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Abstract Common sage (Salvia officinalis L.), the
type species of the genus Salvia, is a historically
acknowledged medicinal and aromatic plant that is
utilized in several different industries for manufac-
turing diverse end products, including food, pharma-
ceuticals, cosmetics, personal hygiene products and
insect repellants. The medical uses of sage essential
oil terpenoids have made these secondary metabo-
lites a focus of medical/pharmaceutical chemis-
try research. In the present work, the common sage
genome was resequenced and assembled, and the pro-
tein-encoding gene content was annotated. The ter-
penoid biosynthesis gene repertoire, which includes
75 terpene synthase and 67 terpenoid backbone bio-
synthesis pathway genes, was predicted and located
on assembly scaffolds, revealing tandem duplication
blocks on the chromosomes. Variant analysis identi-
fied 188 variable single-nucleotide loci in the cod-
ing sequences of sage terpenoid biosynthesis genes.
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A total of 24,570 single-nucleotide polymorphisms
were identified in the common sage total exome,
representing a database of potential variable loci for
targeted genotyping research. Given that terpene syn-
thase activity is highly prone to modulation by point
mutations and that the genotype plays an important
role in the complex traits of terpenoid composition,
single-nucleotide polymorphisms located in coding
sequences constitute candidate functional markers
that can be associated with terpenoid compositional
traits in future research.
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Introduction

Common sage (Salvia officinalis L.) 2n=2x=14) is
the type species for the genus Salvia L., which con-
stitutes the largest genus of sages (Lamiaceae), with
approximately 1000 species (Kriebel et al. 2019).
This genus is distributed worldwide and includes
several species historically known and used for their
medicinal properties and are currently utilized in the
pharmaceutical, food and cosmetic industries. Com-
mon sage, native to the Mediterranean, is among
those Salvia species of industrial importance and is
rich in essential oil constituents with potent bioactive
compounds. In addition to its prominent medicinal
potential, this aromatic plant has long been used as
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a spice and in herbal beverage (Sarrou et al. 2017; Li
et al. 2022). The medicinal properties of S. officinalis,
including anticancer, antimicrobial, anti-inflamma-
tory and antioxidant effects, have been reported in
several investigations, and these health-beneficial
biological activities are commonly attributed to ter-
penoids extracted from sage essential oils (Chalchat
et al. 1998; Ali et al. 2017; Li et al. 2022).

Common sage plants are rich in terpenoids, and
species specific, ‘specialized’ terpenoids accumulate
throughout the plant (Li et al. 2022). Plant terpenoids
are produced in both vegetative tissues and reproduc-
tive organs (as well as roots) and constitute the larg-
est class of plant secondary metabolites (Dudareva
et al. 2004). The number of distinct terpenoids,
including specialized terpenoids and terpenoid-
linked moieties, reaches thousands. Plant terpenoids
have numerous functions. They act as hormones,
protein modification agents, and antioxidants; take
part in electron transport systems; determine mem-
brane fluidity; attract pollinators and mycorrhizae;
and initiate defense responses. As a component of
traditional medicine used as a remedy since ancient
times, plant terpenoids are used today in mouth
washes, cough medicines and disinfectants. Several
terpenoids (e.g., Taxol and vinblastine) are used as
chemotherapy agents, for the treatment of malaria and
parasitic worm infections (e.g., artemisinin) and for
the synthesis of cortisone, progesterone and medici-
nal steroids (e.g., diosgenin) (Pichersky and Raguso
2018). Thus, terpenoids have long been a focus of
medicinal chemistry and the pharmaceutical indus-
try. The gene repertoire involved in terpenoid bio-
synthesis in the Salvia genus is being studied and
identified through transcriptome and genome analy-
ses (Xu et al. 2016; Ali et al. 2017; 2018; Wimberly
et al. 2020; Li et al. 2022; Bryson et al. 2023; Han
et al. 2023). In related work, a draft genome of Salvia
miltiorrhiza was assembled and used for the identifi-
cation of 82 terpene synthase genes (Xu et al. 2016).
In their work, the authors reported that interspecific,
nonsynonymous single-nucleotide polymorphisms
were highly abundant in terpenoid biosynthesis path-
way genes. A total of 69 terpene synthase-encoding
genes were identified by Li et al. (2022) by sequenc-
ing the common sage genome, and 67 terpene back-
bone biosynthesis genes were identified as a result
of work in which the Salvia rosmarinus genome was
analyzed (Han et al. 2023). These investigations also
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highlighted the importance of gene duplication events
in diversifying the genes involved in terpenoid bio-
synthesis. A de novo leaf transcriptome assembly
of common sage was constructed and used to iden-
tify terpenoid biosynthesis genes. Sixty-five putative
terpene synthases (monoterpenes, sesquiterpenes,
diterpenes and triterpenes) and 70 genes putatively
involved in the mevalonate (MVA) and methyl-eryth-
ritol phosphate (MEP) pathways and terpenoid back-
bone biosynthesis were identified (Ali et al. 2017).
Similar work with the blue anise sage (Salvia guara-
nitica L.) leaf transcriptome resulted in the identifica-
tion of 143 candidate genes, 69 of which were terpene
synthases (monoterpenes, sesquiterpenes, diterpenes
and triterpenes) and 74 of which were involved in the
mevalonate (MVA) and methyl-erythritol phosphate
(MEP) pathways and terpenoid backbone biosynthe-
sis (Ali et al. 2018). A total of 30 terpene synthase-
encoding assembled transcripts were identified from
chia (Saliva hispanica L.) leaf and root transcriptome
analysis (Wimberly et al. 2020).

The essential oil composition constitutes a key
trait in breeding and genetic characterization research
of medicinal and aromatic plant species such as S.
officinalis. S. officinalis has a high level of diversity
in its essential oil composition, as reflected by the
differential expression of the major terpenoid con-
stituents, namely, cineole, thujones, pinene, camphor,
camphene, borneol and bornyl acetate (Jug-Duja-
kovic” et al. 2012; Sarrou et al. 2017; Schmiderer
et al. 2023). Despite the environmental influence and
growth-stage/tissue specificity of metabolite produc-
tion, the sage terpenoid composition is determined
mainly by genotypic variation (Jug-Dujakovic” et al.
2012; Sarrou et al. 2017). The genotype depend-
ency of terpenoid composition manifests itself by
the feasibility of discriminating genotypes grown in
the same environment according to their essential
oil compositions. Thus, determining allelic variation
in terpenoid biosynthesis-associated loci is impor-
tant for functional genomics of the Salvia genus and
would be useful for the targeted genetic improvement
of metabolic characters of industrial significance.
Accordingly, resequencing of the common sage (S.
officinalis) genome was performed in the present
study with the aim of defining terpenoid biosynthesis
genes and identifying variable nucleotide loci in the
gene set as potential functional markers. A reference-
guided genome assembly comprising seven scaffolds
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was constructed, and putative terpenoid biosynthesis
genes were identified through structural and func-
tional gene annotation analyses. The predicted genes
were assigned to their locations on S. officinalis
assembly scaffolds. Further work involved the analy-
sis of single-nucleotide variants within the terpenoid
biosynthesis gene set as well as the identification of
variations in the total predicted S. officinalis exome
sequence.

Materials and methods
Genome sequencing and assembly

Common sage (S. officinalis) leaf tissue (research-
ers’ material) was obtained from Selcuk Univer-
sity, Department of Horticulture (Konya, Turkey).
A CTAB protocol modified from Doyle and Doyle
(1990) and described below was used for extracting
DNA from the leaf material. Accordingly, 200 mg
of leaf tissue was ground in liquid nitrogen, mixed
with 800 pL of CTAB extraction buffer [100 mM
Tris—HCI (pH 8.0), 20 mM EDTA (pH 8.0), 1.4 M
NaCl, 2% (w/v) CTAB, 1% PVP] and 5 pL of RNase
A (0.01 mg/pL), and incubated at 65 °C for 1 h. Then,
600 pL of chloroform:isoamyl alcohol (24:1) was
added to the lysed sample, and the sample was centri-
fuged at 20,900 x g for 10 min. The supernatant was
then incubated at 4 °C for 1 h with 200 pL of isopro-
panol for DNA precipitation. Following incubation,
the precipitated DNA was pelleted by centrifugation
(4 °C for 10 min at 20,900 x g) and washed in 100 pL
of 70% ethanol. The DNA was resuspended in 100 pL
of Tris—EDTA buffer (pH 8.0). Three replicate extrac-
tions were performed and combined for sequencing.
Paired-end sequencing with an Illumina NovaSeq
6000 platform was obtained from Gen Era Diagnos-
tics (Ankara, Turkey). A TruSeq DNA PCR-Free Kit
was used according to the TruSeq DNA PCR-Free
Sample Preparation Guide for preparing a sequenc-
ing library with a median insert size of 450 bp. A
total of 151 bp paired-end reads were produced by
sequencing. k-mer analysis was performed prior to
the assembly process using KmerGenie (Chikhi and
Medvedev 2014). Paired-end reads were assembled
into contigs with the Minia assembly algorithm ver-
sion 3 (Chikci and Rizk 2013). The contig assembly
was uploaded to the Galaxy platform (https://usega

laxy.eu/) (Afgan et al. 2018) for further analyses with
built-in bioinformatic tools. Contigs were scaffolded
using the RagTag software toolset version 2.1.0
(Alonge et al. 2022). Sage chromosome sequences
accessed at https://ngdc.cncb.ac.cn/gwh under the
ID GWHBJVP00000000 were used as references for
placing and ordering contigs while scaffold building.
RepeatMasker version 4.1.2 (Smit et al. 2015) was
used for softmasking the scaffold assembly. The gene
content completeness of the assembly was analyzed
with BUSCO (Benchmarking Universal Single-Copy
Orthologs) version 5.3.2 (Simdo et al. 2015). The
software was run using the lineage dataset embryo-
phyta_odbl0 (creation date: 2020-09-10; number of
genomes: 50; number of BUSCOs: 1614).

Structural and functional gene annotation

Identification of putative protein-encoding gene
structures in the scaffolds was performed using
AUGUSTUS version 3.4.0 (Stanke et al. 2008). Gene
structures on opposite strands were predicted inde-
pendently to avoid neglecting overlapping genes.
The evolutionary genealogy of genes: Nonsupervised
Orthologous Groups (eggNOG) Mapper (database
version 5.0.2) (Huerta-Cepas et al. 2017) was used
with taxonomic scope 71,274 (asterids) to verify the
predicted gene models and assign functions to the
putative gene structures. The resulting gene struc-
tures were further analyzed to identify terpenoid bio-
synthesis genes. Homology analysis was performed
with the terpenoid metabolism coding sequence
records for Salvia species (GenBank Accession
869,088-894017). The blastx algorithm was used
with an E-value threshold of 1E-10. The InterProS-
can tool (version 95.0) (Paysan-Lafosse et al. 2023)
was used for functional classification and verification
of the putative homologs. Graphical visualization
of the physical locations of the identified genes was
performed using MapChart (version 2.32) (Voorrips
2002).

Calling exonic single-nucleotide polymorphisms
(SNPs) from the S. officinalis exome and terpenoid
biosynthesis genes

Variant calling was performed with the DNAdiff

wrapper, which includes the nucmer aligner (Mar-
cais et al. 2018). The entire exome of S. officinalis
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and the coding sequences of the set of putative ter-
penoid biosynthesis genes identified through struc-
tural and functional annotation were compared to
available common sage genome sequences accessed
at https://ngdc.cncb.ac.cn/gwh under the ID GWHB-
JVP00000000. The identified single-nucleotide vari-
ants were filtered for loci flanked by at least 20 bp
of nonvariable, perfectly aligned bases on each side
of the variable nucleotide. To visualize the locations
of the single-nucleotide variations within peptide
domains and evaluate potential amino acid altera-
tions, domain searches were performed on pep-
tide sequences encoded by the open reading frames
(ORFs) of the putative terpenoid biosynthesis genes
using the InterProScan tool (Paysan-Lafosse et al.
2023).

Results and discussion
Genome sequencing and assembly

Genome resequencing has led to a significant para-
digm shift in plant breeding and functional genom-
ics. Identification of single-nucleotide variants at
the whole-plant genome scale has become the most
efficient approach for developing genome-wide SNP
maps with physical coordinates, improving the effi-
ciency and precision of marker-assisted breeding, and
increasing the quantity and accuracy of genotype calls
for population genetic research (Lu et al. 2020; Song
et al. 2023). In the present work, resequencing was
performed in an attempt to identify and locate terpe-
noid biosynthesis genes in the common sage genome
and define single-nucleotide polymorphisms within
the coding sequences as potential functional markers
for further work toward understanding the genotype-
based differences in terpenoid composition and possi-
ble fine tuning of metabolic phenotypes. Accordingly,
a total of 118.8 Gb of raw data were produced as a
result of paired-end sequencing. The reads are depos-
ited as sequence read archive (SRA) files in GenBank
under BioProject PRINA995944. After adapter trim-
ming and filtering the bases according to a phred
quality score of 30 (Q30), 106 Gb of data were
retained, corresponding to 89.2% of the raw sequence
reads. k-mer analysis of the sequence data identified
k=117 as the optimal value for operating a de Bruijn
graph assembler (Fig. S1). Adapter-trimmed reads
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that passed the Q30 filter were initially assembled
into contigs, and the subsequent reference-based scaf-
folding process assembled the contigs into seven scaf-
folds (Table 1). A scaffold assembly of seven pseu-
domolecules encompassing 431.5 Mb was produced,
corresponding to 90.8% of the estimated genome size
(475.3 Mb) (Maksimovi¢ et al. 2007) (Table 1). The
basic assembly statistics are listed in Table 1. The
scaffolds can be accessed in FASTA format at https://
doi.org/https://doi.org/10.6084/m9.figshare.24099
927 (Scaffolds_1-7.fasta) (Ceylan 2023). Prior to the
annotation of protein-encoding gene loci, the com-
pleteness of the gene content was assessed quantita-
tively. Because genome resequencing was performed
to identify potential variable loci in terpenoid biosyn-
thesis coding sequences, it was important to achieve
a high degree of gene completeness. Thus, quality
assessment based on the evolutionarily expected set
of single-copy orthologous genes was essential for
evaluating the completeness of the gene repertoire
and ensuring that false segmental duplications are
minimized (Kelley and Salzberg 2010). According
to the BUSCO analysis results, 92.7% of the 1614
BUSCO groups in the Embryophyta dataset were pre-
sent in the assembly scaffolds, with 1413 complete
(87.6%) and 82 fragmented (5.1%) BUSCOs. A total
of 98.1% of the complete BUSCOs were identified as

Table 1 Basic assembly statistics

Assembly statistics

Number of scaffolds 7
Pseudomolecule 1 (bp) 88,498,997
Pseudomolecule 2 (bp) 77,009,490
Pseudomolecule 3 (bp) 60,691,335
Pseudomolecule 4 (bp) 53,566,787
Pseudomolecule 5 (bp) 52,731,730
Pseudomolecule 6 (bp) 54,576,965
Pseudomolecule 7 (bp) 44,470,283
Total assembly size (bp) 431,545,587
GC (%) 35.36

AT (%) 64.6

N50 value (bp) 60,691,335
NG50 value (bp) 54,576,965
Complete BUSCOs 1413
Complete and single-copy BUSCOs 1386
Complete and duplicated BUSCOs 27
Fragmented BUSCOs 82
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being single-copy (Table 1). High rates of duplicated
BUSCOs imply misassembly-associated false dupli-
cations in gene content. Nevertheless, the BUSCO
analysis results indicated high gene completeness and
a minimal number of duplicated BUSCOs (Table 1).
The BUSCO 1IDs, descriptions and locations of the
identified BUSCOs in the assembly scaffolds are pro-
vided in Supplementary Table S1.

Protein-encoding gene content prediction and
identification of terpenoid biosynthesis genes

HMM-based (hidden Markov model-based) protein-
encoding gene content identification was performed
using AUGUSTUS (Stanke et al. 2008). Putative
gene structures and features in gff format can be
accessed at https://doi.org/https://doi.org/10.6084/
m9.figshare.24100032 under the file name Cod-
ingGeneStructures.gff3. Functional annotation via
eggNOG (Huerta-Cepas et al. 2017) verified both the
HMM-predicted gene structures and the transferred
functions from matching orthologous groups. The
functional annotation yielded 21,443 putative protein-
encoding genes in the sage assembly scaffolds. Of the

21,443 orthologous genes, 20,191 were assigned to
124 Clusters of Orthologous Genes (COG) catego-
ries, with 948 genes assigned to multiple categories
(Table S2). A total of 9421 genes were assigned to
the COG category ‘S’, which defines genes identified
as members of an orthologous group with unknown
function (Table S2). The distribution of the most
common COG assignments is shown in Fig. 1. The
coding sequences and encoded peptides are depos-
ited at https://doi.org/https://doi.org/10.6084/m9.figsh
are.24100083 under the file names Gene_Structures_
Nucleotide.fasta and Gene_Structures_Peptide.fasta,
respectively.

Putative terpenoid biosynthesis genes were specifi-
cally identified in the set of protein-encoding orthol-
ogous genes via homology analysis with the collec-
tion of available Salvia terpenoid biosynthesis genes
(terpenoid backbone biosynthesis pathway genes and
terpene synthase genes) and functional analysis of the
homologous peptides based on peptide domain signa-
tures using InterProScan (Paysan-Lafosse et al. 2023).
A total of 142 putative terpenoid biosynthesis genes
were identified, including 75 terpene synthase and
67 terpenoid backbone biosynthesis pathway genes

COG categories

2500 77

2000 7

1500 1~

1000

500 7

Fig. 1 Clusters of Orthologous Genes (COG) category assign-
ment distribution of functionally annotated gene structures.
COG categories with defined functions are included. T, Signal
transduction mechanisms; K, Transcription; O, Posttransla-
tional modification, protein turnover, chaperones; G, Carbohy-
drate transport and metabolism; Q, Secondary metabolite bio-
synthesis, transport and catabolism; U, Intracellular trafficking,
secretion, and vesicular transport; J, Translation, ribosomal
structure and biogenesis; A, RNA processing and modification;
I, Lipid transport and metabolism; P, Inorganic ion transport

and metabolism; E, Amino acid transport and metabolism; C,
Energy production and conversion; L, Replication, recombi-
nation and repair; H, Coenzyme transport and metabolism; V,
Defense mechanisms; M, Cell wall/membrane/envelope bio-
genesis; Z, Cytoskeleton; D, Cell cycle control, cell division,
chromosome partitioning; F, Nucleotide transport and metabo-
lism; B, Chromatin structure and dynamics. COG assignments
representing at least 100 genes are presented in the graph as
individual bars. COG assignments with fewer than 100 genes
are corepresented as the ‘Others’ bar
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(MVA and MEP pathways and other terpenoid back-
bone biosynthesis genes). The functional descrip-
tions, pathway and gene ID information, and loca-
tions of the 142 putative terpenoid biosynthesis genes
on the assembly scaffolds are provided in Table S3.
The spliced coding sequences of the putative gene
set and encoded peptide sequences can be accessed
at https://doi.org/https://doi.org/10.6084/m9.figshare.
24100134 under the file names TerpenoidBiosynthe-
sis_Coding.fasta and TerpenoidBiosynthesis_Peptide.
fasta, respectively. The detailed coordinates of the
identified terpenoid biosynthesis genes in the assem-
bly scaffolds, including the coordinates of the splice
junctions and coding strand () information, are
available in the structural gene annotation file (Cod-
ingGeneStructures.gff3)  https://doi.org/https://doi.
org/10.6084/m9.figshare.24100032.

In the course of the present work, genome-wide
identification of terpenoid biosynthesis genes was
performed using structural gene models located on
genomic scaffolds, and open reading frames, includ-
ing the locations of exon—intron junctions, were
extracted. As a result, it was also feasible to deter-
mine the interchromosomal distribution of the puta-
tive terpenoid biosynthesis genes.

Terpene synthases constitute one of the most sig-
nificantly expanded secondary metabolism gene

Chr1 Chr2 Chr3 Chr4

meP
Monoterpene_sjnthase
Monoterpene_synthase
Monoterpene_sjnthase

Monoterpens_synthase

I

A
noterpene_synthase

T
|

/— Monoterpene_syntase

a1

Monoterpene_sjnthase

Monoterpene_synthase

Monoterpene_synthase
IVA

MVA

Fig. 2 Genomic distribution of the common sage putative ter-
penoid biosynthesis gene repertoire. The exact locations of the
loci on the assembly scaffolds are provided in Table S3. The

@ Springer

|}~ Monoterpene_synthase
O Monoterpene_synhase

families over the course of Embryophyta evolution.
Both tandem duplications and whole-genome dupli-
cations are responsible for the expansion of the ter-
pene synthase gene family in plants (Li et al. 2021).
There are approximately 30 to 100 terpene synthase-
encoding genes in the plant genome (Pichersky and
Raguso 2018). In the present work, terpenoid biosyn-
thesis-associated genes were found to be distributed
across all seven chromosomes, and there were tandem
blocks of genes encoding both terpene synthases and
terpenoid backbone biosynthesis pathway compo-
nents (Fig. 2 & Table S3). The interchromosomal
distribution of the genes, as shown in Fig. 2, was not
uniform, as the majority of the genes were aggregated
on four chromosomes, Chr 1, 2, 3 and 6 (Fig. 2).

In a recent work, 342 terpenoid biosynthesis-asso-
ciated genes were identified as 126 tandem blocks
in the genome of lavender (Lavandula angustifolia),
an important Lamiaceae species that belongs to the
Nepetoideae subclade together with the members of
the Salvia genus; that study reported a nonuniform
distribution of terpenoid biosynthesis genes among
the chromosomes (Li et al. 2021), similar to the find-
ings of the present work. In the present study, tan-
dem monoterpene synthase and diterpene synthase
blocks were found to be most common on chromo-
some 2 and on chromosomes 1 and 7, respectively

Chr5 Chré Chr7

| |
ANYAS

1]
N 1 AANSS

detailed gene features can be accessed at https://doi.org/10.
6084/m9.figshare.24100032 under the file name CodingGen-
eStructures.gff3
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(Fig. 2). Blocks of terpenoid backbone biosynthesis
genes, including MVA and MEP pathway genes, were
most commonly found on chromosomes 1-4 (Fig. 2).
Clustering of diterpene synthesis-associated genes
on chromosome 1 (Fig. 2) was in concordance with
previous work in which the common sage genome
sequence was analyzed for diterpene biosynthesis
genes (Li et al. 2022). Similar to the results obtained
in the present work (Table S3), analysis of the Salvia
rosmarinus genome by Han et al. (2023) revealed 67
terpenoid backbone biosynthesis genes. The results
of the work with the S. officinalis and S. rosmarinus
genomes emphasized the effect of gene duplications
as a major driver of the evolution of genes associated
with terpenoid production in the Salvia genus.

SNP variants in the predicted total exome and
terpenoid biosynthesis genes of S. officinalis

The functional diversification of duplicate copies
within tandem gene blocks via mutation and natural
selection significantly contributes to the tremendous
diversity of plant terpenoids, leading to the most
extensive class of plant secondary metabolites (Trin-
dade et al. 2018; Li et al. 2021). Certain features of
terpene synthase enzymes are effective at determining
the scale of the effect of mutations on plant terpene
diversity. Terpene synthases usually produce multiple
products from the same substrate due to stochastic
charge migrations in the enzyme active site, and the
effect of a single amino acid change in a terpene syn-
thase is usually reflected by the production of multi-
ple new terpene end products. As a result, mutations
that alter even a single amino acid in a terpene syn-
thase frequently have significant outcomes (Pichersky
and Raguso 2018). Modification of the terpene skele-
ton by a variety of reactions certainly further expands
the diversity of the end products generated by ter-
pene synthase. Nevertheless, it should be noted that
the effect of a mutation in an enzyme-encoding gene
may also manifest itself at the level of expression
control, resulting in changes in the spatial or temporal
production rate of the enzyme (Cartegni et al. 2002;
Nielsen et al. 2007; Komar 2007; Tuller et al. 2010).
Consequently, identifying sequence variations in ter-
pene synthase coding sequences as potential tools
for associating certain alleles with certain favorable
metabolic phenotypes and/or with increased produc-
tion of desirable terpene end products is valuable. In

a relevant study, analysis of the genome sequence of
S. miltiorrhiza for single-nucleotide polymorphisms
revealed a high rate of nonsynonymous substitutions
in diterpenoid biosynthesis-associated genes (Xu
et al. 2016). To develop molecular markers for link-
age mapping, genetic association and marker-assisted
selection of rubber production traits in rubber tree
(Hevea brasiliensis), Mantello et al. (2014) identi-
fied 78 SNPs in MVA and MEP pathway genes. Kiil-
heim et al. (2011) identified SNPs in MVA and MEP
pathway genes and found significant associations
between these SNPs and the terpene production traits
of Eucalyptus globulus. Identification of the potential
variability in the terpenoid biosynthesis gene reper-
toire of S. officinalis has not been previously reported;
therefore, the availability of an S. officinalis genome
sequence (Li et al. 2022) was critical to the purpose
of the present work, as we were able to perform com-
parative sequence analysis for the identification of
genomic nucleotide variations.

In the course of the present work, a total of 447
substitutions were identified with respect to the ref-
erence sequence in the exons of the putative terpe-
noid biosynthesis genes. After filtering for loci with
at least 20 bp of perfect alignment (100% match with
no sequence divergence) on each side, a total of 188
single-nucleotide polymorphisms were retained in
82 unique terpenoid biosynthesis genes. The detailed
results of variant calling are provided in Table S4.
Transition mutations were predominant, represent-
ing 64.9% of the total number of SNPs, as expected.
Transversions constituted 35.1% of the SNPs. Purine/
purine transitions (A/G, G/A) were the most common
type of substitution, representing 35.1% of the 188
SNP loci (Table 2). Single-nucleotide polymorphisms
in the entire predicted S. officinalis exome were
also determined by variant calling. In total, 53,143
variable nucleotide loci were identified (https://doi.
org/https://doi.org/10.6084/m9.figshare.24100155,
TotalExome_substitutions.tabular), and after filtering
for perfect alignment of the flanking 20 bases, 24,570
single-nucleotide polymorphisms remained (https://
doi.org/https://doi.org/10.6084/m9.figshare.24100
155, TotalExome_gSNPs). Similar to the substitu-
tions in the terpenoid biosynthesis genes, in the total
exome of S. officinalis, transition mutations consti-
tuted almost 65% of the total number of single-nucle-
otide substitutions, as expected (Table 2). InterProS-
can (Paysan-Lafosse et al. 2023) analysis was carried
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Table 2 Variant calling statistics for the Salvia officinalis total exome and the predicted set of terpenoid biosynthesis genes

Total exome Terpenoid

variant® Query® Reference! biosynthesis variant® Query® Reference!
GA 3969 (16.15%) 3985 (16.22%) AC 12 (6.03%) 8 (4.02%)
GT 1193 (4.86%) 1129 (4.59%) AT 8 (4.02%) 7 (3.52%)
GC 997 (4.06%) 1024 (4.17%) AG 36 (19.12%) 30 (15.96%)
AC 1155 (4.70%) 1223 (4.98%) GA 30 (15.96%) 36 (19.12%)
AG 3985 (16.22%) 3969 (16.15%) GT 9 (4.79%) 4(2.13%)
AT 952 (3.87%) 993 (4.04%) GC 13 (6.91%) 5 (2.66%)
TA 993 (4.04%) 952 (3.87%) TG 4(2.13%) 9 (4.79%)
TG 1129 (4.59%) 1193 (4.86%) TA 7 (3.52%) 8 (4.02%)
TC 3932 (16.00%) 4018 (16.35%) TC 24 (12.77%) 32 (17.02%)
CG 1024 (4.17%) 997 (4.06%) CT 32 (17.02%) 24 (12.77%)
CA 1223 (4.98%) 1155 (4.70%) CG 5 (2.66%) 13 (6.91%)
CT 4018 (16.35%) 3932 (16.00%) CA 8 (4.02%) 12 (6.03%)
Total 24,570 24,570 Total 188 188

Substitutions are identified in the total collection of exonic sequences identified via structural gene modeling in the S. officinalis

genome assembly scaffolds

bSubstitutions are identified in the exonic sequences of the predicted set of terpenoid biosynthesis genes

“Query represents the sequence data produced in the present study

dReference represents the S. officinalis genome assembly sequence accessed at https://ngdc.cncb.ac.cn/gwh under the ID GWHB-

JVP00000000

out individually for randomly selected terpenoid bio-
synthesis genes that harbor single-nucleotide poly-
morphisms. Among the analyzed variable nucleotide
loci in these genes, more than half (9 out of 16) were
nonsynonymous and caused amino acid alterations.
The N-terminal hydroxymethylglutaryl-CoA synthase
domain of a mevalonate pathway gene identified
on chromosome 1 (assigned gene ID: 01_RagTag.
£10549) is located between the 13th and 163rd amino
acids of the encoded peptide. A single-nucleotide pol-
ymorphism identified in the hydroxymethylglutaryl-
CoA synthase (hmgs) gene of Eucalyptus globulus
was previously shown to be strongly associated with
sesquiterpene production traits, including the overall
quantity and composition of sesquiterpenes in Euca-
lyptus leaves (Kiilheim et al. 2011). In the present
work, variant analysis identified two single-nucleo-
tide polymorphisms in the exons of the hmgs gene,
and the SNP (G/A) identified at the 91st position of
the coding sequence alters amino acid residue 31
(asparagine) of the peptide, changing the residue to
aspartate. Similarly, the sequence encoding the C-ter-
minal terpene cyclase like 1 domain of a monoter-
pene synthase (myrcene/ocimene synthase) identified

@ Springer

on chromosome 2 (assigned gene ID: 02_RagTag.
g24179) harbors four SNPs, one of which causes a
threonine/arginine change at residue 455. There are
four SNPs located in the coding sequence of a gera-
nylgeranyl diphosphate reductase identified as a puta-
tive terpenoid backbone biosynthesis gene (assigned
gene ID: 03_RagTag.g36721). Of the four SNPs, two
are nonsynonymous, altering residues 219 and 283
in the reductase domain. Five amino acid-changing
SNPs out of the six variable loci identified in the
MEP pathway gene hdsI (assigned gene ID: 04_Rag-
Tag.g42863) alter residues at positions 184, 276, 301,
507 and 525 of the 4-hydroxy-3-methylbut-2-en-1-yl
diphosphate synthase domain. Interestingly, multiple
nonsynonymous SNP loci in the hds gene have been
found to be significantly associated with monoter-
pene production in Eucalyptus leaves. As a result of
that study, the authors indicated that further work is
needed to determine which SNP in the hds locus is
the primary determinant of the altered accumulation
of monoterpenes in Eucalyptus (Kiilheim et al. 2011).

In the present work, exons were specifically tar-
geted for variant calling to identify SNPs with high
potential for tuning the overall activity of the encoded
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enzymes. When considering the effects of variable
loci in protein-encoding sequences, it is important
to note that the outcome of a substitution in an open
reading frame is not restricted by the synonymous/
nonsynonymous distinction, and the term “silent”
does not actually correspond to “with no conse-
quence” when the complexity of eukaryotic cotran-
scriptional and posttranscriptional gene regulation
is considered (Cartegni et al. 2002; Nielsen et al.
2007; Komar 2007; Tuller et al. 2010). The effect
of a mutation in a coding sequence is not restricted
to an altered protein structure but can be exerted
through differential gene regulation. When a substitu-
tion corresponds to a critical residue of the encoded
peptide, even a synonymous substitution in an exon
can change the transcription factor binding efficiency,
therefore altering the rate of transcription. In addi-
tion, alternative cleavage and polyadenylation of the
encoded mRNA may occur, affecting the length and/
or splicing of the final 3’-UTR sequence. Splice vari-
ants can be produced due to synonymous mutations
during mRNA maturation (Cartegni et al. 2002).
Despite no change in the encoded peptide sequence,
synonymous codons may alter translation efficiency
and therefore may alter the level of protein expres-
sion, as tRNAs that recognize synonymous codons
in a cell are usually not produced in equal quantities.
Thus, codon bias becomes an important determinant
of the outcome of a substitution mutation (Komar
2007; Tuller et al. 2010). Differential tRNA traffick-
ing to an mRNA during translation may also cause
local variations in protein folding, changing the yield
of correctly folded proteins (Komar 2007). Since all
of the abovementioned effects are related to gene
expression control rather than protein function, they
can be exerted regardless of the location of the sub-
stitution within an open reading frame. These effects
may also vary among tissues, developmental stages
or conditions with which the organism must cope,
creating ways to fine-tune adaptive responses. As a
result, either residing in a domain unit or not, syn-
onymous/nonsynonymous polymorphisms in genes
controlling metabolite production may be associated
with differentially abundant metabolite composition
and/or cause conditional/tissue-specific phenotypes.
Diversification in metabolite yield, composition and
stress responses would not create discrete pheno-
typic classes, as observed for qualitative characters,
but would explain the genotype dependency of a

metabolic feature, as observed and reported for terpe-
noid production.

Conclusion

SNPs seem to have replaced other marker systems in
plant functional genomics and breeding research due
to several different advantages, such as high genome
coverage, abundance in coding sequences, and supe-
rior genotyping accuracy and reproducibility. Another
highly beneficial feature of SNPs for plant genomics
and molecular breeding is the amenability of geno-
typing by state-of-the-art high-throughput sequencing
approaches, allowing automated allele calling in large
populations by targeted, short-amplicon sequencing
(Eriksson et al. 2020). In the course of the present
work, it was feasible to identify single-nucleotide
variants in the coding sequences of common sage
terpenoid biosynthesis genes via genome resequenc-
ing. The genotype dependency of the main essential
oil components of S. officinalis has been investigated
previously (Jug-Dujakovic” et al. 2012), indicating
that despite the complex nature of terpenoid produc-
tion, it is feasible to apply genomic selection rather
efficiently for the targeted improvement of cultivars
with desired compositional traits. Thus, novel cul-
tivars can be tailored to the needs of specific indus-
tries that use sage terpenoids as raw materials. Given
that extremely diverse terpenoid compounds have a
wide range of utilization as raw materials for different
industries, from the production of anticancer drugs to
the generation of biofuels, allelic variations in biosyn-
thetic genes constitute a valuable potential molecular
toolkit. In addition, associating compositional modu-
lations with allelic variations would provide insights
into the molecular mechanisms that give rise to the
extreme diversity of this metabolite class, which con-
stitutes the highest portion of plant natural products.
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