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Tanshinones, are a group of diterpenoid red pigments present in Danshen — an important herbal

drug of Traditional Chinese Medicine which is a dried root of Salvia miltiorrhiza Bunge. Some of the
tanshinones are sought after as pharmacologically active natural products. To date, the biosynthetic
pathway of tanshinones has been only partially elucidated. These compounds are also present in
some of the other Salvia species, i.a. from subgenus Perovskia, such as S. abrotanoides (Kar.) Sytsma
and S. yangii B.T. Drew. Despite of the close genetic relationship between these species, significant
qualitative differences in their diterpenoid profile have been discovered. In this work, we have used
the Liquid Chromatography—Mass Spectrometry analysis to follow the content of diterpenoids during
the vegetation season, which confirmed our previous observations of a diverse diterpenoid profile.
As metabolic differences are reflected in different transcript profile of a species or tissues, we used
metabolomics-guided transcriptomic approach to select candidate genes, which expression possibly
led to observed chemical differences. Using an RNA-sequencing technology we have sequenced and
de novo assembled transcriptomes of leaves and roots of S. abrotanoides and S. yangii. As a result,
134,443 transcripts were annotated by UniProt and 56,693 of them were assigned as Viridiplantae. In
order to seek for differences, the differential expression analysis was performed, which revealed that
463, 362, 922 and 835 genes indicated changes in expression in four comparisons. GO enrichment
analysis and KEGG functional analysis of selected DEGs were performed. The homology and
expression of two gene families, associated with downstream steps of tanshinone and carnosic acid
biosynthesis were studied, namely: cytochromes P-450 and 2-oxoglutarate-dependend dioxygenases.
Additionally, BLAST analysis revealed existence of 39 different transcripts related to abietane
diterpenoid biosynthesis in transcriptomes of S. abrotanoides and S. yangii. We have used quantitative
real-time RT-PCR analysis of selected candidate genes, to follow their expression levels over the
vegetative season. A hypothesis of an existence of a multifunctional CYP76AH89 in transcriptomes
of S. abrotanoides and S. yangii is discussed and potential roles of other CYP450 homologs are
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speculated. By using the comparative transcriptomic approach, we have generated a dataset of
candidate genes which provides a valuable resource for further elucidation of tanshinone biosynthesis.
In a long run, our investigation may lead to optimization of diterpenoid profile in S. abrotanoides

and S. yangii, which may become an alternative source of tanshinones for further research on their
bioactivity and pharmacological therapy.

Subgenus Perovskia of the extended genus of Salvia comprises several Central Asian medicinal and aromatic
species, of which Salvia abrotanoides (Kar.) Sytsma and S. yangii B.T. Drew are the most widespread. Commonly
known as Caspian Russian sage, S. abrotanoides is native for Central and Northeastern Iran, Northern Pakistan
and Northwestern India'. S. yangii, with a common name Russian sage, grows in Afghanistan, Eastern Iran,
Pakistan, Tibet and Xinjiang in China**.

Both species are used as folk medicinal herbs, the application history differs, however, due to their distribu-
tion area®. S. abrotanoides, locally known as brazambol, is used for the treatment of typhoid, fever, headache,
toothache, gonorrhoea, vomiting, cardiovascular diseases, liver fibrosis, painful urination and cough and as a
sedative, analgesic and antiseptic drug®™°. S. abrotanoides was also proved to have cytotoxic, antiplasmodial
and antiinflammatory activities that support its use to treat leishmaniasis in Iranian traditional medicine'"'2. S.
yangii is used as a cooling medicine in the treatment of fever, dysentery, scabies, diabetes, and as an antibacterial
remedy to heal wounds>®!*~%, In traditional Tibetan and Chinese medicine, it has been claimed that S. yangii is
a powerful analgesic and parasiticide agent'®"’.

S. abrotanoides and S. yangii display a wide array of bioactive natural compounds belonging to different
chemical classes®. Apart from essential oil constituents'®?! and phenolic compounds"*~%, they produce also
a wide range of abietane-type diterpenoids. Aerial parts of S. abrotanoides and S. yangii contain carnosic acid,
rosmanol and their derivatives?*-2%, Roots of S. abrotanoides and S. yangii are abundant in red-colored quinoid
nor-abietanoids collectively called tanshinones. Tanshinones are the main constituents of the important Tradi-
tional Chinese Medicine herbal medicine - ‘Danshen’ (Salviae miltiorrhizae rhizoma et radix — a pharmacopoeial
drug of China and Europe)?-. Hence, roots of S. abrotanoides and S. yangii can be considered an alternative
source of these pharmacologically active compounds.

To date, a total of 81 different tanshinones were identified*’. Multiple pharmacological studies have proven
that tanshinones possess various biological activities including antibacterial, antioxidant, anti-inflammatory
and anti-tumor effects’**°. Due to the structural uniqueness of tanshinones, their biosynthesis has been studied
intensively in the last two decades, in several species of Lamiaceae, incuding: S.miltiorrhiza*>**¥-41, Salvia ros-
marinus*®*?, Salvia pomifera®, Salvia fruticosa® or Salvia apiana**. Recently, a comprehensive, in-depth review
of the tanshinone biosynthesis has been published*’. However, the biosynthetic pathway of tanshinones is only
partially elucidated. It is known that tanshinones originate from the universal isoprenoid precursors isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) produced via cytoplasmic mevalonate (MVA) path-
way and (to a larger extend) in the plastidic 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway*S. DMAPP and
three units of IPP are then being condensed to form the general diterpenoid precursor (E,E,E)-geranylgeranyl
diphosphate (GGPP) by a GGPP synthase (GGPPS). GGPP undergoes cyclization catalyzed by a class II diterpene
cyclase, represented in S. miltiorrhiza by SmCPS1, to form copalyl diphosphate (CPP). In a further cyclization
and/or rearrangement catalyzed by a class I diterpene cyclase, encoded in S. miltiorrhiza by SmKSL1, CPP is
converted to a tricyclic abietane-type backbone, called miltiradiene*”*%. In the presence of oxygen, miltiradiene
undergoes a spontaneous aromatization of its C-ring into an abietatriene, which is then hydroxylated at C12
by a CYP76AH subfamily, represented in S. miltiorrhiza by CYP76 AH1, to form ferruginol*->'. Subsequential
oxygenation of ferruginol is catalysed in S. miltiorrhiza by CYP76AH3 and CYP76AK]1. Since SmCYP76AH3
and SmCYP76AK1 were shown to present substrate promiscuity by accepting a range of different substrates or
oxidizing their substrates in various positions, including multiple oxidation steps and thus yielding an array of
oxidation products, a bifurcating pathway of tanshinone biosynthesis was speculated. However, it is most likely
that in planta further oxygenation of ferruginol in S. miltiorrhiza is catalysed sequentially by CYP76 AH3, acting
as 11-hydroxylase, and later by CYP76AK1 acting as a 20-hydroxylase®. The next step, which requires demethyla-
tion (loss of C20) and aromatization of ring B to form miltirone, remains unresolved. Next, two CYP71D enzymes
(CYP71D375 and CYP71D373) were characterized in S. miltiorrhiza to catalyze the D-ring formation through
C16 hydroxylation and 14,16-ether (hetero) cyclization, leading to the formation of dihydrofuran-tanshinones
from their respective precursors, including cryptotanshinone®. Recently, a 2-oxoglutarate-dependent dioxy-
genase from S. miltiorrhiza (Sm2-ODD14) has been shown to act as a dehydrogenase catalyzing the furan ring
formation for the tetracyclic tanshinone backbone. In vitro Sm2-ODD14 converted cryptotanshinone to tanshi-
none I1A (TIIA) and thus was designated TIIA synthase (SmTIIAS)*?. Although numerous genome sequencing
and comparative omics experiments has been performed to yield several promising cytochromes P450s, 2-ODD
and short chain alcohol dehydrogenase (SDR) candidates that may possibly complete the final steps in the tan-
shinone biosynthetic pathway;, it is still unclear which transformations lead to the biosynthesis of the wide array
of tanshinones***>*4,

S. rosmarinus and few other sage species also produce another important abietane diterpenoid - carnosic
acid®>*®. In these plants, enzymes orthologous to CYP76 AH3 such as CYP76 AH4 and CYP76AH22-24 are also
able to produce 11-hydroxy ferruginol. Next, three sequential C20 oxidations catalyzed by CYP76 AK6-8 convert
11-hydroxy ferruginol to carnosic acid, which spontaneously oxidizes to carnosol*>*7,

Recently, we have performed a targeted comparison of the metabolic profiles of S. abrotanoides and S. yangii,
which revealed differences between these two species, despite their close taxonomic relationship?. The analy-
sis of leaves showed the presence of 13 different diterpenoids in S. yangii, while S. abrotanoides contained 15
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diterpenoids, out of which carnosic acid quinone, isorosmanol, and trilobinol were exclusively in S. abrotanoides.
On the other hand, rosmaridiphenol and sugiol were detected only in S. yangii leaves. In the roots, diterpenoids
were represented by 18 compounds in S. yangii and 13 in S. abrotanoides of which twelve were common, includ-
ing the most abundant cryptotanshinone. Six diterpenoids were unique for S. yangii: didehydrotanshinone Ila,
acetyloxycryptotanshinone, isograndifoliol, grandifoliol, didehydroacetyloxycryptotanshinone, and ketoisogran-
difoliol. An unidentified cryptotanshinone derivative was found exclusively in S. abrotanoides roots. Out of nine
compounds which were not determined in methanolic extracts of roots, three were detected only in S. yangii.

Following our previous investigations, we have performed a quantitative analysis of abietane diterpenoids
in leaves and roots of S. abrotanoides and S. yangii during the vegetative season. We also used Illumina next
generation sequencing (NGS) with de novo transcript assembly to obtain the transcriptomes of leaves and roots
of S. abrotanoides and S. yangii and identified genes encoding for orthologous abietane diterpenoid-related
enzymes in these species together with their transcriptional pattern. Having access to two closely related, yet
separate, species of different abietane diterpenoid profiles in leaves and roots, we used comparative analysis of
their transcriptomes to select candidate genes, which expression possibly led to observed metabolic differences.
By using the metabolomics-guided transcriptomic approach we aimed at discovering candidate genes potentially
involved in the biosynthesis of abietane diterpenoids, including tanshinones.

Results

Analysis of diterpenoids during the vegetation season

Out of 15 different abietane diterpenoids detected earlier in leaves of S. abrotanoides and 13 in leaves of S. yangii,
ten were estimated quantitatively, including: carnosic acid (1), carnosol (2), rosmanol (3) and their isoforms and
derivatives as well as sugiol (9) and trilobinol (10). Using UHPLC-qTOF-MS, 13 and 18 different diterpenoids
were found in the roots of S. abrotanoides and S. yangii, respectively?®. Out of these, eight compounds were
estimated quantitatively: cryptotanshinone (11) with its three isoforms and derivatives, didehydrotanshinone
ITA (18), OH-tanshindiol A (17), isograndifoliol (15) and ketoisograndifoliol (16).

The number of abietane diterpenoid compounds differed between organs and species (Table 1). In leaves,
carnosol (2) was the most abundant compound in both species, yielding 2.32 mg/g d.w. and 2.17 mg/g d.w. at
the start of the season (SOS) in S. abrotanoides and S. yangii, repectively. The amount of carnosol was peak-
ing at the end of season (EOS) in S. abrotanoides (3.11 mg/g d.w.), while in S. yangii it was clearly decreasing
towards the end of the season (0.95 mg/g d.w.). In the contrary, the carnosol precursor - carnosic acid (1) was
undetectable in the leaves of S. abrotanoides or at the limit of detection in the leaves of S. yangii. Relatively low

Salvia abrotanoides Salvia yangii
No | Compound SOS MOS EOS SOS MOS EOS

Leaves
1 Carnosic acid 0.00 0.00 0.00 0.09+0.01¢ | 0.05+0.012¢ | 0.01+0.00%2
2 Carnosol 2.32+0.79 | 1.48+0.38 |3.11+1.41 |2.17£0.19 |1.19£0.19 0.95+0.08°
3 Rosmanol 0.01+0.00 |0.68+0.27* | 0.05+0.01° | 0.00 0.15+0.03° | 0.00
4 Epi-rosmanol 0.02+0.01 |1.42+0.08% |0.07+0.05> |0.08+0.03 |0.35+0.07%¢ |0.03+0.00
5 Isorosmanol 0.49+0.19 |0.33£0.08 |0.41+0.30 |0.58+0.07 |0.02+£0.00®° |0.13+0.01*
6 11,12-dimethylrosmanol 3.17+0.17 | 0.05+£0.01* | 0.76+0.36* | 0.11£0.03¢ | 0.00 0.11+0.02°¢
7 11-methylrosmanol 0.04+0.02 |0.97+0.42% |0.08+0.05* |0.16+0.02 |0.25+0.05° |0.08+0.01
8 7-methylrosmanol 0.15+0.11 |2.44+0.74* | 0.15+£0.09® | 0.57+0.12 |0.88+0.27° |0.07+0.01
9 Sugiol 0.00 0.00 0.00 1.67£0.11¢ | 0.59+0.022¢ | 0.96+£0.102b<
10 Trilobinol 0.80+0.14 | 0.42%0.05* | 0.66+0.25 | 0.00° 0.00° 0.00°

Roots
11 Cryptotanshinone 506+£0.47 |7.51+£0.92 |9.89+0.53" |7.17+0.97 |9.12+1.35 791+1.11
12 OH-cryptotanshinone 0.39+0.06 | 1.25£0.19* | 1.61+0.05* |2.92+0.25¢ | 3.94+0.36* | 3.57+0.48¢
13 Oxocryptotanshinone 0.26+0.02 | 0.31£0.09 |0.54+0.12 | 1.01+£0.28° | 0.49+0.04* 1.00+0.06>¢
14 Acetyloxycryptotanshinone | 0.00 0.00 0.00 0.52+0.03¢ | 1.41+£0.18*¢ | 1.33+0.10%¢
15 Isograndifoliol 0.00 0.00 0.84+0.10 |0.75+0.45 |4.22+0.59*¢ | 4.73£0.50%¢
16 Ketoisograndifoliol 0.00 0.00 0.00 0.00 0.55+0.14%¢ | 0.68+0.08%<
17 OH-tanshindiol A 0.02+0.00 | 0.09+0.05 0.05+0.00 0.29+0.02¢ | 0.42+0.07% | 0.31+0.01%¢
18 Didehydrotanshinone ITIA 0.00 0.00 0.00 2.33+£0.41¢ | 2.92+0.48< | 2.40+0.32¢

Table 1. The content of abietane diterpenoids [mg/g d.w. = SD, n=3] in leaves and roots of S. abrotanoides
and S. yangii, at the start of the vegetation season (SOS), middle of the season (MOS) and end of the season
(EOS). Statistical significance of differences in chemical parameters between samples was evaluated with a
one-way ANOVA with post hoc Tukey’s multiple comparison tests. *Significant differences in comparison to
SOS; "Significant differences in comparison to MOS; “Significant differences in comparison to S. abrotanoides;
The level of significance is indicated by the used fonts: p <0.01 lower case font, p <0.001 italic font, p <0.0001
underlined font; SOS the start of the season, MOS the middle of the season, EOS the end of the season.
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amounts of rosmanol (3) were present in the middle of the season (MOS) in the leaves of both species, equal
to 0.68 and 0.15 mg/g d.w. of S. abrotanoides and S. yangii, repectively. At the start and the end of the season,
rosmanol was not or hardly detectable. Interestingly, its derivative, the 11,12-dimethylrosmanol (6) was present
at 3.17 mg/g d.w. in the leaves of S. abrotanoides at the start of the season, which was significantly higher than
in the middle and at the end of the season as well as in the leaves of S. yangii. Other two rosmanol derivatives:
7-methylrosmanol (8) and 11-methylrosmanol (7) as well as epi-rosmanol (4) were accumulating in the mid-
dle of the season (MOS), and their amounts in the leaves of S. abrotanoides were significantly higher than in S.
yangii. The highest amounts of isorosmanol (5) were detected at the start of the season (SOS) in the leaves of
both species. Isorosmanol level was relatively stable throughout the vegetative season in S. abrotanoides while in
S. yangii it decreased. Sugiol (9) was detected exclusively in the leaves of S. yangii, whereas trilobinol (10) was
unique for S. abrotanoides, both peaking in spring.

Quantitative analysis showed that the diterpenoid profile of in roots was clearly dominated by cryptotan-
shinone (11) reaching 9.89 mg/g d.w. at the EOS in S. abrotanoides and 9.12 mg/g d.w. in the MOS in S. yangii
(Table 1). A similar pattern of accumulation was observed for its derivatives: OH-cryptotanshinone (12) and
oxocryptotanshinone (13), although their amounts were lower than cryptotanshinone. Second in terms of abun-
dance, was isograndifoliol (15), which was initially thought to be exclusive for the roots of S. yangii*®. Although
the level of isograndifoliol remained undetectable in the roots of S. abrotanoides at the start and in the middle
of the season, it occurred in the autumn at 0.84 mg/g d.w.. Conversely, higher levels of isograndifoliol were
detected in S. yangii, in the middle and at the end of the season, reaching 4.22 and 4.73 mg/g d.w., respectively.
The content of OH-tanshindiol A (17) was significantly higher in the roots of S. yangii than in S. abrotanoides,
throughout the whole season, peaking during flowering (MOS) with 0.42 mg/g d.w. Didehydrotanshinone IIA
(18), acetyloxycryptotanshinone (14) and ketoisograndifoliol (16) were unique for S. yangii. Relatively stable
and high amounts of the didehydrotanshinone ITA were noted throughout the season, reaching 2.92 mg/g d.w.
in the roots of S. yangii in the MOS. Also, the acetyloxycryptotanshinone accumulated in the MOS (1.41 mg/g
d.w.), while the highest level of ketoisograndifoliol was at the EOS (0.68 mg/g d.w.) in S. yangii roots. Although
the presence of tanshinone ITA, the main constituent of Danshen, was detected in roots of both S. abrotanoides
and S. yangii*®, its low amounts did not allow to analyse its content quantitatively. The chemical structures of the
most abundant or unique abietane diterpenoids detected in S. abrotanoides and S. yangii are presented in Fig. 1.

RNA-sequencing, de novo transcriptome assembly and transcript functional annotation
High-throughput sequencing generated over 60 million reads for each cDNA library. After quality control pro-
cess, the range of 52.90—59.34 million of trimmed reads passed to filtration procedure (Supplementary Tables S1
and S2). Next, to avoid creation of chimeric transcripts, reads were divided according to species affiliation and
two de novo processes were performed. De novo assembly has generated 372,862 potential transcripts for .
yangii and 258,647 for S. abrotanoides. Gene identification revealed presence of 93,610 potential protein encod-
ing transcripts in S. yangii and 155,739 in S. abrotanoides. More than 99% of the aforementioned core eukaryota
genes predicted by BUSCO (complete and fragmented) confirmed the completeness of the assembly of both
transcriptomes. Both transcriptomes were compared, and the identity of 1000 random homological sequences
was tested, in the result 831 of them showed more than 97% of pairwise identity. Due to the high similarity of
both transcriptomes, S. abrotanoides transcriptome was selected as a reference for further expression profiling.
The 134,443 transcripts had UniProt annotation and 56,693 of them were assigned as Viridiplantae. The trimmed
reads were remapped to the reference transcriptome (S. abrotanoides) and the overall library expression profiles
were clustered according to plant organs, not by the species (Fig. 2), proving them suitable for subsequent com-
parative analysis between species.

Comparative transcriptomic analysis to identify differentially expressed genes

The differential expression analysis consisted of four comparisons. 463, 362, 922 and 835 genes indicated changes
in expression in following comparisons: S. abrotanoides roots versus S. yangii roots, S. abrotanoides leaves versus
S. yangii leaves, Salvia yangii roots versus leaves; and Salvia abrotanoides roots versus leaves, respectively (Fig. 3a).
In details, the 309 genes were expressed at significantly higher level in S. abrotanoides roots, and 154 protein
coding transcripts had significantly higher expression in S. yangii roots. Likewise, the expression profiling of
leaves showed 231 and 131 transcripts expressed at significantly higher level in S. abrotanoides and in S. yangii,
respectively. Comparison between leaves and roots revealed 630 and 292 highly expressed DEGs, respectively
in S. yangii, whereas in S. abrotanoides, the number of DEGs with higher expression was 479 in leaves and 356
in the roots. All selected DEGs are listed in Supplementary Table S3. When presented as heatmaps, significant
DEGs showed fluctuated expression in all four comparisons (Fig. 3b). Additional comparative analysis showed
that 290 DEGs were assigned to all four comparisons. Conversely, 106 DEGs were unique for leaves and 137
DEGs were significant only in root RNA of both species (Fig. 4a).

To figure out the most significant functional difference between analysed organs and species, the Gene
Ontology (GO) enrichment of DEGs was further performed. Enrichment GO analysis revealed that DEGs were
functionally annotated to 10, 20, 79, 55 GO terms in following comparisons: S. abrotanoides roots versus S. yangii
roots, S. abrotanoides leaves versus S. yangii leaves, S. yangii roots versus leaves; and S. abrotanoides roots versus
leaves, respectively Supplementary Table S4. Annotated transcripts were linked to the GO categories, including
molecular functions (MF), biological processes (BP) and cellular components (CC). GO analysis revealed that
protein binding was the most enriched term in the MF category, in all comparisons, except for the one done
for leaves. In the BP category, DEGs associated with cellular process, cellular metabolic process and metabolic
process were highly enriched, again in all comparisons, except leaves. DEG enrichment in the cellular metabolic
term suggests that the secondary metabolic pathways in roots and leaves of S. abrotanoides and S. yangii varied
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Carnosol (2) Rosmanol (3)

CH; OH
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Cryptotanshinone (11) Isograndifoliol (15)

Figure 1. Chemical structures of the most abundant or unique abietane diterpenoids detected in S.
abrotanoides and S. yangii.

significantly. Among various secondary metabolic pathways, only phenylpropanoid biosynthesis was pointed
out by the analysis, showing significantly different transcriptional levels of six genes, including 4-coumaryl-
CoA ligase (4CL). The phenylpropanoid pathway in S. abrotanoides and S. yangii was already analysed by us
earlier”®. The diterpenoid pathway was not enriched in present analysis, which may be explained in two ways.
Either variations in the expression of diterpenoid pathway-related genes were not significant, which could be
attributed to the similar upstream pathway steps, or the genes related to the downstream steps of diterpenoid
biosynthesis pathway were not present in the databases which were used for GO enrichment analysis. There
is, however, one gene — ISPF, an ortholog of the 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase in S.
miltiorrhiza (SmMCS), involved in the plastidic MEP pathway, which is associated with multiple GO terms in
ME, BP and CC categories, such as: cellular metabolic process, organic substance metabolic process, phospho-
rus metabolic process, chlorophyll metabolic process, tetrapyrrole metabolic process as well as various plastid
compartments and structures. A high enrichment of this DEG, related to the upstream terpenoid biosynthesis
pathway, may point out towards lower steps of the diterpenoid pathway, which could possibly be enriched, if only
the genes involved in them were present in the database. In the CC category, the enrichment analysis revealed
largely enriched DEGs connected to plastid and chloroplast components, in comparisons performed between
roots and leaves of both species, which is consistent with differences in the physiological functions of aerial and
underground parts of plants, especially with regards to photosynthesis. Also, two KEGG processes (“Metabolic
pathways” and “Photosynthesis”) were enriched in functional annotations Supplementary Table S4. The most
interesting GO terms were visualized on Fig. 4b.
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Figure 2. Overall expression profiles of biological replicates extracted from roots and leaves of S. abrotanoides
and S. yangii. The phenomap clusters created according correlation of global samples expression.

Expression analysis of DEGs involved in abietane diterpenoid pathway

To investigate the abietane diterpenoid metabolism in S. abrotanoides and S. yangii, a homology analysis using
the genome information of S. miltiorrhiza and other species of Salvia was performed along with the tissue-
specific expression analysis of selected candidate unigenes. Further transcriptome mining revealed existence of
39 different transcripts related to abietane diterpenoid biosynthesis in transcriptomes of S. abrotanoides and S.
yangii. Out of them, 9 transcripts were found to be homologous to genes from the cytosolic MVA pathway, 12
were homologs of plastidic MEP genes, one transcript turned out to be a homolog of the isopentenyl diphosphate
isomerase (IDI) gene, and 17 transcripts were found to be related to the downstream steps of biosynthesis of
abietanoids and nor-abietanoids (Table 2).

In transcriptomes of S. abrotanoides and S. yangii, several key enzymes, such as AACT, HMGR, DXS, HDS,
GGPPS, CPS, and KSL are present as multiple transcripts with different sequence similarity to known genes and
with different expression patterns in analysed plant organs (Table 2). According to the current understanding of
the abietane diterpenoid biosynthesis, cytochrome P450s (CYPs) play a key role in the downstream steps of the
pathway. 44 CYPs were identified among DEGs in this study (Supplementary Table S5) and their annotation was
kindly provided by Prof. David Nelson®. Out of them, seven are thought to be related to the abietane diterpenoid
biosynthesis (Table 2). A total of 16 transcripts homologous to the 2-ODDs of S. miltiorrhiza were detected in
transcriptomes of S. abrotanoides and S. yangi (Supplementary Table S6), out of which one was found to share
the highest sequence similarity with the Sm2-ODD14 designated as the tanshinone IIA synthase (TIIAS)*® and
therefore was included into further analysis (Table 2). Many of the above-mentioned genes were found among
DEGs detected in the study. The trans-interactions occurring between DEGs related to diterpenoid metabolism
and other candidate genes revealed by transcriptome mining of roots and leaves of S. abrotanoides and S. yangii
along with their expression profile are presented on Fig. 5. This subset of candidate DEGs has been arranged
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Figure 3. Selection of differentially expressed genes involved in four comparisons: S. abrotanoides roots versus
S. yangii roots (upper left), S. abrotanoides leaves versus S. yangii leaves (upper right), S. yangii roots versus
leaves (lower left); and S. abrotanoides roots versus leaves (lower right). (a) MA plots of DEGs. Red and green
dots depict DEGs significantly changing expression between plant organs and both species. (b) Heatmaps of
significant DEGs with fluctuated expression. Expression values are Z-score scaled.

according to increasing log2(fold change) and presented as heatmaps. The analysis of trans-interactions between
selected DEGs revealed that genes expressed differentially in roots and leaves of S. abrotanoides (blue-red), such
as CPS1 or CYP71D754, appear also as DEGs in S. yangii (blue-yellow) and are found to be corelated as they
share similar expression pattern. In contrast, candidate genes differentially expressed in roots of S. abrotanoides
and S. yangii (green-red) and candidate genes expressed differentially in leaves of both species (green—yellow)
represent different subsets which are found not to be correlated with each other. Only one root-DEG, CYP71A-
fragmentl, homologous to S. miltiorrhiza CYP71A57, and one leaf-DEG - TPSCM, homologous to S. splendens
gamma-cadinene synthase, were shown to be among S. yangii DEGs.

Based on the elucidated abietane diterpenoid biosynthesis pathway in other Salvia plants, including S. miltior-
rhiza, S. fruticosa, and S. officinalis®®**>%"8, we predicted the analogous pathway possibly operating in S. abrota-
noides and S. yangii (Fig. 6a). Among 39 transcripts related to abietane diterpenoid biosynthesis in transcriptomes
of S. abrotanoides and S. yangii, eight formed a cluster of root-specific genes, when clustered according to their
expression profile (Fig. 6b and Table 2). Although many of the MEP and MVA pathway enzymes were found to
be present as multiple transcripts in S. abrotanoides and S. yangii, two root-specific transcripts were detected:
DXS (TRINITY_DN43908_c1_g1_i2) and HMGR (TRINITY_DN46275_c4_gl1_il). Interestingly, two HMGR
isoforms (TRINITY_DN47604_c3_g3_il and TRINITY_DN47604_c3_g3_i2) have been detected in roots and
leaves of S. yangii and not in S. abrotanoides. Among the enzymes responsible for general diterpenoids catalytic
steps leading to the biosynthesis of miltiradiene, a root-specific isoforms of CPS (TRINITY_DN39347_c0_gl1_i2)
and KSL (TRINITY_DN47645_c2_g2_il) were found and selected for further analysis.

A thorough transcriptome mining has been performed in this work in order to search for sequences homolo-
gous to the SmCYP76AH], a crucial enzyme for the biosynthesis of tanshinones in S. miltiorrhiza*®!. Surpris-
ingly, none of the CYPs in S. abrotanoides and S. yangii was found to share the similarity high enough to be
designated as an ortholog of SmCYP76AH1.

The search for sequences homologous to the SmCYP76 AH3" resulted in the discovery of three cytochromes
from the CYP76AH clad, in transcriptomes of S. abrotanoides and S. yangii (Supplementary Table S5 and Fig. 6).
CYP76AH89, represented by the transcript isoform TRINITY_DN46294_c1_gl1_i3, shares the highest similar-
ity (93.3%) with the CYP76AH23 from S. rosmarinus, the similarity with the CYP76AH22 from S. rosmarinus,
CYP76AH24 from S. fruticosa and CYP76AH3 from S. miltiorrhiza also exceeded 90%. Although the TRIN-
ITY_DN46294_c1_gl_i4 transcript was initially regarded by the bioinformatic analysis as an isoform of the
CYP76AH89 gene, due to 85% mutual sequence similarity, detailed analysis of the translated protein sequence
of both isoforms and their homologs convinced us to designate the TRINITY_DN46294_c1_g1_i4 as a possibly
separate gene - CYP76AHO90. It shares 89.1% of identity with CYP76AH4 from S. rosmarinus, which is capable
of hydroxylating the abietatriene®, as well as 87% of identity with the SmCYP76AHI1. The third CYP of the
CYP76AH clade is represented by the TRINITY_DN102248_c0_g1_il transcript showing the highest similar-
ity (92.2%) with CYP76AHS6 from S. rosmarinus, and was named CYP76AH91. 89.5% of nucleotide identity
was also found between the CYP76 AH91 sequence and ferruginol synthase-like from both S. splendens and S.
hispanica. Detailed analysis of translated protein sequences of CYP76AHs from S. abrotanoides and S. yangii and
their homologs are presented in the next paragraph. Expression analysis of three CYP76AHs detected in this
work clearly show that the CYP76 AHS89 is mainly involved in the tanshinone biosynthesis. The expression level
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Gene name

‘ Gene abbreviation ‘ Homolog NCBI ID

Transcript ID

‘SA_RI \SA_Rz ‘SY_RI \SY_Rz ‘SA_LI

\ SA_L2

\ SY_L1

\ SY_L2

MVA pathway (cytosol)

Acetyl-CoA C-acetyl-
transferase

AACT

JN831101

DN41649_c0_gl_i4

15.3

16.2

19.6

19.6

18.0

16.4

19.1

19.4

Acetyl-CoA C-acetyl-
transferase

AACT

EF635969

DN45648_c2_gl_il3

63.0

59.8

44.0

42.2

44.1

43.8

57.2

54.3

3-Hydroxy-3-methyl-
glutaryl coenzyme A
synthase

HMGS

FJ785326

DN44189_c4_gl_i3

77.5

76.3

41.8

429

43.5

45.5

65.6

65.9

3-Hydroxy-3-methyl-
glutaryl-coenzyme A
reductase

HMGR

JN831103

DN46275_c4_gl1_il

9.6

9.3

6.6

6.5

0.2

0.3

0.0

0.0

3-Hydroxy-3-methyl-
glutaryl-coenzyme A
reductase

HMGR

EU680958

DN47604_c3_g3_i2

0.0

0.0

23.5

24.7

0.0

0.0

3-Hydroxy-3-methyl-
glutaryl-coenzyme A
reductase

HMGR

JN831102

DN47604_c3_g3_il

0.0

0.0

511.3

513.4

0.0

0.0

Mevalonate kinase

MK

JN831104

DN45365_c0_g2_i2

5-Phosphomevalonate
kinase

PMK

JN831095

DN41885_c0_gl_il

12.0

11.4

9.0

9.3

Mevalonate diphosphate
decarboxylase

MDC

JN831105

DN41129_c0_gl1_i3

52.2

52.9

13.9

14.2

MEP pathway (plastid)

1-Deoxy-D-xylulose
5-phosphate synthase

DXS

EU670744

DN43908_c1_g2_i7

194.3

185.8

1-Deoxy-D-xylulose
5-phosphate synthase

DXS

FJ643618

DN43908_c1_gl_i2

201.3

204.6

59.0

61.3

38.2

26.4

7.3

6.0

1-Deoxy-D-xylulose
5-phosphate synthase

DXS

JN831117

DN45932_c0_gl_i2

14.7

14.3

11.9

11.8

18.5

17.9

13.1

13.2

1-Deoxy-D-xylulose
5-phosphate synthase

DXS

JN831116

DN43908_c1_g4_i3

2.1

7.0

6.7

0.6

0.7

0.2

0.3

1-Deoxy-D-xylulose
5-phosphate synthase

DXS

JN831118

DN43908_c1_g3_i3

0.1

0.5

0.7

0.7

34

34

1-Deoxy-D-xylulose5-
phosphate reductoi-
somerase

DXR

DQ991431

DN47013_c4_gl_i8

54.4

52.4

30.9

29.5

130.6

119.4

110.5

105.4

2-C-methyl-D-erythritol
4-phosphate cytidylyl-
transferase

MCT

JN831096

DN46413_c3_g5_il

12.9

11.5

9.3

8.9

28.5

30.8

344

339

4-diphosphocytidyl-2-C-
methyl-D-erythritol
kinase

CMK

EF534309

DN47497_cl1_gl_i2

47.3

44.1

21.9

22.8

32.3

322

28.9

28.3

2-C-methyl-D-erythritol
2,4-cyclodiphosphate
synthase

MCS

JX233816

DN41571_c0_g1_i2

77.2

77.1

38.2

36.5

361.4

352.1

280.1

256.8

4-Hydroxy-3-methylbut-
2-enyl diphosphate
synthase

HDS

KJ746807

DN44689_c0_g1_i10

174.9

172.4

100.7

100.0

594.7

575.3

354.9

349.9

4-Hydroxy-3-methylbut-
2-enyl diphosphate
synthase

HDS

JN831098

DN44689_c0_gl_ill

0.0

0.0

0.0

0.0

0.0

0.1

4-Hydroxy-3-methylbut-
2-enyl diphosphate
reductase

HDR

JN831099

DN46931_c0_gl_i3

183.7

186.5

111.9

112.1

1870.1

1887.6

1013.2

943.2

Downstream tanshinone

biosynthesis pathway

Isopentenyl diphosphate

isomerase

IDI

JN831106

DN43304_c4_g2_il

222

22.0

3.3

3.1

234

3.9

4.3

Isopentenyl pyrophos-
phate isomerase

IpPI

EF635967

DN43742_c3_g2_i4

79.4

81.7

70.5

72.0

34.5

34.5

37.2

394

Farnesyl pyrophosphate
synthetase

EPPS

HQ687768

DN41600_c0_gl_i5

74.8

73.3

47.6

46.0

30.1

28.7

43.6

44.0

Geranyl diphosphate
synthase SSUIL2

GPPS

JN831110

DN29144_c0_g2_il

14.0

16.0

16.3

74.2

71.5

62.0

58.6

Geranyl diphosphate
synthase SSUII1

GPPS

JN831109

DN29144_c0_gl_il

53.6

55.0

28.1

26.7

5.6

3.9

0.8

0.5

Geranyl diphosphate
synthase

GPPS

JN831107

DN47317_c2_g2_i4

13.9

12.9

15.6

14.8

16.1

18.8

19.5

Geranyl diphosphate
synthase LSU

GPPS

JN831111

DN45200_c2_g5_il

5.3

55

3.8

42

4.7

3.5

0.7
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Gene name Gene abbreviation Homolog NCBI ID Transcript ID SA_R1 [SA_R2 (SY R1 [SY R2 [SA L1 |SA_L2 |SY_ L1 |SY L2
Geranyl diphosphate GPPS JN831108 DN38777_c0_g2_il 15.1 147 | 247 233 6.1 37 1.7 1.0
synthase SSUI

Geranylgeranyl diphos- | & ppg FJ178784 DN45200_c2_gl_il 835 849 | 206 19.5 446 437 378 | 367
phate synthase

Geranyigeranyl diphos- | appg JN831112 DN45200_c2_g3_i2 1.7 1.0 0.4 03 0.9 08 15 15
phate synthase

Geranyigeranyl diphos- | appg JN831113 DN45200_c2_g2_il 44 40 12 14 2.0 2.0 11 11
phate synthase

Copalyl diphosphate CPs EU003997 DN39347_c0_gl_i2 | 1558 | 1547 | 555 56.6 3.1 31 59 | 59
synthase

Copalyl diphosphate CPs JN831114 DN31732_c0_gl_il 0.0 00 | 00 0.0 40 3.0 07 | 05
synthase

Copalyl diphosphate CPS JN831115 DN80384_c0_gl_il 03 03 1.0 12 0.0 0.0 01 | o1
synthase

Copalyl diphosphate CPs JN831121 DN18051_c0_gl_il 0.4 0.5 22 2.1 0.0 0.1 06 | 09
synthase

Kaurene synthase KSLI EF635966 DN47645_c2_g2_il 95.1 95.6 28.8 27.1 20.6 18.0 7.3 7.7
Kaurene synthase KSL2 JN831119 DN46601_c0_g3 i10 | 10.4 9.1 9.0 7.9 5.1 59 56 | 7.2
cytochrome P450 CYP76AHS9 crp Zl%’;fj;f“m“”‘ DN46294_cl_gl i3 | 12902 |1357.5 |543.1 |5434 | 2229 | 1552 | 57.3 | 462
Jerruginol synthase/ CYP76AH90 CYP76AH4 Rosmarinus | 46704 1 g1_id 9.7 99 | 45 45 8.4 82 | 170 | 205
cytochrome P450 officinalis

cytochrome P450 CYP76AH9I %’Z 6L Rosmarinis | p\102248_c0_gi i1 66 68 | 05 0.5 0.8 0.8 22 | 18
cytochrome P450 CYP76AK25 %ﬁg fﬁﬁl vISalvia | pN47300 0 g2 7 | 6455 | 6777 | 2318 | 209.9 25.9 17.2 27 | 24
carnosic acid synthase/ | cypooag_fragments | CYE70AKIS Salvia DN44093_c0_gl_i2 | 656.1 | 7287 |1551 |[163.0 37.3 29.6 62 | 35
cytochrome P450 dorisiana

2-oxoglutarate-depend-

ent dioxygenase/ tanshi- | 2-ODD14 gﬂ%ﬁ?ﬁ%igﬁ;ﬂ DN36849_c0_gl_il 31.8 345 14.8 15.8 22.8 234 16.3 13.8
none IIA synthase

cytochrome P450 CYP7ID754 CrpriDall Salvia DN45603_c2_g5_i2 | 6045 | 6205 | 352 | 357 29 3.0 o1 | o1
cytochrome P450 CYP71BE213 ;ﬁ’;ﬂ“z Salvia DN45603_c2_g4 i9 | 1051 | 107.4 | 42.2 415 85.0 78.0 325 | 201

Table 2. Expression of genes related to tanshinone biosynthesis pathway (FPKM).

of CYP76 AHB89 reached over 543 FPKM in roots of S. yangii and 1290.2 FPKM and 1357.5 FPKM in two tran-
scriptomic library replicas of S. abrotanoides roots, which is the highest result among diterpenoid-related gene
expression and designates the CYP76AH89 a marker gene for the tanshinone biosynthesis in analyzed species
(Table 2). The expression level of CYP76 AH90 and CYP76AH91 is much lower, reaching 17 and 20.5 FPKM in
leaves of S. yangii and 6.6 and 6.8 FPKM in roots of S. abrotanoides, respectively (Table 2).

TRINITY_DN47322_c0_g2_il3 transcript (named CYP76AK25) shares 83.8% of sequence identity with
the SmCYP76AKS5 of unknown function (Supplementary Table S5x and Fig. 6). This transcript is also similar
in 73.8% and 72.5% to the SmCYP76AK3 and 11-hydroxysugiol 20-monooxygenase-like from S. splendens,
respectively. The expression of CYP76AK25 is root specific, scoring 645.5, 677.7,231.8 and 209.9 FPKM in two
transcriptomic library replicas of roots of S. abrotanoides and S. yangii, respectively (Table 2).

In S. abrotanoides and S. yangii, no orthologs of the SmCYP71D373 and SmCYP71D375 were detected.
However, the TRINITY_DN45603_c2_g5_i2 transcript (named CYP71D754) was found to be similar in 86.8%
to SmCYP71D411, which is known to catalyze the hydroxylation at C20 (of sugiol) but is not capable to per-
form the heterocyclization reaction (Supplementary Table S5 and Fig. 6). The analysis of the translated protein
sequence of both the CYP71D754 and SmCYP71D411 revealed that both cytochromes have identical active sites
residues required for the enzymatic reaction with miltirone®. The expression of CYP71D754 turned out to be
root-specific, reaching 604.5 FPKM and 620.5 FPKM in S. abrotanoides roots and 35.2 FPKM and 35.7 FPKM
in the roots of S. yangii (Table 2).

Out of 16 transcripts homologous to the Sm2-ODDs detected in transcriptomes of S. abrotanoides and S.
yangii, TRINITY_DN36849_c0_g1_il (2-ODD14) was found to share 84.7% of sequence similarity with the Sm2-
ODD14* (Supplementary Table S6). Its expression, however, was slightly higher in roots of S. abrotanoides (31.8
FPKM and 34.5 FPKM) than in leaves or at the same level in both organs of S. yangii (Table 2). Other isoforms
with more apparent root-specific expression have been found in transcriptomes of S. abrotanoides and S. yangii,
which makes them interesting candidates to be tested towards tanshinone biosynthesis.

Two other cytochromes P450s, which could be related to abietane diterpenoids biosynthesis, have been
found through transcription mining. A TRINITY_DN44093_c0_g1_i2 partial transcript, which translates into
the 212 amino acid-long fragment possesses 86.3% similarity to CYP76AK18 from S. dorisiana, and has been
named CYP76AK-fragmentl (Supplementary Table S5). Additional BLAST analysis showed that this partial CYP
sequence shares 90% similarity with the carnosic acid synthase CYP76AKS8 from S. rosmarinus. RoCYP76 AK6-8
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Figure 5. Circular visualization of trans-interactions occurring between differentially expressed protein-

coding genes (DEGs) related to diterpenoid metabolism and other candidate genes revealed by transcriptome
mining of roots and leaves of S. abrotanoides and S. yangii. Heatmaps show the expression profiles of DEGs
in roots (green-red) and leaves (green-yellow) of both species as well as DEGs in S. yangii (blue-yellow) and
S. abrotanoides (blue-red). DEGs were arranged according to increasing log2(fold change). Details of the
interactions are provided in the text. Gene abbreviations are explained in the text and in the Supplementary

Tables S3, S5 and S6.

have been demonstrated to catalyze three sequential C20 oxidations for the conversion of 11-hydroxyferruginol
to carnosic acid in yeast®®. Due to its high expression in roots of S. abrotanoides (656.1 and 728.7 FPKM) and S.

yangii (155.1 and 163 FPKM), CYP76AK-fragment]1 clusters together with other root-specific genes found by
our analysis (Fig. 6b and Table 2). So, sequence similarity analysis of CYP76 AK-fragment] strongly suggests its
involvement in the biosynthesis of carnosic acid in S. abrotanoides and S. yangii, however, its expression profile
obtained by RNA-seq does not confirm this hypothesis.
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GGPP CPS TRINITY_DN39347_c0_g1_i2
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Miltiradiene DXR TRINITY_DN47013_c4_g1_i8
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Figure 6. A proposed biosynthetic pathway of abietane-type diterpenoids in S. abrotanoides and S. yangii. (a)
Pathways and genes involved in the biosynthesis of abietane diterpenoids. (b) Gene expression heatmap (Z-score
of the FPKM value) of the identified candidate genes in roots and leaves of S. abrotanoides and S. yangii,
clustered according to their expression profile. Gene abbreviations are explained in the text and in the Table 2.

TRINITY_DN45603_c2_g4_i9 transcript (CYP71BE213) was found to be similar in 77.84% to the
CYP71BE52 from S. pomifera, which is highly expressed in its glandular trichomes and oxidizes ferruginol at
position 2a to produce salviol**” (Supplementary Table S5).

Nucleotide sequence analysis of CYP76AHs

Two representative transcripts isoforms of the gene TRINITY_DN46294_c1_gl were detected to have notably
different nucleotide sequence which, despite sharing mutual 85% similarity, translated into significantly differ-
ent protein sequences. Partial sequences around the four distinguishing active sites residues of CYP76AH89
(TRINITY_DN46294_c1_gl_i3) and CYP76AH90 (TRINITY_DN46294_c1_g1_i4) were amplified and Sanger
sequenced (GeneBank at accession numbers: ON365538, ON365539, ON365540, ON365541). A translated
protein alignment of resulting sequences together with protein sequences of their homologs and the translated
protein sequence of CYP76AHO91 is presented in Fig. 7. It has been shown before that four amino acid sites are
responsible for the catalytic activity of CYP76HAs, namely: 301, 306, 395 and 479 amino acid residues®. The
sequencing with Sanger method has confirmed results obtained with the NGS sequencing and demonstrated
that the active site of CYP76AH89 consisted of E301, E306, M395, F479, while the CYP76 AH90 had E301, S306,
1395, L479 in its active site.

Seasonal variations in expression levels of genes related to biosynthesis of abietane diterpe-
noids (QRT-PCR)
As described above, we discovered novel candidate genes possibly involved in the biosynthesis of abietane-type
diterpenoids in S. abrotanoides and S. yangii. Eleven genes from the downstream biosynthesis pathway were
selected for extended analysis of their expression during the vegetation season. Quantitative real-time PCR
analysis was used to investigate the expression pattern of GGPPS (TRINITY_DN45200_c2_g1_il), CPS (TRIN-
ITY_DN39347_c0_gl_i2), KSL (TRINITY_DNA47645_c2_g2_il), CYP76AH89 (TRINITY_DN46294_c1_gl_i3),
CYP76AH90 (TRINITY_DN46294_c1_gl1_i4), CYP76AH91 (TRINITY_DN102248_c0_g1_il), CYP76AK25
(TRINITY_DNA47322_c0_g2_i7), CYP76AK-fragment] (TRINITY_DN44093_c0_gl_i2), 2-ODDI4 (TRINITY_
DN36849_c0_gl_il), CYP71D754 (TRINITY_DN45603_c2_g5_i2), and CYP7IBE213 (TRINITY_DN45603_
c2_g4_19) in leaves and roots of S. abrotanoides and S. yangii. Gene transcript levels in each sample were normal-
ized to the respective transcript level of ACT, which generated a normalized expression value (NE) (Fig. 8 and
Supplementary Table S7). The expression of selected genes was analysed with the quantitative real-time PCR
in three time points: at the start of the season (SOS), in the middle of the season (MOS) and at the end of the
season (EOS), so the expression level at MOS corresponded with the amount of transcript measured by NGS.
The analysis revealed relatively low expression of genes encoding for general diterpenoids enzymes. The
highest expression of GGPPS was detected in leaves of S. abrotanoides and S. yangii at the start of the season.
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Figure 7. Alignment of regions around the four distinguishing active sites residues of CYP76AH89,
CYP76AH90 and CYP76AH91 together with sequences of their homologs. Different colors refer to different
amino acids, red arrows point to amino acids of 301, 306, 395 and 479, respectively.

The highest transcript levels of CPS and KSL were obtained in roots of S. abrotanoides in the middle of season,
which corresponded with the RNA-seq results. In roots of S. yangii the transcript levels of CPS and KSL were
significantly lower at MOS and significantly higher in SOS.

The highest expression of all analysed genes was obtained for the CYP76AH89. In roots, its transcript levels
were the highest at MOS and reached 18.21 and 3.61 in S. abrotanoides and S. yangii, respectively, which is in line
with levels obtained by RNA-seq. In leaves, the peak of expression was noted at the start of the season, reaching
35.62 (S. abrotanoides) and 16.87 (S. yangii). The very high expression of CYP76AH89 in leaves and roots sug-
gested its involvement in the biosynthesis of both tanshinones and carnosic acid, with notably different spatial
and temporal expression pattern though. The expression levels of CYP76AH90 and CYP76AH91 were much lower
than those of the CYP76AH89, proving their minor involvement in the abietane biosynthesis. The CYP76AH90
exhibited relatively high expression in leaves of both species (at SOS and EOS), while the CYP76AH91 had a
highest expression in roots of S. abrotanoides and S. yangii at MOS. Significantly different transcript levels and
expression patterns of the three detected CYP76AHs proved the hypothesis that all three enzyme isoforms oper-
ate in S. abrotanoides and S. yangii, with the CYP76AH89 playing the major role in the abietane biosynthesis.

Similarly to CYP76AHs, both CYP76AKs genes showed the highest expression levels in leaves, at the start of
the season. CYP76AK25 leaf transcript levels reached at SOS 19.92 and 17.32, while CYP76 AK-fragment] reached
11.81 and 14.42 in S. abrotanoides and S. yangii, respectively. In roots the expression pattern of CYP76AKs varied
between species, but an involvement of both cytochromes in biosynthesis of tanshinones and carnosic acid was
implied by their expression. The transcript levels of CYP76AKs at MOS corresponded with those obtained by
RNA-seq.

2-ODD14 expression was shown to be at a relatively low level in both organs and species. In leaves, 2-ODD14
was quite stably expressed over the season, in roots significantly higher transcript levels were recorded in MOS
for both S. abrotanoides and S. yangii, and at SOS in S. yangii.

CYP71D754 appeared to be a root-specific gene with the expression hardly detectable in leaves, in all three
analysed time points. Its expression in roots begun already at the start of the season, increased significantly in S.
abrotanoides in MOS (4.59) while in S. yangii it was kept at the similar level and dropped to near-zero levels at
the end of the season in both species. Again, the transcripts levels detected by qRT-PCR at MOS were in accord-
ance with those revealed by NGS.

The CYP71BE213 exhibited the highest expression at the start of the season in leaves and roots of S. yangii.
At MOS, the expression level in S. abrotanoides roots increased, while the other dropped down. Comparable, but
slightly higher in roots, transcript levels were recorded by both methods, qRT-PCR and RNA-seq.

Discussion

Abietane diterpenoids, including tanshinones and carnosic acid, are the most abundant type of tricyclic terpe-
noids, the biosynthetic pathway of which has been best investigated*>¢*%. Tanshinones, carnosic acid and its
derivatives are present in several species of Lamiaceae, in various combinations. It is known that the family of
CYP450s plays an essential role in decoration of diterpene skeletons, providing for various types of structural
oxidative modification reaction, such as: hydroxylation, carbonylation and heterocyclization*®-%3%57 Addi-
tionally, it has been shown that the catalytic promiscuity of CYP450s creates a metabolic grid for tanshinone
biosynthesis®>%. Nonetheless, despite numerous experimental strategies to elucidate the tanshinone biosynthesis
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Figure 8. Expression levels of genes related to the downstream biosynthesis pathway of abietane diterpenoids
in leaves and roots of S. abrotanoides and S. yangii in three growth stages during the vegetative season (SOS -
start of season, MOS - middle of season, EOS - end of season). Bars represent transcript levels normalized to
ACT. NE, normalized expression. The letters above the error bars refer to statistically significant differences

as follows: a — significant differences in comparison to SOS, b - significant differences in comparison to MOS,
¢ - significant differences in comparison to S. abrotanoides, d - significant differences in comparison to leaves.
The level of significance is indicated by the used fonts: p <0.01 lower case font, p <0.001 italic font, p <0.0001
underlined font.

pathway has been implemented to date, including: investigation of a spatial organization of the diterpenoid
biosynthetic gene cluster®, comparative metabolomic, transcriptomics and proteomic analysis®>**446>, targeted
mutagenesis approaches using RNA interference and CRISPR/Cas9 system*"%’, hairy roots cultures and elicitor
treatments®"*-74, or endophytic fungi infection’, several steps from the pathway remain unresolved. Particularly,
the most intriguing transformation - the hypothetical conversion of 11,20-dihydroxyferruginol to miltirone,
which requires loss of C20 (directly via demethylation or via decarboxylation of carnosic acid as an intermediate)
and aromatization of the “B” ring, has not been determined yet. Also, downstream transformations involving
modification at the C4 of the miltirone backbone and leading to the formation of the metabolic grid of tanshi-
nones remain undetermined as well as the direct precursor and transformations leading to the biosynthesis of
isograndifoliol”® and trilobinol”.

Utilising two closely related species of slightly distinct diterpenoid profile, the metabolomics-guided tran-
scriptomic approach allowed to select candidate genes, which expression might have led to observed chemical
differences. Firstly, we have used the UHPLC-QTOF-MS analysis to follow the content of diterpenoids in the
course of vegetation season (Table 1). Eight compounds were estimated quantitatively, out of which carnosol
was the most abundant compound in the leaves of both species while in roots, the profile of abietane diterpenoid
compounds was clearly dominated by cryptotanshinone (11). Interestingly, several compounds were found to be
unique for one or the other species. Sugiol (9) was detected only in the S. yangii leaves, while trilobinol (10) was
unique for S. abrotanoides. Didehydrotanshinone IIA (18), acetyloxycryptotanshinone (14) and ketoisograndi-
foliol (16) were unique for the roots of S. yangii. Also, the levels of isograndifoliol (15) and OH-tanshindiol A
(17) were significantly higher in the roots of S. yangii than in S. abrotanoides. This analysis has confirmed our
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previous observations of a diverse diterpenoid profiles of S. abrotanoides and S. yangii, although it became clear
that the difference in the content of isograndifoliol is quantitative, not qualitative, as previously thought. Current
observations corroborate with those made earlier in the roots of S. yangii, where the profile of abietane diterpe-
noid compounds was also dominated by the cryptotanshinone, followed by 1,2-didehydrotanshinone, miltirone
and low amounts of tanshinone ITA”8. Although the presence of tanshinone IIA was detected in roots of both
S. abrotanoides and S. yangii*®, its low amounts did not allow to analyse its content quantitatively in this work.

As metabolic differences are reflected in different transcript profile of a species or tissues, we performed
comparative analysis of S. abrotanoides and S. yangii transcriptomes. Using an RNA-sequencing technology we
have sequenced and de novo assembled transcriptomes of leaves and roots of S. abrotanoides and S. yangii. As a
result, 134,443 transcripts were annotated by UniProt and 56,693 of them were assigned as Viridiplantae. To our
knowledge, this is first transcriptomic data reported for these species. In order to seek for differences between
sequenced transcriptomes, the differential expression analysis was performed, which revealed multiple genes
indicating changes in expression in four comparisons made between S. abrotanoides and S. yangii leaves and
roots (Fig. 3a). GO enrichment analysis of selected DEGs has found many DEGs to be enriched in the cellular
metabolic term, which suggested significant variations in the secondary metabolic pathways in roots and leaves
of these species. Additionally, related to the upstream terpenoid biosynthesis pathway, the ISPF gene (orthologous
to the SmMCS), was found to be highly enriched in multiple GO terms, which points out towards lower steps
of the diterpenoid pathway, currently not present in the databases. The homology and expression of two gene
families associated with downstream steps of tanshinone and carnosic acid biosynthesis were studied, namely:
cytochromes P-450 and 2-oxoglutarate-dependend dioxygenases. 44 CYP450s were identified among DEGs in
this study (Supplementary Table S5), out of which seven are thought to be related to the abietane diterpenoid
biosynthesis (Table 2). A total of 16 transcripts homologous to the 2-ODDs of S. miltiorrhiza were detected in
transcriptomes of S. abrotanoides and S. yangi (Supplementary Table S6) with one being homologous to the Sm2-
ODD14 designated as the tanshinone IIA synthase (Table 2). Additional BLAST analysis revealed existence of
39 different transcripts related to abietane diterpenoid biosynthesis in transcriptomes of S. abrotanoides and S.
yangii, out of which 17 transcripts were found to be related to the downstream steps of biosynthesis of abietanoids
and nor-abietanoids (Table 2) and eight formed a cluster of root-specific genes, when clustered according to their
expression profile (Fig. 6b). Finally, eleven candidate genes from the downstream biosynthesis pathway were
selected for extended analysis of their expression during the vegetation season.

In transcriptomes of S. abrotanoides and S. yangii, we have detected three cytochromes from the CYP76AH
clade, namely: CYP76AH89, CYP76AH90 and CYP76AH91 (Supplementary Table S5 and Fig. 6). RNA-seq
showed very high transcript levels of CYP76AHS89 in root transcriptomes (at MOS), which was confirmed
by qRT-PCR analysis (Table 2 and Fig. 8). Additionally, QRT-PCR analysis revealed a very high expression of
CYP76AH89 in leaf transcriptomes, at the start of the season, which suggests the CYP76AH89 being a key enzyme
in the biosynthesis of both tanshinones and carnosic acid, with notably different expression pattern in leaves
and roots. Homology analysis showed that CYP76AH89 exhibits the highest similarity with the CYP76AH22
and CYP76AH23 from S. rosmarinus as well as with the SmCYP76AH3. In fact, all these enzymes possess the
same amino acid residues in their active sites, which are: E301, E306, M395, F479 (Fig. 7). The other two
genes from the CYP76AH clade, CYP76AH90 and CYP76AH91, also showed high similarity with ferruginol
synthases-like genes from various Salvia species, however, their expression levels were much lower than those
of the CYP76AH89, proving their minor involvement in the abietane biosynthesis. Interestingly, no obvious
and significantly expressed homolog of the SmCYP76AH1 has been found in transcriptomes of S. abrotanoides
and S. yangii. Therefore, we postulate, that the CYP76 AH89 may accept both miltiradiene and ferruginol as
substrates and catalyses both C11 and C12 hydroxylation, similarly as it has been proved for CYP76AH22-24
from S. rosmarinus*>*%, as well C7 oxidation of the miltiradiene backbone, catalyzed by SmCYP76AH3. The close
phylogenetic relationship of S. abrotanoides and S. yangii with S. rosmarinus was demonstrated by us earlier®.
On the other hand, it was demonstrated that, although CYP76AH1 and CYP76AH3 catalyze two consecutive
reactions in planta*®®, in vitro studies proved them having the same catalytic functions but different catalytic
efficiencies. It was found that when ferruginol, 11-hydroxy ferruginol, and sugiol were used as substrates for
in vitro enzymatic reactions, CYP76AHI1 also catalyzed the hydroxylation of C11 and oxygenation of C7 sites,
though at very low catalytic efficiency. Similarly, CYP76 AH3 also catalyzed the production of trace amounts of
ferruginol from miltiradiene. In the same work, a series of modeling-based mutational variants of CYP76AH1
were designed to integrate the functions of CYP76AH1 and CYP76AH3. The mutant CYP76AH1DP301EV479F,
which integrated the functions of CYP76AH1 and CYP76AH3, was found to efficiently catalyze C11 and C12
hydroxylation and C7 oxidation of miltiradiene substrates®*. We hypothesize, that in S. abrotanoides and S. yangii,
the CYP76 AH89 might have similarly integrated the two catalytic activities of CYP76AH1 and CYP76AH3
and became a multifunctional enzyme that catalyzes the formation of ferruginol from miltiradiene and further
oxidizes the C7 and C11 positions of ferruginol to form sugiol, 11-hydroxy ferruginol, and 11-hydroxy sugiol.
The other two CYP76AHs transcripts detected in S. abrotanoides and S. yangii, CYP76AH90 and CYP76AHY1,
possessed following predicted amino acid residues in their active site: E301, S306, 1395, L479 and E301, S306,
1395, 1479, respectively (Fig. 7). Whether they possess redundant functions to the CYP76 AH89 or contribute to
the abundance of different abietane-diterpenoids in S. abrotanoides and S. yangii, it would need involvement of
functional in vitro studies, however, the relatively low expression of CYP76AH90 and CYP76AH91 throughout
the season (Table 2 and Fig. 8) suggests they minor role in the general biosynthesis pathway of abietanoids.

Next genes possibly encoding for abietane diterpenoid pathway enzymes has been found to be represented
by following homologs: CYP76AK25, CYP76 AK-fragmentl, CYP71D754, 2-ODD14 and CYP71BE213.

Both CYP76AKs genes cluster together with other root-specific genes found by our RNA-seq analysis (Fig. 6b
and Table 2), but the qRT-PCR has additionally revealed their high expression levels in leaves, at the start of
the season (Fig. 8). Again, this would suggest involvement of CYP76AK25 and CYP76AK-fragmentl in the
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biosynthesis of both tanshinones and carnosic acid, in, however, different temporal and spatial manner. Homol-
ogy analysis indicate that CYP76 AK25 might catalyze biosynthesis of 11,20-dihydroxysugiol and 11,20-dihy-
droxyferruginol, while CYP76 AK-fragment1 possibly catalyzes three sequential C20 oxidations for the conver-
sion of 11-hydroxyferruginol to carnosic acid in S. abrotanoides and S. yangii (Fig. 6a) as it was demonstrated
for RoCYP76 AK6-8%.

Given the high similarity of CYP71D754 with SmCYP71D411 and its very high expression in roots of .
abrotanoides and S. yangii, we hypothesize that CYP71D754 may possibly accept the 11-dihydroxysugiol and
11-dihydroxyferruginol as substrates and produce the 11,20-dihydroxysugiol and 11,20-dihydroxyferruginol
in these species (Table 2 and Fig. 6). That would make its catalytic activity redundant with the CYP76AK25,
however, cytochrome P450s playing redundant roles in plants have already been described?®%*”. Whether the
CYP71D754 is also able to catalyze the heterocyclization of the D-ring in S. abrotanoides and S. yangii to produce
the cryptotanshinone, remains unknown. On the other hand, given a high level of cryptotanshinone in roots of
S. abrotanoides and S. yangii, an enzyme catalyzing the direct upstream hydroxylation of C16 and 14,16-ether
(hetero)cyclization to form the D-ring (as SmCYP71D375) should have a clear root-specific expression profile
and in that perspective the CYP71D754 seems to be a good candidate.

2-ODD14 was found to share high similarity with the Sm2-ODD14 and had its expression level only slightly
higher in roots than in leaves (Table 2 and Fig. 8). Investigation of other isoforms with more apparent root-
specific expression would certainly be beneficial, although, the hardly detectable amount of tanshinone IIA in
roots of S. abrotanoides and S. yangii does not allow for expecting a high and root-specific transcript levels of
the tanshinone ITA-producing enzyme.

The role of the CYP71BE213 in the biosynthesis of abietane diterpenoids in S. abrotanoides and S. yangii
could only be speculated, but its homology with salviol-producing CYP71BE52 from S. pomifera together with
its relatively high expression in roots and leaves of S. abrotanoides and S. yangii (Table 2 and Fig. 8) and the
absence of salviol in the metabolic profile of either of the studied species (Table 1) suggest potential involvement
of CYP7I1BE213 in other abietane diterpenoid transformations, possibly through the substrate promiscuity of
this homolog*’.

Up to date, the commercial supply of tanshinones relies on extraction from S. miltiorrhiza. Originally har-
vested from the wild, S. miltiorrhiza is now field cultivated, which has become the main source of Danshen. With
good agricultural practices the drug is relatively uniform in quality, but can contain heavy metals and pesticide
residues®. Therefore, there is a high demand for searching for alternative sources of tanshinones. One of them
could be hairy root and cell cultures of S. miltiorrhiza, which produce and secrete tanshinones, but the yields
from such cultures also does not yet appear to be economically viable®!. Also, endophytic fungi strains isolated
from native S. abrotanoides have been reported to be able for ex planta biosynthesis of cryptotanshinone®, while
cultured endophytic fungi from S. miltiorrhiza turned out to be capable of tanshinone I and tanshinone ITA
production®®2. Unfortunately, due to the unknown reasons, endophytic fungi cultures often tend to lose their
ability for plant-derived metabolites production®. In this view, another tanshinone-producing and easy to grow
plant species would serve as a valuable alternative.

Therefore, by using the comparative transcriptomic approach, we have generated a dataset of candidate
genes which provides a valuable resource for further elucidation of tanshinone biosynthesis. In a long run, our
investigation may lead to optimization of diterpenoid profile in S. abrotanoides and S. yangii through genetic
engineering, which may become an alternative source of tanshinones for further research on their bioactivity
and pharmacological therapy.

Methods

Plant material

S. abrotanoides and S. yangii plants were grown in the experimental field of the Botanical Garden of Medicinal
Plants (BGMP) at the Wroclaw Medical University (Poland) as previously described?. The experimental plants
were obtained from the certified collection of the BGMP operating according to the respective bylaws of the Act
of Nature Protection of the Republic of Poland and the Ministry of Environment permit (with compliance to the
national and global conservation policies, including IUCN Policy Statement on Research Involving Species at
Risk of Extinction and the CITES, Convention on the Trade in Endangered Species of Wild Fauna and Flora).
Both studied species belong to the non-threatened category for their wide distribution and common occurrence
in their natural range.

In the present experiments, we used the roots and leaves of the wild-type clones for which the voucher
specimens were deposited in the BGMP’s herbarium under the reference numbers: S. abrotanoides: P-122; S.
yangii: P-123.

The harvest of leaves and roots was performed in mid-May, mid-August and mid-October 2016, which
represented three growth stages during the vegetative season: the start of the season (SOS), the flowering time
at the middle of the season (MOS) and the end of the season (EOS).

The plant material harvested for both molecular and phytochemical analysis was immediately frozen in liquid
nitrogen. Leaf samples were finely ground in mortar and pestle with liquid nitrogen. Root samples were finely
ground using automatic electric grinder Analysette 3 Spartan and Pulverisette 0 Cryo-Box (Fritsch, GmbH,
Idar-Oberstein, Germany) filled out with liquid nitrogen. All samples were stored at —80 °C until analyzed.

Sample preparation for qualitative analysis

The solvents and other chemicals for extraction and chromatography were purchased from Merck (Darmstadt,
Germany) and were of analytical or LC-MS grade. The samples for qualitative profiling were prepared as previ-
ously published®.
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Liquid Chromatography—Mass Spectrometry analysis

Ultra-high performance liquid chromatography quadrupole time of flight mass spectrometry (UHPLC-QTOE-
MS) was carried out using Dionex Ultimate 3000 RS (Thermo Fisher Scientific, Waltham, MA, USA) chromato-
graphic system coupled to a Bruker Compact (Bruker, Billerica, MA, USA) quadrupole time of flight (QTOF)
mass spectrometer.

The detailed system settings and chromatography-mass spectrometry analysis conditions have been described
previously?®. Quantitative analysis using DAD-HPLC was performed using cryptotanshinone (CAS 35825-57-1,
purity >99% by HPLC, isolated in-house from the roots of S. yangii, and identified using NMR spectroscopy
and compared to the authentic standard (PhytoLab, Vestenbergsgreuth, Germany), Supplementary Fig. S1-S4
and Table S10).

Calibration curve was constructed from 7-point linear concentration range from 700 to 5 ug/mL (r2 = 0.996)
of cryptotanshinone. Each of the 7 calibration levels was analyzed 3 times. Quantification was conducted based
on peak areas acquired at A =254 nm. The concentration of compounds was expressed in milligram per gram
dry weight (mg/g).

RNA extraction and synthesis of cDNA libraries
Total RNA from leaves and roots of S. abrotanoides and S. yangii was isolated with Plant/Fungi Total RNA Puri-
fication Kit (Norgen Biotek Corp., Thorold, Canada).

Construction of cDNA libraries for RNA sequencing

Total RNA from leaves and roots of S. abrotanoides and S. yangii harvested in the middle of season (MOS) was
used for the construction of cDNA libraries. The concentration, quality and integrity of total RNA were assessed
by the 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, USA). Eight cDNA libraries were synthe-
tized with NEBNext Ultra II Directional RNA Library Prep Kit for Illumina and indexed with NEBNext Multiplex
Oligos for Illumina (New England Biolabs). The quality and concentration of cDNA libraries were assessed by
the 2100 Bioanalyzer system with using the High Sensitivity DNA Assay (Agilent Technologies, Santa Clara,
CA, USA). The established concentration of eight cDNA libraries were as follows: 3.86 ng/pl (S. abrotanoides
leaves repl), 4.47 ng/ul (S. abrotanoides leaves rep2), 18.42 ng/ul (S. abrotanoides roots repl), 14.95 ng/pl (S.
abrotanoides roots rep2), 9.05 ng/pl (S. yangii leaves rep1), 8.29 ng/ul (S. yangii leaves rep2), 15.36 ng/ul (S. yangii
roots repl), and 14.08 ng/pl (S. yangii roots rep2). All cDNA libraries had a volume of 19 pl.

cDNA synthesis for qualitative real-time RT-PCR analysis

Total RNA from leaves and roots of S. abrotanoides and S. yangii harvested in the start of season (SOS), the
middle of season (MOS) and at the end of season (EOS) was used for cDNA synthesis. Single-strand cDNA
was synthesized from Turbo DNA-free™ (Thermo Fisher Scientific, Waltham, MA, USA) treated RNA using
SuperScript® IV (Thermo Fisher Scientific, Waltham, MA, USA) reverse transcriptase with oligo(dT)18 primer
(Meridian Bioscience, Cincinnati, OH, USA). The assessment of cDNA quantity and quality was performed
spectrophotometrically by the NanoDrop ™ 2000c (Thermo Fisher Scientific, Waltham, MA, USA), by the 2100
Bioanalyzer system and in real-time PCR.

RNA sequencing and de novo assembly of transcriptomes

RNA sequencing was done by Macrogen Inc., (Korea) on Illumina HiSeq 2500; paired-end read: 2 x 100 bp.
The raw paired-end reads were checked by FastQC software (www.bioinformatics.babraham.ac.uk), and the
Trimmomatic tool® was used to cut adaptors from reads, exclude short artifact sequences (< 50 bp) and remove
low-quality sequences (with Phred score <20). Next, trimmed reads from both species were transferred sepa-
rately to de novo assembler to create S. abrotanoides and S. yangii transcriptomes. Assembly process was made
by Trinity®® software ver. 2.1.1; with a k-mer size equal to 25 using the server (23 cores/120 GB RAM) of the
Regional IT Centre (Olsztyn, Poland). To create a ‘reference Perovskia transcriptome, the obtained transcripts
were assembled (using Inchworm, Trinity module), and next divided into clusters, within which the de Bruijn
graph was constructed (Chrysalis, Trinity module) and paralogical sequences were assigned (Butterfly, Trinity
module). The reference transcriptome had gene-transcript structure with unigene as basic unit and transcript
sequences as subunit. The transcriptomes were evaluated by the Benchmarking Universal Single-Copy Orthologs
(BUSCO v.5.4.3) and TrinityStats.pl software, and additional sequences of both datasets were compared. The
probe of 1000 transcripts from both datasets were blasted to calculate the pairwise identity for homology tran-
scripts. The similarity of both transcriptomes allowed to select the transcriptome of S. abrotanoides as a refer-
ence transcriptome for differentially analyses. The S. abrotanoides transcriptome was annotated using Trinotate
software and UniProt, SwissProt, Pfam and Rfam databases.

Differential expression (DE) of transcripts and GO-enrichment analysis

To perform expression profiling of RNA extracted from roots and leaves from both plant species, the raw paired-
end reads of each sample were realigned to the S. abrotanoides transcriptome using Bowtie tool*®. Read counts
for unigenes were calculated by RSEM software®” and normalized expression values were reported as fragments
per kilobase of transcript per million mapped reads (FPKM).

The following four differential expression analyses were performed: (1) S. abrotanoides roots vs. S. yangii
roots, (2) S. abrotanoides leaves vs. S. yangii leaves, (3) S. abrotanoides leaves vs. roots, (4) S. yangii leaves vs.
roots. For each comparison, the following cut-offs were used: p-adjusted < 0.05 and absolute value of logarithmic
fold change > 1. Differentially expressed genes (DEGs) were functionally annotated with Arabidopsis thaliana
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as a reference using g.profiler (http://biit.cs.ut.ee/gprofiler/) software. All plots were created by R Bioconductor
packages: pheatmap, ggplot2 and GOplot.

Gene Ontology (GO) (http://www.geneontology.org/) was further used to category the function of the tran-
scripts, and the transcripts were assigned to biological functions in three main GO categories: biological process
(BP), cellular component (CC) and molecular function (MF)®. Additionally, pathway analysis was performed
to elucidate the significant pathways and processes of DEGs using Kyoto Encyclopedia of Gene and Genomes
(KEGG) (http://www.genome.jp/kegg).

To identify candidate genes for enzymes in the diterpenoid pathway, the S. abrotanoides transcript sequences
were used as a query to search against nucleotide sequences from various Salvia species at NCBI database (http://
www.ncbi.nlm.nih.gov) using the BLASTx algorithm. An e-value cut-off of 10~* was applied to the homologue
recognition.

Cytochrome P450 sequences were analysed, annotated and systematically named by prof. David Nelson®.

Amplification of partial coding sequence (CDS) of CYP76AH89 and CYP76AH80in S. yangii and
S. abrotanoides, Sanger sequencing and sequence analysis

Primers for amplification of CYP76AH89 and CYP76AHS80 gene fragments were designed based on the sequences
generated by RNA-sequencing (Supplementary Table S8). PCR reactions were performed as described earlier and
PCR products were visualized by gel electrophoresis®®. Amplified DNA products were purified with the Syngen
Gel/PCR Mini Kit (Syngen, Wroclaw, Poland).

Sanger sequencing was carried out with the BrilliantDye™ Terminator v3.1 Kit (Nimagen B.V., Nijmegen,
The Netherlands). Reactions were set with a fourfold dilution of the reaction premix and the addition of Bril-
liantDye® Terminator 5X Sequencing Buffer (Nimagen B.V., Nijmegen, The Netherlands) according to the pro-
ducer’s instructions. Sequencing products were precipitated with ethanol, dissolved in TSR (Hi-Di Formamide)
(Thermo Fisher Scientific, Waltham, MA, USA) and then separated by capillary electrophoresis on the Applied
Biosystems™ 310 Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). Capillary electrophoresis
was performed in a 50 cm long capillary filled with POP-7 Polymer (Thermo Fisher Scientific, Waltham, MA,
USA). The separation time was 1 h 40 min, and the run voltage was 6 kV with 60 sec and 2 kV sample injection.
Two reads were collected for each sample. Two partial CDSs were generated for S. abrotanoides (ON365538,
ON365540) and two for S. yangii (ON365539, ON365541).

The sequence quality was checked with the Sanger Quality Check App (Thermo Fisher Scientific, Waltham,
MA, USA). Forward and reverse sequencing reads for each CDS were assembled into a contig using the BioEdit
Sequence Alignment Editor®. The identity of all obtained sequences was confirmed through similarity to pub-
lished sequences using the BLAST algorithm.

Expression analysis of abietane diterpenoid pathway-related genes

The gene-specific primers listed in Supplementary Table S8 were used for the analysis of gene expression based on
reverse-transcribed cDNA products as templates. The real-time PCR primers for genes encoding the downstream
enzymes from the abietane diterpenoids biosynthesis pathway in S. abrotanoides and S. yangii were designed with
Primer3Plus (http://www.bioinformatics.nl/primer3plus, accessed on 13 August 2021, 29 September 2021 and
11 April 2023) using the sequences generated by RNA-seq (BioProject accession number PRINA773198). Each
real-time PCR reaction was performed in triplicates. The instrumental settings and quantitative real-time PCR
conditions were used as previously published®!. The relative quantification using actin (ACT) genes (accession
numbers MW240684 and MW240685) as a reference was used for the determination of the transcript levels.
The stability of the reference gene was established with the RefFinder (https://blooge.cn/RefFinder/)®. Reaction
efficiency for each pair of primers was estimated experimentally (by calibration curve) and used for calculations
using the Pfaffl mathematical model®. All steps starting from experiment design through RNA isolation to data
analysis were conducted according to the MIQE guidelines provided for quantitative real-time PCR analysis*.
Normalized expression (NE) data are presented in Supplementary Table S7.

Statistical data evaluation

A one-way ANOVA with post hoc Tukey’s multiple comparison tests (GraphPad Prism, San Diego, CA, USA)
was used to determine the statistical significance of differences between phytochemical profiles and, in paral-
lel, between means of expression data sets. Differences were regarded as significant at p <0.05 (Supplementary
Table S9).

Data availability

Generated RNA-seq data for S. abrotanoides and S. yangii has been deposited in the NCBI database (SRA; https://
www.ncbi.nlm.nih.gov/sra) under BioProject accession number PRJNA773198. DNA sequence data generated in
this study has been deposited in GeneBank at accession numbers: ON365538, ON365539, ON365540, ON365541.

Received: 2 December 2023; Accepted: 1 February 2024
Published online: 06 February 2024

References
1. Khalig, S., Volk, E J. & Frahm, A. W. Phytochemical investigation of Perovskia abrotanoides. Planta Med. 73, 77-83. https://doi.
0rg/10.1055/s-2006-951766 (2007).
2. Flora of Pakistan Available online: http://www.efloras.org/flora_page.aspx?flora_id=5, accessed 17 January 2020.

Scientific Reports |

(2024) 14:3046 | https://doi.org/10.1038/s41598-024-53510-5 nature portfolio


http://biit.cs.ut.ee/gprofiler/
http://www.geneontology.org/
http://www.genome.jp/kegg
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.bioinformatics.nl/primer3plus
https://blooge.cn/RefFinder/
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://doi.org/10.1055/s-2006-951766
https://doi.org/10.1055/s-2006-951766
http://www.efloras.org/flora_page.aspx?flora_id=5

www.nature.com/scientificreports/

3. Perveen, S., Malik, A. & Tareen, R. B. Structural determination of atricins A and B, new triterpenes from Perovskia atriplicifolia,
by 1D and 2D NMR spectroscopy. Magn. Reson. Chem. 47, 266-269. https://doi.org/10.1002/mrc.2364 (2009).

4. Flora of China Available online: http://www.efloras.org/flora_page.aspx?flora_id=2, accessed 17 January 2020).

5. Mohammadhosseini, M., Venditti, A. & Akbarzadeh, A. The genus Perovskia Kar.: Ethnobotany, chemotaxonomy and phytochem-
istry: A review. Toxin Rev. https://doi.org/10.1080/15569543.2019.1691013 (2019).

6. Tareen, R. B, Bibi, T., Khan, M. A., Ahmad, M. & Zafar, M. Indigenous knowledge of folk medicine by the women of Kalat and
Khuzdar regions of Balochistan. Pakistan. Pakistan J. Bot. 42, 1465-1485 (2010).

7. Phani Kumar, P, Gupta, S., Murugan, M. & Bala-Singh, S. Ethnobotanical studies of Nubra valley-A cold arid zone of Himalaya.
Ethnobot Leafl. 13, 752-765 (2009).

8. Moallem, S. A. & Niapour, M. Study of embryotoxicity of Perovskia abrotanoides, an adulterant in folk-medicine, during organo-
genesis in mice. J. Ethnopharmacol. 117, 108-114. https://doi.org/10.1016/j.jep.2008.01.020 (2008).

9. Ballabh, B., Chaurasia, O. P, Ahmed, Z. & Singh, S. B. Traditional medicinal plants of cold desert Ladakh-Used against kidney
and urinary disorders. J. Ethnopharmacol. 118, 331-339. https://doi.org/10.1016/j.jep.2008.04.022 (2008).

10. Hosseinzadeh, H.; Amel, S. Antinociceptive Effect of the Aerial Parts of Perovskia brotanoides Extracts in Mice. Iran. Red Crescent
Med. ]. 2009, 6.

11. Sairafianpour, M. et al. Leishmanicidal, antiplasmodial, and cytotoxic activity of novel diterpenoid 1,2-quinones from Perovskia
abrotanoides: New source of tanshinones. J. Nat. Prod. 64, 1398-1403. https://doi.org/10.1021/np010032f (2001).

12. Jaafari, M. R., Hooshmand, S., Samiei, A. & Hossainzadeh, H. Evaluation of leishmanicidal effect of Perovskia abrotanoides Karel.
Root extract by in vitro leishmanicidal assay using promastigotes of Leishmania major. Pharmacologyonline 1, 299-303 (2007).

13. Perveen, S., Malik, A., Noor, A. T. & Tareen, R. B. Pervosides A and B, new isoferulyl glucosides from Perovskia atriplicifolia. J.
Asian Nat. Prod. Res. 10, 1105-1108. https://doi.org/10.1080/10286020802361214 (2008).

14. Baquar, S. R. Medicinal and poisonous plants of Pakistan 1st edn. (Printas Press, 1989).

15. Eisenman, S.W.; Zaurov, D.E.; Struwe, L. Medicinal plants of Central Asia: Uzbekistan and Kyrgyzstan; 2013

16. Gao, L. et al. Four new diterpene glucosides from Perovskia atriplicifolia. Chem. Biodivers. 14, 1-7. https://doi.org/10.1002/cbdv.
201700071 (2017).

17. Jiang, Z. Y. et al. Icetexane diterpenoids from Perovskia atriplicifolia. Planta Med. 81, 241-246. https://doi.org/10.1055/s-0034-
1396151 (2015).

18. Sajjadi, S. E., Mehregan, I, Khatamsaz, M. & Asgari, G. Chemical composition of the essential oil of Perovskia abrotanoides Karel.
growing wild in Iran. Flavour Fragr. J. 20, 445-446. https://doi.org/10.1002/ft}.1508 (2005).

19. Jassbi, A. R., Ahmad, V. U. & Tareen, R. B. Constituents of the essential oil of Perovskia atriplicifolia. Flavour Fragr. ]. 14, 38-40
(1999).

20. Erdemgil, E. Z. et al. Chemical composition and biological activity of the essential oil of Perovskia atriplicifolia from Pakistan.
Pharm. Biol. 45, 324-331. https://doi.org/10.1080/13880200701212890 (2007).

21. Dabiri, M. & Sefidkon, F. Analysis of the essential oil from aerial parts of Perovskia atriplicifolia Benth. at different stages of plant
growth. Flavour Fragr. ]. 16, 435-438. https://doi.org/10.1002/15.988 (2001).

22. Perveen, S. et al. Phenolic constituents from Perovskia atriplicifolia. Nat. Prod. Res. 20, 347-353. https://doi.org/10.1080/14786
410500463205 (2006).

23. Tarawneh, A. et al. Flavonoids from Perovskia atriplicifolia and their in vitro displacement of the respective radioligands for human
opioid and cannabinoid receptors. J. Nat. Prod. 78, 1461-1465. https://doi.org/10.1021/acs.jnatprod.5b00218 (2015).

24. Ghaderij, S., Nejad Ebrahimi, S., Ahadi, H., Eslambolchi Moghadam, S. & Mirjalili, M. H. In vitro propagation and phytochemical
assessment of Perovskia abrotanoides Karel. (Lamiaceae)—A medicinally important source of phenolic compounds. Biocatal. Agric.
Biotechnol. 19, 101113. https://doi.org/10.1016/j.bcab.2019.101113 (2019).

25. Stafiniak, M. et al. Seasonal variations of rosmarinic acid and its glucoside and expression of genes related to their biosynthesis in
two medicinal and aromatic species of Salvia subg. Perovskia. Biology (Basel). https://doi.org/10.3390/biology10060458 (2021).

26. Bozi¢, D. et al. Towards elucidating carnosic acid biosynthesis in Lamiaceae: Functional characterization of the three first steps
of the pathway in Salvia fruticosa and Rosmarinus officinalis. PLoS One 10, 1-28. https://doi.org/10.1371/journal.pone.0124106
(2015).

27. Jassbi, A. R., Zare, S., Firuzi, O. & Xiao, J. Bioactive phytochemicals from shoots and roots of Salvia species. Phytochem. Rev. 15,
829-867. https://doi.org/10.1007/s11101-015-9427-z (2016).

28. Bielecka, M. et al. Metabolomics and DNA-based authentication of two traditional Asian medicinal and aromatic species of Salvia
subg. Perovskia. Cells https://doi.org/10.3390/cells10010112 (2021).

29. Ge, X. & Wu, J. Tanshinone production and isoprenoid pathways in Salvia miltiorrhiza hairy roots induced by Ag + and yeast
elicitor. Plant Sci. 168, 487-491. https://doi.org/10.1016/j.plantsci.2004.09.012 (2005).

30. Lu, S. Compendium of Plant Genomes; Springer Nature Switzerland AG, 2019; ISBN 978-3-030-24715-7.

31. Wang, J. W. & W, J. Y. Tanshinone biosynthesis in Salvia miltiorrhiza and production in plant tissue cultures. Appl. Microbiol.
Biotechnol. 88, 437-449. https://doi.org/10.1007/s00253-010-2797-7 (2010).

32. Su, C. Y, Ming, Q. L., Rahman, K., Han, T. & Qin, L. P. Salvia miltiorrhiza: Traditional medicinal uses, chemistry, and pharmacol-
ogy. Chin. J. Nat. Med. 13, 163-182. https://doi.org/10.1016/S1875-5364(15)30002-9 (2015).

33. Song, J. . et al. A 2-oxoglutarate-dependent dioxygenase converts dihydrofuran to furan in Salvia diterpenoids. Plant Physiol. 188,
1496-1506. https://doi.org/10.1093/plphys/kiab567 (2022).

34. Wang, X., Morris-Natschke, S. L. & Lee, K. H. New developments in the chemistry and biology of the bioactive constituents of
Tanshen. Med. Res. Rev. 27, 133-148. https://doi.org/10.1002/med.20077 (2007).

35. Mei, X. D. et al. Danshen: a phytochemical and pharmacological overview. Chin. J. Nat. Med. 17, 59-80. https://doi.org/10.1016/
S1875-5364(19)30010-X (2019).

36. Gonzélez, M. A. Aromatic abietane diterpenoids: their biological activity and synthesis. Nat. Prod. Rep. 32, 684-704. https://doi.
0rg/10.1039/C4NP00110A (2015).

37. Ma, Y. et al. Genome-wide identification and characterization of novel genes involved in terpenoid biosynthesis in Salvia miltior-
rhiza. ]. Exp. Bot. 63, 2809-2823. https://doi.org/10.1093/jxb/err466 (2012).

38. Cui, G., Huang, L., Tang, X. & Zhao, ]. Candidate genes involved in tanshinone biosynthesis in hairy roots of Salvia miltiorrhiza
revealed by cDNA microarray. Mol. Biol. Rep. 38, 2471-2478. https://doi.org/10.1007/s11033-010-0383-9 (2011).

39. Yang, L. et al. Transcriptome analysis of medicinal plant Salvia miltiorrhiza and identification of genes related to tanshinone
biosynthesis. PLoS One https://doi.org/10.1371/journal.pone.0080464 (2013).

40. Gao, W. et al. Combining metabolomics and transcriptomics to characterize tanshinone biosynthesis in Salvia miltiorrhiza. BMC
Genomics https://doi.org/10.1186/1471-2164-15-73 (2014).

41. Cui, G. et al. Functional divergence of diterpene syntheses in the medicinal plant Salvia miltiorrhiza. Plant Physiol. 169, 1607-1618.
https://doi.org/10.1104/pp.15.00695 (2015).

42. Briickner, K. et al. Characterization of two genes for the biosynthesis of abietane-type diterpenes in rosemary (Rosmarinus offici-
nalis) glandular trichomes. Phytochemistry 101, 52-64. https://doi.org/10.1016/j.phytochem.2014.01.021 (2014).

43. Trikka, F. A. et al. Combined metabolome and transcriptome profiling provides new insights into diterpene biosynthesis in S.
pomifera glandular trichomes. BMC Genomics 16, 935. https://doi.org/10.1186/s12864-015-2147-3 (2015).

Scientific Reports | (2024) 14:3046 | https://doi.org/10.1038/s41598-024-53510-5 nature portfolio


https://doi.org/10.1002/mrc.2364
http://www.efloras.org/flora_page.aspx?flora_id=2
https://doi.org/10.1080/15569543.2019.1691013
https://doi.org/10.1016/j.jep.2008.01.020
https://doi.org/10.1016/j.jep.2008.04.022
https://doi.org/10.1021/np010032f
https://doi.org/10.1080/10286020802361214
https://doi.org/10.1002/cbdv.201700071
https://doi.org/10.1002/cbdv.201700071
https://doi.org/10.1055/s-0034-1396151
https://doi.org/10.1055/s-0034-1396151
https://doi.org/10.1002/ffj.1508
https://doi.org/10.1080/13880200701212890
https://doi.org/10.1002/ffj.988
https://doi.org/10.1080/14786410500463205
https://doi.org/10.1080/14786410500463205
https://doi.org/10.1021/acs.jnatprod.5b00218
https://doi.org/10.1016/j.bcab.2019.101113
https://doi.org/10.3390/biology10060458
https://doi.org/10.1371/journal.pone.0124106
https://doi.org/10.1007/s11101-015-9427-z
https://doi.org/10.3390/cells10010112
https://doi.org/10.1016/j.plantsci.2004.09.012
https://doi.org/10.1007/s00253-010-2797-7
https://doi.org/10.1016/S1875-5364(15)30002-9
https://doi.org/10.1093/plphys/kiab567
https://doi.org/10.1002/med.20077
https://doi.org/10.1016/S1875-5364(19)30010-X
https://doi.org/10.1016/S1875-5364(19)30010-X
https://doi.org/10.1039/C4NP00110A
https://doi.org/10.1039/C4NP00110A
https://doi.org/10.1093/jxb/err466
https://doi.org/10.1007/s11033-010-0383-9
https://doi.org/10.1371/journal.pone.0080464
https://doi.org/10.1186/1471-2164-15-73
https://doi.org/10.1104/pp.15.00695
https://doi.org/10.1016/j.phytochem.2014.01.021
https://doi.org/10.1186/s12864-015-2147-3

www.nature.com/scientificreports/

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Hu, J. et al. Identification of abietane-type diterpenoids and phenolic acids biosynthesis genes in Salvia apiana Jepson through
full-length transcriptomic and metabolomic profiling. Front. Plant Sci. 13, 1-12. https://doi.org/10.3389/fpls.2022.919025 (2022).
Wang, Z. & Peters, R. J. Tanshinones: Leading the way into Lamiaceae labdane-related diterpenoid biosynthesis. Curr. Opin. Plant
Biol. 66, 102189. https://doi.org/10.1016/j.pbi.2022.102189 (2022).

Vranovd, E., Coman, D. & Gruissem, W. Network analysis of the MVA and MEP pathways for isoprenoid synthesis. Ann. Rev.
Plant. Biol. 64, 665-700. https://doi.org/10.1146/ANNUREV-ARPLANT-050312-120116 (2013).

Peters, R. J. Two rings in them all: The labdane-related diterpenoids. Nat. Prod. Rep. 27, 1521-1530. https://doi.org/10.1039/cOnp0
0019a (2010).

Gao, W. et al. A functional genomics approach to tanshinone biosynthesis provides stereochemical insights. Org. Lett. 11, 5170—
5173. https://doi.org/10.1021/0OL902051V/SUPPL_FILE/OL902051V_SI_001.PDF (2009).

Guo, J. et al. CYP76AH1 catalyzes turnover of miltiradiene in tanshinones biosynthesis and enables heterologous production of
ferruginol in yeasts. Proc. Natl. Acad. Sci. USA https://doi.org/10.1073/pnas.1218061110 (2013).

Zi,]. & Peters, R. J. Characterization of CYP76AH4 clarifies phenolic diterpenoid biosynthesis in the Lamiaceae. Org. Biomol.
Chem. 11, 7650-7652. https://doi.org/10.1039/C30B41885E (2013).

Ma, Y. et al. RNA interference targeting CYP76AH1 in hairy roots of Salvia miltiorrhiza reveals its key role in the biosynthetic
pathway of tanshinones. Biochem. Biophys. Res. Commun. 477, 155-160. https://doi.org/10.1016/j.bbrc.2016.06.036 (2016).
Guo, J. et al. Cytochrome P450 promiscuity leads to a bifurcating biosynthetic pathway for tanshinones. New Phytol. 210, 525-534.
https://doi.org/10.1111/nph.13790 (2016).

Ma, Y. et al. Expansion within the CYP71D subfamily drives the heterocyclization of tanshinones synthesis in Salvia miltiorrhiza.
Nat. Commun. 12, 1-11. https://doi.org/10.1038/s41467-021-20959-1 (2021).

Xu, Z. et al. Full-length transcriptome sequences and splice variants obtained by a combination of sequencing platforms applied
to different root tissues of Salvia miltiorrhiza and tanshinone biosynthesis. Plant J. 82, 951-961. https://doi.org/10.1111/tpj.12865
(2015).

Birti¢, S., Dussort, P, Pierre, E. X,, Bily, A. C. & Roller, M. Carnosic acid. Phytochemistry 115, 9-19. https://doi.org/10.1016/].
PHYTOCHEM.2014.12.026 (2015).

Loussouarn, M. et al. Carnosic acid and carnosol, two major antioxidants of rosemary, act through different mechanisms. Plant
Physiol. 175, 1381-1394. https://doi.org/10.1104/PP.17.01183 (2017).

Ignea, C. et al. Carnosic acid biosynthesis elucidated by a synthetic biology platform. Proc. Natl. Acad. Sci. U. S. A. 113, 3681-3686.
https://doi.org/10.1073/pnas.1523787113 (2016).

Scheler, U. et al. Elucidation of the biosynthesis of carnosic acid and its reconstitution in yeast. Nat. Commun. https://doi.org/10.
1038/ncomms12942 (2016).

Nelson, D. R. The cytochrome P450 homepage. Hum. Genomics 4, 59-65. https://doi.org/10.1186/1479-7364-4-1-59 (2009).
Mao, Y. et al. Functional integration of two CYP450 genes involved in biosynthesis of tanshinones for improved diterpenoid
production by synthetic biology. ACS Synth. Biol. 9, 1763-1770. https://doi.org/10.1021/acssynbio.0c00136 (2020).

Hu, Z. et al. Recent progress and new perspectives for diterpenoid biosynthesis in medicinal plants. Med. Res. Rev. 41, 2971-2997.
https://doi.org/10.1002/med.21816 (2021).

Lanier, E. R., Andersen, T. B. & Hamberger, B. Plant terpene specialized metabolism: Complex networks or simple linear pathways?.
Plant J. 114, 1178-1201. https://doi.org/10.1111/tpj.16177 (2023).

Werck-Reichhart, D. Promiscuity, a driver of plant cytochrome P450 evolution?. Biomolecules https://doi.org/10.3390/biom130203
94 (2023).

Bryson, A. E. et al. Uncovering a miltiradiene biosynthetic gene cluster in the Lamiaceae reveals a dynamic evolutionary trajectory.
Nat. Commun. 14, 1-14. https://doi.org/10.1038/s41467-023-35845-1 (2023).

Su, Y. et al. Integrative analysis of metabolome and transcriptome reveals the mechanism of color formation in white root (Salvia
miltiorrhiza). Ind. Crops Prod. https://doi.org/10.1016/j.indcrop.2021.113784 (2021).

Li, B. et al. Targeted mutagenesis in the medicinal plant Salvia miltiorrhiza. Sci. Rep. 7, 43320. https://doi.org/10.1038/srep43320
(2017).

Li, B. et al. Targeted mutagenesis of CYP76AK2 and CYP76AK3 in Salvia miltiorrhiza reveals their roles in tanshinones biosynthetic
pathway. Int. J. Biol. Macromol. 189, 455-463. https://doi.org/10.1016/j.ijjbiomac.2021.08.112 (2021).

Zhao, J. L., Zhou, L. G. & Wu, J. Y. Effects of biotic and abiotic elicitors on cell growth and tanshinone accumulation in Salvia
miltiorrhiza cell cultures. Appl. Microbiol. Biotechnol. 87, 137-144. https://doi.org/10.1007/500253-010-2443-4/FIGURES/6 (2010).
Xing, B. et al. Ag+ as a more effective elicitor for production of tanshinones than phenolic acids in Salvia miltiorrhiza hairy roots.
Molecules 20, 309-324. https://doi.org/10.3390/molecules20010309 (2015).

Wang, C. H., Zheng, L. P, Tian, H. & Wang, J. W. Synergistic effects of ultraviolet-B and methyl jasmonate on tanshinone biosyn-
thesis in Salvia miltiorrhiza hairy roots. J. Photochem. Photobiol. B Biol. 159, 93-100. https://doi.org/10.1016/j.jphotobiol.2016.
01.012 (2016).

Shi, M., Kwok, K. W. & W, J. Y. Enhancement of tanshinone production in Salvia miltiorrhiza Bunge (red or Chinese sage) hairy-
root culture by hyperosmotic stress and yeast elicitor. Biotechnol. Appl. Biochem. 46, 191-196. https://doi.org/10.1042/BA20060147
(2007).

Shi, M., Hua, Q. & Kai, G. Comprehensive transcriptomic analysis in response to abscisic acid in Salvia miltiorrhiza. Plant Cell.
Tissue Organ Cult. 147, 389-404. https://doi.org/10.1007/s11240-021-02135-x (2021).

Contreras, A., Leroy, B., Mariage, P. A. & Wattiez, R. Proteomic analysis reveals novel insights into tanshinones biosynthesis in
Salvia miltiorrhiza hairy roots. Sci. Rep. 9, 1-13. https://doi.org/10.1038/s41598-019-42164-3 (2019).

Hou, Z. et al. The exploration of methyl jasmonate on the tanshinones biosynthesis in hair roots of Salvia miltiorrhiza Bunge and
Salvia castanea f. tomentosa Stib. Ind. Crops Prod. 167, 113563. https://doi.org/10.1016/j.indcrop.2021.113563 (2021).

Jiang, Y. et al. Transcriptome sequencing of Salvia miltiorrhiza after infection by its endophytic fungi and identification of genes
related to tanshinone biosynthesis. Pharm. Biol. 57, 760-769. https://doi.org/10.1080/13880209.2019.1680706 (2019).

Jiang, H. L. et al. New abietane diterpenoids from the roots of Salvia przewalskii. Tetrahedron 69, 6687-6692. https://doi.org/10.
1016/j.tet.2013.05.115 (2013).

Ulubelen, A. New diterpenoids from the roots of Salvia triloba. Planta Med. 56, 82-83. https://doi.org/10.1055/s-2006-960890
(1990).

Slusarczyk, S. et al. Isolation and fast selective determination of nor-abietanoid diterpenoids from Perovskia atriplicifolia roots
using LC-ESI-MS/MS with multiple reaction monitoring. Nat. Prod. Commun. 10, 1149-1152. https://doi.org/10.1177/1934578x15
01000703 (2015).

Wang, Q. et al. Characterization of CYP76M5-8 indicates metabolic plasticity within a plant biosynthetic gene cluster. J. Biol.
Chem. 287, 6159-6168. https://doi.org/10.1074/jbc.M111.305599 (2012).

Teimoori-Boghsani, Y. et al. Endophytic fungi of native Salvia abrotanoides plants reveal high taxonomic diversity and unique
profiles of secondary metabolites. Front. Microbiol. https://doi.org/10.3389/fmicb.2019.03013 (2020).

Ma, C.,, Jiang, D. & Wei, X. Mutation breeding of Emericella foeniculicola TR21 for improved production of tanshinone ITA. Process
Biochem. 46, 2059-2063. https://doi.org/10.1016/j.procbio.2011.07.012 (2011).

Ming, Q. et al. Tanshinone IIA and tanshinone i production by Trichoderma atroviride D16, an endophytic fungus in Salvia miltior-
rhiza. Phytomedicine 19, 330-333. https://doi.org/10.1016/j.phymed.2011.09.076 (2012).

Scientific Reports |

(2024) 14:3046 | https://doi.org/10.1038/s41598-024-53510-5 nature portfolio


https://doi.org/10.3389/fpls.2022.919025
https://doi.org/10.1016/j.pbi.2022.102189
https://doi.org/10.1146/ANNUREV-ARPLANT-050312-120116
https://doi.org/10.1039/c0np00019a
https://doi.org/10.1039/c0np00019a
https://doi.org/10.1021/OL902051V/SUPPL_FILE/OL902051V_SI_001.PDF
https://doi.org/10.1073/pnas.1218061110
https://doi.org/10.1039/C3OB41885E
https://doi.org/10.1016/j.bbrc.2016.06.036
https://doi.org/10.1111/nph.13790
https://doi.org/10.1038/s41467-021-20959-1
https://doi.org/10.1111/tpj.12865
https://doi.org/10.1016/J.PHYTOCHEM.2014.12.026
https://doi.org/10.1016/J.PHYTOCHEM.2014.12.026
https://doi.org/10.1104/PP.17.01183
https://doi.org/10.1073/pnas.1523787113
https://doi.org/10.1038/ncomms12942
https://doi.org/10.1038/ncomms12942
https://doi.org/10.1186/1479-7364-4-1-59
https://doi.org/10.1021/acssynbio.0c00136
https://doi.org/10.1002/med.21816
https://doi.org/10.1111/tpj.16177
https://doi.org/10.3390/biom13020394
https://doi.org/10.3390/biom13020394
https://doi.org/10.1038/s41467-023-35845-1
https://doi.org/10.1016/j.indcrop.2021.113784
https://doi.org/10.1038/srep43320
https://doi.org/10.1016/j.ijbiomac.2021.08.112
https://doi.org/10.1007/S00253-010-2443-4/FIGURES/6
https://doi.org/10.3390/molecules20010309
https://doi.org/10.1016/j.jphotobiol.2016.01.012
https://doi.org/10.1016/j.jphotobiol.2016.01.012
https://doi.org/10.1042/BA20060147
https://doi.org/10.1007/s11240-021-02135-x
https://doi.org/10.1038/s41598-019-42164-3
https://doi.org/10.1016/j.indcrop.2021.113563
https://doi.org/10.1080/13880209.2019.1680706
https://doi.org/10.1016/j.tet.2013.05.115
https://doi.org/10.1016/j.tet.2013.05.115
https://doi.org/10.1055/s-2006-960890
https://doi.org/10.1177/1934578x1501000703
https://doi.org/10.1177/1934578x1501000703
https://doi.org/10.1074/jbc.M111.305599
https://doi.org/10.3389/fmicb.2019.03013
https://doi.org/10.1016/j.procbio.2011.07.012
https://doi.org/10.1016/j.phymed.2011.09.076

www.nature.com/scientificreports/

83. Sagita, R., Quax, W. J. & Haslinger, K. Current state and future directions of genetics and genomics of endophytic fungi for bio-
prospecting efforts. Front. Bioeng. Biotechnol. https://doi.org/10.3389/fbioe.2021.649906 (2021).

84. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114-2120.
https://doi.org/10.1093/BIOINFORMATICS/BTU170 (2014).

85. Grabherr, M. G. et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 29,
644-652. https://doi.org/10.1038/nbt.1883 (2011).

86. Langmead, B., Trapnell, C., Pop, M. & Salzberg, S. L. Ultrafast and memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol. 10, R25. https://doi.org/10.1186/GB-2009-10-3-R25 (2009).

87. Li, B. & Dewey, C. N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinform 12, 1-16. https://doi.org/10.1186/1471-2105-12-323/TABLES/6 (2011).

88. Reimand, J., Kull, M., Peterson, H., Hansen, J. & Vilo, ]. g:Profiler—a web-based toolset for functional profiling of gene lists from
large-scale experiments. Nucleic Acids Res. 35, W193. https://doi.org/10.1093/NAR/GKM226 (2007).

89. Hall, T. A. BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucleic
Acids Symp. Ser. 41, 95-98 (1999).

90. Untergasser, A. et al. Primer3Plus, an enhanced web interface to Primer3. Nucleic Acids Res. 35, W71-W74. https://doi.org/10.
1093/nar/gkm306 (2007).

91. Bielecka, M. et al. Age-related variation of polyphenol content and expression of phenylpropanoid biosynthetic genes in Agastache
rugosa. Ind. Crops Prod. 141, 111743, https://doi.org/10.1016/].INDCROP.2019.111743 (2019).

92. Xie, F, Wang, J. & Zhang, B. RefFinder: A web-based tool for comprehensively analyzing and identifying reference genes. Funct.
Integr. Genomics 23, 1-5. https://doi.org/10.1007/s10142-023-01055-7 (2023).

93. Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29, 16-21. https://doi.
org/10.1093/nar/29.9.e45 (2001).

94. Bustin, S. A. et al. The MIQE guidelines: Minimum information for publication of quantitative real-time PCR experiments. Clin.
Chem. 55, 611-622. https://doi.org/10.1373/clinchem.2008.112797 (2009).

Acknowledgements

We would like to thank prof. David R. Nelson from the Department of Microbiology, Immunology and Bio-
chemistry, University of Tennessee Health Science Center, Memphis, TN, USA, for annotation of the cytochrome
P450 sequences detected in this work. We would like to thank Hanna Czapor-Irzabek and Adriana Zlocinska for
technical assistance in UHPLC-QTOF-MS data analysis. Measurements were carried out in the Laboratory of
Elemental Analysis and Structural Research at Wroclaw Medical University. We would like to thank Agnieszka
Matera-Witkiewicz for providing access to the TOptical Gradient 96 detection system (Biometra, Analytic Jena,
Jena, Germany). Measurements were carried out in the Screening Laboratory of Biological Activity and Collec-
tion of Biological Material at Wroclaw Medical University.

Author contributions

MB conceptualized the study, conceived and organized the experiments. MB, MS, SG and SS performed the
experiments. LP and JP] performed the bioinformatics analysis. BP and LL contributed to the data analysis. MB
and LP wrote the original manuscript. MB and AM reviewed and edited the final manuscript version. All authors
have read and agreed to the published version of the manuscript.

Fundin

This reseg‘ch was funded by the grant from the National Science Centre Poland (NCN) within the Miniatura
scheme No. DEC-2017/01/X/NZ9/00599 (to M.B.) and by Wroclaw Medical University subvention, grant num-
ber SUBK.D030.22.037 (to M.B.). The publication expenses were partially covered by the Scientific Board of
Pharmaceutical Sciences at the WMU special reserve fund REZD.Z506.24.002 (to A.M.).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-024-53510-5.

Correspondence and requests for materials should be addressed to M.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:3046 | https://doi.org/10.1038/s41598-024-53510-5 nature portfolio


https://doi.org/10.3389/fbioe.2021.649906
https://doi.org/10.1093/BIOINFORMATICS/BTU170
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1186/GB-2009-10-3-R25
https://doi.org/10.1186/1471-2105-12-323/TABLES/6
https://doi.org/10.1093/NAR/GKM226
https://doi.org/10.1093/nar/gkm306
https://doi.org/10.1093/nar/gkm306
https://doi.org/10.1016/J.INDCROP.2019.111743
https://doi.org/10.1007/s10142-023-01055-7
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1038/s41598-024-53510-5
https://doi.org/10.1038/s41598-024-53510-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparative transcriptomics of two Salvia subg. Perovskia species contribute towards molecular background of abietane-type diterpenoid biosynthesis
	Results
	Analysis of diterpenoids during the vegetation season
	RNA-sequencing, de novo transcriptome assembly and transcript functional annotation
	Comparative transcriptomic analysis to identify differentially expressed genes
	Expression analysis of DEGs involved in abietane diterpenoid pathway
	Nucleotide sequence analysis of CYP76AHs
	Seasonal variations in expression levels of genes related to biosynthesis of abietane diterpenoids (qRT-PCR)

	Discussion
	Methods
	Plant material
	Sample preparation for qualitative analysis
	Liquid Chromatography–Mass Spectrometry analysis
	RNA extraction and synthesis of cDNA libraries
	Construction of cDNA libraries for RNA sequencing
	cDNA synthesis for qualitative real-time RT-PCR analysis

	RNA sequencing and de novo assembly of transcriptomes
	Differential expression (DE) of transcripts and GO-enrichment analysis
	Amplification of partial coding sequence (CDS) of CYP76AH89 and CYP76AH80 in S. yangii and S. abrotanoides, Sanger sequencing and sequence analysis
	Expression analysis of abietane diterpenoid pathway-related genes
	Statistical data evaluation

	References
	Acknowledgements


