade
- Salvia rosmarinus subg. Rosmarinus
—Salviayangii ... subg. Perovskia
Melissa officinalis .
-|67/*— Origanum vulgare subsp. vulgare
WA Dracocephalum palmatum Outgroup

Prunella vulgaris

Ocimum basilicum
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Fig. 8 Phylogenetic relationships of Salvia based on the data set of complete plastid genome sequences. The support values (bootstrap value
[BS]/posterior probability [PP]) are indicated at the branches. BS and PP of 100% are indicated by an asterisk; BS values of <50% and PP support of
<90% are indicated by a hyphen. The outgroup and recognized groups are marked in the right-hand bar.
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(Cosner et al. 1997; Chumley et al. 2006; Liu et al. 2017; Zhou
et al. 2018). Although we sampled only 16 species of Salvia,
this sampling represented seven of the 10 Salvia subgenera.
Among the 16 Salvia species, only slight IR contractions were ob-
served in S. hispanica and S. rosmarinus (fig. 5). In S. hispanica,
the IR contraction led to the IRa/LSC junction being located in
the intergenic region between the 7ps19 gene and the rpl2 gene,
while in S. rosmarinus, the contraction in the boundary of the
IRa/SSC led to the ndhF gene being completely within the SSC re-
gion. In all other species, the IRb/LSC boundary was located be-
tween the Yrps19 and &rnH-GUG genes, and the junction of the
IRb/SSC split the ycf1 gene. There are probably additional IR
expansions and contractions within Salvia, but this needs to be
assessed by plastome analyses that include more comprehensive
sampling.

Simple and Long Repeat Sequences

SSRs are known to be present in high numbers in angiosperm
genomes (Yang et al. 2013) and are commonly considered to be
the markers of choice for population genetics and evolutionary
studies (Ebert and Peakall 2009). However, very few SSRs have
been developed in Salvia. In this study, a total of 626 SSRs were
detected among 16 Salvia species. As reported in other families
(Willsetal. 2005; Ni et al. 2016), mononucleotide SSRs (especially
of As or Ts) are the most abundant unit within Salvia plastomes
and show meaningful differences among the species, from 16 (S.
yangii) to 32 (S. meiliensis and S. yunnanensis; table 6). Other
SSR units have no significant differences. In total, we found five
unique repeat units (AAGG/CCTT, AATCT/AGATT, AAAATC
/ATTTTG, AATTAT/AATTAT, and AAGTCT/ACTTAG) among
the 16 Salvia species (table 6), which will contribute to further
studies of the population genetics and phylogeography of the cor-
responding species.

With the exception of SSRs, repeats with lengths greater than
30 bp were considered to be long repeat sequences (Huang
et al. 2019) in this study. Long repeat sequences are important
because they are related to plastome organization (Salih et al.
2017) and may promote the rearrangement of the plastid ge-
nome (Timme et al. 2007; Cui et al. 2019; Huang et al. 2019)
and increase the genetic diversity of populations (Qian et al.
2013). A total of 715 long repeat sequences was detected in the
17 Salvia plastomes. Compared with that of some angiosperm
species (Liu et al. 2018; Menezes et al. 2018), the number of long
repeat sequences in Salvia is quite high. For example, only 38 long
repeat sequences were detected in Scutellaria baicalensis George.
(Jiang et al. 2017). Among these repeats, the forward repeat
was the most common, accounting for 48.95% of the total num-
ber of repeats, while the complementary repeats made up only
0.98%.

In some species of Lamiaceae (e.g., S. baicalensis), 80% of
these repeats were found in intergenic regions (Jiang et al. 2017).
In Salvia plastomes, however, more than half of all the repeats
(56.6%) were located in CRs, mainly in the accD, psaB, ycfl,
and ycf2 genes, similar to other species within the lamiids (e.g.,
Scrophularia dentata Royle ex Benth.; Ni et al. 2016). Further-
more, forward and palindromic repeat sequences were common
in all the species investigated in this study, while the reverse and
complete repeat sequences were rare. All four types of long repeat
sequences were detected only in S. rosmarinus. These unique long

repeat sequences may have potential utility in the future study of
this species.

Hypervariable Regions for Future Phylogenetic
Studies within Salvia

Eighteen hypervariable regions were detected in the present
study. Separate analyses conducted with single and combined
data sets generated identical topologies, suggesting that these
DNA regions are efficient molecular markers for phylogenetic
study at low taxonomic levels, at least in Salvia.

Previously used plastid-based markers for Salvia phylogeny in-
clude rbcL, trnl-trnF, psbA-trnH, ycfl, ycf1-rps1S, rpl32-trnl,
truT-trnL, trnV intron, truS-trnG, atpB-rbcL, rps16, and trnK-
matK (Walker et al. 2004, 2015; Taylor and Ayers 2006;
Sudarmono and Okada 2007, 2008; Walker and Sytsma 2007;
Jenks et al. 2011, 2013; Takano and Okada 2011; Drew and
Sytsma 2012, 2013; Will and Claflen-Bockhoff 2014, 2017;
Dizkirici et al. 2015; Will et al. 2015; Drew et al. 20174, 2017b;
Fragoso-Martinez et al. 2017, 2018; Hu et al. 2018). However,
among these 12 regions, only three markers (ycf1, rps15-ycfl,
and rpl32-trnl) were detected as hypervariable regions in the pres-
ent study. Some plastome regions, such as the accD, matK, rpoA,
y¢f2, yefl, and rps7 genes, have high levels of divergence among
families, and most of these sequences have been used for phyloge-
netic analyses (Huang et al. 2010; Domenech etal. 2014; Luo et al.
2014; Bodin et al. 2016). Among those DNA regions, however,
only ycf1 and matK have been shown to be useful for inferring
phylogenetic relationships within Salvia species (e.g., Walker
and Sytsma 2007; Drew and Sytsma 2011, 2012).

Although it has not been widely used because of a lack of uni-
versal primers and the large number of primer pairs needed to se-
quence the entire region, the ycf1 gene is a useful marker for phy-
logenetic studies. Neubig et al. (2008) demonstrated that ycfT is
the most rapidly evolving gene in orchids and is useful for phylo-
genetic study. Later, Drew and Sytsma (2011) suggested that ycf1
has great phylogenetic utility at different taxonomic levels in
Lamiaceae, from closely related species to between subfamilies.
Drew and Sytsma (2011) showed that ycf1 was 50% more infor-
mative than trnL-F within Lepechinia and other genera from tribe
Mentheae (Lamiaceae). In our analyses, informative sites from
ycfl (9.4%) are three times higher than those from #rnL-F (less
than 3%) and generated the phylogenetic tree with the highest
support values (fig. S5). Drew and Sytsma (2011) elaborated on
ycf1 structure, placement, and evolution, including the placement
of ycf1 at the intersection of the IR and SSC regions; the expan-
sion or contraction of the IR, which can cause ycf1 to become em-
bedded within the IR; and the independent loss in some land plant
plastid genomes. Drew and Sytsma (2011) cautioned that ycf1
could be problematic in phylogenetic analyses because it has es-
sentially been lost in some angiosperm lineages (e.g., Poaceae),
but in our analyses of Salvia, the topology of the phylogenetic tree
based on only the ycf1 gene was identical to that of the combined
data set (fig. S4) and very similar to the tree topology produced by
most individual regions (fig. SSH-S5L). Thus, we suggest that
yef1 will be an excellent marker for phylogenetic inferences in fu-
ture studies within Salvia.

Some NCRs, such as mpl32-trnl-ccsA (9.12%), rps15-ycf1
(8.64%), petA-psb] (7.11%), and psbK-psbl (7.06%), also
contained a high number of informative sites, which indicates
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that they may also be useful for phylogenetic studies of Salvia. Of
these regions, rps15-ycf1 and rpl32-trnl. have previously been
used in systematic studies of Salvia (Drew and Sytsma 2012,
2013; Will and Claflen-Bockhoff 2014, 2017; Walker et al.
2015; Will et al. 2015; Hu et al. 2018). The petA-psb] and
psbK-psbl regions were used for phylogenetic reconstruction
and/or biogeographic studies within the Lamiaceae (Gao et al.
2014; Welch et al. 2016; Zhang et al. 2017a) but have not been
widely used.

Phylogenetic Inference

We used four data sets (complete plastome, protein-coding
exons, NCRs, and combined 18 hypervariable regions) to recon-
struct the phylogeny of Salvia. In all analyses, the monophyly
of Salvia was recovered with high support (figs. 8, S2-54). To-
pologies were generally congruent; however, the position of S.
rosmarinus and S. yangii varied. In the trees generated from the
NCR data set (fig. S3) and the combined 18 hypervariable regions
(fig. S4), S. yangii and S. rosmarinus formed a sister clade to S.
nilotica, S. officinalis, S. sclarea, and S. merjamie, but support
values were low. In the trees of the CR (fig. S2) and CPG data sets
(fig. 8), S. yangii is the first-diverging lineage, followed by S.
rosmarinus, S. nilotica, S. officinalis, S. sclarea, and S. splendens.
By using nrITS and nrETS sequences, Hu et al. (2018) also recov-
ered this topology and likewise reported low support values for it.
Recently, these relationships were confirmed by Kriebel et al.
(2019) using nuclear loci obtained by anchored hybrid enrich-
ment (Lemmon et al. 2012).

Earlier studies revealed that both the phylogenetic resolution
and the support values of branches may be considerably im-
proved by more and longer DNA sequences (Rokas and Carroll
2005; Philippe et al. 2011), and our analyses reached a similar
conclusion. In this study, phylogenetic trees based on combined
data sets of protein-coding regions (CR; 68,987 bp) and complete
whole genome (CPG; 134,646 bp) sequences generated higher
support values than the other two smaller data sets (i.e., NCR
and the combined data set of 18 hypervariable regions), even
though the percentages of parsimony-informative sites (3.89%
and 4.90%, respectively; table 7) of these two data sets were
lower than those of the NCR (6.28%) and the combined 18
hypervariable regions (6.82%). This result is to be expected be-
cause the phylogenetic methods used here are not based on the
number of parsimony-informative sites; thus, this metric is an un-
derestimation of the relevant sites for phylogenetic reconstruc-
tion. Furthermore, our analysis found that NCRs across Salvia
plastomes possessed the highest sequence divergence among the
four data sets tested (table 7), while the phylogeny based on
NCRs did not have the highest branch support. The relatively
lower branch supports found in the tree (fig. S3) may be attributed

to the faster (and sometimes aleatory) mutation rates of NCRs in
the plastome, as Wiens (2003) has suggested.

Our results also support the monophyly of Salvia subg.
Glutinaria (figs. 8, S2-S4), which was recently established by
Hu et al. (2018) and consists of nearly all the native Salvia found
in East Asia (Hu et al. 2020). These authors also recognized eight
sections within the subgenus. Here, we included eight species
representing four sections (i.e., Sonchifoliae, Glutinaria, Eury-
sphace, and Drymosphace) of this subgenus for analysis. Although
only four sections were represented by eight species in the present
study, the topology is comparable to that of Hu et al. (2018), with
S. petrophila as the first-diverging species within this subgenus.
Within subg. Glutinaria, relationships among three species (S.
meiliensis, S. yunnanensis, and S. miltiorrbiza) within sect. Drymo-
sphace varied in different data sets. Interspecific relationships
within this section were unresolved in Hu et al. (2018). In the pres-
ent study, the plastome phylogenies corroborate several previously
reconstructed relationships within Salvia (Hu et al. 2018; Kriebel
et al. 2019), indicating that the complete plastome sequences
and 18 hypervariable regions provide a well-resolved and well-
supported tree for the backbone relationships of Salvia. However,
resolving relationships at the species level is still challenging.

In this study, 17 plastid genomes of Salvia were analyzed. We
evaluated the efficacy of complete plastomes for phylogenetic
reconstruction within Salvia, focusing on subg. Glutinaria. The
use of whole plastomes produced well-supported and highly
resolved phylogenies in this phylogenetically recalcitrant group,
demonstrating the utility of plastomes for phylogenetic recon-
struction within Salvia. In addition, 18 hypervariable regions
were identified here; these regions display much more variation
than most markers previously used for phylogenetic studies in
Salvia and have potential as novel plastid markers for phyloge-
netic, species discrimination (DNA bar coding), and population
genetics studies. This case study suggests that complete plastomes
can substantially increase the resolution of phylogenetic trees and
will provide new insights into speciation and lineage diversifica-
tion in both Salvia and other groups of mints.
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