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 In this work, the impact of different stages of plant growth on the composition of 

essential oils, the density of glandular trichomes, and gene expression of enzymes 

involved in terpenes production in Mentha aquatica were investigated. Our 

experiment was performed on 15-day-old plants (the initial stage of vegetative 

growth) and 45-day-old plants (the late stage of vegetative growth). Based on our 

investigation, the leaves of the M. aquatica plant were covered by non-glandular 

and glandular trichomes in the two growth stages. The density of glandular 

trichomes as the location of storage and biosynthesis of essential oils was higher in 

the late growth stage than in the early growth stage. The maximum harvest of 

essential oils was achieved at the late vegetative stage, representing that the 

generation of essential oils was boosted as the age of plants increased. Moreover, 

the growth stage influenced the essential oils composition in the M. aquatica plant. 

The main compounds of essential oils from M. aquatica plants in the early growth 

stage were menthofuran, limonene, germacrene D, pinene, viridiflorol, 1-terpinene, 

ledene, cymene, 3-carvon, terpinene, and cis-ocimene. The top compounds exit in 

the essential oils obtained from M. aquatica plants in the late vegetative stage were 

as follows: caryophyllene, cubebene, camphene, gurjunene, humulene, 

bicyclogermacrene, sabinene, 1-pinene, D-nerolidol, farnesene, 1,8-cineole, and 

cadinene. The ratio of sesquiterpenes to monoterpenes was enhanced as the plants 

developed. The expression level of the gene encoding enzymes that contributed to 

terpenoid production includes 1-Deoxy d-xylulose-5-phosphate synthase, geranyl 

diphosphate synthase, limonene synthase, isopentenyl diphosphate isomerase, and 

menthofuran synthase, which were also enhanced in the late growth stage. Gene 

expression studies supported our findings and demonstrated that the increased 

production of essential oils might be due to the stimulation of enzyme activity, 

contributing to their biosynthesis pathway. Overall, to obtain the maximum amount 

of essential oils, the late vegetative stage of M. aquatic is recommended. 
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1. 1. Introduction 

Plants produce wonderful compounds called 

secondary metabolites. The generation of 

secondary compounds by plants has increased the 

commercial importance and value of plants. Due 

to their significant biological activities, these 

compounds have been applied in the food, 

pharmaceutical, cosmetic, and traditional 

medicine industries (Figueiredo et al., 2008; 

Picazo-Aragonés et al., 2020; Yang et al., 2018). 

https://armmt.irost.ir/article_1280.html
https://armmt.irost.ir/article_1280.html
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Terpenes are secondary metabolites that play vital 

roles in plant growth and development and 

facilitate the interaction of plants with the 

environment (Jiang et al., 2019). Monoterpenes 

are generated mainly by the methylerythritol 4-

phosphate (MEP) process in plants, which 

prepares terpene precursors dimethylallyl 

diphosphate (DMAPP) and isopentenyl 

diphosphate (IPP) (Dudareva et al., 2013). 

DMAPPs are joined with different numbers of 

IPP units to manufacture farnesyl diphosphate, 

geranyl diphosphate, and geranylgeranyl 

diphosphate. (McGarvey & Croteau, 1995). Most 

essential oils are complex combinations of 

monoterpenes (C10H16) and sesquiterpenes 

(C15H24), and they are comprised of 

biogenetically related phenols (cinnamates and 

phenylpropanes) along with alcohols, 

carbohydrates, aldehydes, ethers, and ketones 

which are responsible for their features (Baser & 

Buchbauer, 2009). 

Lamiaceae is one of the most important known 

plant families, with about 200 genera and more 

than 4,000 species. The family's importance is 

due to plants with biological and medical 

applications (Harley, 2004; Raja, 2012; Uritu et 

al., 2018). Mentha aquatica is a well-known 

aromatic and medicinal herb from the Lamiaceae 

family. This plant has biologically active 

compounds that are applied in traditional drugs 

(Tsai et al., 2013) and is prominent worldwide for 

its essential oils. Their essential oils are used to 

flavor foods in oral and dental products, 

fragrances, confectionary, cosmetics, and 

medicinal industries (Dhifi et al., 2011). 

Recently, M. aquatic has become a topic of 

scientific attention in view of other possible 

applications of their essential oils and extracts, 

for the most part, antioxidant and antimicrobial 

agents. The essential oils from M. aquatica 

mainly comprise terpenoid compounds that are 

usually produced, secreted, and stored by the 

glandular trichomes on the leaf tissues (Atsbaha 

Zebelo et al., 2011). M. aquatic is commonly 

used in traditional Iranian medicine, and 

characterizing its morphological and essential oil 

diversity is crucial for future breeding programs 

(Hassanpouraghdam et al., 2022). 

Most secondary metabolites are produced from 

primary metabolites through various physiological 

alternations in plants. Thus, tissue and species 

specificity, determined by genetic aspects, 

influence the production and accumulation of 

secondary metabolites in medicinal plants. If we 

need to acquire better medicinal parts and the best 

yield time in a certain tissue, we must study the 

tissues and organ specificity of certain medicinal 

components of medicinal plants, discussing the 

connection between morphogenesis and 

production and accumulation of these 

components in medicinal plants. It is appropriate 

to select a longer growth period for the yield of 

woody medicinal plants and perennial herbs 

because these plants display stronger growth and 

metabolism in these growth periods, and their 

biomass increases with the increasing growth 

period, concurrent with the augmented content 

and yield of effective components. However, the 

biomass and compositions should be carefully 

studied for medicinal plants with certain 

components to determine the optimal collecting 

period for those specific metabolites (Li et al. 

2020; Zandalinas et al. 2017). 

Aromatic and Medicinal plants are seriously 

influenced by cultural practices such as planting 

dates, fertilization, irrigation, and harvest time. 

Many investigations have studied the impact of 

different factors on the quality features of the 

Mentha genus (Özyazıcı & Kevseroğlu, 2019; 

Yeşil & Özcan, 2021). Thus, the main aim of this 

work was to study the amount and composition of 

essential oil, alternations in the expression of 

genes that contributed to terpenes biosynthesis, 

and the density of glandular trichomes in M. 

aquatic in both early and later stages of vegetative 

growth, which are applied as an essential oil 

source in the cosmetic, pharmaceutical, and food 

industries. Identifying and studying these 

parameters can be useful in augmenting the 

generation of valuable compounds. 

2. Material and methods 

2.1.  Plant material 

javascript:;
javascript:;
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/primary-metabolite
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/genetic-determinism
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/morphogenesis
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Mentha aquatica seeds were obtained from the 

natural population in the city of Nowshahr in the 

Mazandaran province, Iran. The seeds were 

sanitized with 20% NaClO for 20 minutes and 

then washed with distilled water. In order to 

germinate, the seeds were kept in dark and humid 

conditions for three days. After germination, the 

seedlings were transmitted to plastic pots 

containing perlite to continue growing. Continued 

growth was performed under greenhouse 

conditions (16-h light/8-h dark, 25 °C, and 80% 

humidity). The seedlings were irrigated with 

Hoagland’s solution every three days. In this 

study, the expression of candidate genes in the 

terpenes production and the density of glandular 

trichomes were analyzed to study the impact of 

different vegetative growth stages on the essential 

oil content; a time course of 45 days was 

considered. The comparison was performed on 

15-day-old plants (initial stage of vegetative 

growth) and 45-day-old plants (late stage of 

vegetative growth). The experiment was 

performed completely randomly with three 

replications. 

2.2.  Glandular trichome density 

The leaves were fixed with glutaraldehyde (3%) 

in sodium phosphate buffer (0.1 M), pH 7.2 for 4 

h at 4 °C, then dehydrated by successive ethanol 

rising. The samples were transported onto 

scanning electron microscopy (SEM) stubs and 

covered with a layer of gold. Observations were 

performed at 15 kV on an SEM. Finally, the 

density of the glandular trichome was calculated 

using Image J software. 

2.3.  Essential oil extraction and analysis 

Leaf tissue from plant samples collected from 

different stages of vegetative growth (early and 

late) was used to extract essential oils. The 

essential oil was extracted using the Clevenger 

apparatus with distilled water for 4 hours at 100 

°C. Measurement of essential oils was done by a 

GC–MS system.  

2.4.  RNA extraction and gene expression  

Whole RNA from leaves was extracted using 

an RNX-plus kit. The purity of RNA was 

identified by agarose gel electrophoresis, and its 

concentration was evaluated with 

spectrophotometry. cDNA was prepared as 

previously stated in Zarinkamar et al. (2012). 

Table 1 shows the primer sequences of the 

housekeeping (18S and actin) and target genes 

used for PCR analyses.  

Table 1 Primer Sequences used in the qRT-PCR Assay 

Accession Gene Primer sequences 

   

AW255057 Actin 

(ACT, 130 bp) 

 

Forward primer 5’-GCTCCAAGGGCTGTGTTCC-3’ 

Reverse primer 5’-TCTTTCTGTCCCATGCCAAC-3’ 

NR_022795 18s 

(212 bp) 

Forward primer 5’-ATGATAACTCGACGGATCGC-3’ 

Reverse primer 5’-CTTGGATGTGGTAGCCGTTT-3’ 

AF019383 1-Deoxy d-xylulose- 5-phosphate Synthase 

(DXS, 171 bp) 

Forward primer 5’-CCACCAGGCTTACCCACACAA-3’ 

Reverse primer 5’-GCCACCGCCATCCCTAAAC-3’ 

EU108696 Geranyl diphosphate synthase 

(GPPS, 173 bp) 

Forward primer 5’-ATGATAAGCGGGCTGCATAG-3’ 

Reverse primer 5’-CCGAAATTCCTCAGCTTCTG-3’ 

AW255524 Isopentenyl diphosphate isomerase 

(IPPI, 124 bp) 

Forward primer 5’-CTCTTGGGGTGAGAAATGCT-3’ 

Reverse primer 5’-CATCTGAGGGGGCTTTGTA-3’ 

KY249928 β-Caryophyllene synthase 

(CPS, 271 bp) 

Forward primer 5’-AACTCATCGATGCAATCCAACG-3’ 

Reverse primer 5’-CAAGAATTTCCTCCCCATGCAC-3’ 

AW255536 Limonene synthase 

(LS, 150 bp) 

Forward primer 5’-CGGTGGTGGAGAAATACTGGGTTT-3’ 

Reverse primer 5’-CCGTAATCAGAGCGTGACTTTGC-3’ 

AF346833 Menthofuran synthase 

(MFS, 121 bp) 

Forward primer 5’-GCAGAACGAGGTGCGAGAAG-3’ 

Reverse primer 5’-TGCGAAAGGTGGATGTAGGC-3’ 
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RT-PCR and assessments of the gel bands were 

performed, as previously demonstrated by Nazari 

et al. (2018). After PCR, samples were separated 

on agarose gel and discolored with ethidium 

bromide. Gel pictures were taken using a Gel-

Doc Transilluminator. Subsequently, 

densitometric evaluations of the gel bands were 

done using the Image J software. 

2.5.  Statistical analysis 

Each test was repeated three times, and the data 

were analyzed by one-way analysis of variance 

(ANOVA) using SPSS. The significance was 

checked at P ≤ 0.05 using Duncan’s multiple 

range test. The MetaboAnalyst web server was 

utilized to obtain heatmap and relationship 

analyses. 

3. Results and discussion 

3.1.  Dry shoot weight and glandular trichome 

density 

The dry shoot weight of M. aquatica plants 

augmented during the growth stages is shown in 

Fig. 1A. Vegetative tissues result from the 

activity of vegetative meristems, such as root and 

apex meristems and vascular cambium. As the 

plant grows and its meristems activity increases, 

its volume should also increase; hence, biomass 

volume is expected to increase in stress-free 

conditions as the plant age increases, as has been 

shown in previous studies. Increasing the activity 

of vegetative meristem or prolonging its activity 

period can lead to more vegetative tissues and, 

consequently, more biomass (Demura & Ye, 

2010). 

Comparison of the density of glandular 

trichomes in both stages of vegetative growth as 

well as on the abaxial and adaxial surfaces 

showed an increase in glandular trichomes 

density in the late stage on both surfaces 

compared to the early stage (Fig.1B, C). Yadav et 

al. (2014) also found that the glandular trichomes 

density in Artemisia annua was enhanced with 

development and growth. 

In this work, leaves of the M. aquatica plant 

were enclosed by glandular and non-glandular 

trichomes at both growth stages. The glandular 

trichomes were capitate and peltate types. 

Previous studies on Lamiaceae also reported the 

presence of these two types of glandular 

trichomes (Kahraman et al., 2010; Werker, 1993). 
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Figure 1: (A) Dry shoot weight, (B) density of glandular trichomes on abaxial, and (C) adaxial surfaces of leaves in M. 

aquatica in the early vegetative stage (EVS) and late vegetative stage (LVS). Means ± SE of three replicates are given. 

Different letters above columns indicated a significant difference at P ≤ 0.05 using Duncan multiple range test.  P ≤ 0.05. 

According to our study, the density of glandular 

trichomes, such as peltate and capitate, was 

higher on the abaxial surfaces. Non-glandular 

trichomes were highly concentrated on the upper 

surface of the leaf. These simple trichomes, 

without branching, multicellular, or uniseriate, 

were more concentrated on the veins and leaf 

margins. The density of non-glandular trichomes 

was higher than that of glandular trichomes, as 

mentioned in prior research (Ascensão et al., 

1995; Talebi et al., 2018; Wagner, 1991). 

3.2.  The effect of growth stages on yield and 

essential oils composition 

This work studied yield and essential oils 

composition to identify the change of essential 

oils in M. aquatica plant at different growth 

stages. (Fig. 2 |) shows the essential oils yield of 

the M. aquatica plant during growth. The 

maximum yield of essential oils was achieved at 

the late vegetative stage, demonstrating that the 

generation of essential oils was enhanced as the 

age of plants increased. So, the importance of 

harvesting time associated with essential oil 

features varies depending on the species of 

interest (Yousefzadeh et al., 2022). The enhanced 

production of essential oils at the late vegetative 

stage rather than the early vegetative stage could 

be due to the improved number of glandular 

trichomes (the essential oils’ main storage and 

biosynthesis location). These results recommend 

that the late vegetative stage could be considered 

appropriate for extracting essential oils from the 

M. aquatica plant. 

As highlighted by numerous investigators, the 

amount of essential oils extracted from aromatic 

and medicinal plants depends on the development 

stage of the plants (Uyanık & Gürbüz, 2015; 

Açıkgöz and Kara, 2020). Arabacı et al. (2015) 

identified that collecting aromatic and medicinal 

plants should not be performed at an accidental 

stage, and the period for maximum essential oils 

extraction should be identified. Thus, the 

collecting time should be prudently selected to 

provide the optimum harvest of essential oils. 

Prior works on plants such as Thymus vulgaris L.  

 
Figure 2: The amount of essential oil of the M. aquatica 

plant at different stages of growth. Means ± SE of three 

replicates are given. Different letters above columns 

indicated a significant difference at P ≤ 0.05 using Duncan 

multiple range test.  P ≤ 0.05.  

 (Badi et al., 2004) and Hyptis suaveolens 

(Oliveira et al., 2005) stated that the essential oils 

yield augmented during plant development. These 

results are further supported by the low level of 

essential oils biosynthesis during the early 

vegetative stage, possibly due to inhibiting 

enzyme activities required to produce these 

metabolites (Sellami et al., 2009). 

The essential oils from M. aquatica plants in 

different growth stages exhibited considerable 

variations in their composition (Fig. 3). Thus, the 

composition of terpene metabolites altered during 

vegetative growth in M. aquatica plants. GC-MS 

discovered a total of 23 chemical constituents 

from the essential oils in the two growth stages. 

The essential oils mainly included mono- and 

sesquiterpenes components at the two growth 

stages. The chief combinations of essential oils 

from M. aquatica plants at early growth stages 

were menthofuran, limonene, germacrene D, 

pinene, viridiflorol, 1-terpinene, ledene, cymene, 

3-carvon, terpinene, and cis-ocimene. The top 

compounds existing in the essential oils gained 

from the M. aquatica plant in the late vegetative 

stage were as follows: caryophyllene, cubebene, 
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camphene, gurjunene, humulene, 

bicyclogermacrene, sabinene, 1-pinene, D-

nerolidol, farnesene, 1,8-cineole, and cadinene. 

 

Figure 3: Heatmap according to the relative levels of essential oils analyzed by GC–MS in M. aquatica plant at the two 

growth stages.  

Plants use essential oils to defend themselves 

against biotic and abiotic agents, herbivores, and 

pathogens and attract insects and pollinators. 

Essential oil is broadly used in the cosmetic, 

perfume, pharmaceutic, and food industries. As 

the plant approaches the end of vegetative growth 

and enters the reproductive phase, the amount of 

these compounds and their content changes. In 

this study, the maximum quantity of essential oil 

was gained in the final stage of vegetative growth 

(Fig. 3). Also, the essential oil composition was 

different in different stages of growth, which 

shows that the essential oil composition generated 

by the plant is affected by growth stages. This 

conclusion confirms the work of Verma et al. 

(2014), who found variations in essential oils 

composition in different months/seasons. 

Previous studies have investigated the impact of 

various factors on essential oil compounds 

(Farzadfar et al., 2018; Nazari et al., 2017; Yang 

et al., 2018). For example, differences in the 

composition of the essential oil gained from 

different organs of plants can be attributed in part 

to the presence of different secretory structures 

that are heterogeneously dispersed on the plants 

(Figueiredo et al., 2008). The work of 

Daghbouche et al. (2020) highlighted the 

difference in composition and content of essential 

oil in Cytisus triflorus L'Her during growth 

stages. They found flowering to be an interesting 

stage for gathering, with a more specific essential 

oil composition. Also, the proportions of 

pulegone, menthofuran, and limonene declined as 

the plant aged in this study, while constituents 

such as cineole, neomenthol, and menthol were 

enhanced in Mentha piperita according to the 

developmental changes (Abdi et al. 2019). 

According to our results, most essential oils 

compounds were monoterpene and sesquiterpene 

in M. aquatica plants at early and late growth 

stages, respectively. The ratio of sesquiterpene to 

monoterpene of essential oils showed an 

increasing trend during the growth of M. aquatica 

plants. Among the other compounds, 

caryophyllene is often used as a food flavoring 

and has antimalarial and anti-inflammatory 

characteristics (Vuerich et al., 2019). Humulene 
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also revealed anti-inflammatory features. Thus, 

collecting M. aquatica plants at the late 

vegetative stage is suggested to obtain the highest 

amount of caryophyllene and humulene.  

3.3.  The impact of the growth stage on the 

expression of genes related to terpene 

production 

  The relative expression of six candidate genes, 

geranyl diphosphate synthase (GPPS), (1-Deoxy 

d-xylulose-5-phosphate synthase (DXS), β-

caryophyllene synthase (CPS), isopentenyl 

diphosphate isomerase (IPPI), menthofuran 

synthase (MFS) and limonene synthase (LS), 

encoding the enzymes contributing in the 

biosynthetic pathway of essential oils in M. 

aquatica plants was studied to discover the 

impacts of different growth stages on the 

terpenoid biosynthesis pathway. 

Typically, DXS converts glyceraldehyde-3-

phosphate and pyruvate to 1-deoxy-D-xylulose 5-

phosphate (Querol et al. 2002). However, the 

DXS gene showed a different expression pattern 

in M. aquatica plants at different growth stages, 

with the growth stage strongly changing the 

expression of DXS (Fig. 4A). The expression rate 

of this gene in the late growth stage was more 

than in the early growth stage. DXS is the first 

and rate-limiting enzyme in the MEP process, 

which generates terpenoid biosynthesis 

precursors (Zhang et al., 2020).  

In addition to increasing the expression of DXS, 

we saw an increase in glandular trichome density 

on both lower and upper levels of leaves in the 

final stage of growth compared to the early stage 

of growth. By examining the glandular trichome 

density and information obtained from DXS gene 

expression, it was determined that there is a 

positive correlation between the expression of the 

DXS gene and the increase in the glandular 

trichome density in the M. aquatica plant in the 

late growth stage. Carretero-Paulet et al. (2013) 

observed the role of the DXS gene in the 

production of glandular trichomes in tomato 

plants. In a similar study on Artemisia annua, the 

maximum expression of the DXS gene was 

reported in apical buds with higher trichome 

density (Lu et al., 2013). 

GPP is a common precursor to all 

monoterpenes made by the GPPS enzyme, which 

is found in plastids (Ueoka et al., 2020). The 

expression level of the GPPS gene was 

significantly boosted as the plant age increased. 

Accordingly, the lowest expression level of GPPS 

was identified in M. aquatica plants in the early 

growth stage (Fig. 4B). GPPS, the main enzyme 

for monoterpene production, presents as 

homodimeric and heterodimeric GPPS in plants 

(Burke et al., 1999). Overexpression of GPPS 

boosts the monoterpene content in Litsea cubeba 

(Zhao et al., 2020). 

 

Figure 4: Expression levels of (A) DXS and (B) GPPS genes in M. aquatica leaves at the two stages of growth. Means ± SE 

of three replicates are given. Different letters above columns indicated a significant difference at P ≤ 0.05 using Duncan 

multiple range test.  P ≤ 0.05. 

https://www.sciencedirect.com/science/article/pii/S0926669019309367?casa_token=OFkgA8jwgO8AAAAA:AvqtHhAcmVeHw6Up16SYXVR1rYM8c3x7QmDweJGQuo-C0rQOU_nsQWjTNJPOjfcUMnANKJx3TA#bib0015


           F.Zarinkamar et al. / Microbiology, Metabolites and Biotechnology 5 (2022) 103-112                 108 

 

Another gene examined in this study was LS. 

This enzyme catalyzes the cycling of GPP, a 

common precursor to monoterpenes, to limonene 

(Turner et al., 2000). The expression level of LS 

presented significant alterations associated with 

the growth stage in M. aquatica plants. The 

highest expression level of LS was recorded in 

the late vegetative stage, whereas the lowest 

expression was detected in plants in the early 

vegetative stage (Fig.5A).  

IPPI catalyzes the isomerization between the 

terpene precursor substances IPP and DMAPP 

during terpenoid biosynthesis (Zhang et al. 2015). 

In this study, there was a considerable 

modification in the IPPI expression level between 

the M. aquatica plants at the two growth stages 

(Fig. 5B). The expression level of IPPI was more 

in M. aquatica plants in the late vegetative stage 

than in the early vegetative stage. 

 

 
Figure 5: Relative expression of (A) LS and (B) IPPI genes 

in M. aquatica leaves at the two stages of growth. Means ± 

SE of three replicates are given. Different letters above 

columns indicated a significant difference at P ≤ 0.05 using 

Duncan multiple range test.  P ≤ 0.05.  

Based on the acquired data, the expression level 

of MFS was enhanced in M. aquatica during 

vegetative growth (Fig. 6A), and the maximum 

expression level of MFS was shown in plants in 

the late vegetative stage. In contrast to the other 

five genes, expression of CPS significantly 

reduced with increasing plant age, and the lowest 

expression of this gene was observed in the late 

stage of growth (Fig. 6B). CPS enzyme catalyzes 

the conversion of FPP to b-caryophyllene. The 

CPS gene is expressed in most plant tissues 

during early development (Cai et al., 2002). 

 

 
Figure 6: Relative expression of (A) MFS and (B) CPS 

genes in M. aquatica leaves at the two stages of growth. 

Means ± SE of three replicates are given. Different letters 

above columns indicated a significant difference at P ≤ 0.05 

using Duncan multiple range test.  P ≤ 0.05.  

The data from our work clearly showed that the 

expression level of key enzyme genes 

contributing to terpenoid production in M. 

aquatic plants was enhanced in the early 

vegetative stage. Thus, the expression of these 

genes is dependent on the age of the plants. As 

reported in recent studies, the expression level of 

genes that contribute to terpenoid production can 
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be controlled by post-transcriptional and 

transcriptional mechanisms during the growth 

period (Abbas et al., 2017). Meanwhile, the 

results of the analyzed enzymes-encoded genes 

essential in terpenoid production highlighted the 

point that the generation of terpenoid components 

is boosted by the age of plants. A previous 

relationship has been reported between essential 

oil yields and the expression level of enzyme 

genes contributing to their production (Atsbaha 

Zebelo et al., 2011), confirming our findings. 

According to the results, a close connection was 

witnessed in the essential oils amount, terpenes 

composition, and expression level of genes 

contributing to terpenoid production in M. 

aquatic plants during the growth period. This 

shows that transcript control of terpene synthase 

genes is the most important regulatory 

mechanism adjusting the composition and content 

of essential oils of M. aquatic. The biosynthesis 

of secondary metabolites depends on the 

development stage because the developmental 

details affect the differentiation and initiation of 

specific cellular structures contributing to the 

storage and biosynthesis of secondary metabolites 

(Broun et al., 2006). A close relationship between 

biosynthesis and accumulation of essential oils 

and leaf development has been proved in many 

aromatic plants of the Lamiaceae family (Croteau 

et al., 1981) and several   Poaceae (Singh et al., 

1989) and Asteraceae (Mallavarapu et al., 1999) 

plants. 

3.4.  Organization of studied parameters 

The relationships between the analyzed 

parameters and expression level of analyzed 

genes from the M. aquatica terpenoid production 

process in the early and late vegetative stages are 

presented in (Fig. 7). These results could expand 

our information on the relationships between the 

morphological, molecular, and physiological 

responses of M. aquatica plants at the early and 

late vegetative stage. The potential connections 

between the studied parameters were evaluated 

according to Pearson's correlation coefficient. 

This analysis ordered the studied parameters into 

two main groups, which were then separated into 

several minor groups. These data revealed a 

positive connection between essential oils amount 

and expression level of enzyme genes involved in 

the M. aquatica terpenoid production at various 

stages of plant growth and hence were grouped 

together. These results suggest that the growth 

stage affects morphological, molecular, and 

physiological processes in M. aquatica plants, 

dependent or independent of each other. 

https://www.sciencedirect.com/science/article/pii/S0981942820300061#bib13
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Figure 7: The relationship (Pearson correlations coefficient) between the studied parameters in the M. aquatica plant. 

 

 

4. Conclusion 

The current study proved that the composition 

and amount of essential oils in M. aquatica plants 

are affected by developmental stages. According 

to the data, biomass and essential oil yields were 

enhanced in M. aquatica as the plant age 

increased. This could be due to the increasing 

quantity of glandular trichomes and the fact that 

most of the analyzed expressed genes belonged to 

the terpenoid biosynthesis process. So, our results 

recommend that plant age can have a progressive 

impact on the generation of essential oils in M. 

aquatica. Due to the metabolites' 

pharmacological and economic importance, these 

results can be useful for industrial and medical 

aims. 

Funding  

This study was supported by Tarbiat Modares 

University. 

Compliance with Ethical Standards 

Conflict of interest 

The authors declare no conflict of interest. 

Acknowledgment 

This research has been supportd by Tarbiat 

Modaes University  

Ethical approval 

This article does not contain any studies with 

human participants or animals performed by any 

of the authors. 

Open access 

This article distributed under the terms of the 

Creative Commons Attribution License which 

permits unrestricted use, distribution, and 

reproduction in any medium, provided the 

original work is properly cited. 



111                          F. Zarinkamar et al. / Microbiology, Metabolites and Biotechnology 5 (2022) 103-112              

4. References 

[1] Abbas, F., Ke, Y., Yu, R., Yue, Y., Amanullah, S., 

Jahangir, M. M., & Fan, Y. (2017). Volatile terpenoids: 

multiple functions, biosynthesis, modulation and 

manipulation by genetic engineering. Planta, 246, 803-816. 

doi.org/10.1007/s00425-017-2749-x. 

[2] Abdi, G., Shokrpour, M. & Salami, S.A. (2019) 

Essential oil composition at different plant growth 

development of peppermint (Mentha x piperita L.) under 

water deficit stress. Journal of Essential Oil Bearing Plants, 

22(2), 431-440. doi.org/10.1080/0972060X.2019.1581095. 

[3] Açikgöz, M. A., & Kara, Ş. M. (2020). Morphogenetic, 

ontogenetic and diurnal variability in content and 

constituents of bitter fennel (Foeniculum vulgare Miller 

var. vulgare) essential oil. Kahramanmaraş Sütçü İmam 

Üniversitesi Tarım ve Doğa Dergisi, 23(1), 127-134. 

doi.org/10.18016/ksutarimdoga.vi.596542. 

[4] Arabacı, O., Tokul, H. E., Öğretmen, N. G., & Bayram, 

E. (2015). The effect of diurnal variability on yield and 

quality in naturally grown Coridothymus capitatus L. 

genotypes. Ege Üniversitesi Ziraat Fakültesi Dergisi, 52(2), 

141-150. 

[5] Ascensão, L., Marques, N., & Pais, M. S. (1995). 

Glandular trichomes on vegetative and reproductive organs 

of Leonotis leonurus (Lamiaceae). Annals of Botany, 75(6), 

619-626. http://www.jstor.org/stable/42761776. 

[6] Atsbaha Zebelo, S., Bertea, C. M., Bossi, S., Occhipinti, 

A., Gnavi, G., & Maffei, M. E. (2011). Chrysolina herbacea 

modulates terpenoid biosynthesis of Mentha aquatica L. 

PLoS One, 6(3), e17195. 

doi.org/10.1371/journal.pone.0017195. 

[7] Badi, H. N., Yazdani, D., Ali, S. M., & Nazari, F. 

(2004). Effects of spacing and harvesting time on herbage 

yield and quality/quantity of oil in thyme, Thymus vulgaris 

L. Industrial crops and products, 19(3), 231-236. 

doi:10.1016/j.indcrop.2003.10.005 

[8] Baser, K. H. C., & Buchbauer, G. (2009). Handbook of 

essential oils: science, technology, and applications. CRC 

press. doi.org/10.1201/9781420063165. 

[9] Broun, P., Liu, Y., Queen, E., Schwarz, Y., Abenes, M. 

L., & Leibman, M. (2006). Importance of transcription 

factors in the regulation of plant secondary metabolism and 

their relevance to the control of terpenoid accumulation. 

Phytochemistry Reviews, 5, 27-38. 

doi.org/10.1007/s11101-006-9000-x. 

[10] Burke, C. C., Wildung, M. R., & Croteau, R. (1999). 

Geranyl diphosphate synthase: cloning, expression, and 

characterization of this prenyltransferase as a heterodimer. 

Proceedings of the National Academy of Sciences, 96(23), 

13062-13067. doi.org/10.1073/pnas.96.23.13062. 

[11] Cai, Y., Jia, J. W., Crock, J., Lin, Z. X., Chen, X. Y., 

& Croteau, R. (2002). A cDNA clone for β-caryophyllene 

synthase from Artemisia annua. Phytochemistry, 61(5), 

523-529. doi.org/10.1016/S0031-9422(02)00265-0. 

[12] Carretero-Paulet, L., Cairó, A., Talavera, D., Saura, 

A., Imperial, S., Rodríguez-Concepción, M., ... & Boronat, 

A. (2013). Functional and evolutionary analysis of DXL1, a 

non-essential gene encoding a 1-deoxy-D-xylulose 5-

phosphate synthase like protein in Arabidopsis thaliana. 

Gene, 524(1), 40-53. doi.org/10.1016/j.gene.2012.10.071. 

[13] Croteau, R., Felton, M., Karp, F., & Kjonaas, R. 

(1981). Relationship of camphor biosynthesis to leaf 

development in sage (Salvia officinalis). Plant Physiology, 

67(4), 820-824. doi:10.1104/pp.67.4.820. 

[14] Daghbouche, S., Ammar, I., Rekik, D.M., Djazouli, 

Z.E., Zebib, B. & Merah, O. (2020) Effect of phenological 

stages on essential oil composition of Cytisus triflorus 

L’Her. Journal of King Saud University-Science, 32(4), 

2383-2387. doi.org/10.1016/j.jksus.2020.03.020. 

[15] Demura, T., & Ye, Z. H. (2010). Regulation of plant 

biomass production. Current opinion in plant biology, 

13(3), 298-303. doi.org/10.1016/j.pbi.2010.03.002. 

[16] Dhifi, W., Litaiem, M., Jelali, N., Hamdi, N., & Mnif, 

W. (2011). Identification of a new chemotye of the plant 

Mentha aquatica grown in Tunisia: chemical composition, 

antioxidant and biological activities of its essential oil. 

Journal of Essential Oil Bearing Plants, 14(3), 320-328. 

doi:10.1080/0972060X.2011.10643941. 

[17] Dudareva, N., Klempien, A., Muhlemann, J. K., & 

Kaplan, I. (2013). Biosynthesis, function and metabolic 

engineering of plant volatile organic compounds. New 

Phytologist, 198(1), 16-32. doi.org/10.1111/nph.12145. 

[18] Farzadfar, S., Zarinkamar, F., Modarres-Sanavy, S. A. 

M., & Hojati, M. (2013). Exogenously applied calcium 

alleviates cadmium toxicity in Matricaria chamomilla L. 

plants. Environmental Science and Pollution Research, 20, 

1413-1422. doi:10.1007/s11356-012-1181-9. 

[19] Figueiredo, A. C., Barroso, J. G., Pedro, L. G., & 

Scheffer, J. J. (2008). Factors affecting secondary 

metabolite production in plants: volatile components and 

essential oils. Flavour and Fragrance journal, 23(4), 213-

226. doi.org/10.1002/ffj.1875. 

[20] Harley, R. M. (2004). Labiatae. Flowering Plants 

Dicotyledons 167–275. doi.org/10.1007/978-3-642-18617-

2. 

[21] Hassanpouraghdam, M. B., Mohammadzadeh, A., 

Morshedloo, M. R., Asadi, M., Rasouli, F., Vojodi 

Mehrabani, L., & Najda, A. (2022). Mentha aquatica L. 

Populations from the Hyrcanian Hotspot: Volatile Oil 

Profiles and Morphological Diversity. Agronomy, 12(10), 

2277. doi.org/10.3390/agronomy12102277. 

[22] Jiang, S. Y., Jin, J., Sarojam, R., & Ramachandran, S. 

(2019). A comprehensive survey on the terpene synthase 

gene family provides new insight into its evolutionary 

patterns. Genome biology and evolution, 11(8), 2078-2098. 

doi:10.1093/gbe/evz142.  

[23] Kahraman, A., Celep, F., & Dogan, M. (2010). 

Anatomy, trichome morphology and palynology of Salvia 

chrysophylla Stapf (Lamiaceae). South African Journal of 

Botany, 76(2), 187-195. 

doi.org/10.1016/j.sajb.2009.10.003. 

[24] Lu, X., Zhang, L., Zhang, F., Jiang, W., Shen, Q., 

Zhang, L., ... & Tang, K. (2013). A a ORA, a 

trichome‐specific AP 2/ERF transcription factor of 

Artemisia annua, is a positive regulator in the artemisinin 



           F.Zarinkamar et al. / Microbiology, Metabolites and Biotechnology 5 (2022) 103-112                 112 

 

biosynthetic pathway and in disease resistance to Botrytis 

cinerea. New Phytologist, 198(4), 1191-1202. 

doi:10.1111/nph.12207.  

[25] Mallavarapu, G. R., Kulkarni, R. N., Baskaran, K., 

Rao, L., & Ramesh, S. (1999). Influence of plant growth 

stage on the essential oil content and composition in 

Davana (Artemisia pallens Wall.). Journal of agricultural 

and food chemistry, 47(1), 254-258. 

doi:10.1021/jf980624c.  

[26] McGarvey, D. J., & Croteau, R. (1995). Terpenoid 

metabolism. The plant cell, 7(7), 1015. 

doi:10.1105/tpc.7.7.1015. 

[27] Nazari, M., Zarinkamar, F., & Soltani, B. M. (2017). 

Physiological, biochemical and molecular responses of 

Mentha aquatica L. to manganese. Plant Physiology and 

Biochemistry, 120, 202-212. 

doi.org/10.1016/j.plaphy.2017.08.003. 

[28] [28] Nazari, M., Zarinkamar, F., Soltani, B. M., & 

Niknam, V. (2018). Manganese-induced changes in 

glandular trichomes density and essential oils production of 

Mentha aquatica L. at different growth stages. Journal of 

Trace Elements in Medicine and Biology, 50, 57-66. 

doi:10.1016/j.plaphy.2017.08.003. 

[29] [29] Oliveira, M. J., Campos, I. F., Oliveira, C. B., 

Santos, M. R., Souza, P. S., Santos, S. C., ... & Ferri, P. H. 

(2005). Influence of growth phase on the essential oil 

composition of Hyptis suaveolens. Biochemical 

Systematics and Ecology, 33(3), 275-285. 

[30] [30] Özyazici, G., & Kevseroğlu, K. (2019). Effects of 

ontogenetic variability on yield of some Labiatae family 

(Mentha spicata L., Origanum onites L., Melissa officinalis 

L., Lavandula angustifolia Mill.) plants. 

doi.org/10.19159/tutad.594468. 

[31] [31] Picazo-Aragonés, J., Terrab, A., & Balao, F. 

(2020). Plant volatile organic compounds evolution: 

transcriptional regulation, epigenetics and polyploidy. 

International Journal of Molecular Sciences, 21(23), 8956. 

doi:10.3390/ijms21238956. 

[32] [32] Querol, J., Grosdemange-Billiard, C., Rohmer, 

M., Boronat, A., & Imperial, S. (2002). Enzymatic 

synthesis of 1-deoxysugar-phosphates using E. coli 1-

deoxy-d-xylulose 5-phosphate synthase. Tetrahedron 

letters, 43(46), 8265-8268. doi.org/10.1021/jo971933p. 

[33] [33] Raja, R. R. (2012). Medicinally potential plants 

of Labiatae (Lamiaceae) family: an overview. Research 

journal of medicinal plant, 6(3), 203-213. 

doi:10.3923/rjmp.2012.203.213. 

[34] [34] Sellami, I. H., Maamouri, E., Chahed, T., 

Wannes, W. A., Kchouk, M. E., & Marzouk, B. (2009). 

Effect of growth stage on the content and composition of 

the essential oil and phenolic fraction of sweet marjoram 

(Origanum majorana L.). Industrial Crops and Products, 

30(3), 395-402. doi.org/10.1016/j.indcrop.2009.07.010. 

[35] [35] Singh, N., Luthra, R., & Sangwan, R. S. (1989). 

Effect of leaf position and age on the essential oil quantity 

and quality in lemongrass (Cymbopogon flexuosus) 1. 

Planta medica, 55(03), 254-256. doi:10.1055/s-2006-

961997. 

[36] [36] Talebi, S. M., Mahdiyeh, M., Nohooji, M. G., & 

Akhani, M. (2018). Analysis of trichome morphology and 

density in Salvia nemorosa L.(Lamiaceae) of Iran. 

Botanica, 24(1), 49-58.  

[37] [37] Turner, G. W., Gershenzon, J., & Croteau, R. B. 

(2000). Development of peltate glandular trichomes of 

peppermint. Plant physiology, 124(2), 665-680. 

doi.org/10.1104/pp.124.2.665. 

[38] Ueoka, H., Sasaki, K., Miyawaki, T., Ichino, T., 

Tatsumi, K., Suzuki, S., ... & Yazaki, K. (2020). A cytosol-

localized geranyl diphosphate synthase from Lithospermum 

erythrorhizon and its molecular evolution. Plant 

Physiology, 182(4), 1933-1945. 

doi.org/10.1104/pp.19.00999. 

[39] Uritu, C. M., Mihai, C. T., Stanciu, G. D., Dodi, G., 

Alexa-Stratulat, T., Luca, A., ... & Tamba, B. I. (2018). 

Medicinal plants of the family Lamiaceae in pain therapy: 

A review. Pain Research and Management, 2018. 

doi.org/10.1155/2018/7801543. 

[40] Uyanık, M., & Gürbüz, B. (2015). Effect of 

ontogenetic variability on essential oil content and its 

composition in lemon balm (Melissa officinalis L.). 

Tekirdağ Ziraat Fakültesi Dergisi, 12, 91-96. 

[41] Verma, R. S., Padalia, R. C., Verma, S. K., Chauhan, 

A., & Darokar, M. P. (2014). The essential oil 

of'bhang'(Cannabis sativa L.) for non-narcotic applications. 

Current Science, 645-650. doi:10.18520/CS/V107/I4/645-

650. 

[42] Vuerich, M., Ferfuia, C., Zuliani, F., Piani, B., 

Sepulcri, A., & Baldini, M. (2019). Yield and quality of 

essential oils in hemp varieties in different environments. 

Agronomy, 9(7), 356. doi.org/10.3390/agronomy9070356. 

[43] Wagner, G. J. (1991). Secreting glandular trichomes: 

more than just hairs. Plant physiology, 96(3), 675-679. 

doi:10.1104/pp.96.3.675. 

[44] Werker, E. (1993). Function of essential oil‐secreting 

glandular hairs in aromatic plans of Lamiacea—a review. 

Flavour and fragrance journal, 8(5), 249-255. 

doi.org/10.1002/ffj.2730080503. 

[45] Yadav, R. K., Sangwan, R. S., Sabir, F., Srivastava, 

A. K., & Sangwan, N. S. (2014). Effect of prolonged water 

stress on specialized secondary metabolites, peltate 

glandular trichomes, and pathway gene expression in 

Artemisia annua L. Plant physiology and biochemistry, 74, 

70-83. doi:10.1016/j.plaphy.2013.10.023. 

[46] Yang, L., Wen, K. S., Ruan, X., Zhao, Y. X., Wei, F., 

& Wang, Q. (2018). Response of plant secondary 

metabolites to environmental factors. Molecules, 23(4), 

762. doi:10.3390/molecules23040762. 

[47] Yeşil, M., & Özcan, M. M. (2021). Effects of harvest 

stage and diurnal variability on yield and essential oil 

content in Mentha× piperita L. Plant, Soil and 

Environment, 67(7), 417-423. do 

oi.org/10.17221/114/2021-PSE. 

[48] Yousefzadeh, K., Houshmand, S., Shiran, B., 

Mousavi-Fard, S., Zeinali, H., Nikoloudakis, N., ... & 

Fanourakis, D. (2022). Joint effects of developmental stage 

and water deficit on essential oil traits (content, yield, 



113                          F. Zarinkamar et al. / Microbiology, Metabolites and Biotechnology 5 (2022) 103-112              

composition) and related gene expression: A case study in 

two Thymus species. Agronomy, 12(5), 1008. 

doi.org/10.3390/agronomy12051008. 

[49] Zandalinas, S.I., Sales, C., Beltrán, J., Gómez-

Cadenas, A. & Arbona, V. (2017) Activation of secondary 

metabolism in citrus plants is associated to sensitivity to 

combined drought and high temperatures. Frontiers in plant 

science, 7, 1954. doi.org/10.3389/fpls.2016.01954. 

[50] Zarinkamar, F., Ghannadnia, M., & Haddad, R. 

(2012). Limonene synthase gene expression under different 

concentrations of manganese in Cuminum cyminum L. 

African Journal of Plant Science, 6(6), 203-212. 

doi:10.5897/JMPR11.195. 

[51] Zhang, X., Guan, H., Dai, Z., Guo, J., Shen, Y., Cui, 

G., ... & Huang, L. (2015). Functional analysis of the 

isopentenyl diphosphate isomerase of Salvia miltiorrhiza 

via color complementation and RNA interference. 

Molecules, 20(11), 20206-20218. 

doi:10.3390/molecules201119689. 

[52] Zhang, S., Ding, G., He, W., Liu, K., Luo, Y., Tang, 

J., & He, N. (2020). Functional characterization of the 1-

deoxy-D-xylulose 5-phosphate synthase genes in Morus 

notabilis. Frontiers in Plant Science, 11, 1142. 

doi.org/10.3389/fpls.2020.01142. 

[53] Zhao, Y., Chen, Y., Gao, M., Yin, H., Wu, L., & 

Wang, Y. (2020). Overexpression of geranyl diphosphate 

synthase small subunit 1 (LcGPPS. SSU1) enhances the 

monoterpene content and biomass. Industrial Crops and 

Products, 143, 1. doi.org/10.1016/j.indcrop.2019.111926. 


