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A B S T R A C T   

The diversity of plant monoterpenes is largely based on the catalytic activity of monoterpene synthases. Addi
tionally, copy number variation of monoterpene synthase genes may contribute to the quantity of transcripts and 
hence to the essential oil profile. 

This study used whole-genome sequencing and digital PCR for the measurement of copy number variation and 
quantification of gene expression in three closely related Salvia species, namely Salvia officinalis, Salvia pomifera 
and Salvia fruticosa. Twelve, 13 and 15 monoterpene synthase-encoding open-reading frames were predicted for 
Salvia officinalis, Salvia pomifera and Salvia fruticosa, respectively. In Salvia officinalis, one of the open reading 
frames was disrupted indicating a pseudogene. Monoterpene synthase genes were generally single copy per 
haploid genome, only a few were double or triple copy genes. 

Expression levels of monoterpene synthases in leaves corresponded generally well with essential oil compo
sition. In some cases, a higher expression level of a certain monoterpene synthase could be explained by its 
duplication or triplication. The very high content of thujones in Salvia pomifera, for example, was accompanied 
by gene duplication and increased gene expression of (+)-sabinene synthase responsible for the thujone pre
cursor sabinene. 

In Salvia officinalis, three individuals different in their essential oil profile showed significant differences in 
their monoterpene synthase expression levels corresponding roughly to the profile of the essential oils. 

Transcript expression of monoterpene synthase genes were measured in leaf, calyx and corolla. The corolla 
differed significantly from leaves, while calyces usually showed a profile intermediary between leaf and corolla.   

1. Introduction 

Salvia is with around 900 species the largest genus of the Lamiaceae 
distributed across Europe, Asia, Africa, and America. The 30 to 40 
species in the Mediterranean and the Irano-Turanic Regions are cat
egorised within the genus as the type section Salvia (Hedge, 1972). This 
section includes three close relatives, S. officinalis L., S. fruticosa Mill 
(syn. S. libanotica Boiss. & Gaill., S. triloba L.). and S. pomifera L., 
essential oil storing sage species with culinary and (folk-)medicinal uses. 
Salvia officinalis, the type species of the genus, is originally native to 
North and Central Spain, South France and to the Western part of the 
Balkan Peninsula. It is widely cultivated as an herb and naturalised in 

parts of South and Central Europe to Asia Minor. Salvia fruticosa is native 
to the Central and Eastern Mediterranean region, and S. pomifera L. to 
Greece and Turkey. All three species are diploid with 2n = 14 chro
mosomes (Löve, 1980; Maksimović et al., 2007; Esra et al., 2011). The 
amount of DNA per haploid genome (1C) is 0.49 pg for S. officinalis 
(Maksimović et al., 2007) and 0.84 pg for S. fruticosa (Bou 
Dagher-Kharrat et al., 2013). Hybridisation is possible between 
S. officinalis and S. fruticosa (Putievsky et al., 1990). The three sage 
species are known to accumulate bioactive secondary plant compounds 
from several classes such as flavonoids, phenolic acids (especially ros
marinic acid) (Pizzale et al., 2002; Lamien-Meda et al., 2010a; Cvetko
vikj et al., 2013), diterpenes like carnosol and sesqui- and monoterpenes 
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(Baser et al., 1993; Länger et al., 1996; Karousou and Kokkini, 1997; 
Lamien-Meda et al., 2010b). 

Their essential oil consists mainly of monoterpenes that accumulate 
in essential oil glands of the leaf epidermis. The developing leaf repre
sents the developmental stage with the highest expression levels of 
(mono)terpene synthase (TPS) enzymes (Schmiderer et al., 2010). 

The three species express similar monoterpene compounds that differ 
strikingly in quantitative composition. The essential oil of S. officinalis is 
almost colourless to pale-yellow with a typical thujone odour (Burdock, 
2009). Its main compounds are 1,8-cineole (7–17%), α-thujone 
(1–37%), β-thujone (2–14%) and camphor (3–12%) (Lamien-Meda 
et al., 2010b). The essential oil composition is polymorphic and 
numerous chemotypes exist (Perry et al., 1999; Lamien-Meda et al., 
2010b; Schmiderer et al., 2013b). The oil of S. fruticosa is characterised 
by a very high content of 1,8-cineole, accompanied by camphor, α- and 
β-pinene and myrcene. Both thujones are present in small quantities only 
(Karousou and Kokkini, 1997). The essential oil of S. pomifera is 
extremely rich in both, α- and β-thujone, while the content of 1,8-cineole 
is much lower than in both the other two species (Baser et al., 1993). 

Therefore, the essential oil composition of S. officinalis is interme
diate between the thujone-poor S. fruticosa and the thujone-rich 
S. pomifera. 

Monoterpenes are competing for the same substrate, geranyl- 
pyrophosphate (GPP). 1,8-cineole synthase (CS) forms in a one-step 
process 1,8-cineole (Wise et al., 1998). (+)-Sabinene synthase (SS) ca
talyses the first step to (+)-sabinene (Wise et al., 1998), which is further 
hydroxylated to (+)-sabinol (Karp and Croteau, 1982). In a next step, 
(+)-sabinol dehydrogenase converts (+)-sabinol to (+)-sabinone (Dehal 
and Croteau, 1987), which is reduced by two independent double-bond 
reductases into (−)-α-thujone and (+)-β-thujone, respectively. Bornyl 
diphosphate synthase (BS) forms bornyl diphosphate, which is further 
transformed to borneol by bornyl diphosphate hydrolase (Croteau and 
Karp, 1979). Borneol dehydrogenase catalyses the conversion of borneol 
to camphor (Dehal and Croteau, 1987). 

In some distinct casesmRNA expression is directly correlated with 
the end-product levels for the main monoterpenes, 1,8-cineole and 
camphor (transcriptionally controlled). For thujones, however, tran
scriptional control seems to be more complex as no direct correlation 
between mRNA and product levels could be detected (Schmiderer et al., 
2010; Grausgruber-Gröger et al., 2012). 

Here we asked whether copy number variation (CNV) and transcript 
expression of TPS genes contribute to the vastly different monoterpene 
composition of S. officinalis, S. fruticosa and S. pomifera. We present an 
inventory of TPS genes for sage that includes CNV, level of transcript 
expression and monoterpene profiles. The sequences of the TPS genes 
and their frequency per haploid genome were identified by next- 
generation sequencing (NGS) and verified by digital PCR (dPCR). 
Transcript number of TPS genes in calyx, corolla and young leaf was 
counted by reverse-transcription dPCR (RT-dPCR). The composition of 
monoterpenes in three genotypes of S. officinalis, S. fruticosa and 
S. pomifera was measured by gas chromatography–mass spectrometry 
(GC-MS). Genome, transcriptome and phenotype data facilitated corre
lating CNV of TPS genes to transcript expression and transcript expres
sion to monoterpene composition. 

2. Material and methods 

2.1. Plant material 

Clonally propagated plants of three sage species (Lamiaceae), Salvia 
officinalis (n = 3), Salvia fruticosa (n = 1) and Salvia pomifera (n = 1), 
were cultivated at the University of Veterinary Medicine Vienna. Clones 
were either of known geographic origin such as the samples ‘So3’ of 
S. officinalis descending from a wild population near Foggia (Italy) and 
‘Sf1’ of S. fruticosa originating from Llogara Pass (Albania) or unknown 
regional provenance (samples ‘So11’ and ‘So26’ of S. officinalis as well as 

‘Sp2’ of S. pomifera). The three genotypes of S. officinalis were selected 
after previous analysis from our own collection because of their differing 
chemotypes (‘So3’ a genotype with a relatively high content of camphor 
(31%), ‘So11’ high content of β-thujone (47%), ‘So26’ above-average 
content of cineole (18%)). Plant material for DNA and RNA extraction 
was collected repeatedly between autumn 2015 and spring 2018. Ma
terial used for RT-dPCR was collected at full bloom in spring 2018. 
Harvested plant material was transferred into 2-ml tubes, immediately 
frozen in liquid nitrogen and stored at −80 ◦C until RNA or DNA 
isolation. 

2.2. DNA extraction and digestion 

Extraction of genomic DNA followed a modified cetrimonium bro
mide (CTAB) protocol, termed “CTAB method 1” (Schmiderer et al., 
2013a) that is based on Doyle and Doyle (1990). Before DNA extraction, 
the frozen material was ground to fine powder using a swing mill 
(Retsch MM301, Haan, Germany). 

DNA quantity and purity were determined using a NanoDrop ND- 
2000c spectrophotometer (Peqlab Biotechnologie GmbH, Erlangen, 
Germany). For dPCR, 1 μg of DNA was digested in a 20-μl reaction with 
10 U MspI or EcoRV (Thermo Fisher Scientific, Vienna, Austria) and 
cleaned up with the Monarch™ PCR and DNA Cleanup Kit (5 μg) (New 
England Biolabs, Ipswich, MA, U.S.A.) following the protocol of the 
manufacturer. 

2.3. NGS 

Illumina’s high-throughput sequencing-by-synthesis technology 
(HiSeq V2 sequencing, paired-end reads, and two channels) was out
sourced to a commercial service provider (LGC Genomics GmbH, Berlin, 
Germany). Remnants of the sequencer adapter were removed from raw 
reads. Reads with more than one ‘N’ were removed and the reads 
trimmed at the 3′ end to obtain a minimum average Phred quality score 
of 25 over 10 bases. Finally, reads with a final length <20 bases were 
discarded. Forward and reverse reads were combined using BBMerge 
34.48 (Bushnell et al., 2017). 

2.4. Primer and probe design 

Primers were designed using Primer Express 2.0 (Applied Bio
systems, Foster City, CA, USA) (Supplementary Table 1, Supplementary 
Table 2) and assessed for secondary structures using the NetPrimer tool 
(http://www.premierbiosoft.com/netprimer/). For extendable primer 
dimers a Gibbs free energy change (ΔG) above −1 kcal/mol was 
preferred. The potential for amplicon secondary structure formation was 
evaluated using the DNA folding form of the UNAFold Web Server (htt 
p://www.unafold.org/mfold/applications/dna-folding-form.php) 
(Zuker, 2003). 

Hydrolysis probes (Supplementary Table 3) were designed using the 
Primer Express 2.0 and the Tm Prediction tool for LNA-enhanced oligos 
(https://geneglobe.qiagen.com/at/tools/tm-prediction). 

2.5. Copy number counting of nucleic-acid sequences by dPCR 

Copies of nucleic acid sequences were counted by dPCR using the 
QuantStudio™ 3D Digital PCR system (Applied Biosystems, part of 
Thermo Fisher Scientific). The platform comprised a chip loader, chip 
reader, 20K Chip Kit v2 and a GeneAmp PCR System 9700 equipped 
with two flat blocks. The duplex dPCR assay monitored TPS targets and 
reference genes with 6-FAM- and Yakima Yellow™-labelled probes, 
respectively (Supplementary Table 3). The 18-μl reaction contained 1 ×
QuantStudio® 3D Digital PCR Master Mix v2, 200 nM of each primer 
(Sigma Aldrich, Vienna, Austria), 200 nM of each probe (Integrated DNA 
Technologies, Leuven, Belgium) and 2 μl of diluted DNA or cDNA 
(Supplementary Table 1, Supplementary Table 3). A 14.5-μl aliquot of 
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this mixture was applied to a dPCR chip using the chip loader. Following 
an initial denaturation step at 96 ◦C for 10 min, 45 amplification cycles 
(98, 55 ◦C for 30 s, 2 min) and a final extension (60 ◦C for 2 min) were 
performed. Reaction endpoints were measured at the Quant Studio™ 3D 
digital system (Thermo Fisher Scientific) and analysed in the Quant
Studio® 3D Analysis Suite™ software version 3.1.4 (online at Thermo 
Fisher Cloud). 

2.6. Assay specificity assessment 

Primer and probe sequences designed for dPCR were tested for cross 
reactivity as follows. Genomic DNA or cDNA of each TPS gene was 
amplified as comprehensively as possible using two consecutive rounds 
of amplifications in most cases. To increase product specificity, the 
second reaction was performed with one or two nested primers. The 30- 
μl reaction included 500 nM of each primer, 1 × Phusion buffer HF and 
0.3 U Phusion HS II polymerase (Thermo Fisher Scientific) (Supple
mentary Table 2, Supplementary Table 4). The amplification program 
consisted of initial denaturation at 98 ◦C for 60 s, 35 amplification cycles 
(98, 55 and 72 ◦C for 10, 20 and 90 s) and final elongation (72 ◦C for 7 
min). Product composition was evaluated by electrophoresis on an 1.4% 
agarose gel run in 1 × sodium borate buffer (Brody and Kern, 2004). 
Amplicons of the expected size were cleaned with Exonuclease I and 
FastAP Thermosensitive Alkaline Phosphatase (Thermo Fisher Scienti
fic). Products showing several bands were transferred to 0.5 × Roti
phorese TAE gels (Carl Roth, Graz, Austria). The separated bands were 
cut out and re-extracted with the QIAquick Gel Extraction Kit (Qiagen) 
according to the manufacturer’s protocol. In case of uncertainty, a 
product was verified by Sanger sequencing outsourced to a commercial 
service provider (Microsynth, Vienna, Austria). Subsequently, ampli
cons were analysed by quantitative PCR (qPCR). Templates diluted with 
Tris-EDTA buffer to correspond to Cq values of 22–26 were tested for 
cross reactivity against other TPS sequences. The extent of cross reac
tivity was concluded from the Cq difference of cross-reaction and spe
cific signals. For qPCR conditions see below. 

2.7. Sanger sequencing analysis 

Sequencing of PCR amplicons was outsourced to a commercial ser
vice provider (Microsynth AG, Balgach, Switzerland). 

2.8. Amplification efficiency of qPCR assays 

The qPCR efficiencies for all duplex-dPCR assays (including primers 
and probes for one TPS and the reference gene PEX4) were calculated 
with synthetic DNA constructs and a pooled sample of genomic DNA 
composed of S. officinalis (specimen ‘So3’), S. fruticosa (specimen ‘Sf1’) 
and S. pomifera (specimen ‘Sp2’). The 10-μl reaction included 1 × buffer 
B2, 4 mM MgCl2, 0.65 U HOT FIREPol® DNA Polymerase, 0.2 mM 
dNTPs (all Solis BioDyne, Tartu, Estonia), 250 nM of each primer, 200 
nM of each probe and 1 μl template DNA. Efficiency was calculated from 
standard curves obtained from tenfold serial dilutions of 5 ng/μl of 
genomic DNA or ~2 fg/μl of synthetic DNA. The qPCR was performed 
using the Rotor-Gene Q (Qiagen) with an initial denaturation at 95 ◦C for 
15 min and 45 amplification cycles (95, 57 and 72 ◦C for 10, 20 and 20 
s). Measured efficiencies ranged from 81 to 104% (average: 94%) except 
of SfTPS16 (61%) (Supplementary Table 5). 

2.9. Synthetic DNA constructs 

For determination of qPCR efficiency and CNV by dPCR, four double- 
stranded DNA constructs of 486–993 bp, termed ’GeneStrands’, were 
used. They included target regions of the reference genes FIM and PEX4 
and segments of selected TPSs separated by a recognition site of a re
striction endonuclease (Supplementary Data 1). GeneStrands were 
synthesised by Eurofins Genomics (Ebersberg, Germany). 

Before use, DNA constructs were digested with MspI or EcoRV 
(Thermo Fisher Scientific) and cleaned up with the Monarch® PCR and 
DNA Cleanup Kit (5 μg) (New England BioLabs, Frankfurt, Germany). 
DNA was diluted in 1 × TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) to a 
concentration of ~2 fg/μl. 

2.10. RNA extraction and cDNA synthesis 

Approximately 50–90 mg of plant material flash frozen in liquid 
nitrogen and stored at −82 ◦C was subjected to extraction with the 
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s protocol. RNA quantity and purity were determined 
using a NanoDrop ND-2000c (Peqlab Biotechnologie GmbH). Genomic 
DNA was removed with RNase-free DNase I (Thermo Fisher Scientific) 
following the manufacturer’s protocol. The reverse transcription (RT) 
reaction was performed in a 20-μl volume using the RevertAid First 
Strand cDNA Synthesis Kit (Thermo Fisher Scientific), 0.5 μg template 
RNA and 1 mM of the VN-tailed oligo(dT)18 primer 5′-GCT GTC AAC 
GAT ACG CTA CGT AAC TGC ATG ACA GTG (T)18VN, where V desig
nates A, C or G and N any base. Contamination with DNA was monitored 
by a mock-RT control. 

TPS transcript expression was normalised to the reference gene PEX4 
(GenBank: EU399687.1) found to be stably expressed during leaf onto
genesis in S. officinalis (unpublished data). 

Normalised transcript expression of a particular TPS target was 
obtaining by dividing the cDNA copy number of the TPS gene by the 
cDNA copy number of the reference gene PEX4 multiplied by 100. 
Finally, relative TPS transcript expression was obtained by dividing the 
expression of the target gene by the sum of all TPS transcripts. 

2.11. Gas chromatography-mass spectrometry (GC-MS) 

Plant material left-over from RNA extraction was used for GC-MS. 
Material remaining in the QIAshredder spin column (Qiagen) was sup
plemented with 0.5 ml dichloromethane, incubated at room tempera
ture for ~ 1 min, and centrifuged for 30 s at 14,000×g. The flow-through 
was transferred to GC vials. GC-MS analysis was performed as described 
by Schmiderer et al. (2008). Essential oil compounds were identified 
using a HP 6890 gas chromatograph coupled with the quadrupole mass 
spectrometer HP5972 MSD (Hewlett-Packard, Palo Alto, CA, USA) fitted 
with a DB5-MS capillary column (30 m × 0.25 mm inner diameter, film 
thickness: 0.25 μm; Agilent, Palo Alto, CA, USA). Helium was used as 
carrier gas (average velocity: 42 cm/s), the injector temperature was set 
to 250 ◦C and the split ratio to 100:1. The temperature program started 
with 60 ◦C for 4 min, rising to 100 ◦C with 5 ◦C/min increase, and from 
100 to 280 ◦C with 9 ◦C/min. The retention indices of the essential oil 
compounds were determined in comparison to n-alkane hydrocarbons 
(retention index standard for GC, Sigma-Aldrich, Vienna, Austria) under 
the same conditions. The compounds were identified comparing their 
mass spectra and retention indices to published data (McLafferty and 
Stauffer, 1989; Adams, 2007). The composition was obtained by 
peak-area normalisation, and the response factor for each compound 
was considered to equal 1. 

2.12. TPS gene structure and phylogenetic reconstruction 

The exon-intron structure of TPS genes was visualised using the Gene 
Structure Display Server (http://gsds.gao-lab.org) (Hu et al., 2015). 
Plastid-targeting peptides were predicted by TargetP-2.0 server (https 
://services.healthtech.dtu.dk/service.php?TargetP-2.0) (Almagro 
Armenteros et al., 2019). The evolutionary history of TPSs was recon
structed using the Maximum Likelihood method with the General Time 
Reversible model (Gamma distribution + invariant sites) (Nei, 2000) as 
implemented in MEGA11 (Tamura et al., 2021). The tree with the 
highest log-likelihood was displayed. 
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2.13. Statistical analysis 

All statistical analysis were performed with R 3.6.0 (R Core Team) 
and RStudio (RStudio Team, 2019). PCA was performed with the 
R-package FactoMineR (Lê et al., 2008) and factoextra (Kassambara and 
Mundt, 2016). 

3. Results 

3.1. NGS analysis and identification of TPSs candidates 

Genomic DNA isolated from a wild-derived specimen of S. officinalis, 
‘So3’, was subjected to high-throughput sequencing on Illumina’s plat
form. A total number of 77,254,984 sequencing reads with a length of 
150 bp was obtained. This corresponds with a ~19-fold genome 
coverage, assuming a genome size of 475.30 Mb (Maksimović et al., 
2007). Contigs of putative TPS genes were compiled by mapping the 
NGS reads against the three TPS genes reported for S. officinalis 
(AF051899 to AF051901 (Wise et al., 1998)). To improve assembly 
continuity, iterative extensions and merging of contigs were performed. 

Orthologues were identified by carefully separating the assemblies 
into the individual TPS genes based on overlaps of mutations found in 
the subsequent assemblies of reads. Products amplified with TPS gene- 
specific sets of primers were verified by Sanger sequencing. 

In total, twelve TPSs were determined for S. officinalis (Table 1). 
Inference of orthology performed for the twelve genes in the other two 
sage species, yielded two or three more members of the TPS gene family, 
termed TPS15 and TPS16 (S. pomifera) and TPS15, TPS16 and TPS17 
(S. fruticosa). Of the other TPSs only TPS13 was found to be missing in 
the genome of S. pomifera. All candidates were classified as members of 
the TPS subfamily b (Bohlmann et al., 1998). 

3.2. Phylogenetic analysis 

The phylogenetic tree resulted in three major clades (A-C, Fig. 1). 
Clade A consisted of nine TPS genes (TPS1, TPS2, TPS5, TPS6, TPS7, 
TPS9, TPS15, TPS16 and TPS17) with TPS1 and TPS2 (almost) identical 

to published terpene synthases with proven activity (Salvia officinalis 
(+)-bornyl diphosphate synthase, Genbank accession no. AF051900 and 
Salvia officinalis (+)-sabinene synthase, Genbank accession no. 
AF051901 (Wise et al., 1998)). Clade B is the smallest group with TPS11 
and TPS12 and Rosmarinus officinalis limonene synthase (DQ421800). 
Clade C consists of clearly two subclades, containing either TPS3 and 
TPS13 or TPS4 and TPS14. TPS3 is almost identical to Salvia officinalis 1, 
8-cineole synthase (Wise et al., 1998). A cineole synthase from Ros
marinus officinalis (DQ839411) is an additional member of this clade. 

3.3. Exon-intron structure, sub-cellular localisation prediction and 
structural elements of TPS genes 

All TPS genes were structured into the common seven exons except of 
TPS4 exhibiting only five exons (Fig. 2). Exon length was well conserved 
as indicated by low coefficients of length variation (CV) ranging from 
0.7% (exon 4) to 3.3% (exon 2). Only the length of exon 5 of TPS4 
deviated considerably (825 bp instead of 139/140 bp) caused by the loss 
of introns 5 and 6. In contrast to exons, length and sequence homology of 
introns were highly variable (CVs of 87% (intron 5) to 152% (intron 4) 
for length variation). 

Intron phasing of the six TPS introns was generally highly conserved 
(pattern: 0, 1, 2, 2, 0, 0) except of phasing in TPS4 that lacks introns 5 
and 6 (pattern: 0, 1, 2, 2)’ and in TPS12 – the gene with the longest 
introns (pattern: 0, 1, 2, 0, 1, 1). 

All TPS genes encoded an N-terminal chloroplast-targeting peptide 
apart from TPS14, and contained the C-terminal motifs DDXXD (X. any 
amino acid), and NSE/DTE as well as the motif RR(X)8W of exon 1 
(Degenhardt et al., 2009). Only in TPS14 of S. officinalis, DDXXD was 
changed to NDXXD. 

We refrained from analysing the promoters of the TPS genes since 
sequence information on the region upstream of the start codon was 
limited to only 100 to 800 bp except for two longer sequences. 

Table 1 
Upper part: Copy numbers of TPSs counted by dPCR in individuals of three sage species and exemplarily in artificial DNA and calibrated by the 
single-copy gene PEX4. TPSs deviating in copy number from one are in bold. Lower part: Relative gene expression of TPS cDNAs at full bloom in 
leaves, calyces and corollas of the three species. To indicate within species variation, leaf expression data of two S. officinalis genotypes (So11 and 
So26) were added. 
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Fig. 1. Relationship of TPS mRNAs. The tree was computed using the Maximum Likelihood method under the General Time Reversible model. The tree with the 
highest log likelihood is shown. The percentage of trees >50%, in which the respective samples cluster together is shown. TPS1 is identical to (+)-bornyl diphosphate 
synthase, TPS 2 identical to (+)-sabinene synthase and TPS3 identical to 1,8-cineole synthase (Wise et al., 1998). 
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3.4. Identification of a single-copy gene and specificity assessment of TPS 
assays using dPCR 

dPCR, the gold-standard technique for DNA- or cDNA-sequence 
counting (Collier et al., 2017), was used to identify a gene present 
only once per haploid genome of S. officinalis. Four candidates were 
tested, namely DEF (Aagaard et al., 2005), DXR (Curto et al., 2012), FIM 
(Schultz et al., 2001) and PEX4 (unpublished, GenBank: EU399687.1). 
While ~2.1 copies per haploid genome were measured for DEF, the 
single-copy gene status was confirmed for the other three genes. Out of 
the latter three, PEX4 was subsequently used as calibrator to determine 
CNV of TPS genes. 

Primers designed against the TPS genes were assessed for cross 
reactivity applying a ΔCq threshold of less than seven (Supplementary 
Data 1, Supplementary Table 6). Only some assays dropped below this 
line such as the SfTPS15 assay tested against TPS6, TPS7 and TPS9 of 
S. officinalis (ΔCq values of 1.8, 4.2 and 4.1, respectively). Interestingly, 
cross-amplification testing of the SoTPS5 assay against TPS16 of 
S. fruticosa produced a ΔCq value of −6. This would indicate that the 
assay worked by far better in the cross-amplified gene. However, the 
case was not further considered since S. officinalis lacked TPS16. 

To verify assay suitability and to exclude matrix effects, genomic 
copy number was analysed on synthetic DNA covering some TPS 
amplicons (Supplementary Data 1, Table 1). Only in a few cases, minor 
matrix effects were observed that did not affect data interpretation. In 
general, dPCR assays were appropriately designed as indicated by low 
deviation from the copy number counted for synthetic DNA constructs 
(variation around 1:0.93 to 1:1.26). 

3.5. Copy number variation (CNV) using dPCR 

CNV was higher across species than between the TPSs genes 
(Table 1). In all three species, TPS1, TPS4, TPS7 to TPS11 and TPS14 
were classified as single-copy genes. TPS2 was single copy in S. officinalis 
and S. fruticosa and double copy in S. pomifera. TPS3, a single-copy gene 
of S. fruticosa and S. pomifera, exhibited a haploid genome copy number 
of 2.6 in S. officinalis. This might indicate a heterozygous genotype with 
two or three copies per haploid genome. Due to a high degree of 
sequence similarity of TPS5 and TPS8, these two genes were analysed 
with a joint assay, termed TPS5. In this case, CNV analysis was more 
difficult. Therefore, the value of 1.7 measured for S. officinalis and 
S. fruticosa was assumed to represent a haploid-genome copy number of 
one for each gene. TPS5 and TPS8 of S. pomifera also were regarded 
single-copy genes, although the assay yielded a higher value (2.3 instead 
of 1.7) likely caused by cross reaction with TPS16 (Supplementary 
Table 6). 

TPS6, a single-copy gene of S. officinalis and S. fruticosa, was found 
only in every second haploid genome set of S. pomifera. We considered 

this gene to be hemizygous in S. pomifera since NGS data did not indicate 
polymorphic primer- or probe-binding sites that might have caused 
allelic ‘drop-out’. 

TPS12, a single-copy gene in S. officinalis and S. pomifera, occurred in 
three copies in S. fruticosa. TPS15 and TPS16, both single-copy genes in 
S. fruticosa and S. pomifera, were lacking in S. officinalis. TPS17 was only 
present in S. fruticosa at the level of one or two copies. 

3.6. Relative transcript expression of TPS genes 

In all three species, TPS transcript expression was measured in leaf, 
calyx, and corolla of flowering plants. To assess intraspecific variation, 
leaves of two additional specimens of S. officinalis (‘So11’ and ‘So26’), 
were analysed (Table 1). The monoterpene synthases compete for a 
common precursor. Therefore, for a phenotype to genotype comparison, 
relative gene expression was used as a better proxy for (relative) 
essential oil composition where each TPS or essential oil compound is 
reported relative to the sum of all TPSs or essential oil compounds of a 
sample, respectively. 

Expression of TPS1 to TPS4 genes varied considerably in leaves of the 
three genotypes of S. officinalis (TPS1: 27–44%, TPS2: 19–36%, TPS3: 
1.3–12%, and TPS4: 0.6–5%; Table 1). In contrast, the expression of the 
putative pseudogene TPS12 was with ~8% quite stable. Variation of 
TPS9 expression was low in ‘So3’ (2.9%), but moderate in the two other 
specimens (‘So11’: 13.4% and ‘So26’: 19.4%). TPS5, TPS6, TPS7, TPS11 
and TPS13 had low or near-zero transcript levels. 

The corolla of the three species was very diverse in expression. In 
S. officinalis, the calyx was intermediate between leaf and corolla. The 
corolla of S. officinalis showed an elevated expression of TPS4 (19% 
instead of 5%) and much higher TPS5 expression. In comparison, TPS1 
to TPS3 were abundant at very low level. Calyx and leaf of S. fruticosa 
and S. pomifera were similar in TPS expression. 

In the corolla, however, relative amounts of TPS3 and TPS12 were 
reduced to about one third, while the relative expression of TPS1 
increased to 27%. 

In corolla of S. fruticosa, however, relative transcript abundance of 
TPS3 or TPS12 was reduced to about one third, while TPS1 expression 
raised to 27%. 

In S. pomifera, calyx and leaf showed high expression of TPS2 (~50% 
overall) and a less, but still high expression of TPS7, TPS9 and TPS14. In 
corolla of the species, TPS14 was dominating (43%) followed by TPS4 
and TPS16 (27% and 26%). TPS2 was expressed only at a minor pro
portion (2.5%). 

3.7. Monoterpene profiles 

The composition of the main monoterpenes in the leaves of the sage 
species demonstrated the intermediary position of S. officinalis between 

Fig. 2. Phylogenetic relationship, exon-intron structure and intron phasing of the TPSs of S. officinalis. Numbers: types of intron phasing (phase-0 intron does not 
disrupt a codon, phase-1 intron disrupts a codon between first and second base, phase-2 intron disrupts a codon between second and last base). Note that exon 7 of 
some TPSs is truncated. 
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S. fruticosa, being very rich in 1,8-cineole, and S. pomifera, overly rich in 
thujones (Table 2). The calyx of the three species was characterised by a 
conspicuous increase in α- and β-pinene. While the calyx resembled the 
leaf in S. officinalis or S. pomifera, in S. fruticosa it took an intermediary 
position between the compositions of the leaf and the corolla. The leaf 
products corresponding to the three TPSs (BS, CS, SS) accounted for 94% 
(S. officinalis) and 95% (S. pomifera) of the total of all monoterpenes, 
while it composed only 65% in S. fruticosa, were additional mono
terpenes (α- and β-pinene, myrcene) reached higher levels. 

3.8. Relationship between transcript expression and monoterpene 
composition 

According to homology of amino-acid sequence, TPS1 encodes a 
(+)-bornyl diphosphate synthase, TPS2 a (+)-sabinene synthase and 
TPS3 a 1,8-cineole synthase. Calculating a principal component analysis 
(PCA) with the relative transcript expression and relative monoterpene 
composition together showed clear correlations in variables-PCA be
tween the main monoterpenes or monoterpenes grouped according to 
Figs. 3 and 4. The first three axes of the PCA explained 73% of the 
variability at almost equal shares. The first axis distinguished the thu
jones from 1,8-cineole, the second axis β-pinene and the third axis the 
group of bornyl compounds from all other compounds. The presumed 
functions of TPSs were indicated by the clear co-expression of TPS1 with 
the sum of bornyl compounds, of TPS2 with the sum of sabinene com
pounds and of TPS3 with 1,8-cineole. Together with TPS2 and the thu
jones, three TPS genes exhibited co-expression (TPS7 and TPS9 and to a 
lesser degree also TPS11). Together with TPS3 and 1,8-cineole, two TPS 
genes (TPS12 and TPS15) and together with TPS1 and bornyl com
pounds, another two TPS genes (TPS5 and TPS6) were co-expressed. 
With β-pinene, a high correlation with TPS4, TPS13, TPS14, TPS16 
and TPS17 was found. 

Finally, transcript expression of TPS1, TPS2 and TPS3 was correlated 
to the respective end product(s) (Fig. 3). All three regressions were 
significant with regression coefficients of ≥0.92 indicating the tran
scriptional control of the mixture of monoterpenes. While the slope of 
the regression lines for TPS1 and TPS3 were quite similar (0.88 and 0.71, 
respectively), the slope of TPS2 was much higher (1.6). In S. officinalis 
and S. pomifera, a very high proportion of monoterpene composition is 
explained by transcript abundance of three genes (95%). In S. fruticosa, 
however, they explain only 65% of the composition. 

4. Discussion 

Some Salvia species including the close relatives S. officinalis, 
S. fruticosa and S. pomifera produce a complex essential oil stored in 
specialised epidermal oil glands. The oil mixture mainly results from an 

accumulation process of numerous monoterpenes that are formed in 
parallel by different TPSs. Their relative proportions often described as 
‘chemotypes, are distinct across these species, but also distinct within a 
particular species. 

In this work, we identified all TPSs including exon-intron structures, 
genomic copy numbers, quantified their transcript expression in leaves 
and flowers and the resulting composition of monoterpenes. To gain a 
first insight into intraspecific variation of the commercially most 
important species, three genotypes of S. officinalis were analysed. 

First, TPS genes were identified in the genomic NGS data of 
S. officinalis and confirmed by the orthologues found in the genomes of 
S. fruticosa and S. pomifera. In addition, this search yielded three more 
TPS genes. We are confident to have identified most of the TPS genes of 
S. officinalis. However, this cannot be assured for the two other species 
lacking information on the genome sequence. Although closely related, 
S. fruticosa has a ~70% larger genome compared to S. officinalis 
(Maksimović et al., 2007; Bou Dagher-Kharrat et al., 2013). It is spec
ulative to assume that this 1.7-fold larger genome, would harbour more 
TPSs in addition to the three sequences identified in this study. Currently 
there is no information on the genome size of S. pomifera. 

The twelve TPS genes identified for S. officinalis match the range of 
TPS numbers reported for other genomes (six: Arabidopsis thaliana 
(Aubourg et al., 2002), eight: Cannabis sativa (Booth et al., 2017), 16: 
Ocimum sanctum (Kumar et al., 2018), 6: Cinnamomum burmannii (Ma 
et al., 2022), 7: Pinus nigra subsp. laricio (Alicandri et al., 2022), 19: Vitis 
vinifera (Martin et al., 2010)). A much higher number of 36 TPS genes 
was reported for Eucalyptus grandis (Külheim et al., 2015). 

Transcript sequences of already characterised (+)-sabinene synthase, 
(+)-bornyl diphosphate synthase and 1,8-cineole synthase from Salvia 
officinalis (Wise et al., 1998) are so close to TPS2, TPS1 and TPS3, 
respectively. In this case, enzymatic activity might be deduced based on 
sequence similarity alone. Limonene synthase of Rosmarinus officinalis, 
however, is too distantly related to predict limonene as end-product of 
TPS11 or TPS12. 

We included in the phylogenetic analysis also closely related TPSs of 
other genera. There is similarity between some TPSs of Rosmarinus 
officinalis and our candidates. This is not surprising because only 
recently, the genus Rosmarinus was included into the genus Salvia with 
R. officinalis renamed to S. rosmarinus Spenn. (Drew et al., 2017). Far 
more interesting is the grouping of some Perilla citriodora TPS genes in 
cluster C, because the genus Perilla is not closely related to Salvia. On the 
contrary, Salvia and Perilla are assigned to the same subfamily (Nepe
toideae) but different tribes, Mentheae and Elsholtzieae, respectively. 
The diversification within the Nepetoideae is estimated to 57 to 52 
million years (Ma) (Drew and Sytsma, 2012) or ~ 63.4 Ma (Li et al., 
2017). Therefore, the origin of (at least) the clusters A and C must be 
older than the diversification of the Nepetoideae. 

Table 2 
Proportion of the most important monoterpenes at full bloom (in %).  

Genotype Tissue α-pinene β-pinene myrcene 1,8- 
cineole 

sabinene trans- 
sabinene 
hydrate 

α-thujone β-thujone s_sab camphor borneol bornyl 
acetate 

s_born 

So11 leaf 0.3 1 0.4 12.3 0.6 0.5 0.9 55.3 57.3 19.1 1.6 2.4 23.1 
So26 leaf 0.5 0.8 0.2 16.7 0.4 0.4 0.6 32.3 33.7 36.8 2.3 3.4 42.5 
So3 leaf 0.2 0.5 0.1 16.0 0.1 0.4 30.0 2.3 32.8 46.7 1.8 0.4 48.8 
So3 calyx 0.3 1.3 0.2 31.2 0.3 0.8 18.7 1.5 21.2 34.5 6.6 1.4 42.5 
So3 corolla 2.0 14.2 1.2 20.3 0.0 1.7 7.8 0.5 10.0 34.7 10.0 0.0 44.7 
Sf1 leaf 3.9 6.1 13.6 52.4 1.3 1.0 0.4 0.5 3.2 6.4 2.0 1.4 9.8 
Sf1 calyx 8.0 13.5 2.0 41.7 1.6 1.1 0.7 0.6 4.0 10.1 4.5 0.5 15.1 
Sf1 corolla 7.3 42.4 1.3 9.3 4.0 0.0 0.0 0.0 4.0 15.5 2.1 5.0 22.6 
Sp2 leaf 0.3 0.4 0.8 0.5 1.2 0.1 0.3 86.3 87.9 2.2 0.3 4.0 6.5 
Sp2 calyx 0.3 2.0 0.6 0.3 1.4 0.3 0.2 88.5 90.4 0.1 0.7 2.3 3.2 
Sp2 corolla 3.5 47.1 1.5 0.8 3.8 0.7 0.2 34.5 39.1 0.0 0.6 1.1 1.7 

Monoterpenes were grouped by pathways. So: S. officinalis, Sf: S. fruticosa, Sp: S. pomifera. The number after the species abbreviation indicates the genotype. s_sab … 
sum of components of the sabinene pathway (sabinene + trans-sabinene hydrate + alpha-thujone + beta-thujone); s_born … sum of the components of the bornyl 
pathway (camphor + borneol + bornyl acetate). 
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Positions and phasings of the six introns were much conserved. For 
example, intron phasing was the same as in A. thaliana (Aubourg et al., 
2002). However, intron length differed between but also within genes. 
One TPS gene, TPS4, was exceptional by losing two introns at the 3’ 
terminus. In general, intron changes of TPS genes occur only occasion
ally, as an intron loss in A. thaliana (Aubourg et al., 2002) or an intron 
gain in Vitis vinifera (Martin et al., 2010). Intron loss is explained as a 
recombination event involving reverse transcribed copies of spliced 
mRNAs and by genomic deletions (Roy and Gilbert, 2006). 

All but one of the TPS sequences determined for the three sage 
species exhibited the three conserved functional motifs. The only devi
ation was TPS14 of S. officinalis where NDxxD had replaced the canon
ical DDxxD motif also present in TPS14 of the related species S. fruticosa 
and S. pomifera. NDxxD is regarded as a neutral variant since it did not 
impair the catalytic activity of (+)-germacrene D synthase from Solidago 

(Prosser et al., 2004). TPS14, however, will not produce any mono
terpene since it was the only TPS lacking a plastid targeting sequence. 

CNV measurement based on dPCR was first validated on artificial 
DNA that contained the targets of several TPS genes and the reference 
sequences on one strand. This allowed to assess the reliability of each 
assay and subsequently the impact of the plant matrix on the perfor
mance of dPCR. Deviations from integers calculated for artificial DNA 
such as the 1.14 copies of TPS3, may be a result of unequal efficiencies or 
interactions of the two combined PCR reactions. Larger deviations from 
even multiples of the value measured for the synthetic DNA template, 
such as the TPS3 copy number of S. officinalis (2.6 copies), are possibly 
due to the plant matrix. 

TPS genes can be subject to CNV as reported for cultivars of rice (Yu 
et al., 2013). Here, we demonstrated CNV of TPS genes in the three 
model species of Salvia that ranged from one to only a few copies. While 

Fig. 3. Regression of gene expression relative to PEX4 of TPSs with known function (x-axis) to their respective end product(s) (y-axis).  

Fig. 4. Principal component analysis of the relative transcript expression of putative TPSs and the relative amounts of the main monoterpenes (left panel: dimensions 
1 and 2, right panel: dimensions 3 and 4; ‘sum of bornyl compounds … camphor + borneol; ‘sum of sabinene compounds … sabinene + α-thujone + β-thujone). 
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the members of the TPS family varied little in gene-copy number, they 
are likely different in function. The few cases of recent CNV, gene 
duplication or loss, found across our sage species might also have 
contributed to diversify the flavour profile. The extremely thujone-rich 
S. pomifera exemplifies the influence of TPS-gene multiplication on the 
level of transcript expression and the monoterpene profile, namely 
duplication of TPS2 encoding a TPS that forms the thujone precursor 
(+)-sabinene. Similarly, elevated gene dosage in combination with high 
transcript expression was also observed for TPS12 of S. fruticosa present 
at three copies per haploid genome. 

Earlier, very distinct monoterpene profiles were detected in different 
tissue types of Salvia lavandulifolia (Schmiderer et al., 2008). This 
inspired us to compare intra-individual transcript expression in leaf, 
calyx, and corolla. We found very diverse expression patterns such as a 
gradual change from leaf to corolla and completely different expression 
levels between corolla and leaf or calyx. It is not astonishing that the 
highly diverse transcription factors of leaf, calyx and corolla can also 
affect the expression of TPSs (Xu et al., 2019). 

It is likely that the TPSs which were completely or almost identical to 
the functionally proven S. officinalis TPSs of Wise et al. (1998) produce 
the respective compounds in our analysed individuals. Deduction of 
functionality based on the correlations of our PCA analysis (Fig. 4) 
would be rather tempting, but not justified, but not justified considering 
that only similar expression is indicated, but not mandatorily similarity 
of function. Sometimes, despite different clade position in the phylo
genetic tree, hence less overall sequence homology, some TPSs were 
strongly co-expressed. Therefore, analysis of sequence and function of 
TPS promoters should be an issue of further investigation. 

In general, transcript expression alone or in combination with CNV 
can serve as a proxy for the monoterpene composition of the three sage 
species. 
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