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Abstract  

This study explores the role of terpenoid biosynthesis genes in Mentha spicata (MS); IPP isomerase 
(Iso) and limonene synthase (Limo) in Mentha spicata. Transgenic M. spicata plants required for the study 
were obtained by cloning cDNAs of IPP isomerase and Limonene synthase from hybrid poplar and Citrus 
respectively into the expression vector pB1121. The resulting vectors p1121 pIso and pLimo were 
introduced into M. spicata via Agrobacterium tumefaciens. Consequently the secondary metabolites 
produced in transgenic M. spicata were profiled with GC-MS analysis and SDE methods. A greater 
number of terpenoids were found in transgenic M. spicata than the wild type plant. The extracts from 
transgenic MSIso plants showed the presence of 1,8-cineole, linalool, camphor, terpinene, lomonene, 
borneol, safranal, geraniol, thymol, 1-α-terpineol and methyl eugenol, while transgenic MSLimo extracts 
contained linalool, menthone, terpinene, limonene, menthol-isomer, thymol, and piperitone. The 2DE 
protein profile of transgenic M. spicata revealed 16 and 22 differentially expressed proteins in MSIso and 
MSLimo transgenic plants respectively. The differentially expressed proteins are currently being identified 
and are anticipated to be involved modifying the terpenoid metabolism. 

 
Keywords: Mentha spicata, spearmint, terpenoids biosynthesis, IPP isomerase limonene synthase,2-
DE.,GC-MS. 
 

1. Introduction 
Terpenoids and their derivatives are probably the most widespread group of natural products. 

These compounds are highly diverse in structure, although they are all derived from common 
five-carbon isoprene units; isopentenyldiphosphate(IPP) and dimethylallyldiphosphate (DMAPP) 
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(1). Terpenoids are involved in several central cellular processes including photosynthesis, elec-
tron transport, cell membrane architecture and regulation of cellular development(2). In addition, 
they often exhibit specialized functions in plant defense mechanism and reproduction (3). 
Essential oils that are generated from the secondary metabolism ofplants are volatile fragrant 
materials consisting ofmono- and sesqui-terpene hydrocarbons and their oxygenated derivatives. 
Spearmint aroma compounds such as menthol, carvone, linalool, and linalyl acetate are used 
widelyin food, cosmetic, flavour and pharmaceutical industries (4). Over the last few years, 
monoterpene biosynthesis pathways have been largely studied and several genes in their 
metabolism have been cloned. Today, the modification of oil composition in aromatic plants by 
metabolic engineering through genetic transformation is a realistic phenomenon and can be an 
efficient approach to understand regulatory mechanism controlling the flux of monoterpenes 
synthesis (5). Thus, spearmint can be considered as a model plant to study monoterpene synthesis 
pathway which is particularly well known in this genus. Once the successful transformation 
protocols are established for this plant, such experiments can be extended to other mint species. 

Two distinct terpenoid pathways generate the universal C5 precursors; IPP and DMAPP. 
The classic mevalonate (MVA) pathway which was discovered in the 1950s was assumed to be 
the sole source of the terpenoid precursors; IPP and DMAPP. The MVA pathway is known to 
present in some bacteria, plants, animals and fungi and provides the precursors for production 
of sesquiterpenes and triterpenes in plant cytosol. IPP isomerase (Iso) performs isomerization of 
IPPto DMAPP and limonene synthase (Limo) catalyzes the cyclization of geranyldiphosphate 
(GPP), the universal C10 precursor of the monoterpenes, to (-) -4S-limonene (6, 7). This olefin 
serves as the common progenitor of the characteristic monoterpenes in mints, including menthol 
in peppermint and carvone in spearmint, following a series of enzymatic redox transformations 
(8). The conversion of GPP to limonene is one of the simplest terpenoid cyclization reactions 
(9). This pathway is named after the first committed precursor, 2-C-methyl-D-erythritol-4-phos-
phate (MEP; the pathway is also sometimes referred to as the DXP pathway) is plastidial in 
nature and it generally provides precursors for the production of mono, di and tetra terpenoids. 
Although the interaction between these pathways is still largely undiscovered, recent evidence 
has revealed an exchange of intermediates between the cytosol and plastid (10). Thus metabolic 
engineering of these pathways would benefit significantly from a more complete understanding 
of this compartmentalization and transport (11). 

Metabolic profiling involves monitoring and quantification of metabolites representing 
selective classes of the biochemical pathways in specific tissues. By profiling it is possible to 
differentiate genotypes and to identify loci involved in the control of metabolite composition. 
Furthermore, the metabolite characterization is assisted during profiling by reliable analytical 
methods like; liquid-chromatography (LC) and gas-chromatography (GC) with different mass 
selective (MS) detectors (12). 

The members of mint are cultivated in various countries of East Asia, Europe, America and 
Australia for their essential oils (13). Mentha essential oil that is mainly composed of mono-
terpenesis an important commercial product that has useful applications in food, cosmetic and 
pharmaceutical industry. The genetic mint breeding, could lead to improvement of many traits 
like disease and pest resistance, weed control, improved fragrance of ornamentals and 
pollination of seed crops, enhanced aroma of fruits and vegetables, and production of 
pharmaceuticals including the terpenoid pathway. The terpene metabolic engineered plants can 
potentially advance our understanding of the regulation of terpenoid biosynthesis and the 
ecological interactions they are involved in from a more fundamental and scientific point of 
view. Also reports that are directed to understand the effects on spearmint terpenoid metabolism 
after specific gene transformations and their relationship with stress situation are few.  
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Figure 1. Construction of expression vectors: pBI121 mlPIso and pBI121 mlPLimo. cDNA fragment IPP 
isomerase was inserted between XbaI and SalI (upper); and Limonene synthase between EcoRI and SalI 
(bottom) RE sites. Other essential genes in the vector were engineered by including 35S-Pro 5'-upstream 

sequence of CaMV 35S promoter, and Tnospolyadenylation signal of the gene for nopaline synthase in the 
Ti plasmid. 

 
Another most challenging task of current interest is to expand the technology of high-

throughput analysis, and the dissemination of metabolomic research data. The actions required 
to achieve these goals (14) include; improvement in the comprehensive coverage, facilitation of 
comparison of results between different laboratories and experiments and integration of 
metabolomics into systems biology. Proteomics is much more complex than either genomics or 
transcriptomics because each protein can be chemically modified in different ways after 
synthesis. Therefore characterization of both the genes and their products (proteins) will provide 
a more complete picture. Expressional proteomics can provide a snap shot of all proteins 
expressed by an organism at the time of extraction (15). 2-Dimensional gel Electrophoresis (2-
DE) is frequently used to investigate protein expression patterns or to identify the specific 
protein of various plants under environmental stresses (16). Proteomic analysis is not only the 
most direct approach for defining gene functions but also for comparing proteomes affected by 
different physiological conditions such as wild type and transgenic plants. 

In our earlier published study, construction of expression was previously performed in 
transgenic spearmint (17).This study describes the development of transgenic spearmint (M. 
spicata) by Agrobacterium tumefaciens mediated transformations with IPP isomerase (Iso) 
and limonene synthase (Limo vector constructs for high level of terpenoids production. 
Further investigations are directed at assigning the roles of terpenoid biosynthesis genes in M. 
spicata by metabolite profiling and proteomic approach. 
 
 
2. Materials and Methods 

Spearmint seeds obtained from Agricultural farm at Gyeongsang National University 
were surface sterilized for 1 min with 70% (v/v) ethanol and washed with Tween 20 for 3 
min. The seeds were further disinfected for 15 min in 3% (v/v) sodium hypochlorite and 
rinsed five times with sterile distilled water. The disinfected seeds were now placed in Petri 
dishes containing 20 ml of MS solid medium supplemented with 0.1 mgL-1GA3 (w/v), 30% 
sucrose (w/v) and 0.4% gelrite (w/v). The pH of basal medium was adjusted to 5.7 before 
autoclaving at 121˚C for 15 min. Petri dishes were placed in dark at 251˚C until the seeds 
germinated to obtain plantlets that were sub-cultured in basal B5 solid medium.  
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Table 1. Metabolic profile of terpenoids in transgenic Mentha spicata. 

Rt(min) Components 
Components contents (%) 

Wild type MSIso MSLimo 

25.8 1,8-cineole - 0.25 - 
29.5 Linalool 0.01 0.07 0.02 
32.4 Camphor - 0.13 - 
32.7 Menthon - - 0.07 
34.0 Terpinene 0.04 0.07 0.05 
34.2 Limonene 0.05 0.10 0.90 
34.4 Bomeol - 0.17 - 
34.6 menthol-isomer - - 0.11 
35.0 Safranal - 0.49 - 
38.6 Geraniol  0.09 - 
39.7 Thymol 0.07 0.05 0.66 
43.7 1-α-terpineol - 0.2 - 
44.9 Methyl eugenol - 0.02 - 
47.2 Piperitone - - 0.18 

 Total 0.17 1.64 1.99                
Figure 2. Agrobacterium tumefaciens- mediated transformation of spearmint. (A) Cut leaf segments 

of a mature spearmint after Agrobacterium infection. (B) Regeneration from leaf after 2-week-old. (C) 
Multiplication of a representative shoot after 4-week-old. (D) Elongation of shoot on B5 selection 

solid medium (kanamycin 200ppm) after 6-week-old. (E) Elongation of leaf-derived shoots on the MS solid 
medium after 8-week-old. (F) Plants transferred and acclimatized in a pot after 12-week-old  

The plant cultures were maintained under 16h day photoperiod with illumination 
provided by a fluorescent light at 251˚C. The plantlets that developed on B5 basal medium 
were transplanted to pots consisting of autoclaved peat moss, sand and vermiculite (1:1:1, 
v/v/v) mixture in the growth chamber for 4-week-old. Healthy plantlets were acclimatized in a 
greenhouse (65% RH) at 25±2˚C.Hybrid poplar (Populous alba X P. tremula) gene encoding 
IPP isomerase (Iso) and Citrus gene encoding Limonene synthase (Limo) were cloned into 
pBI121(Gift from Dr. Kim, Gyeongsang National University). The Iso and Limo cDNA in 
pBI121 were then treated with XbaI and SalI restriction enzymes to release Iso and Limo 
genes. SalI generated gaps were filled in using Klenow DNA polymerase and the resulting 
fragment was subcloned into the SmaI site of pBI121 between its V and its nopaline synthase 
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terminator sequence. All DNA manipulations and vector construction was carried out 
according to previously published methods (17, 18).  

These genetic engineering protocols resulted in the production of pBI121mlpIso and 
pBI121mlPLimo vectors (Figure 1). Briefly, the transformation and genomic DNA from 
transgenic and non-transgenic Mentha plants was isolated by following a published protocol 
as well as metabolite variations following genetic transformation (Iso and Limo) were 
determined by metabolite profiling by Simultaneous steam Distillation and Extraction (SDE) 
combined with GC-MS analysis.  

Spearmint proteins were extracted according a reported method (19). Briefly, two gram 
leaves of wild and transgenic plant were placed in liquid nitrogen and ground with mortar and 
pestle, and then extracted with 20 mL of phenol extraction buffer (20 mLTris-HCl, pH 8.3, 
2% w/v MgCl2, 2% v/v β-mercaptoethanol, 2% w/v NP-40, 1 mL PMSF, 0.7M sucrose, 50% 
v/v phenol) After homogenization, the phenol phase was precipitated and the pellet was 
washed. Precipitated proteins were solubilized with isoelectric focusing (IEF) buffer and 
protein was quantified according to Lowy et al. (20). Two-DE was performed according to a 
previously described protocol (19). The intensities of the up- or down-regulated protein spots 
from samples of wide type and transgenic plants were recorded as digitalized images using a 
high-resolution scanner (GS-800 Calibrated Imaging Densitometer; BioRad, Hercules, USA). 
To compensate for subtle differences in sample loading, gel staining, and destaining, the 
volume of each spot (i.e., spot abundance) was normalized as a relative volume. Image ana-
lysis of the gels were performed using the Progenesis work station (Version 2006, Nonlinear 
Dynamics, NC, USA), on the basis of their relative volume. After automated detection and 
matching, manual editing was carried out.  The spot intensity of each detected spots was 
calculated at the spot volume. Subsequently, protein fold changes were estimated by 
normalized spot intensity of transgenic/normalized spot intensity of wild type.  

 
3. Results 

3.1. Genetic transformation of M. spicata 
Surface sterilized seeds of M. spicata successfully germinated on MS solid medium. Leaf 

segments from 2-week-old plantlets, were subjected to genetic transformation. Infected leaf 
segments were placed on regeneration solid MS media (0.5 mgL-1 BAP). Within 2-week-old, 
abnormal shoots developed from M. spicata leaf segments that regenerate within 4-week-old 
(Figure 2). Putative transgenic plants were selected on the basis of their resistance to 
antibiotic. The incorporation of the Iso and Limo genes into the genome of the putative 
transgenics was verified by PCR analysis (Data not Shown). Each of the 20.0 kb amplicons 
corresponded in size to the expected Iso and Limo gene fragments but the same were not 
detected after the PCR amplification of genomic DNA of the wild type. Although the 
amplified bands were recognized in many plantlets they did not appear in all lines tested. The 
Iso and Limo gene fragments appeared only in 3 lines each (Data not Shown). These 
confirmed the presence of the transgenes among M. spicata. 

The integration of T-DNA into the spearmint genome was established by the Southern 
blot analysis with genomic DNA isolated from transformed and control plants (Figure 3). The 
fragment prepared by digestion of plasmid pBI with EcoRI was hybridized with DNA from 
the putative transgenic plants. Detection of a signal at 9.4 kb in lanes with DNA from putative 
transgenics of Iso (Figure 3A lanes 1, 4 and 5) and Limo (Figure 3B lanes 1, 2 and 4) plants, 
confirmed the integration of T-DNA into their genome. Signals detected on the blot 
hybridized with the single digestion of DNA from transgenics treated with EcoRI enzyme 
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confirmed that the T-DNA was integrated at two sites. These transgenic plants were then 
propagated and maintained for the purpose of metabolic profiling.  

   
Figure 3. Establishing the integration of terpenoid 

biosynthesis genes in spearmint by Southern blot analysis. 
Genomic DNA of transgenic plant was digested with 

EcoRI, separated on a 0.8% agarose gel and transferred 
onto a nitrocellulose filter. The blot was hybridized with a 
32P-labeled DNA probe produced by PCR amplification of 
the original pBlIso(A) and pBILimo(B) plasmid using the 

primers described in methods and materials (20 kb)     

 
 

Figure 4. Differential leaf protein 2-DE expression 
patterns in wild type and transgenic spearmint plants. 
All proteins marked with. ‘↑’ and ‘↓’ mean up- and 

down-regulated proteins compared to wild type. 
Triangle means co-up regulated spots in both MSIso 

and MSLimo transgenic plants compared to wild type. 
(A) Dotted line triangle means down-regulated in 

MSIso and up-regulated MSLimo transgenic plants 
compare to wild type.(B) Differentially expressed 

protein spots in MSIso transgenic plant were 
represented with circle. (C) Whereas, squarerepresents 
interesting protein spots in MSLimo transgenic plant      
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Figure 5. Two distinct pathways generate the 

universal C5 precursors; IPP and DMAPP. The 
classic MVA pathway was assumed to be the sole 

source of the terpenoid precursors; IPP and 
DMAPP. Isoprene is made from DMAPP by the 
enzyme IPP isomerase (Iso). Limonene synthase 

(Limo) catalyzes the cyclization of 
geranyldiphosphate (GPP), the universal C10 
precursor of the monoterpenes, to limonene 

 
 
 
 
 
 

Table 2.Differentially expressed proteins (fold change) between 
wide type and transgenic Mentha spicata plants. 

 
Spot No. Fold change Spot No. Folder change 

B1 +2.30 C1 +4.60 
B2 +5.40 C2 +1.75 
B3 +4.84 C3 +3.55 
B4 +2.65 C4 +5.57 
B5 +1.52 C5 +1.73 
B6 +3.15 C6 -1.50 
B7 +3.35 C7 +2.37 
B8 +2.89 C8 +2.50 
B9 +1.72 C9 Absent 
B10 +2.40 C10 +3.10 
B11 +1.65 C11 +1.55 
B12 +2.18 C12 +1.51 
B13 +2.25 C13 +1.53 
B14 -1.89 C14 +3.15 
B15 +2.21 C15 +4.99 
B16 Newly induced C16 +2.36 

C17 +1.66 
C18 +2.23 
C19 +2.34 
C20 -2.26 
C21 Newly induced 
C22 Newly induced 

+ and – represent up- and down-regulations respectively.  
3.2. Metabolites profiles of wild and transgenic spearmint plants 
Isoprene synthase and Limonene synthase are the key enzymes of the terpenoid metabolic 

pathway. Therefore, it was expected that M. spicata that over-express these would influence 
composition of M. spicata terpenoids both in quality and quantity. The IPP isomerase over-
expressing transgenic spearmint plants showed 11 terpenoids (Table 1), whereas the Limonene 
synthase over-expressing transgenic plant displayed 7 metabolites. However, the wild type plant 
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presented only 4 terpenoids. Among the various terpenoids; limonene, linalool, terpinene and 
thymol were considered to be main products from M. spitaca   (Table 1). The over-expression 
of limonene synthase in M. spitaca, yielded 7 of monoterpenoids (linalool, menthone, terpinene, 
limonene, menthol-isomer, thymol, and piperitone). The transgenic plants in general showed 
enhancement in terpenoid metabolites. The transgenic spearmint plant that over-expressed IPP 
isomerase contained 1,8-cineole, linalool, camphor, terpinene, lomonene, borneol, safranal, 
geraniol, thymol, 1-α-terpineol and methyl eugenol. Thus, IPP isomerase and limonene 
synthase-transgenic plants showed an increase of terpenoid metabolites by 2- and 18-fold 
respectively than the wild type. Limonene component was indicated that limonene synthase 
over-expressing transgenic IPP isomerase synthase-transgenic plants was increase monoterpene 
such as 1,8-cineole, linalool, camphor, borneol, safranal, geraniol, 1-α-terpineol, methyl 
eugenol. Linomene synthase-transgenic plants were increase monoterpene such as methone, 
limonene, menthol-isomer, thymol, piperitone. Especially, the limonene content in limonene 
synthase-transgenic plants increased 9-fold compare with IPP isomerase synthase-transgenic 
plants. Also, the thymol content in limonene synthase-transgenic plants increased 13-fold 
compare with IPP isomerase synthase-transgenic plants. 

 
3.3. Proteomic analysis of transgenic spearmint plants 
To investigate the temporal changes of proteins in spearmint MSIso and MSLimo 

transgenic plants over-expressing with Isoprene synthase and Limonene synthase genes, phenol 
extracted protein samples were analyzed by 2-DE. A high resolution of 2-DE pattern in an 
isoeletric point (pI) range between 4 and 7 was detected by sliver staining for data analysis 
(Figure 4). A quantitative analysis, using Progenesis workstation, revealed that a 15 protein 
spots were up-regulated and 1 spot was down-regulated in IPP isomerase over-expressing plant 
(Table 2). In spearmint transgenic plant over-expressing the Limonene synthase gene, 19 and 3 
protein spots were up- and down-regulated in comparison to wild type plant. Among them, 3 
spots (Spot no. B16, C21 and C22) were newly induced in transgenic spearmint plants. One 
protein spot (Spot no. C9) was missing in the limonene over-expressing plant.  

 
4. Discussions 

Secondary metabolites are well known natural plant substances that assist plants to 
combat infectious virus, fungi, discourage herbivores, or attract pollinators (21). Terpenoids 
comprise largest family of natural compounds, and are often commercially attractive due to 
their uses as flavor and color enhancers, agricultural chemicals, and as medicines. Owing to 
the commercial significance of terpenoids, methods such as metabolic engineering have been 
exploited to increase their supply.  

The instances demonstrating metabolic engineering of trees are limited due to inherent 
parameters of tree such as slow growth, low frequency of regeneration, difficulty in transfor-
mation and deficiency of preliminary studies. Hence, inducting new model systems for 
studies pertaining to metabolic engineering of tree species were required. This study has 
investigated the suitability of spearmint as a model for metabolic engineering of terpenoid 
biosynthesis pathway.  

Initially in vitro cultures of spearmint were established. Later, metabolic engineering of 
terpenoids was achieved by Agrobacterium-mediated transformation of M. spicata with two 
key genes of the terpenoids biosynthesis pathway; Iso and Limo. 

In past years, examples of the production of transgenic plants expressing terpene relating 
geness have been reported. The C. breweri S-linalool synthase (Lis) gene in Petunia hybrid 
constitutively expressed (22). The expression of Lis in tomato under the control of a late-fruit-
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ripening promoter (E8 promoter) resulted in the accumulation of S-linalool and 8-hydroxy 
linalool in ripening fruit (23). The same gene also was expressed constitutively in carnation 
(Dianthus caryophyllus) flowers, and both free linalool and its cis– and trans-oxides were 
detected by headspace sampling of leaves and flowers of transgenic plants (24). 

Metabolite profiles in transgenes varied consequent to the over expression of the two 
genes. The biosynthesis-related gene expression thus enhances the production of natural 
compounds. Thus, IPP isomerase and limonene synthase-transgenic plants showed an increase 
of terpenoid metabolites by 2- and 18-fold respectively than the wild type. Terpenoids content 
in transgenic plant was higher than that of the wild plant. Total terpenoids in the wild type plant 
were 0.1% but 1.64% in MSIso and 1.99% in MSLimo transgenic spearmint. This is caused by 
regulating pathway of these genes. Terpenoids biosynthesis in higher plants proceeds through 
two different pathways; mevalonate pathway (cytosol and ER) and DXP pathway (plastid). 
Two IPP synthesis pathways were described to be involved in the isoprenoid biosynthesis in 
different subcellular locations (Figure 5). The mevalonate independent pathway for isoprenoid 
biosynthesis has been reported in bacteria, algae and higher plant species (25). However, the 
gene expression patterns of terpenoid biosynthesis genes were unknown. Among the terpenoid 
biosynthesis genes; MSIso and MSLimo genes belong to MSIso mevalonate pathway and MEP 
pathway. Mevalonate pathway in spearmint seems to operate both in cytosol and chloroplast 
(Figure 5). 

The studies conducted on monoterpene biosynthesis have shown that GPP, the common 
precursor of monoterpenes, is supplied by a non-mevalonate pathway (26). However, many 
enzymes involved in this pathway remain localized plant in the plastids. In addition the 
monoterpene synthases invariably possess a transit peptide for a plastidial location (27). 
However in our study during the vector construction no transit peptides were incorporated and 
hence limo is being expressed in cytosol. 

Metabolic engineering approaches to enhance terpenoids were focused on varying the 
precursor flux into the heterologous terpenoid pathway. Such engineering strategies depended 
on changing the enzyme concentrations in the terpenoids pathway. However a metabolic 
pathway does not operate solely by the enzyme flux particularly this notion applies to the 
complex terpenoid pathway. The terpenoid biosynthesis generally is regulated at multiple 
metabolic branch points to create large structural and functional diversity. Sequence analysis 
of terpenoid pathway enzymes have shown that they are paralogous proteins that have 
evolved through gene duplications and further diverged to catalyze the formation of different 
terpenoid structures. Thus during the process of engineering of terpenoids pathway, it would 
be wise to tune the pathway at critical regulatory points in order to generate plants with high 
yielding phenotypes with minimum toxicity host toxicity (28). 

The proteomic analysis of the spearmint transgenic plants that over-express IPP 
isomerase and Limonene synthase genes revealed differential expression of proteins 
compared to wild type. This data hints at the notion that these up-regulated proteins may 
cause greater number of terpenoids to be synthesized in transgenic plants - MSIso and 
MSlimo than in the wild type. However, to verify this hypothesis further efforts are required 
to identify differentially expressed proteins. 

In conclusion, metabolic engineering of these pathways would benefit significantly 
towards a more complete understanding on the terpenoid metabolic pathways and their 
commercial applications. In the present study, Iso and Limo genes that express two key 
enzymes of the terpenoid biosynthesis were introduced into spearmint without gene silencing. 
Transformations directed to plastid through metabolic engineering approaches necessitate 
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further research. The results from this study could also serve in the determination of function 
and biosynthesis of terpenoids in woody plants as a model system. 
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