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 erpenes (terpenoids or isoprenoids) play a key role 

in primary and secondary metabolism in a variety 

of organisms. In plants, its biosynthesis is catalyzed 

by two key pathways mevalonate and non-mevalonate 

pathways. The genome of garden sage plant (Salvia 

officinalis) contains 65 terpene synthase (SoTPS) genes, and 

only a few genes which related to terpenoids were studied. 

Here, we demonstrate the functional characterization of 

beta-amyrin synthase (SoAMYS) gene, by introducing it into 

Arabidopsis thaliana and found that SoAMYS 

overexpression improved the flowers formation in 

transgenic Arabidopsis compared to the wild type plants. 

Metabolic analysis reported that the production of various 

types of terpenes, especially beta-amyrin triterpene which, 

were increased and decreased in SoAMYS overexpression 

and wild type lines, respectively. These finding suggesting 

that SoAMYS functions as a beta-amyrin synthase in plant. 

Our results were further supported using some 

bioinformatics tools to predict the putative subcellular 

localization and tissue-specific expression of SoAMYS. In 

context that, SoAMYS gene was reported to be localized in 

plastids with highly expression level in flowers stage 15, 

pedicels. This is the first report of a gene involved in the 

beta-amyrin as a triterpene from S. officinalis plant. 

Keywords: Salvia officinalis, terpene synthase genes, transgenic 

Arabidopsis, functional characterization 

INTRODUCTION 

Terpenes (terpenoids or isoprenoids) are considered from the largest 

ecophysiological active secondary metabolites with over 40,000 known 

compounds (Bohlmann et al., 1998; Pott et al., 2019 and Ali et al., 2021). 
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They play numerous functional roles in all living organisms and plants as 

hormones [abscisic acid (ABA), brassinosteroids (BRs), strigolactones 

(SLs), cytokinins (CKs), gibberellic acids (GAs), electron carriers (side 

chain of plastoquinone), structural components of membranes (phytosterols), 

and photosynthetic pigments (carotenoids side, chain of phytol)] (Gutensohn 

et al., 2013;  Luck et al., 2020; Ali et al., 2021 and Kildegaard et al., 2021). 

Moreover, organisms used isoprenoids in defense and communication, such 

as herbivore repellents and toxins, cantibiotics, ompetitive phytotoxins, and 

as attractants for pollinators and seed dispersers (Köllner et al., 2004; Tholl 

et al., 2006 and Korankye et al., 2017). The origin name of isoprenoids  

structures comes from the terebinth tree (Pistacia terebinthus), and the 

structure of isoprenoids units was illustrated then modified by Degenhardt et 

al. (2009) and Pott et al., (2019). 

Salvia officinalis is an annual herb which belong to the Lamiaceae 

family that widely distributed in Central and South America, East Asia and 

West Asia, while the remaining salvia species are distributed all the world 

with over than (>1,000) species. For centuries, the aerial parts and essential 

oils (EOs) of these species have been used in Chinese medicine as 

antioxidant, antimicrobial activities, anticancer and antimutagenic (Atsuko 

and Hiroshi, 2011). In the fifties of the last century, the active compounds in 

the aerial parts and EOs of the salvia species were identifed as 

monoterpenes, sesquiterpenes, diterpene and triterpene. The composition of 

the terpenes in the salvia genus depends on the species or cultivars and type 

of tissues (Ali et al., 2017 and 2018). In addition, terpene synthase (TPSs) 

genes from various plant species have been cloned, characterized and 

identified, then used for metabolic manipulation (Aharoni et al., 2006 and 

Yu and Utsumi, 2009). For example, cloning of (E)-beta-ocimene synthase 

from Arabidopsis thaliana (Fäldt et al., 2003), myrcene and (E)-beta-

ocimene synthase from Snapdragon (Dudareva et al., 2003), amorpha-4,11-

diene synthase from Artemisia annua (Bertea et al., 2006), α-zingiberene 

synthase from Ocimum basilicum (Davidovich-Rikanati et al., 2008), (E)-β-

caryophyllene from rice and maize (Cheng et al., 2007 and Degenhardt et al., 

2009).  Furthermore, our groups has succeeded in the molecular cloning for 

(−)-germacrene D synthase (TPS6): (3S)-linalool synthase (LINS), (+)-

sabinene synthase (SABS), 1,8-cineole synthase (CINS) and (+)-neomenthol 

dehydrogenase (NEOD), which encoded by SoTPS6, SoLINS, SoSABS, 

SoCINS and SoNEOD genes, respectively (Ali et al., 2017). In Egyptian 

cultivar of S. officinalis, the biosynthesis gene for the triterpenes has not 

been known in S. officinalis plants. Indeed, only the beta-amyrin synthase 

gene (SoAMYS) was elucidated and identified in mint family (Aminfar et al., 

2019). This study aimed to clone and functionally characterize SoAMYS 

cDNA from S. officinalis. Here, we reported the overexpression (OE) and 

functional characterization of SoAMYS cDNA in A. thaliana.  

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Gutensohn%2C+Michael
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MATERIALS AND METHODS 

1. Plant Materials and Sample Collection 

       Seeds of S. officinalis were collected from the Egyptian Desert Gene 

Bank (EDGB), North Sinai Research Station, Department of Genetic 

Resources, Desert Research Center, Egypt, and grown at National Research 

Centre, Cairo, Egypt. For gene cloning, three biological replicates from 

young and old leaves were sampled from two years- old S. officinalis plants. 

The samples were immediately kept in liquid nitrogen-LN2 and then stored 

at −80°C for RNA extraction. 

2. Bioinformatics Analysis for SoAMYS Gene  

Full-length cDNAs for SoAMYS was selected from our RNA-Seq 

(Ali et al., 2017). Physiochemical properties for SoAMYS gene was 

determined using PROTPARAM website (http://web.expasy.org/protparam). 

Protein domain was prediction using bioinformatics tools InterPro 

(https://www.ebi.ac.uk/interpro).  Comparative sequence analysis of SoAMYS 

was performed using BLASTX tool against the NCBI-protein database 

(http://blast.ncbi.nlm.nih.gov). Phylogenetic tree was built using PhyML 

server with the default parameters of the (http://www.phylogeny.fr) 

(Dereeper et al., 2008). Putative tissue expression profile from forty-nine 

Arabidopsis tissues were extracted from RNA-Seq Atlas of Arabidopsis 

(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Putative subcellular localization of SoAMYS gene 

was inferred from their sequence similarity with characterized protein from the 

Arabidopsis Information Resource (https://www.arabidopsis.org/cgi-

bin/Blast/TAIRblast.pl). Subcellular localization profile image was built using Cell 

eFP tool (http://bar.utoronto.ca/cell_efp/cgi-bin/cell_efp.cgi). 

3. RNA Extraction and the First Strand cDNA Synthesis 

Total RNAs was extracted from leaf of S. officinalis for SoAMYS 

gene cloning and from A. thaliana for semiquantitative RT-PCR (Semi-RT-

PCR) using TransZol Reagent (Focus Bioscience, Australia) according to the 

manufacturer’s instructions. First strand cDNA was synthesized with 

TransScript® First-Strand cDNA Synthesis SuperMix (TransGen Biotech, 

Beijing, China) according to the manufacturer’s instructions (Ali et al., 2017; 

2018 and 2021). 

4. Gene Cloning and Vector Construction  

Full length sequence of SoAMYS was cloned in our laboratory by 

PCR machine using short and long specific primers according to RNA-Seq 

sequence information from our RNA-sequencing of S. officinalis leaves (Ali 

et al., 2017). cDNA from leave was used for the initial PCR amplification 

using short primers such as SoAMYS forward 5′-ATGTGGCGGCTGAAGATTG-3′ 

and reverse 5′-TCATCTCCTCCATTGCTTTAATACT-3′ with the TaKaRa Ex 

Taq® DNA Polymerase (TaKaRa, China) using the following PCR 

conditions: 4 minutes at 96°C followed by 12 seconds at 98°C; 30 seconds at 

http://web.expasy.org/protparam
https://www.ebi.ac.uk/interpro/
http://blast.ncbi.nlm.nih.gov/
http://www.phylogeny.fr/
https://www.arabidopsis.org/cgi-bin/Blast/TAIRblast.pl
https://www.arabidopsis.org/cgi-bin/Blast/TAIRblast.pl
http://bar.utoronto.ca/cell_efp/cgi-bin/cell_efp.cgi
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59°C (Annealing temperatures), 2:30 minutes at 72°C, and then 10 minutes 

at 72°C. This process was repeated for 30 cycles. The first PCR products 

was used as a template for the PCR cloning using long primers, such as SoAMYS 

forward 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTGGCGGCTGAAGA-3′ 

and reverse 5′-GGGGACCACTTTGTACAAGAAAGCTGGGTTCATCTCCTCCATTG-3′ 

with the TaKaRa Ex Taq® DNA-Polymerase for the Gateway cloning vector. 

The PCR product was purified and cloned into the pDONR221 vector by BP 

Clonase (Invitrogen, USA). The constructs pDONR221vectors harbouring 

target gene sequencing was sequenced, and Gateway LR Clonase enzyme 

(Invitrogen, USA) was used for recombination the target gene sequencing 

into the over-expression vector pB2GW7 for A. thaliana transformation. The 

construct vectors containing SoAMYS was confirmed by sequencing. 

5.  Arabidopsis Transformation Procedure and Preparation of 

Agrobacterium Cultures for Floral-Dip  Transformation 

Gateway cloning technology was used for construction of plant 

transformation vector pB2GW7-SoAMYS as described by (Ali et al., 2017; 

2018 and 2021). The pB2GW7-SoAMYS vector was introduced into A. 

tumefaciens strain GV3101 by direct electroporation method. The 

transformation procedure was performed using the floral-dip transformation 

method as described previously (Aharoni et al., 2003; Su-Fang et al., 2014 

and Ali et al., 2018) with a few modifications. Transgenic A. thaliana lines 

were generated and examined with RT-PCR for positive transgenic lines, 

only those containing the SoAMYS gene were used for further analysis. 

6.  Terpenoid Extraction and Gas Chromatography–Mass Spectrometry 

(GC–MS) Analysis 

       All terpenoid compounds from transgenic A. thaliana leave 

containing SoAMYS gene and wild type leaves (control) were extracted and 

isolated. Leaves of A. thaliana lines and a wild type were collected  and 

homogenized to a powder using liquid nitrogen with pestle and a mortar, 

then the powder  was soaked in Amber storage bottles [(20 ml screw-top 

vials with silicone/PTFE septum lids) (http://www.sigmaaldrich.com)] 

containing n-hexane as a solvent. After that, Amber storage bottles were 

incubated in shaking at 37°C and 210 rpm for 70 hours.  Afterward, the 

supernatant solvent was collected by centrifuged at 5,000 rpm for 10 minutes 

at 4°C, then pipette into glass vials and concentrated to 1.5 ml of 

concentrated oils under a stream of nitrogen gas with a nitrogen evaporator 

(Organomation; Toption-China-WD-12). The concentrated oils were 

transferred to a fresh 1.5 ml crimp vial amber glass, and placed on the auto-

sampler of the gas chromatography mass spectrometer (GC-MS) system for 

GC-MS analysis as described previously by Ali et al. (2017, 2018 and 2021). 
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7. Semi-Quantitative RT-PCR Assay 

     Semi-quantitative real-time PCR was performed on Eppendorf-PCR 

system (Mastercycler Nexus PCR Machine from Eppendorf, UK) with a 

total reaction volume of 25 µl. Gene-specific primer for At-B-actin forward 

5′-GGCTGAGGCTGATGATATTC-3′ and reverse 5′-CCTTCTGGTTCATCCCAAC -3′ was 

used as a reference gene with 155 bp, and SoAMYS forward 5′-CTGCACCGAGCCAATAAT-3′ and 

reverse 5′-CCAGCACATCATCTGTAGAC-3′ with 151 bp length, gene involved in beta-

amyrin synthase. All primers were designed using the IDTdna website 

(http://www.idtdna.com/scitools/Applications/RealTimePCR/). The semi-qRT-PCR reaction 

conditions were as follows: [predenaturation step at 95°C for 4-minutes, 35-

cycles of amplification (95°C for 30-seconds, 60°C for 30-seconds and 72°C 

for 1-minute), and a final extension step at 72°C for 10-minutes]. Final PCR 

products density represents the expression levels of both At-B-actin and 

SoAMYS genes. 

RESULTS AND DISCUSSION 

1. Bioinformatic Analysis and Sequence Characterization of SoAMYS 

Gene 

     The complete ORF of SoAMYS gene from S. officinalis with 2,481 

bp encoded a 827 amino acid protein with a 94.72 kDa of molecular mass 

and 5.84 of predicted theoretical isoelectric point (pI). Based on the 

BLASTX analysis (Table 1), the highest homologue sequencing of SoAMYS 

gene is the beta-amyrin sequencing from Ocimum basilicum with 91.10% of 

identity. On the other hand, SoAMYS gene sequence has relatively similarity 

with other homologues sequencing higher than ≧80.66%.  
 

Table (1). BLASTX analysis SoAMYS was compared with the NCBI protein 

database for gene identification purposes. 
NCBI 

Accession 

aDescriptiona Organism 𝐸 

value 

Identity 

(%) 

Accession 

length 

AJT60358.1 Amyrin synthase  Ocimum basilicum  0.0 91.10 765 
KZV51042.1 Beta-amyrin synthase  Dorcoceras 

hygrometricum 

0.0 84.01 761 
GER42726.1 Amyrin synthase  Striga asiatica 0.0 84.27 761 
AWM98359.1 Beta-amyrin synthase  Osmanthus fragrans 0.0 83.90 762 
AEX99665.1 Amyrin synthase  Catharanthus roseus 0.0 83.51 762 
AFJ19235.1 Mixed amyrin 

synthase 

Catharanthus roseus  0.0 83.38 762 
AND78515.1 Amyrin synthase  Calotropis procera  0.0 81.58 761 
BAF63702.1 Mixed amyrin 

synthase  

Olea europaea 0.0 82.98 762 
QJS40211.1 Amyrin synthase  Gymnema sylvestre  0.0 80.66 761 

aDescription—homology search using BLASTX. 

Putative function of SoAMYS gene was initially predicted using 

bioinformatics tools InterPro (https://www.ebi.ac.uk/interpro/) database and 

the presence of terpene synthases conserved domain as well as structural 

homology to known TPSs from Lamiaceae family and other plants (Su-Fang 

et al., 2014 and Blum et al., 2020). The SoAMYS protein with a 827-aa 

length has protein family membership squalene cyclase domain (IPR018333) 

http://www.idtdna.com/scitools/Applications/RealTimePCR/
https://www.ncbi.nlm.nih.gov/protein/AJT60358.1?report=genbank&log$=prottop&blast_rank=12&RID=MSHK7FK8013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_AJT60358
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=39350
https://www.ncbi.nlm.nih.gov/protein/KZV51042.1?report=genbank&log$=prottop&blast_rank=23&RID=MSHK7FK8013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_KZV51042
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=472368
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=472368
https://www.ncbi.nlm.nih.gov/protein/GER42726.1?report=genbank&log$=prottop&blast_rank=27&RID=MSHK7FK8013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_GER42726
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4170
https://www.ncbi.nlm.nih.gov/protein/AWM98359.1?report=genbank&log$=prottop&blast_rank=28&RID=MSHK7FK8013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_AWM98359
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=93977
https://www.ncbi.nlm.nih.gov/protein/AEX99665.1?report=genbank&log$=prottop&blast_rank=30&RID=MSHK7FK8013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_AEX99665
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4058
https://www.ncbi.nlm.nih.gov/protein/AFJ19235.1?report=genbank&log$=prottop&blast_rank=31&RID=MSHK7FK8013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_AFJ19235
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_AFJ19235
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4058
https://www.ncbi.nlm.nih.gov/protein/AND78515.1?report=genbank&log$=prottop&blast_rank=33&RID=MSHK7FK8013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_AND78515
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=141467
https://www.ncbi.nlm.nih.gov/protein/BAF63702.1?report=genbank&log$=prottop&blast_rank=35&RID=MSHK7FK8013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_BAF63702
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_BAF63702
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4146
https://www.ncbi.nlm.nih.gov/protein/QJS40211.1?report=genbank&log$=prottop&blast_rank=39&RID=MSHK7FK8013
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_QJS40211
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4068
https://www.ebi.ac.uk/interpro/
https://www.ebi.ac.uk/interpro/result/InterProScan/iprscan5-R20211002-152259-0134-40290899-p2m/
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from 1-760 aa (Fig. 1). The squalene cyclase domain is responsible for 

rearrangement the complex cyclic in each of squalene, squalene cyclase, 2, 3 

oxide-squalene and 2, 3-oxidosqualene cyclase, which consider integral 

membrane proteins that can catalyse a cationic cyclization cascade to 

produce linear triterpenes compounds (Wendt and Schulz, 1998 and Wendt 

et al., 2000). Moreover, the enzyme that has this kind of domain can 

catalyses the cyclization of squalene compounds to squalene-hopene or 

squalene-diplopterol, which consider a diverse subclass in triterpenoids 

metabolism (Wendt et al., 1999). Furthermore, SoAMYS protein domain has 

four minor domains, which take shape an alpha-alpha barrel that subjoin 

with the major domain. These four minor domains are SQ-cyclase-N 

(Squalene cyclase, N-terminal: IPR032697) from 106 - 364 aa, SQHop-

cyclase-N (Squalene-hopene-cyclase N-terminal domain: PF13249) from 

106 - 364 aa, SQ_cyclase_C (Squalene cyclase, C-terminal: IPR032696) 

from 418 - 757 and SQHop_cyclase_C (Squalene-hopene cyclase C-terminal 

domain:PF13243) from 418 - 757. Also, SoAMYS protein sequenc have one 

terpene synthase, conserved site (IPR002365) from 609 - 623 aa (Hoshino et 

al., 2004) (Fig. 1). Finally, the protein sequence that contained one or some 

from these domains considers a member of the terpene synthase family 

(Köllner et al., 2008). On the other hand, phylogenetic tree analysis showed 

that SoAMYS from S. officinalis form a clade homology with amyrin 

synthase-1 from Ilex asprella, and this clade belongs to angiosperm-specific 

TPS-f which encode to sesquiterpene and triterpenes  (Bohlmann et al., 1998 

and Danner et al., 2011) (Fig. 2). 

2. Putative Tissue Expression Pattern and Subcellular Localizations of 

SoAMYS Gene 

The putative expression patterns of SoAMYS gene of S. officinalis 

were uncovered based on their higher similarity with AT1G78950/TPS-BAS 

gene from A. thaliana, and by transcript analysis across forty-nine 

Arabidopsis tissues. Interestingly, we observed the highest expression levels 

of this gene in flowers stage 15, pedicels, seeds stage 3 w/ siliques, flower 

stage 15, stamen and flower stage 15, carpels (Table 2 and Fig. 3a and b).  

These results are nearly agree with Liu et al. (2014) and Ali et al. (2021), 

who reported the higher expression levels of some terpene syntheses genes 

such as, GmTPS21, SoHUMS, SoLINS2, SoNEOD, SgTPSV, SgFARD and 

SgGERIS from Glysin max, S. officinalis and S. guaranitica were detected in 

roots and seeds. Moreover, SoAMYS was reported to be localized with higher 

expression levels in the ("cytosol":8, "mitochondrion":4, "nucleus":4, 

"plastid":2, "plasma membrane":2, "peroxisome":2, "golgi":2) (Fig. 3c). 

These results are in line with Taniguchi et al. (2014), Chen et al. (2018), Ali 

et al. (2021) and Wang et al. (2022). They reported that most of TPSs genes 

were targeted to the cytosol or other cell organelles such as plastid, 

mitochondrion and nucleus. 

https://www.ebi.ac.uk/interpro/entry/InterPro/IPR032697/
https://www.ebi.ac.uk/interpro/entry/pfam/PF13249/
https://www.ebi.ac.uk/interpro/entry/InterPro/IPR032696/
https://www.ebi.ac.uk/interpro/entry/pfam/PF13243/
https://www.ebi.ac.uk/interpro/entry/InterPro/IPR002365/
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3. Molecular Analysis of Beta-Amyrin Synthase (SoAMYS) Gene in 

Transgenic A. thaliana Leaves 

    To assess the function of SoAMYS, we are generating transgenic A. 

thaliana Columbia-0 (Col-0). Overexpression of SoAMYS in A. thaliana was 

accomplished using Agrobacterium tumefaciens strain GV101 harboring the 

overexpression vector pB2GW7-SoAMYS. More than ten BASTA-resistant 

transgenic lines from A. thaliana plants were successfully generated. These 

lines are characterized by long hypocotyls, small green leaves, and long 

flowering stems (Fig. 4a). While the wild types lines are characterized by 

short hypocotyls, big bleached out leaves, without flowering stems formation 

(Fig.4a). The putative transformants were further confirmed and verified 

using semi-quantitative RT-PCR of the plant genomic cDNA. After forty 

days from plants growth, matuer leaves from transgenic and wild type plants 

were sampled for RNA isolation and cDNA syntheses. All the putative 

transformants showed high expression of the SoAMYS gene by the 

amplification of a distinct band at 151 bp, which was absent in the wild type 

plants (Fig. 4b). This result certain the existence of the SoAMYS gene in the 

positive transgenic plants. Three of the transgenic lines, designated as OE-

SoAMYS-1, OE-SoAMYS-2 and OE-SoAMYS-3, were selected for further 

analysis. Meanwhile, from the observation for morphological properties, we 

found the wild type plants delayed in growth and flowering than the 

transgenic plants (Fig. 4a and b). In context, the obtained findings are in line 

with our previous works Ali et al. (2017 and 2018) that reported the 

overexpression of genes that involved in the terpenoid biosynthesis, such as 

SoLINS, SoNEOD, SoTPS6, SoSABS, SoCINS, SgGPS, SgFPPS and SgLINS 

from S. officinalis and S. guaranitica in Nicotiana tabacum and A. thaliana, 

also resulted in delayed growth and flowering formation in wild type plants 

compared to the transgenic plants. 

4. Overexpression of SoAMYS Gene Led to Changes the Levels of 

Terpenoids in Transgenic A. thaliana Leaves 

     Total terpenoids were extracted from transgenic and wild type of A. 

thaliana leaves with hexane and analyzed by GC-MS to identify the end 

product that produced by transformation with the SoAMYS gene. Different 

peaks areas (% peak area) represent various types and amounts of mono-, 

sesqui- and triterpene compounds. The names of terpenoids compounds from 

transgenic and wild type A. thaliana were identified by comparing their mass 

spectra with various mass spectra libraries and published references. Diverse 

types and amounts of mono-, sesqui- and triterpenes were observed under the 

effect of overexpression of SoAMYS genes in transgenic A. thaliana plants, 

especially the major peak that detect at the retention time of 32.273 as shown 

in Table (3) and (Fig. 5). The previous peak was characterized as beta-

amyrin compound depending on their closest mass spectra from various 

libraries (e.g. Wiley GC/MS Library (10th Edition) (Wiley, New York, NY, 

USA), Volatile Organic Compounds (VOC) Analysis S/W software, and the 
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NIST Library (2014 edition)). The production of beta-amyrin by SoAMYS 

was in agreement with the findings from Su-Fang et al. (2014) and Ali et al. 

(2017 and 2018). These results also showed that the overexpression of 

terpene synthese genes introduced by Su-Fang et al. (2014) and Ali et al. 

(2017 and 2018), does not affect the product specificity of SoAMYS in 

producing beta-amyrin. Having obtained the similar terpene products in both 

N. tabacum and A. thaliana, we have showed that SoAMYS was responsible 

for the production of beta-amyrin as a triterpene and other sesquiterpene 

through the pathway of sesquiterpenoid and triterpenoid biosynthesis (Ro et 

al., 2006 and Wang et al., 2016 ). 

Fig. (1). Putative domain analysis for SoAMYS using the InterPro protein sequence analysis & 

classification (https://www.ebi.ac.uk/interpro/) database. SoAMYS protein 

sequence have one protein family membership squalene cyclase 

domain (IPR018333), four minor domains SQ_cyclase_N 

(Squalene cyclase, N-terminal: IPR032697, SQHop_cyclase_N 

(Squalene-hopene cyclase N-terminal domain: PF13249, 

SQ_cyclase_C (Squalene cyclase, C-terminal: IPR032696) and 

SQHop_cyclase_C (Squalene-hopene cyclase C-terminal 

domain:PF13243) and one terpene synthase, conserved site 

(IPR002365).  
 

https://www.ebi.ac.uk/interpro/result/InterProScan/iprscan5-R20211002-152259-0134-40290899-p2m/
https://www.ebi.ac.uk/interpro/entry/InterPro/IPR032697/
https://www.ebi.ac.uk/interpro/entry/pfam/PF13249/
https://www.ebi.ac.uk/interpro/entry/InterPro/IPR032696/
https://www.ebi.ac.uk/interpro/entry/pfam/PF13243/
https://www.ebi.ac.uk/interpro/entry/InterPro/IPR002365/
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Fig. (2). Phylogenetic tree of SoAMYS with selected terpene synthases 

fromother plants. Seven previously identified TPS subfamilies 

(Tps-a to Tps-g) were chosen based on Bohlmann et al. (1998) and 

Danner et al. (2011). The alignment was performed using the 

PhyML server. The numbers indicated are the actual bootstrap 

values of the branches. 
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Table (2). Putative tissue expression levels of SoAMYS (AT1G78950) gene based 

on Arabidopsis gene expression. 
N Tissue Expression Level Standard Deviation 

1 Dry seed 5.07 1.97 
2 Imbibed seed, 24 h 7.56 1.44 
3 1st Node 131.93 9.73 
4 Flower Stage 12, Stamens 25.93 2.32 
5 Cauline Leaf 11.05 1.60 
6 Cotyledon 13.48 2.17 
7 Root 13.53 0.94 
8 Entire Rosette After Transition to Flowering 13.21 0.75 
9 Flower Stage 9 16.21 3.12 
10 Flower Stage 10/11 40.94 1.45 
11 Flower Stage 12 64.28 6.88 
12 Flower Stage 15 184.8 15.32 
13 Flower Stage 12, Carpels 33.36 1.23 
14 Flower Stage 12, Petals 67.05 2.30 
15 Flower Stage 12, Sepals 116.86 6.09 
16 Flower Stage 15, Carpels 229.25 17.18 
17 Flower Stage 15, Petals 118.70 9.17 
18 Flower Stage 15, Sepals 11.46 0.79 
19 Flower Stage 15, Stamen 280.05 19.32 
20 Flowers Stage 15, Pedicels 773.78 8.61 
21 Leaf 1 + 2 17.03 1.75 
22 Leaf 7, Petiole 10.78 2.72 
23 Leaf 7, Distal Half 11.93 0.30 
24 Leaf 7, Proximal Half 12.55 3.29 
25 Hypocotyl 30.48 1.94 
26 Root 26.25 2.95 
27 Rosette Leaf 2 11.81 0.74 
28 Rosette Leaf 4 12.81 1.93 
29 Rosette Leaf 6 14.96 2.50 
30 Rosette Leaf 8 13.31 2.31 
31 Rosette Leaf 10 14.85 1.96 
32 Rosette Leaf 12 13.85 3.45 
33 Senescing Leaf 10.55 0.86 
34 Shoot Apex, Inflorescence 17.41 1.36 
35 Shoot Apex, Transition 15.91 4.02 
36 Shoot Apex, Vegetative 18.86 2.27 
37 Stem, 2nd Internode 92.80 10.37 
38 Mature Pollen 20.90 1.05 
39 Seeds Stage 3 w/ Siliques 551.56 38.2 
40 Seeds Stage 4 w/ Siliques 28.68 2.53 
41 Seeds Stage 5 w/ Siliques 12.15 1.20 
42 Seeds Stage 6 w/o Siliques 16.83 1.14 
43 Seeds Stage 7 w/o Siliques 17.68 2.28 
44 Seeds Stage 8 w/o Siliques 51.15 6.47 
45 Seeds Stage 9 w/o Siliques 22.04 6.08 
46 Seeds Stage 10 w/o Siliques 31.05 5.71 
47 Vegetative Rosette 17.23 1.59 
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Fig. (3). Visualization the putative an “electronic fluorescent pictograph” 

browsers for exploring the putative tissue expression and cell 

localization of SoAMYS (AT1G78950) gene, based on 

Arabidopsis gene expression and protein localization at different 

tissues and cell organs. a. Expression data at different tissues 

from seedling to flowering stages. b. Expression data of tissue 

specific stem epidermis at top and bottom. c. Expression data at 

different cell organs. The blue arrow points the expression scale 

(the more intense red color, the more gene expression). 
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Fig. (4). Overexpression of SoAMYS gene in transgenic Arabidopsis. a. Comparison 

of the phenotypes of the transgenic A. thaliana and wild type A. thaliana. 

The red arrow (↘) indicates the flowers at the transgenic A. thaliana. b. 

Semiquantitative RT-PCR to confirm the expression of terpenoid genes. 
 

Table (3). The major terpenoid compositions in transgenic A. thaliana leave over-

expressing of SoAMYS. 
N Compound  name R.T 

(min.) 

Formula Molecular mass 

(g mol-1) 

Type of 

terpene  

% Peak area 

at W.T SoAMYS 

1 Benzeneethanol, α,β-dimethyl- 5 C10H14O 150.2176 Mono 
 

0.17 
2 Benzene, (azidomethyl)- 5.688 C7H7N3 133.1506 

 
 0.18 

3 α-Pinene 5.825 C10H16 136.2340 Mono 9.29  
4 2-(4-Hydroxybutyl)cyclohexanol 7.810 C10H20O2 172.2600 

 
2.79  

5 Cyclohexasiloxane, dodecamethyl- 24.010 C12H36O6Si6 444.9236 
 

4.08  
6 Cyclohexasiloxane, dodecamethyl- 25.790 C12H36O6Si6 444.9236 

  
0.25 

7 α-Copaene 28.625 C15H24 204.3511 Sesquit  1.63 
8 β-Elemene, (-) 29.250 C15H24 204.3511 Sesquit 

 
14.14 

9 (Z)-β-Elemene 29.620 C15H24 204.3511 Sesquit 4.39  
10 9-epi-Caryophyllene 30.270 C15H24 204.3511 Sesquit 

 
4.47 

11 α-Humulene 31.288 C15H24 204.3511 sesquit  0.64 
12 Beta-amyrin 32.273 C30H50O 426.7174 Triterpe

ne 

 39.73 
13 Cyclooctasiloxane, hexadecamethyl- 33.128 C16H48O8Si8 593.2315 

  
6.33 

14 δ-Amorphene 33.473 C15H24 204.3511 sesquit 
 

2.06 
15 σ-Cadinene 34.483 C15H24 204.3511 sesquit 3.93  
16 (-)-.beta.-Bourbonene 35.278 C15H24 204.3511 Sesquit  1.78 
17 Cyclooctasiloxane, hexadecamethyl- 36.615 C16H48O8Si8 593.2315 

  
0.43 

18 Cedrol 37.215 C15H26O 222.3663 Sesquit  1.34 
19 Caryophyllene oxide 38.248 C15H24O 220.3505 Sesquit  0.86 
20 Caryophyllene oxide 38.248 C15H24O 220.3505 Sesquit 1.85  
21 Hexa-hydro-farnesol 39.278 C15H32O 228.4140 

 
 0.47 

22 Pentadecanal- 41.768 C15H30O 226.3981 
 

 0.38 
23 Butane, 1,4-dichloro-2,3-

bis(trimethylsiloxy)- 

42.333 C10H24Cl2O2

Si2 

303.3700 
 

2.02  

24 2-Pentadecanone, 6,10,14-trimethyl- 42.370 C18H36O 268.4778 
  

0.81 

WT     OE1    OE1    OE3 

 At-BActin 

SoAMYS 

                               

OE- SoAMYS -1 OE- SoAMYS -2 OE- SoAMYS -3 W.T 

 

a 

b 
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Table (3). Cont.       
25 Bisphenol A 43.745 C15H16O2 228.2863 

  
0.98 

26 1H-Inden-1-one, 2,3-dihydro-4,7-

dimethyl- 

44.948 C11H12O 160.2100 
  

0.47 

27 Heneicosane 46.407 C21H44 296.5741 
  

0.41 
28 Chrysene, 

1,2,3,4,4a,7,8,9,10,11,12,12a-

dodecahydro- 

47.438 C18H24 240.3832 
  

3.69 

29 1-Phenanthrenecarboxylic acid, 

1,2,3,4,4a,10a-hexahydro-1,4a-

dimethyl-7-(1-methylethyl)-, methyl 

ester, [1R-(1.alpha.,4a.beta., 

47.782 C21H28O2 312.4500 
  

0.68 

30 Octanal, 2-(phenylmethylene)- 48.470 C15H20O 216.3187 
  

1.52 
31 Cyclononasiloxane, octadecamethyl- 48.773 C18H54O9Si9 667.3855 

 
2.58  

32 Docosane 50.875 C22H46 310.6006 
  

0.50 
33 1-Monolinoleoylglycerol 

trimethylsilyl ether 

51.797 C27H54O4Si2 498.8863 
 

3.36  

34 4H-1-Benzopyran-4-one, 5,6,7-

trimethoxy-2-(4-methoxyphenyl)- 

53.023 C19H18O6 342.3426   0.77 

35 Pentadecane 53.968 C15H32 212.4146   0.67 
36 δ-Amylvalerolactone 55.428 C10H18O2 170.2487   0.23 
37 2(1H)-Phenanthrenone, 

3,4,4a,9,10,10a-hexahydro-6-

hydroxy-1,1,4a-trimethyl-7-(1-

methylethyl)-, (4aS-trans)- 

56.433 C20H28O2 300.4400   3.35 

38 2,6,10,14-Hexadecatetraen-1-ol, 

3,7,11,15-tetramethyl-, acetate, 

(E,E,E)- 

57.185 C22H41ClO3 389.0120  1.95  

39 Diethylmalonic acid, monochloride, 

pentadecyl ester 

58.005 C26H54 366.7070   0.73 

40 Octadecane, 3-ethyl-5-(2-

ethylbutyl)- 

58.513 C21H44 296.5741  2.90  

41 5,5-Diethylheptadecane 59.98 C15H30O2 242.4000   0.21 
42 Oxirane, [(dodecyloxy)methyl]- 61.815 C24H46O4 398.6000  3.19  
43 Oxalic acid, heptadecyl hexyl ester 62.815 C21H44 296.5741   0.7 
44 Heneicosane 63.933 C24H38O4 390.5561   0.32 
45 Di-n-octyl phthalate 65.737 C10H16O2 168.2328 Mono  0.21 
46 α-Limonene diepoxide 68.228 C18H38 254.4943   0.45 
47 Octadecane 68.485 C22H46 310.6006  23.75  
48 6,6-Diethylhoctadecane 69.088 C30H50O2 442.7168 Triterpe

ne 

 0.76 
49 Betulin 72.570 C12H24 168.3200    
50 2-Undecene, 6-methyl-, (Z)- 72.600 C27H54 378.7177  20.87  
51 Cyclohexane, (1-decylundecyl)- 73.985 C21H44 296.5741   3.58 
52 Heneicosane 74.350 C15H26O2 238.3657 Sesquit

er 

6.58  
53 Geranyl isovalerate 77.420 C15H26 206.3669 Sesquit

er 

 0.28 
54 Isoledane 57.185 C22H41ClO3 389.0120  1.95  
 Total % of monoterpene     9.29 0.38 
 Total % of sesquiterpene     16.75 27.20 
 Total % of triterpene      40.49 
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Fig. (5). Typical GC-MS  mass spectrographs for terpenoids from leaf of A. 

thaliana plants.   

CONCLUSION 

 In this study, we cloned and functionally characterized one of the 

scarcely expressed triterpene synthase (SoAMYS), which is responsible for 

the production of beta-amyrin in S. officinalis. Also, we applied transgenic 

technology by transformed and expressed this gene into A. thaliana plants. 

Positive growth acceleration was clearly spotted in the transgenic lines OE-

SoAMYS-1, OE-SoAMYS-2 and OE-SoAMYS-3. These previous transgenic 

lines showed a high expression of SoAMYS gene, which related with the 

higher production of beta-amyrin. The success in overexpression of SoAMYS 

gene and production of beta-amyrin in transgenic A. thaliana plants, reverse 

the effectiveness of A. thaliana plant as a model system in synthesizing the 

same product through the same pathway. SoAMYS protein exhibits a strong 

sequence similarity to other triterpene synthases, it is clustered under TPS-f 

subfamily that contained one major squalene cyclase domain and four minor 

domains that are inserted into this major domain. These results will provide a 

foundation for understanding the function of SoAMYS gene and its regulatory 

mechanisms in triterpenoid synthesis in S. officinalis.  
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 beta-amyrin  (SoAMYS)جين ل توصيفالالجزيئي وستنساخ لإا

synthase   من نبات المريمية 

 أحمد   خلفمنال و  ء عطية الشربيني، إسرا*الرماح، محمد علي بد المنعمعفهمي 

والسيتولوجي،   الوراثة  الصحقسم  وحدة  بحوث  مركز  الوراثية،  المطرية،  راءالأصول   ،

 قاهرة، مصرال

العتل دور  terpenoids or isoprenoids)  اتن تربي ب  الأ  يف   ارئيسي  ا  (   يولالأيض 

التخليق الحيوي للتربينات   تحفيزيتم    تات  فى النباف  ،مجموعة متنوعة من الكائنات الحية  يف  يوالثانو

ال  مسار  هما  رئيسيين  مسارين  خلال  ال    mevalonate (MVA) من  مسار  -nonوكذلك 

mevalonate  انب جينوم  يحتوى  و من   ان  جي   خمسة وستين( على  Salvia officinalisمية )ري لمات 

 سابقة الذكر  يناتالج  ههذ  من  لم يتم دراسة سوى عدد قليل و  SoTPSللتربين    يق الحيوي جينات التخل

  SoAMYS  لجين  يوظيفف التوصي جراء الإتم  الدراسة    ه فى هذ  .  للتربين  ي ودورها فى التخليق الحيو

خلاوذلك   نقمن  نإ  هلل  الزيادة ن  أووجد    (Arabidopsis thaliana)  دوبسيسبي راالأبات  لى 

ابيدوبسيس رالأبات   على ن زهار  لى تحسين تكون الأإ  تأد   SoAMYSتعبيرهذا الجين    يف  المفرطة

البرية بالنباتات  مقارنة  وراثي ا  الأيضي   كما  .  المعدل  التحليل  أإنت   كذلك  أظهر  من  اج  مختلفة  نواع 

ترايتيرب التربين وخاصة  بيتا  ،  )يرأمين  أظهر(  beta-amyrinين  السلالات  يادةز  والذى  ذات    في 

العال جين    يالتعبير  البريةفى    اوانخفاض    SoAMYSمن  مماالنباتات  إلى    ،  ال     أنيشير   جين 

SoAMYS  جة بشكل أكبر  نتي ذه التم دعم ه  وقد  .  يعمل على تخليق البيتا أميرين سينسيز في النبات

ل  أدوات ام  باستخد الحيوية  التعبير لتنب المعلوماتية  وكذلك  الخلية  داخل  المفترض  الجين  بموقع  ؤ 

الجين   بهذا  الخاص  المختلفة  SoAMYSالمفترض  الأنسجة  هذا أوجد  سياق  ال  نفس  فىو  .  داخل  ن 

  تطور الزهرة  لةحمر  يفيكون  على تعبير لهذا الجين  أيقع داخل السيتوبلازم وأن    SoAMYSالجين  

(flowers stage 15, Pedicels  .)  ول عن عزل وتوصيف جين متعلق  التقرير الأهو    ويعتبر هذا

   المريمية  من نبات  (triterpene)  باعتباره ترايتيربين  (beta-amyrin)  بيتا أميرينال  مركببأنتاج  

S. officinalis . 
 

 

 

 

 

 


