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Abstract 

IMPACT OF SALT STRESS ON MONOTERPENE 

BIOSYNTHESIS IN SAGE (Salvia officinalis L.) AND IT’S 

ANTIMICROBIAL ACTIVITY. 

In this project, the impact of abiotic stress on monoterpene biosynthesis is exemplarily 

examined using different NaCl concentrations of (Salvia officinalis L.) as model 

system. The major aim of this study was to elucidate the metabolic background of 

putative stress related changes in the monoterpenes biosynthesis. Yet, before this goal 

could be achieved, sound analyses on the nature of the terpenoids in S. officinalis had 

to be conducted. In this thesis, the content of monoterpenes in the leaves of S. officinalis 

plants submitted to salt stress have been analyzed. It turned out that salt stress results 

in an increase in the monoterpenes concentration in comparison to controls. This 

increase could be due to a passively enhanced rate of monoterpenes biosynthesis, 

caused by strongly elevated concentration of NADPH + H+ in stressed plants or by an 

active up-regulation of the gene encoding the key enzymes in terpenoids biosynthesis. 

Indeed, as postulated in the literature, the stress related over-reduced status is – at least 

in part – responsible for the increased monoterpenes content in the stressed S. officinalis 

plants. Nonetheless, due to the corresponding data, also a stress related increase of 

biosynthetic capacity seemed to be rather likely. The product quality of medicinal plants 

is determined by the quality and quantity of the particular natural products. Deliberate 

modifications require a comprehensive knowledge on the biosynthetic pathways and 

their regulations. In this context, the complex interactions between stress and secondary 

metabolism are of special interest. This study was aimed to elucidate exemplarily the 

impact of salt stress on the biosynthesis and accumulation of monoterpenes in sage 

(Salvia officinalis). For this, the applicability of gene expression of monoterpene 

synthases had been studied. The cDNA sequence exhibits a total length of 1000 bp with 

a putative open reading frame of 735 bp (accession number: AEB77936.1). Salt stress 

also impacts on the expression of monoterpene synthases; e.g., the amounts of mRNA 

for bornyl diphosphate synthase and cineole synthase already are strongly enhanced 2 

weeks after exposure to NaCl and reach a maximum after 4 weeks. Obviously, the 



monoterpene biosynthesis is – apart from the “passive” enhancement due to the salt-

related over-reduced states – also “actively” increased by enhancing the biosynthetic 

capacity. This points out that monoterpenes – apart from their ecological functions – 

also are relevant to the dissipation of the massive over-supply of energy generated in 

leaves under salt stress. The present study is aimed to contribute to the elucidation of 

the complex interactions between salt stress and secondary metabolite accumulation by 

using S. officinalis as a model plant. In particular, the impact of salt stress on the 

monoterpene contents in S. officinalis plants should be analysed. For further 

clarification, the studies were extended to include also in vitro plants, derived from 

aseptic tissue cultures. Accordingly, first, corresponding callus cultures had to be 

established as well as a specific protocol for the regeneration of S. offiinalis in vitro 

plants via somatic embryogenesis. For the ample understanding of the impact of salt 

stress on the metabolism of natural products, especially for the differentiation whether 

the increases in secondary metabolite contents is due to a passive change or caused by 

an active up-regulation of the biosynthetic enzymes, in addition to the stress related 

changes in monoterpene content, also the related alterations in the gene expression of 

the corresponding key enzymes, i.e., the cineole synthase, the bornyl synthase and the 

sabinene synthase was estimated using 18s and actin as housekeeping genes. In 

addition, putative stress induced changes in the antibacterial activity of leaf extracts 

from S. officinalis were monitored, NaCl treated S. officinalis extracts tested against 

five gram-positive bacteria; S. aureus, S. auricularis, S. microti, B. megaterium and B. 

cereus and five gram-negative bacteria; E. cloacae, E. coli, P. mirabilis, P. aeruginosa 

and K. pneumoniae. Antimicrobial activity was determined by measuring the diameter 

of inhibition zones (DIZ) and the percentage of inhibition. The interaction effect of 

microorganisms, leaf age and salt concentrations were significant (P ≤ 0.05). Leaf age 

extracts showed different antimicrobial activity against the tested pathogens and the 

DIZ was directly proportional to the increase in plant extract concentration reaching a 

plateau. 



Concerning gram-negative bacteria, all tested plant extracts were active against tested 

bacteria with variable inhibitory effects, the best inhibition effects were at 300 mM salt 

concentration treatments except on B. cereus which was observed at 500 mM salt 

concentration treatment. In comparison with gram-positive bacteria the highest inhibition 

effect was on P. mirabilis (66.67%, 15 mm-DIZ) at 300 mM salt concentration treatment 

followed by E. cloacae (60.0%, 16 mm-DIZ) and P. aeruginosa (60%, 16 mm-DIZ) at 400 

mM NaCl concentration; the least effect was on K. pneumoniae (15%, 23 mm-DIZ) at 200 

mM NaCl treatment. Based on the obtained result, it appears that the effect of Salvia leaf 

extracts inhibited both, gram positive and gram-negative bacteria and it seems that this 

effect was species dependent. This observation is clearly in accordance with the salt 

concentration treatment 300 mM except for B. cereus (500 mM), E. cloacae and P. 

aeruginosa (400 mM) and for K. pneumoniae (200 mM). 

Both antibiotics, chloramphenicol and tetracycline exhibited higher positive effects than 

Salvia extracts on all gram-positive and negative species, whereas chloramphenicol had a 

higher effect than tetracycline. Both antibiotics’ effects also were species dependent. In 

comparison with S. officinalis extracts, used at different salt concentration treatment, the 

chloramphenicol and tetracycline were generally more effective than Salvia about three 

folds depending on the bacterial strains used. 

 

 

 

 

 

 

 

 



Zusammenfassung: 

AUSWIRKUNGEN VON SALZSTRESS AUF DIE MONOTERPEN-

BIOSYNTHESE BEI SAGE (Salvia officinalis L.) UND IHRE ANTIMIKROBIELLE 

AKTIVITÄT. 

In diesem Projekt wird der Einfluss von abiotischem Stress auf die Monoterpenbiosynthese 

beispielhaft unter Verwendung verschiedener NaCl-Konzentrationen von (Salvia 

officinalis L.) als Modellsystem untersucht. Das Hauptziel dieser Studie war es, den 

metabolischen Hintergrund mutmaßlicher stressbedingter Veränderungen in der 

Monoterpen-Biosynthese aufzuklären. Bevor dieses Ziel erreicht werden konnte, mussten 

jedoch fundierte Analysen zur Art der Terpenoide in S. officinalis durchgeführt werden. In 

dieser Arbeit wurde der Gehalt an Monoterpenen in den Blättern von S. officinalis-Pflanzen 

analysiert, die Salzstress ausgesetzt waren. Es stellte sich heraus, dass Salzstress zu einer 

Erhöhung der Monoterpenkonzentration im Vergleich zu Kontrollen führt. Dieser Anstieg 

könnte auf eine passiv erhöhte Geschwindigkeit der Monoterpenbiosynthese 

zurückzuführen sein, die durch eine stark erhöhte Konzentration von NADPH + H + in 

gestressten Pflanzen oder durch eine aktive Hochregulierung des Gens, das die 

Schlüsselenzyme in der Terpenoidbiosynthese codiert, verursacht wird. Wie in der 

Literatur postuliert, ist der stressbedingte überreduzierte Status - zumindest teilweise - für 

den erhöhten Monoterpengehalt in den gestressten S. officinalis-Pflanzen verantwortlich. 

Aufgrund der entsprechenden Daten schien jedoch auch eine stressbedingte Erhöhung der 

Biosynthesekapazität eher wahrscheinlich zu sein. Die Produktqualität von Heilpflanzen 

wird durch die Qualität und Quantität der jeweiligen Naturstoffe bestimmt. Vorsätzliche 

Modifikationen erfordern ein umfassendes Wissen über die Biosynthesewege und ihre 

Vorschriften. In diesem Zusammenhang sind die komplexen Wechselwirkungen zwischen 

Stress und Sekundärstoffwechsel von besonderem Interesse. Ziel dieser Studie war es, 

beispielhaft den Einfluss von Salzstress auf die Biosynthese und Akkumulation von 

Monoterpenen in Salbei (Salvia officinalis) zu untersuchen. Hierzu wurde die 

Anwendbarkeit der Genexpression von Monoterpensynthasen untersucht. Die cDNA-

Sequenz zeigt eine Gesamtlänge von 1000 bp mit einem mutmaßlichen offenen 

Leserahmen von 735 bp (Zugangsnummer: AEB77936.1). Salzstress beeinflusst auch die 



Expression von Monoterpensynthasen; z.B. Die Mengen an mRNA für 

Bornyldiphosphatsynthase und Cineolsynthase sind bereits 2 Wochen nach Exposition 

gegenüber NaCl stark erhöht und erreichen nach 4 Wochen ein Maximum. Offensichtlich 

wird die Monoterpen-Biosynthese - abgesehen von der "passiven" Verstärkung aufgrund 

der salzbedingten überreduzierten Zustände - auch "aktiv" durch Verbesserung der 

Biosynthesekapazität erhöht. Dies weist darauf hin, dass Monoterpene - neben ihren 

ökologischen Funktionen - auch für die Beseitigung der massiven Überversorgung mit 

Energie relevant sind, die in Blättern unter Salzstress erzeugt wird. Die vorliegende Studie 

soll dazu beitragen, die komplexen Wechselwirkungen zwischen Salzstress und 

Sekundärmetabolitenakkumulation unter Verwendung von S. officinalis als Modellpflanze 

aufzuklären. Insbesondere sollte der Einfluss von Salzstress auf den Monoterpengehalt in 

S. officinalis-Pflanzen analysiert werden. Zur weiteren Klärung wurden die Studien auch 

auf In-vitro-Pflanzen aus aseptischen Gewebekulturen ausgedehnt. Dementsprechend 

mussten zunächst entsprechende Kalluskulturen sowie ein spezifisches Protokoll für die 

Regeneration von S. offiinalis-In-vitro-Pflanzen mittels somatischer Embryogenese erstellt 

werden. Für das umfassende Verständnis der Auswirkungen von Salzstress auf den 

Metabolismus von Naturstoffen, insbesondere für die Unterscheidung, ob der Anstieg des 

Sekundärmetabolitengehalts auf eine passive Veränderung zurückzuführen ist oder durch 

eine aktive Hochregulierung der Biosyntheseenzyme verursacht wird, zusätzlich zu Die 

stressbedingten Veränderungen des Monoterpengehalts sowie die damit verbundenen 

Veränderungen der Genexpression der entsprechenden Schlüsselenzyme, dh der 

Cineolsynthase, der Bornylsynthase und der Sabinen-Synthase, wurden unter Verwendung 

von 18s und Actin als Housekeeping-Gene geschätzt. Zusätzlich wurden mutmaßliche 

stressinduzierte Veränderungen der antibakteriellen Aktivität von Blattextrakten aus S. 

officinalis überwacht, NaCl-behandelte S. officinalis-Extrakte gegen fünf grampositive 

Bakterien getestet; S. aureus, S. auricularis, S. microti, B. megaterium und B. cereus sowie 

fünf gram-negative Bakterien; E. cloacae, E. coli, P. mirabilis, P. aeruginosa und K. 

pneumoniae. Die antimikrobielle Aktivität wurde durch Messen des Durchmessers der 

Hemmzonen (DIZ) und des Prozentsatzes der Hemmung bestimmt. Der 

Wechselwirkungseffekt von Mikroorganismen, Blattalter und Salzkonzentrationen war 

signifikant (P ≤ 0,05). Blattalterungsextrakte zeigten eine unterschiedliche antimikrobielle 



Aktivität gegen die getesteten Pathogene und die DIZ war direkt proportional zum Anstieg 

der Pflanzenextraktkonzentration, der ein Plateau erreichte. In Bezug auf gramnegative 

Bakterien waren alle getesteten Pflanzenextrakte gegen getestete Bakterien mit variablen 

Hemmwirkungen wirksam. Die besten Hemmwirkungen waren bei Behandlungen mit 300 

mM Salzkonzentration zu verzeichnen, mit Ausnahme von B. cereus, der bei Behandlung 

mit 500 mM Salzkonzentration beobachtet wurde. Im Vergleich zu gram-positiven 

Bakterien war die höchste Hemmwirkung auf P. mirabilis (66,67%, 15 mm-DIZ) bei einer 

Behandlung mit 300 mM Salzkonzentration, gefolgt von E. cloacae (60,0%, 16 mm-DIZ) 

und P. aeruginosa ( 60%, 16 mm-DIZ) bei 400 mM NaCl-Konzentration; Der geringste 

Effekt war bei 200 mM NaCl-Behandlung auf K. pneumoniae (15%, 23 mm-DIZ). 

Basierend auf dem erhaltenen Ergebnis scheint es, dass die Wirkung von Salvia-

Blattextrakten sowohl gram-positive als auch gramnegative Bakterien inhibierte, und es 

scheint, dass diese Wirkung speziesabhängig war. Diese Beobachtung stimmt eindeutig 

mit der Salzkonzentrationsbehandlung 300 mM überein, mit Ausnahme von B. cereus (500 

mM), E. cloacae und P. aeruginosa (400 mM) und K. pneumoniae (200 mM). 
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1. Introduction 

Numerous plant species are sources of valuable secondary metabolites, which were 

successfully used in pharmaceutical and agrochemical practice. Evidently, the 

relevant compounds and the chemical constituents of the different medicinal plants 

vary massively. Moreover, also with respect of one particularly medicinal plant, there 

might occur tremendous variations in the chemical composition, caused by various 

environmental factors (e.g. Al-Gabbiesh et al., 2014; Kleinwächter and Selmar 

(2016); Selmar and Kleinwächter, 2013). Consequently, any variation in the 

cultivation of the plants resulted in changes of the composition of these secondary 

metabolites. In fact, it has been suggested that deliberate modifications of 

environmental factors might be employed to studiously vary the composition and 

quantity secondary metabolites (Selmar, 2008). According to Selmar and 

Kleinwächter (2013) this phenomenon is based on stress dependent changes in the 

plants´ physiological status and metabolism. The detailed coherences are outlined in 

chapter 2.3. 

About 80% of the world’s population depends on traditional medicine to treat various 

diseases (Shinwari and Qaisar, 2011). Accordingly, medicinal plants represent a rich 

resource of antimicrobial agents, and are considered as source of many effective and 

powerful drugs that used medicinally in different countries (Srivastava et al., 1996). 

Consequently, natural products obtained from traditional medicinal plants such as 

Salvia officinalis represent a promising opportunity for the discovery of novel 

therapeutic agents. Currently, many natural products are used in clinical trials to 

search for novel pharmaceutical active compounds (Dev, 2010; Newman and Cragg, 

2007; Qi et al., 2010). Moreover, many investigations reported that the majority of the 

world’s population in developing countries relies on herbal medicine (eg. Al-Ghzawi 

et al., 2012; Shinwari and Qaisar, 2011; WHO, 1999). Today, medicinal plants are 

considered as a valuable source for new drugs especially for those revealing high 

antimicrobial activities (Srivastava et al., 1996; Shakya, 2016).  

In general, crude extracts from medicinal plants were isolated from various plant parts 

including flowers, roots, twigs, fruits, stems, depending on the site of synthesis and 

accumulation of the relevant natural products (Ming-Chih Shih et al., 2011; Atanasov 

et al., 2015; Fyhrquist, 2007). This, especially with respect to plant volatile organic 

compounds, varies depending on plant species and family. Various plants accumulate 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Shih%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=22016645
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their volatile organic compounds (VOCs) in specialized glandular trichomes 

(Gershenzon et al., 2000), which release the components in response to tissue 

damage, and thereby deterring herbivores or inhibiting microbial growth 

(Langenheim, 1994). Glandular trichomes secreting VOCs are present in Lamiaceae, 

Asteraceae, Geraniaceae, Solanaceae and Cannabinaceae.  

Other secreting structures producing constitutive VOCs are less visible, because they 

are hidden in deeper tissues of the various plant organs. In this context, the different 

secreting ducts which correspond to intercellular spaces surrounded by epithelia are of 

special interest (Fahn, 1988). Resin ducts are typical of evergreens such as the 

Pinaceae, but are also present in several other plant families such as the Myrtaceae, 

Asteraceae, Umbelliferae and Leguminosae. These tissues generate by the progressive 

separation of cells (schizogeny) with the creation of a large intercellular space inside 

which secretion accumulates (Fahn, 1988). Secretory cavities are typical of families 

such as Rutaceae, Clusiaceae, Myrtaceae and some others. 

Other tissues able to produce lipophilic substances are represented by secretory cells 

that accumulate the secreted products inside their vacuoles. This is the case of VOCs 

produced by the odorous roots of the grass Vetiveria zizanioides Nash (vetiver). 

Vetiver VOCs are produced in secretory cells localized in the first cortical layer 

outside the endodermis of mature vetiver roots (Viano et al., 1991a, b; Maffei, 2002). 

In contrast, in sage, the essential oil is synthesized by highly specialized secretary 

cells located inside glandular trichomes and mainly stored in the aerial parts of the 

plant (Gershenzon et al., 1989; Turner et al., 1999; Giuliani et al., 2011).   

For medicinal uses, the corresponding extracts of such aromatic medicinal plants were 

either processed in smaller amounts by the folk healers and local groups for local use 

or prepared in herbal industries (Uniyal et al., 2006). Plant-derived antimicrobial 

ingredients were used as an alternative remedy to treat several infectious diseases 

(Jagtap et al., 2012) with minimal side effects compared to artificial antimicrobial 

drugs (Prabuseenivasan et al., 2006). 

1.1. Mediterranean Area Is The Center of Origin For Many Medicinal Plants. 

Apart from the tropical rain forests, the Mediterranean region is one of the greatest 

plant diversity areas in the world. Accordingly, it should be maintained as a 

conservation sanctuary. In this area about 25,000 plant species are indigenous, 
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represented nearly 10% of the world’s higher plant species. Many of the species found 

in Mediterranean region are considered as endemic. The actual wealth of these plants 

for medicinal uses in the Mediterranean basin is underlined by the fact that the current 

pharmacopeia of Western countries has its origin in the works of classical authors, 

such as Theophrastus or Dioscorides. Yet, in contrast to the strong efforts in the 

research related to the Traditionel Chinese Medicine (Gonzalez-Tejero et al., 2008), 

many local remedies used throughout the Middle East region have never been 

properly explored, researched, evaluated or exploited. 

1.2. Jordan As An Example For Rich Country with Medicinal Herbs.  

Jordan is a point of contact of the three continents Asia, Africa and Europe. This 

unique location was the bases for its high diversity in climate, geology and 

topography. In consequence, in Jordan, four different biogeographic zones could be 

recognized, i.e., the Mediterranean, the Irano-Turanian, the Saharo-Arabian and the 

Sudanian. Within these diverse zones, there are a total of 13 different vegetation types 

- each with many different floral and faunal elements (Aburjai, 2007; Al-Esawi, 

1996). Due to these coherences Jordan - although it is relatively a small country - is 

characterized by great variation in wild plants and about 2500 plant species are 

described, about 100 of them are listed as endemic. Many of the numerous floral 

species occurring in Jordan are used as foodplants, as herbs and spices or for 

medicinal purposes. Overall, 485 species, belonging to nearly one hundred different 

families, are categorized as medicinal plants (Oran and Al-Esawi, 1998). One of the 

most important genera is represented by sage (Salvia). Various sage species are 

widely distributed all over the country (Petrovska, 2012).  

Like other countries in the region, Jordan is composed of two different societies: rural 

and urban. Both of them depended on the rich traditional heritage. Folk medicine is 

widely practiced by the inhabitants of the remote areas or the nomads, who generally 

inhabit the desert and areas of the steppe and uplands. The reliance on herbal 

medicine and the uncontrolled collection of medicinal plants might cause the 

disappearance of these medicinal herbs growing in the area and will add more plants 

to the list of the endangered plant species (Afifi and Abu-Irmaileh, 2000). 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Petrovska%20BB%5BAuthor%5D&cauthor=true&cauthor_uid=22654398
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1.3. Secondary Metabolites in S. officinalis: Uses, Constituents and Stress Effect. 

As already mentioned, Salvia is one of the most important genera of medicinal plants 

and the most prominent species is S. officinalis. Sage is known to be a valuable agent 

in the treatment of various human ailments. Health problems that can be treated with 

S. officinalis include fevers and nervous excitement, frequently accompanying 

nervous system diseases. It is frequently used as a stimulant tonic in impaired stomach 

and nervous system as well as weakness of digestion. Moreover, it is also an effective 

agent for lowering blood sugar level and in relaxation (Avato et al., 2005; Hamidpour 

et al., 2013). The application of sage has a long tradition: it has been used for a long 

time as food spice and folk medicine as medication against perspiration, chronic 

bronchitis, rheumatism, sexual debility, and in the treatment of fever, as well as 

mental and nervous diseases (Delamare et al., 2007). Sage derived drugs and tinctures 

are described in numerous officially pharmacopoeias. Apart from its pharmaceutical 

relevance, corresponding extracts and partially purified secondary metabolites are 

frequently used in the industry to produce perfumes, gums, resins, cosmetics, dyes, 

food additives, and natural pesticides (Raskin et al., 2002; Vanisree, 2004; Wink, 

2010; Hamidpour et al., 2013). As sage extracts reveal a strong antimicrobial activity 

against a wide range of microorganisms, many researchers and companies conducted 

deep investigations aimed to find novel substances produced by sage plant (Al-

Gabbiesh et al., 2015). Moreover, many attempts had been made to increase the 

quality and effectivity of sage derived commodities. In this context, the present study 

focused on studying the effect of salt stress on the amount of secondary metabolites 

produced by S. offficinalis.  

1.4. Impact of Stress on Secondary Metabolite. 

It is well established that spices derived from plants grown under Mediterranean or 

semi-arid conditions have stronger taste and more aroma compared to those obtained 

from same plants, but grown in a moderate climate, i.e. in Central Europe. Analogous 

quality differences could be observed with respect to medicinal plants i.e., sage plant. 

Apparently, the different growth conditions have a significant influence on the 

synthesis and accumulation of secondary plant products (e.g., Selmar and 

Kleinwächter, 2013). In this context, there are various clues how stress reactions, 

particularly corresponding responses to salt and drought stress might be responsible 

for the increase or decrease in the content of relevant natural products. However, 
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despite this understandable conjuncture, corresponding research with respect to the 

scientific background is rare or even still lacking (e.g., Selmar et al., 2018). This 

thesis focuses on salt stress, outlines the numerous effects related to this stress, 

presents various aspects of the biochemical and plant physiological background of this 

phenomenon, and tries to display a solid explanation for it. 

 

1.5. Salt and Drought Stress - General Aspects. 

In general, the atmospheric CO2-concentration is limiting photosynthesis. 

Accordingly, the delivery of reductions equivalents (NADPH + H+) by photosynthetic 

electron chain is quite higher than their consumption by CO2-fixation via Calvin cycle 

(eg., Selmar and Kleinwächter, 2103 – PCP). Thus, maximum photosynthetic rate 

requires maximal CO2 influx by opening the stomata. Nevertheless, enhanced 

evaporation rates, would result in a loss of water, which - at least in all water limiting 

habitats - would lead to desiccation processes. Consequently, plants react with partial 

stomata closure. However, this compromise, i.e., the maximization of photosynthesis 

(maximal influx of CO2) and minimization of water loss, results - even under ambient 

CO2-conditions - in a high imbalance of production and consumption of NADPH + H+. 

In consequence, a high over-reducing status is generated, which might be the source 

of the generation of various oxygen radicals that are formed via pseudo-cyclic 

electron transport, known as Mehler reaction (e.g. Hideg et al., 1995; Chen et al., 

2004). Yet, at ambient, standard conditions, general protective mechanisms i.e. 

photorespiration (Smirnoff, 1993; Wingler et al., 2000) and the xanthophyll cycle 

(Lin et al., 2002; Latowski et al., 2004) are able to re-oxidize the NADPH + H+ which 

is overproduced by the electron transport chain and thus suppressing the generation 

oxygen radicals. However, when plants suffer drought stress, the stomata are closed, 

and in consequence, the over reduced status is strongly enhanced. Under these 

conditions – although upregulated – the protective mechanisms cannot prevent the 

transfer of electrons to oxygen and high amounts of superoxide radicals are produced. 

These toxic reactive oxygen species are detoxified in the chloroplasts by a stress 

induced increase of superoxide dismutase and the ascorbate peroxidase (Das and 

Roychoudhury, 2014; Thorpe et al., 2013).  

When plants are growing on soils exhibiting negative water potential, e.g. caused by 

high salinity, they are also severely affected by the corresponding high osmotic 

pressure. In addition to the water limiting effects of drought stress on photosynthesis, 
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the cells have also to deal with the high osmotic pressure. Apart from soils with 

original or genuine salinity, many soils in arid regions of the world are over salted due 

to excessive irrigation for their agricultural use. Current estimates indicate that 10 – 

35 % of the world’s agricultural land is already affected and each year large additional 

areas are getting unusable (Yokoi et al., 2002; Parida and Das, 2005). As pointed out 

for the drought stress response, also the plants suffering from salt stress have to cope 

with the production of toxic oxygen species and the radical scavenging. Accordingly, 

the detoxification reactions mentioned above are induced, too. Moreover, the plants 

have to adjust the osmotic potential, which generally is achieved by accumulation of 

compatible osmolytes and osmoprotectants (Hasegawa et al., 2000; Bohnert et al., 

1995). 

 

1.6. Production of Secondary Plant Products under Stress Conditions. 

When the metabolic background for the well-known stress induced increase in the 

concentrations of various secondary plant products shall be investigated, 

corresponding comparative analyses have to cope with the fact that mostly more than 

one environmental factor is different in corresponding traits, e.g. increase in light 

intensity mostly is entailed with elevated temperatures or a lower water availability, 

and drought conditions often are correlated with higher salt concentrations in the soil. 

Many experiments showed that plants which are exposed to drought stress definitely 

produce higher amounts of secondary metabolites. This accounts for phenols and 

terpenes as well as for nitrogen containing substances, such as alkaloids, cyanogenic 

glucosides, or glucosinolates respectively (Selmar, 2008; Kleinwächter and Selmar, 

2014). In the same manner, salt stresses also could enhance the concentration of 

secondary plant products. When evaluating the stress related impact on secondary 

metabolism, it has to be taken into consideration that especially drought stress also 

reduces the growth of most plants. Consequently, it could not be excluded that the 

observed increase in the concentration of a certain secondary plant products in 

comparison to non-stressed plants just result from the fact that the total amount of 

secondary metabolites per plant is more or less the same in both traits, whereas the 

biomass is significantly lower in the stressed plants. Accordingly, a consequent 

differentiation between the “content”, i.e., the overall amount per plant, and the 

“concentration”, i.e., quantity per gram biomass, is required when evaluating the 

impact of a stressor on the biosynthesis of secondary plant products (Paulsen and 
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Selmar, 2016). These coherences also apply for plants exposed to salt stress. Indeed, 

the concentration of active compounds is reported to be higher in the stressed plants 

than in the controls, cultivated under standard conditions (Isah, 2019). However, as 

the plants cultivated under salt stress frequently reveal a significant smaller biomass 

than the control plants, in most cases, it is not decidable, whether the higher 

concentrations detected for the stressed plants indeed result from a higher overall 

amount of metabolites or might be due to a putative increase in concentration that 

could be ascribed to the reduced biomass (Paulsen and Selmar, 2016). The latter effect 

obviously was monitored by Brachet and Cosson (1986) who determined a strong 

increase in the concentration of tropane alkaloids in salt stressed plants. When 

calculated on the total biomass of the corresponding plants, the reputed increase is 

compensated fully by the decrease of entire biomass. However, in many other cases 

the biosynthesis of secondary metabolites really is increased. As outlined above, this 

enhancement might be due to the stress related high oversupply of reduction 

equivalents, which shifts the all biosynthetic reactions to the generation of highly 

reduced substances (Kleinwachter and Selmar, 2014; Selmar and Kleinwachter, 

2013a, b). However, just recently, a further option was reported. In addition to the 

passive shift in biosynthesis of secondary metabolites also the rate of biosynthesis 

could be enhanced by an active up-regulation of the key enzymes (Yahyazadeh et al., 

2018; Selmar et al., 2017). Accordingly, in forthcoming sound investigations on the 

impact of salt stress on the biosynthesis of secondary metabolites, these two options 

have to be considered. 

1.7. Aims and Objectives of This Study 

The present study is aimed to contribute to the elucidation of the complex interactions 

between salt stress and secondary metabolite accumulation by using S. officinalis as a 

model plant. In particular, the impact of salt stress on the monoterpene contents in S. 

officinalis plants should be analyzed. For further clarification, the studies were 

extended to include also in vitro plants, derived from aseptic tissue cultures. 

Accordingly, first, corresponding callus cultures had to be established as well as a 

specific protocol for the regeneration of S. offiinalis in vitro plants via somatic 

embryogenesis. For the ample understanding of the impact of salt stress on the 

metabolism of natural products, especially for the differentiation whether the 

increases in secondary metabolite contents is due to a passive change or caused by an 
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active up-regulation of the biosynthetic enzymes, in addition to the stress related 

changes in monoterpene content, also the related alterations in the gene expression of 

the corresponding key enzymes, i.e., the cineole synthase, the bornyl synthase and the 

sabinene synthase was estimated using 18s and actin as housekeeping genes. In 

addition, putative stress induced changes in the antibacterial activity of leaf extracts 

from S. officinalis were monitored. 

2.  Scientific Background 

To outline the scientific background being the basis for this thesis, a comprehensive 

overview of the relevant literature is presented, which is organized into three chapters. 

Initially, the role of Salvia officinalis in pharmacy and ethnopharmacology is outlined. 

The second part deals with the biosynthesis of monoterpenes in medicinal plants in 

general, and in the last part, basic information on the Impact of salt stress on the 

biosynthesis of plant secondary metabolites are presented. 

2.1. Salvia officinalis In Pharmacy and Ethnopharmacology: 

2.1.1. Sage (Salvia officinalis L.) and Its Pharmacological Activity. 

Salvia officinalis is a member of the Lamiaceae family. It is widely distributed in 

many regions of the world, such as Europe, the Mediterranean areas, South Africa, 

Central and South America, and Southeast Asia. Sage is a perennial, evergreen shrub, 

which generally achieves a high of about 30-150 cm. It exhibits attractive flowers in 

various colors (Figure 1). The finely toothed leaves are arranged oppositely, revealing 

a rough and glandular surface. Upper leaves frequently are characterized by petioles. 
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Figure 1: Salvia officinalis, a perennial woody sub-shrub. The leaves are silvery 

white, heart-shaped, lumpy, and hairy. The flowers are dark blue–purple. 

 

Sage was mentioned as a medicinal plant already in the ancient writings of 

Hippocrates, Paracelsus, Hildegard von Bingen, and Lonicerus, Bock and Matthiolus 

(Madaus, 1938). The dried leaves of sage were used as raw material in folk medicine, 

perfumery, and as spice food-industry (Bruneton, 1999; Agha et al., 2010). Salvia 

officinalis is a flowering plant exhibiting joined petals placing it in the Toby Floral 

order. The flowers are violet-blue, up to 3 cm long, with bilabiate corollas, clustered 

in terminal spikes, in groups of 7-10, intensely aromatic, with abundant nectar. 

Blooming takes place from early summer to autumn. S. officinalis usually grows on 

dry hillsides, on clayish soils, in sunny places, up to 750 m above the sea level. 

Historically, Salvia species have been used since ancient times to treat more than sixty 

different ailments such as aches, epilepsy, colds, bronchitis, tuberculosis, hemorrhage, 

gingivitis, and menstrual disorders. Terpenoids and flavonoids are the most prominent 

secondary metabolites constituents of Salvia species. The areal parts (Flowers and 

leaves) contain most of the triterpenoids, monoterpenes, flavonoids and diterpenoids, 

while diterpenoids are found mostly in the roots (Topcu, 2006; Kamatou et al., 2008). 

 

2.1.2. Antimicrobial Effects of S. officinalis. 

Based on their pharmacological activity, various plant phytochemicals are used as 

natural antimicrobial agents, often denoted as ‘biocides’ (Gupta, 1994; Vaidya and 

Antarkar, 1994; Rawat et al., 1997; Smid and Gorris, 1999; Shobha et al., 2014; 

Borges et al., 2016). Like sage, many other aromatic plants, which produce natural 
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products revealing an antimicrobial activity, belong to the Lamiaceae family, i.e., 

peppermint (Mentha piperita), thyme (Thymus vulgaris), oregano (Origanum 

vulgare), rosemary (Rosmarinus officinalis), or sage (Salvia officinalis). Lots of 

information on the composition of their essential oils, the related biological properties, 

or their antioxidant activities are available (Tiziana Baratta et al., 2011; Radwan, 

2014; Fournomiti et al., 2015; Neda Mimica-Dukić et al., 2016) and many papers on 

the putative applications of essential oils in pharmacy, for cosmetic purposes and as 

additives in the food industry have been published (e.g. Pierozan et al., 2009; 

Marianne, 2011).The antioxidant properties of sage are mostly due to the presence of 

phenolic compounds, such as phenolic acids, flavonoids, phenolic diterpenes and 

tannins (Lee et al., 2004). Apart from the classical functions of natural compounds 

within the interaction of plants with their environment, e.g. to protect the plants 

against pathogens or herbivores and to attrack pollinators, phenolic compounds are 

also discussed to have an important contribution in the detoxification of free radical’s, 

and neutralization, of singlet oxygen quenching, and the decomposition peroxides 

(Ksouri et al., 2007). On the other hand, these phenolic compounds reveal many 

pharmacological properties, such as anti-microbial, anti-inflammatory, anti-allergenic, 

anti-thrombotic, anti-atherogenic, cardio protective and vasodilator effects 

(Balasundram et al., 2006). Nevertheless, with respect to sage, most of its 

antimicrobial activity of is related to its terpenoids (Pier-Giorgio Pietta, 2000; Bakkali 

et al., 2008; Mamta Saxena et al., 2013; Farina Mujeeb et al., 2014; Gulay Ozkan et 

al., 2015). In general, plant volatiles are hydrophobic, and thus, the cell membrane is 

the primary target of their antimicrobial action. They are incorporated into the cell 

membrane of a target cell, such as Gram-positive bacteria, cause leakage of 

metabolites and ions (Inoue et al., 2004). In contrast to the susceptibility of gram-

positive bacteria, gram-negative bacteria frequently are much more resistant due to 

their outer membrane surrounded by the cell wall (Kudi et al., 1999; Marino et al. 

2001; Palombo and Semple, 2001).  

The composition of essential oils (EOs) and the related antimicrobial activity 

components had been studied since many years. Frequently, EOs constituted of a very 

complex mixture of volatile molecules produced by the plant´s secondary metabolism. 

EOs can be obtained easily by water stream distillation of corresponding plant parts. 

The complex and unique mixture of terpenoids determines the characteristic flavour 

http://pubs.acs.org/author/Mimica-Duki%C4%87%2C+Neda
http://pubs.acs.org/author/Pietta%2C+Pier-Giorgio
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mujeeb%20F%5BAuthor%5D&cauthor=true&cauthor_uid=24900969
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and fragrance properties of each EOs (Stefanakis et al., 2013). EOs played an 

important role in food safety as an antibacterial, antivirals, antifungals, and 

antioxidants (Pandey et al., 2014). Nowadays, EOs are recognized as relatively safe 

substances by the Food and Drug Administration (FDA) (Tian et al., 2014; Hossain et 

al., 2014; Jallali et al., 2014). Chemical characterization and assessment of 

antimicrobial activity of EOs of S. officinalis are documented in many studies, 

attributing it mainly to the presence of the three major compounds: 1,8-cineole (about 

10%) thujone (about 25%), camphor (about 15%), as well as the two minor 

constituents: borneol and p-cymene (Jassen et al., 1987; Serafini et al., 2002; Tepe et 

al., 2004; Abd-Almageed and Hussein, 2008; Alkan et al., 2012). 1,8-cineol reveals a 

high antimicrobial effect against Candida albicans (Viljoen et al., 2003; Jirovetz et 

al., 2005) and Bacillus subtilis, whereas it has no effect of on other gram-positive 

bacteria (Nakatsu et al., 2000). Yet, there are some conflicting reports regarding the 

range of micro-organisms susceptibility to sage extract (Kognou et al., 2011). Many 

studies on antimicrobial activity of sage reported that sage EOs was found to have a 

weak activity against Escherichia coli, Staphylococcus aureus, Bacillus subtilis and 

Pseudomonas aeruginosa (Bosnić et al., 2006; Thompson et al., 2013) and Singh 

(2013) reported that sage EOs reveal an antibacterial impact against Staph. aureus and 

B. subtilis, with MIC ranging between 1.25 and 2.5 µl/ ml for Staph. aureus; 0.15 and 

2.5 µl ml for B. subtilis. In contrast, Mitic-Culafic and coworkers (2005) reported that 

sage EOs was ineffective against E. coli and Salmonella enterica ssp. enterica serovar 

Typhimurium even when 30 micro L of oil was put in each disc. However, Bernotien 

et al., (2007) and (Singh, 2013) reported that the majority of the bacteria including 

Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae, Staphyllococcus 

aureus, Staphyllococcus epidermidis, Enterococcus faecalis and Salmonella bruneii 

were efficiently inhibited by sage EOs to give good zone around discs containing 

20 µl of the oil. 

Sage extracts are also recommended for formulating cosmetic products for skin as 

lotion and tanning, hair darken and strengthen and protection against oxidative 

processes (Dweck, 2000; Bruneton, 2001; Alonso, 2004). The related antioxidant 

activity was found to be higher in sage extracts that contain apigenin glycosides 

compared to those, in which these glycosides are missing (Lu and Foo, 2001). For 

example, the external application of thujones (extracted from sage) have antihidrotic 
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activity, since they block the nerve terminals in sweat glands and act on the 

thermoregulatory center of the hair bulb, all of which makes these compounds 

potentially useful to treat bromhidrosis. Alonso (2004) studied the effect of sage 

extracts on 80 patients suffering from idiopathic bromhidrosis and reported a 50% 

reduction in secretion after 4-weeks treatment. Moreover, 20 out of 30 menopausal 

women treated with a mixture of sage and Medicago sativa reduced flushes and 

nocturnal sweat (Alonso, 2004). This activity was attributed to a central anti-

dopaminergic action (Alonso, 2004). 

The structures of cell walls in gram-positive and gram-negative bacteria differs by the 

absence of peptidoglycan layer in the later, which form approximately 90%–95% of 

the cell wall of gram-positive bacteria (Nazzaro et al., 2013; Figure 2). Therefore, 

gram-negative bacteria are more resistant to secondary metabolites as they target 

peptidoglycan layer in gram-positive (Trombetta et al., 2005). 

 

 

 

Figure 2: Schematic of the envelopes of gram-positive (on the right) and gram-

negative bacteria (on the left) (Nazzaro et al., 2013), and the differences in the 

structure between gram-positive and negative bacteria. 
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2.1.3. Mechanisms of Action of Essential Oils and/or Their Components Against 

Microbes: 

The mechanism of action of EOs depends on their chemical composition. Their 

antimicrobial activity is not attributed to a unique mechanism but is instead a cascade 

of reactions are involved in the bacterial cell (Burt, 2004). These properties are 

referred to as the “essential oils versatility”. In general, EOs act by inhibiting the 

growth of bacterial cells and also inhibit the production of toxic bacterial metabolites. 

Most EOs have a more powerful effect on gram-positive bacteria than gram-negative 

species, and this effect is most likely due to differences in the composition of cell 

membranes (Figure 3). 
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Figure 3: Antimicrobial mechanisms and target sites of the essential oils on microbial 

cells according to Chorianopoulos et al., (2008); Gutierrez et al., (2008) and Marino 

et al., (2001); Nazzaro et al., (2013). 
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Diverse mechanisms have been described to explain the activity of an EO on bacterial 

cells. The activity of an EO can affect both the cell wall and the cytoplasm of the 

bacterial cell. The hydrophobicity of EOs is responsible for the disruption of bacterial 

structures which leads to increased permeability, due to an inability to separate the 

EOs from the bacterial cell membrane. The permeability barrier provided by cell 

membranes is indispensable to many cellular functions, including maintaining the 

energy status of the cell, membrane-coupled energy-transducing processes, solute 

transport and metabolic regulation. The cell membrane is also essential for controlling 

the turgor pressure (Poolman et al., 1987; Trumpower and Gennis, 1994). Toxic 

effects on membrane structure and function are generally used to explain the 

antimicrobial activity of EOs (Andrews et al., 1980; Uribe et al., 1985; Knobloch et 

al., 1988). In fact, the mechanisms of action of the EOs also include the degradation 

of the bacterial cell wall (Helander et al., 1998; Gill and Holley, 2006), cytoplasm 

coagulation (Ultee et al., 2002; Ultee et al., 2000; Gustafson et al., 1998), damaging 

the membrane proteins, increased permeability leading to leakage of the cell contents 

(Lambert et al., 2001; Juven et al., 1994). Also EOs have been reported to reduce the 

proton motive force (Ultee and Smid, 2001), and thereby reducing the intracellular 

ATP pool via decreased ATP synthesis (Burt, 2004). Helander et al., (1998) described 

the effects of different EO components on the cell membrane permeability. Tea tree 

oil induced damage to the cell membrane structures that was accompanied by 

decreased viability for all tested microorganisms included in their study, and the 

membrane damage was confirmed as the most likely cause of cell death. Thus, the 

hydrophobic nature of EOs allows them to penetrate microbial cells and cause 

alterations in their structure and function. This could explain why EOs are generally 

most effective, with some exceptions (Kim et al., 1995), against gram-positive 

microorganisms. The cell wall of some Gram-negative bacteria limits or prevents the 

penetration of EOs into the microbial cell. The compounds present in the EOs are also 

capable of interfering with proteins in the wall that are often involved in the transport 

of essential molecules into the cell. Other authors have proposed that the components 

of the EO act in different manners to result in the loss of microbial viability. The 

effects of EOs usually lead to the destabilization of the phospholipid bilayer, the 

destruction of the plasma membrane function and composition, the loss of vital 

intracellular components and the inactivation of some enzymes. In some cases, 

essential oils also alter membrane permeability by destroying the electron transport 
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system (Tassou et al., 2000). Inhibiting electron transport necessary for energy 

production and disrupting the proton motive force, protein translocation and synthesis 

of cellular components are all physiological changes that can result in cell lysis and 

death (Ben Arfa et al., 2006; Turina et al., 2006). When antimicrobial compounds are 

present in the environment surrounding microorganisms, the bacteria may react by 

altering the synthesis of fatty acids and membrane proteins to modify the fluidity of 

the membrane (Mrozik et al., 2004). Some EOs, particularly oils, phenols are able to 

integrate into the phospholipids bilayer of bacterial cell membranes, where they bind 

to proteins and prevent them from performing their normal functions (Juven et al., 

1994). This ability indicates that the membrane is the first target of EOs. The 

alteration of cell membrane permeability and the defects in the transport of molecules 

and ions result in a “disbalance” within the microbial cell, this leads to cytoplasm 

coagulation, denaturation of several enzymes and cellular proteins and the loss of 

metabolites and ions (Burt and Reinders, 2003). In many conditions, such as in the 

presence of sub-lethal concentrations of EOs or other antimicrobial compounds, 

microorganisms react by increasing their expression of the stress-response proteins 

(Burt et al., 2007) to repair the damaged proteins (Lambert et al., 2001). However, 

when the concentration of EOs or other natural antimicrobials is high, this response is 

unable to prevent cell death. This effect is more evident for Gram-positive bacteria. 

The cell wall of Gram-negative bacteria is more resistant to the activity of EOs and 

their components. The gram-negative cell wall is not permeable to hydrophobic 

molecules as Gram-positive bacteria; thus, EOs are less able to affect the cell growth 

of the Gram-negative bacteria (Burt and Reinders, 2003). Because of the wide variety 

of molecules present in natural plant extracts, the antimicrobial activity of the EOs 

cannot be attributed to a single mechanism. Different mechanisms are involved to 

explain the effect of EOs on the structure and biochemistry of bacterial cell (Carson et 

al., 2002). These mechanisms include chemical modifications of the cell membrane, 

cytoplasm, enzymes and proteins. Furthermore, the sustained loss of ions or 

metabolites due to exposure to an EO can compromise the microbial metabolism and 

lead to cell death (Burt, 2004). For example, tea tree oil can cause death to E. coli 

without cell lysis (Gustafson et al., 1998). Figure 3 describes some potential 

mechanisms of action of the EOs and their components and their antimicrobial 

activity. However, each of these actions cannot be considered as a separate event but 

instead may be a consequence of the other activities. 
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2.1.3.1. Effect on The Fatty Acids Profile of The Cell Membrane. 

Phospholipid in cell membrane can be targets for antibacterial agents (Campbell and 

Cronan, 2001; Heath and Rock, 2004). Consequently, the application of EOs would 

target the bacterial cell membrane by affecting the unsaturated fatty acids and their 

structure (Burt and Reinders, 2003). Furthermore, EOs may also affect fatty acid 

biosynthesis, which would include multicomponent membrane desaturase enzyme (Di 

Pasqua et al., 2007). They would also decrease membrane fluidity by increasing 

saturated fatty acids (Bayer et al., 2000). 

 

2.1.3.2. Action on Proteins. 

EOs negatively affect bacterial cell division by targeting specific cellular proteins, e.g. 

Ftsz, a prokaryotic homolog of tubulin (Domadia et al., 2007). Other EOs would 

affect the relative abundance of major bacterial proteins (Kumar and Berwal, 1998). 

These include vital proteins ATP-dependent cycle, stress related chaperones, and 

phosphotransferase system (Baucheron et al., 2005, Di Pasqua et al., 2013), which 

would trigger bacterial envelope stress. Changes in other proteins such as glutamine 

transport proteins would increase bacterial virulence (Klose and Mekalanos, 1997). 

Other proteins, such as the DNA-binding protein H-NS and the 50S ribosomal 

proteins L7/L12 are down regulated by thymol. This increases bacterial DNA stability 

and inhibits the transcription as further mechanism of protection. Thymol may also 

diminished the citrate and acetate pathways. It can influence some of the enzymes 

convoluted catabolism of different carbon and nitrogen sources. Proteins are required 

for bacterial survival and conserved among pathogens. E. coli protein, YidC, a 60-

kDa membrane protein is essential for translocation and insertion. Also acts with the 

Sec-translocase and distinctly to facilitate the insertion of proteins into the cell 

membrane (Scotti et al., 2000). YidC represents an evolutionarily conserved protein 

that is vital for the growth of E. coli (Serek et al., 2004; Samuelson et al., 2000). YidC 

reduction which leads to a decrease in the functional assembly of cytochrome o 

oxidase.  F1Fo ATPase and a strong reduction in the proton motive force in E. coli 

(Van der Laan et al., 2003), because it is a public feature of both Gram-negative and 

Gram-positive bacteria.  YidC is an attractive goal for the development of broad-

spectrum antibacterial agents. Patil et al., (2013) discovered the possibility and 

efficiency of using antisense-mediated gene silencing to specify down-regulate YidC 

in E. coli. It was found that decreasing YidC expression made the microorganism to 
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be more sensitive to the activity of carvacrol and eugenol. Previous results showed 

that the YidC antisense-expressing clone which was sensitized to the membrane 

disintegrating and membrane-bound ATPase-inhibiting antibacterial EOs eugenol and 

carvacrol; it will be essential gene YidC and denote a therapeutic goal of the 

antibacterial EOs eugenol and carvacrol. 

 

2.1.3.3. Effect on ATP and ATPases. 

The generation of ATP in prokaryotes occurs in both cell wall and cytosol by 

glycolysis. A relationship between the intracellular and extracellular ATP 

concentration has been proved, that EOs disrupt the cell membrane alter the 

intracellular and external ATP balance such as ATP is lost through the disturbed 

membrane (Dorman and Deans, 2000; Oussalah et al., 2006; Turgis et al., 2009). The 

use of oregano EO in combination with the irradiation of L. monocytogenes and S. 

aureus caused a more significant reduction of their intracellular ATP levels (Caillet 

and Lacroix, 2006; Abee et al., 1994). Other intracellular events may donate to the 

intracellular ATP decrease; for example, inorganic phosphate may have been lost by 

passing through the compromised permeable membrane (Turgis et al., 2009; Caillet et 

al., 2009; Caillet and Lacroix, 2006; Abee et al., 1994; Shabala et al., 2002), or the 

proton motive force and changes in the balance of some essential ions, such as K+ and 

H+, may have been disturbed (Ultee et al., 1999). The treatment of some pathogens, 

such as E. coli and L. monocytogenes, with eugenol, cinnamaldehyde and carvacrol 

inhibited the generation of adenosine triphosphate from dextrose and disrupted the 

cell membrane. An analysis of the intracellular and extracellular ATP levels of cells 

treated with eugenol, cinnamaldehyde and carvacrol recommended that these 

compounds might inhibit the ATPase activity of bacterial cells. However, although 

similar concentrations of eugenol or carvacrol (5 to 10 mM) may have a bactericidal 

effect on E. coli and L. monocytogenes, there are large differences in response 

between the three organisms to cinnamaldehyde, which has bactericidal activity 

against E. coli and L. monocytogenes, at 10 mM and 30 mM concentrations (Gill and 

Holley, 2004). A promising clarification for the alteration in the behavior of the three 

bacterial species in response to cinnamaldehyde, there may be differences in the 

ability of this small hydrophobic molecule to interact with the outer surface of the 

cells, thus gain access to the cell membrane. Some components of the EOs, such as 

eugenol, carvacrol and cinnamaldehyde, are capable of inhibiting the membrane-
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bound ATPase activity of E. coli and L. monocytogenes. Bacterial membranes have 

multiple enzymes with ATPase activity, including ATP-dependent transport proteins 

and the F1F0 ATPase that is convoluted in ATP generation and cellular pH regulation 

(Sikkema et al., 1995). Gill and Holley (2006) hypothesized that ATPase inhibition 

could represent a secondary factor rather than a major cause of cell death. Yet, they 

also suggested that ATPase inhibition may play a significant role in reducing the 

growth rate at sub-lethal concentrations. Non-specific inhibition of membrane-bound 

or -embedded enzymes can be caused by small hydrophobic molecules as a result of 

changes in the protein conformation. This mechanism may cause the inhibition of 

ATPase activity, as well as the inhibition of other enzymes and altered bacterial 

growth (Helander et al., 1998; Walsh et al., 2003; Wendakoon and Sakaguchi, 1995; 

Abee et al., 1994; Kwon et al., 2003). 

 

2.1.3.4. Effect on The Metabolome. 

Metabolomic studies have some fundamental advantages in that they can provide 

important information about functional genomics, metabolic engineering, strain 

characterization, and cell communication mechanism. Microbial metabolites can 

change in response to environmental conditions (Carneiro et al., 2011; Van der Werf 

et al., 2007). Recently, several powerful standard analytical approaches, including as 

NMR, microarray, GC–MS, LC-MS, have been used to analyze the metabolome of 

bacteria exposed to environmental stress (Rabinowitz, 2007; Mapelli et al., 2008; 

Jozefczuk et al., 2010; Gunasekera et al., 2008; Durfee et al., 2008; Malin and 

Lapidot, 1996). These techniques are increasingly used to explore the metabolic 

effects of natural molecules with bacteriostatic and/or bactericidal activity. Most of 

the molecules that have been studied and/or recognized by these techniques are major 

components of cell extracts and are easily identifiable because their signals in the 

NMR spectra do not overlay with others. Each individual metabolite responds 

differently to varying doses of the EOs or their components. For example, some 

effects might occur at low amounts of carvacrol, others only at higher doses. Picone et 

al., (2013) observed that most of the signals obtained by NMR changed in intensity in 

response to increasing amounts of carvacrol in E. coli. They found that glucose tends 

to accumulate when microbial cells are treated with carvacrol, and the failure of the 

cells to metabolize the glucose leads to a loss of viability. In contrast, organic acids, 

with the exclusion of formate, showed a significant decrease in concentration that was 
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inversely proportional to the dose of carvacrol. Formate increased until a certain dose 

of carvacrol and then drastically decreased to nearly zero; the increase in formate (one 

of the main sugar molecules produced by E. coli during fermentation) may indicate a 

possible metabolic shift toward fermentation. At the highest carvacrol concentration, 

the irreversible loss of cell viability detained the cell metabolism, resulting in the 

subsequent disappearance of formate. The concentration of aromatic amino acids 

remained stable at the lowest level of carvacrol but increased at higher doses. Other 

amino acids, such as alanine, were stable even at the highest amount of the EO. 

Generally, the metabolome analysis showed that the cellular processes affected by 

exposure to carvacrol were variable. When E. coli cells were treated with carvacrol, 

the glycolytic pathway modified the amounts of formate and succinate, two organic 

acids that are normally present in the Krebs cycle, which together with citrate, 

indicates a shift from respiration to fermentation and K+ leakage (Cox et al., 1998). 

The exposure of E. coli BL21 cells to cinnamaldehyde resulted in the production of an 

increased number of metabolites, such as alkanes, indole, alcohol, esters, dimethyl-

disulphide, acids and so on, during the mid-logarithmic growth phase (Hossain et al., 

2013) that could lead to tremendous cell stress, depending on level of exposure to 

cinnamaldehyde and on the cell density. 

 

2.1.3.5. Effects on Cell Morphology. 

As already mentioned, the activity of EOs differs depending on their composition as 

well as the shape of the bacteria studied. Rod shaped bacterial cells have been 

reported to be more sensitive to EOs than coccoid cells. Generally, S. typhimurium 

and E. coli have a normal rod shape with a smooth surface, whereas M. luteus and S. 

aureus have a normal coccoid shape. After 24 hrs of treatment with the EO of mint, 

cellular damage of rod bacteria was observed by Hafedh et al., (2009), whereas the 

damage was less evident in coccoid bacteria. These results are in agreement results of 

Kalchayanad et al., (2004), who showed morphological changes of two pathogens (E. 

coli 0157:H7 and S. typhimurium) when exposed to hydrostatic pressure stress and 

bacteriocins, and with the results of experiments performed by Braga and Ricci (1998) 

on E. coli cells treated with cefodizime. These results ran to the theory that the 

exopolysaccharide on the outer membrane of cells became separate and released or 

that the peptidoglycan and cytoplasmic membrane were disturbed (Slavik et al., 

1995). Sikkema et al. (1995, 1994) showed that as a result of their lipophilic 
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character, cyclic monoterpenes are preferentially reported from an aqueous phase into 

membrane structures. This results in membrane expansion, increased membrane 

fluidity and the inhibition of a membrane-embedded enzyme. Electron microscopy of 

E. coli cells after exposure to tea tree oil revealed a loss of electron-dense cellular 

material and showed coagulation of the cytoplasmic contents (Kalchayanand et al., 

2004); however, these effects were secondary events that happened after cell death 

(Gustafson et al., 1998). Kwon et al. (2003) tested the effect of cinnamaldehyde on 

the morphology of B. cereus and found that without treatment, the bacteria appeared 

as well-separated rods. However, bacterial cells treated with cinnamaldehyde 

appeared as elongated, filamentous structures in which the cells did not appear to be 

separated from one another. The septa were present between the filamentous cells, but 

its formation was incomplete. Cells treated with cinnamaldehyde for 1 hr showed a 

strong inhibition of cell separation and appeared as filamentous cells. The SEM 

analysis of different bacteria treated with eugenol, thymol and carvacrol achieved by 

Di Pasqua et al. (2007) discovered variations in the composition of the fatty acids and 

the morphology of the cells. The morphology of E. coli O157:H7 cells treated with 

eugenol appeared remarkably altered. This suggests that eugenol may be capable of 

disrupting the membrane and allowing the leakage of intracellular constituents, while 

the other compounds may only cause structural alterations of the outer envelope. S. 

typhimurium and Pseudomonas spp. cells treated with cinnamaldehyde and limonene 

presented external modifications, suggesting that these compounds penetrated the cell 

envelope and altered its structure. Indeed, the S. typhimurium cell membrane was 

altered by carvacrol and thymol, and some of the cells showed swelling after 

treatment with thymol. B. thermosphacta displayed evident alterations after treatment 

with cinnamaldehyde, limonene and eugenol; eugenol often induced swelling and 

occasionally disturbed the external envelope. The considerable fatty acid changes 

detected by GC analysis was ascribed to a possible alteration of the cell membrane 

that was observed by SEM. Studies with liposome model systems confirmed that 

cyclic terpene hydrocarbons accumulated in the membrane, causing a loss of 

membrane integrity and dissipation of the proton motive force. Explanations made by 

electron microscopy showed that treating E. coli O157:H7 with oregano EO, which is 

rich in thymol and carvacrol, resulted in the collapse of cells after the loss of their 

contents (Burt and Reinders, 2003; Sikkema et al., 1995; De Sousa et al., 2012). 

Oussalah et al. (2006) observed morphological damage and a disturbance of the cell 
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membrane after treatment of E. coli O157:H7 and L. monocytogenes with Spanish 

oregano, Chinese cinnamon and savoury oils. In particular, the E. coli cells had holes 

or white spots on the cell wall. Significant morphological changes were found on the 

surface of P. fluorescens after treatment with carvacrol and with cinnamaldehyde or 

with a combination of four different EO vapors containing a high amount of 

cinnamaldehyde. Negative air ions also resulted in the complete leakage of the 

cytoplasmic material within a few hours of exposure (Tyagi and Malik, 2010). Nostro 

et al. (2009) and Sandasi et al. (2008) described the morphological changes of 

staphylococcal and Listeria biofilms after exposure to EOs. The morphological 

changes of some strains after carvacrol contact were comparable to those described 

after treatment with other antimicrobial agents, such as antimicrobial peptides 

(Meincken et al., 2005). The presence of division septa in treated cells may have been 

due to the effect of carvacrol on the proteins involved in cell division. This was 

demonstrated by proteomic approaches in Salmonella cells treated with thymol (Di 

Pasqua et al., 2010). The morphology of the gram-negative cells was much more 

affected by carvacrol than the gram-positive cells due to the presence of an outer 

membrane in the gram-negative bacteria and the fact that biological membranes are 

among the possible targets of carvacrol. However, Gram-negative bacteria are 

generally considered to be more resistant to EOs. The modified structure of the Gram-

negative cell surface could also be interpreted as an adaptive response to stress; in 

fact, nearly all of the gram-negative bacteria examined demonstrated greater increase 

of roughness after carvacrol treatment compared with gram-positive bacteria. 

Treatment with carvacrol may increase the exposure of the outer membrane 

components (e.g., proteins and lipids), causing an increase in roughness. However, in 

Gram-positive bacteria, carvacrol moves through the peptidoglycan layer and then 

acts on the cytoplasmic membrane. The structural changes in the membrane, such as 

fluidity alteration, could lead to a slight modification in the external surface of the 

gram-positive cell wall such that they seem less rough but bumpier than gram-

negative bacteria (Alakomi et al., 2006). 

 
2.1.3.6. Anti-Quorum Sensing Activity. 

Bacteria synchronize both bacterium-bacterium interactions and associations with 

higher organisms through intercellular communication systems known as quorum 

sensing (QS) systems. QS-controlled behaviors occur only when bacteria reach a 
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specific cell density. These behaviors are unproductive if undertaken by a singular 

bacterium but become effective when the action is concurrently performed by a group 

of bacteria. QS can regulate a number of activities, such as virulence factor 

expression, biofilm formation, bioluminescence, sporulation and mating. The 

expression of the QS genes results in the production of chemical signaling molecules 

that are known as autoinducers or bacterial pheromones. These molecules are 

produced as the bacterial population grows until a threshold concentration apparent by 

the bacteria is reached, resulting in the activation or repression of specific genes. The 

accumulation of a stimulatory amount of the QS molecules can occur only when a 

specific number of cells, referred to as a quorum, are present (Bassler, 2002). 

Researchers are increasingly exploring herbal products in the quest for new 

therapeutic and anti-pathogenic agents that might act as nontoxic inhibitors of QS, 

thus controlling infections without encouraging the appearance of resistant bacterial 

strains (Hentzer and Givskov, 2003). EOs may represent the richest available 

reservoir of novel therapeutics (Hentzer and Givskov, 2003; Lewis and Ausubel, 

2006; Kumar et al., 2006). Bacterial QS may be inhibited through different 

mechanisms, including (1) the inhibition of AHL transport and/or secretion, (2) the 

inhibition of AHL synthesis, (3) the sequestration of AHLs, (4) the antagonistic action 

and (5) the inhibition of targets downstream of AHL receptor binding (Nazzaro et al., 

2013). Different EOs from ornamental plants have been observed to be effective 

against biofilms formed by Salmonella, Listeria, Pseudomonas, Staphylococcus and 

Lactobacillus spp. Volatile organic compounds, such as those produced by the 

rhizospheric bacteria Pseudomonas fluorescens B-4117 and Serratia plymuthica 

IC1270, may inhibit the cell-cell communication QS system mediated by AHL 

signaling molecules produced by numerous bacteria, such as Agrobacterium, 

Chromobacterium, Pectobacterium and Pseudomonas. The EOs of lavender, roses, 

geraniums, cloves and rosemary are also able to inhibit QS, whereas orange and 

juniper EOs appear to have no anti-QS properties (Faleiro, 2011; Al-Shuneigat et al., 

2005; Khan et al., 2009; Zaki et al., 2013; Szabó et al., 2010; Chernin et al., 1998). 

Soundings into the effects of different EO components are in progress. One of the 

most well-studied EO components is cinnamaldehyde. Its effects have been 

investigated from diverse points of view, and several mechanisms of action have been 

tested. Niu and Afre (2006) observed that the exposure of V. harveyi BB886 (the 

bioluminescence of this strain is induced by 3-hydroxy-C4-HSL) to a concentration of 
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60  cinnamaldehyde resulted in a 55% reduction of microbial bioluminescence, 

and 60% of the bioluminescence of V. harveyi BB170 (mediated by AI-2) was 

reduced at 100 , again representative that the activity of plant extracts can be 

strain-specific and may depend on the QS molecule involved. Using the nematode 

model Caenorhabditis elegans, Brackman and colleagues (Brackman et al., 2011, 

2008) confirmed the ability of 3,4-dichlorocinnamaldehyde to decrease the virulence 

of V. anguillarum, V. harveyi and V. vulnificus by affecting the DNA-binding ability 

of LuxR. 

 

2.1.3.7. Microbial Resistant To Antibiotics. 

One major problem in medicine is related to the increasing antimicrobial resistance of 

antibiotics. The emergence of bacterial resistance is considered as a major threat for 

human health. For example, Methicillin resistant Staphylococcus aureus is the 

etiologic agent for major nosocomial and community-acquired infections that has 

gained multiple resistances to a wide range of antibiotics such as beta-lactam 

containing antibiotics, aminoglycosides, tetracyclines, and macrolides. Therefore, 

currently, there are just a limited number of effective anti-staphylococcal antibiotics 

such as vancomycin, ticoplanin and linozolide are available (Patron et al., 1999; 

McCallum et al., 2010). Accordingly, any approach to identify natural compounds, 

which might be an alternative for synthetic antibiotics, could contribute to reduce this 

problem. Indeed, there are some recent reports on antimicrobial effects of sage 

extracts against certain microbes (Witkowska et al., 2013). For example, Mosafa et 

al., (2013) revealed that leaves and stems extractions of Salvia at 50, 100 and 400 

mg/ml -resulted in anti-bacterial effects against strains known to have multidrug-

resistance such as S. aureus, E. coli, P. aeruginosa and K. pneumoniae. Moreover, the 

three-gram positive bacterium, Escherichia coli, Pseudomonas aeruginosa and 

Klebsiella pneumonia, which also known to have multidrug-resistant were positively 

affected by sage extracts (Mosafa et al., 2013). The results obtained in this work 

demonstrate that gram-positive bacteria tend to be more sensitive to the essential oils 

than gram-negative ones. Some authors reported that this is common for essential oils 

of plants of the Lamiaceae family (Shapiro et al., 1994; Hammer et al., 1999; Pieroza 

et al., 2009). Quadros and coworkers (2011) studied the effect of S. officinalis extracts 

on Micrococcus luteus, Bacillus subtillis and Staphylococcus aureus (Gram-positive 
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bacteria) and reported the value of highest minimum inhibition concentration (MIC) 

was 6.9, 3.4 and 3.4 mg/ml, respectively. The MIC value for Bacillus subtillis was 

greater than that reported by Delamare et al., (2007), 0.4 mg/ml. While the MIC value 

for Staphylococcus aureus was lower than that reported by Delamare et al. (2007) (5.0 

mg/ml).  Hammer et al., (1999) tested the effect of S. officinalis extracts on each of 

Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae, Serratia marcescens 

and Staphylococcus aureus and published the MIC-values of 20, 5, 20, 1.0 and 1.0 

mg/ml, respectively. Palombo and Semple (2001); Kudi et al., (1999) and Marino et 

al., (2001) reported that gram-positive bacteria showed greater sensitivity to sage 

extracts compared to gram-negative bacteria regarding the killing effect of essential 

oil. The disk-diffusion test was used in the current study to compare antibacterial 

activity of EO with its fractions (F1-F5) with different content of mono- and 

sesquiterpenes. The test was accomplished using the most sensitive bacteria in the 

pre-screening test: S. aureus, B. subtilis, and S. faecalis (Jurkštienė et al., 2011). 

Coisin et al., (2012) tested many concentrations of EOs and demonstrated significant 

antibacterial activity, and confirmed that the widest growth inhibition zones appeared 

with the highest tested concentration (30 μL/disk). Streptococcus faecalis showed 

lower sensitivity to EOs and fractions than S. aureus and B. subtilis; it was even 

resistant to F5 (Mitić-Ćulafić et al., 2005). 

That altogether, it could be concluded that there are several hints and clues that sage 

might be a valuable source for more natural compounds with antimicrobial activity 

(Dragant et al., 2003; Klare et al., 2003; Savelev et al., 2003; Horiuchi et al., 2007; 

Delamare et al., 2007; Durling et al., 2007). Accordingly, one of the objectives of the 

current study was to search for corresponding compounds in sage extracts. 

2.2. Monoterpenes and Their Biosynthesis in Medicinal Plants 

As already mentioned above, S. officinalis produced many different secondary plant 

products, and a great number is present in the EOs. The major monoterpenes of this 

essential oil are α pinene, β-pinene, β-ocimene, d-limonene and γ-terpinene, cineole, 

borneol, α thujone and ß-thujone (Tosun et al., 2014). In addition, in sage leaves a 

great variety of phenolic compounds, such as tannic acid, chlorogenic acid, caffeic 

acid, niacin, nicotinamide, flavones, flavone glycosides are present. Moreover, 

estrogenic substances (Shati and Elsaid, 2015), oleic acid, ursonic acid, ursolic acid, 
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cornsole, cornsolic acid were reported to be accumulated in the leaves (Dao Duc 

Thien et al., 2012; Shati and Elsaid, 2015; Chang Xu et al., 2017). Due to this high 

great spectrum of natural products, there is a high demand for sage products, 

especially for its EOs especially the monoterpenes. 

2.2.1. Significance of Terpenoids. 

Terpenoids - also denoted as isoprenoids - are the largest group of plant-derived 

secondary metabolites comprising more than 40,000 different compounds (Bohlmann 

and Keeling, 2008). All terpenoids are derived from two five carbon isoprene units, 

i.e., dimethylallylpyrophsophate (DMAPP) and isopentenylpyrophospate (IPP; Figure 

4). These so-called activated isoprenes could be derived from two different metabolic 

routes, either the so-called “acetate-mevalonic acid pathway” or the “alternative 

pathway”, also denoted as MEP (methylerythritolphosphate) pathway (Peters and 

Croteau, 2003; Roberts, 2007; Dewick, 2009).  

Terpenoids reveal a high importance for the interactions of plants with their 

environment by accomplishing various important biological functions, e.g., as potent 

feeding deterrents that protect the plants against herbivores or as important protective 

mechanisms for the plant´s resistance against pathogens (Samanta et al., 2011). 

Moreover, they are involved in the attraction of pollinators, and are involved in many 

processes within the primary metabolism. In this context, as carotenoids, they 

represent important accessory photosynthetic pigments or as hormones, such as 

gibberellins and abscisic acid, they are involved in the regulation of growth, 

development and signal various transduction processes. Moreover, as hydrophobic 

anchors they are responsible for the membrane binding of chlorophylls, ubi- and 

plastoquinone (Rose et al., 1996; Prisic et al., 2004; Tholl, 2006; Moreno-Osorio et 

al., 2008; Ashour et al., 2010; Kuzuyama and Seto, 2012; Tholl, 2015).  

2.2.2. Monoterpenes Biosynthesis.  

As already mentioned, all terpenoids are oligomers or polymers of a five-carbon 

isoprene unit.  Terpenoids are classified based on the number of isoprene units 

condensated. In this manner: hemiterpenes (C5) reveal just one isoprene unit, 

monoterpenes (C10) are built from two isoprene units, sesquiterpenes (C15) from 

three; diterpenes (C20) from four isoprene units; sesterpenes (C25) from five, 

triterpenes (C30) from six and tetraterpenes (C40) from eight units (Figure 4). All 

https://www.hindawi.com/58574867/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bohlmann%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18476870
https://www.ncbi.nlm.nih.gov/pubmed/?term=Keeling%20CI%5BAuthor%5D&cauthor=true&cauthor_uid=18476870
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terpenoids revealing higher numbers of isoprene units are denoted as polyterpenes 

(Ashour et al., 2010). 

 

Figure 4: Overview of the terpenoid biosynthesis. The basic precursor's 

isopentenyldiphosphate (IPP) and dimethylallylpyrophosphate (DMAPP) are either 

produced via the cytosolic MVA pathway (mevalonate) or the plastidial MEP 

pathway (methylerythritolphosphate). GGPP: geranylgeranylpyrophosphate; GPP: 

geranylpyrophosphate; FPP: farnesylpyrophosphate (Chen et al., 2011; Radwan, 

2014). In recent nomenclature, instead of the term pyrophosphate often diphosphate is 

used. 

 

Isopentenylpyrophosphate (IPP) and dimethylallylpyrophosphate (DMAPP) represent 

strong nucleophiles, which allow corresponding condensation reactions and thereby 

elongating the terpenoid molecules. As mentioned above, there are two distinct 

pathways leading to the activated isoprenes. While the mevalonic acid pathway is 
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located in the cytosol, the methylerythritolphosphate (MEP) pathway is established in 

the plastids (Bouvier et al., 2005; Chen et al., 2011). As the biogenesis of isoprenoids 

in plants takes place in different cell compartments, the precursors are derived from 

the different pathways (Figure 5; Lichtenthaler et al., 1997; Hunter, 2007; Wanke et 

al., 2001; Lishan Zhao et al., 2013). In consequence, the isoprenes synthesized in the 

cytosol, i.e., predominantly sesquiterpenes, in general are derived from the long-

known, classic MVA pathway. The activated isoprenes required for the monoterpenes 

synthesis, which takes place in the plastids, are derived from the MEP pathway 

(Rohdich et al., 2002; Dubey et al., 2003; Cheng et al., 2007; Chen et al., 2011; 

Kuzuyama and Seto, 2012; Radwan, 2014). 

 

Figure 5: Spatial compartmentation of isoprene biosynthesis according to (Wanke et 

al., 2001; Lishan Zhao et al., 2013). 

   
The condensation product from DMAPP and IPP is geranylpyrophospathe (GPP; 

Figure 6), directly is converted to form the basic monoterpenes. The corresponding 

reaction is catalysed by so-called monoterpene synthases (Dudareva et al., 2005). In 

MVA 

MEP 

 IPP 

 IPP 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Dudareva%20N%5BAuthor%5D&cauthor=true&cauthor_uid=15630092
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sage, three distinct monoterpene synthases are involved in monoterpene synthesis 

(Radwan et al., 2017). One, the cineole synthase, catalyzes the formation of 1, 8-

cineole. The sabinene synthase converts GPP to sabinene, which subsequently is 

oxidized to yield and re-arranged to the major monoterpenes present in S. officinalis, 

i.e., α- and ß-thujone (Croteau and Karp, 1977). Wise et al. (1998) demonstrated that 

the bornyl synthase is responsible for the formation of (+)-bornyl diphosphate, which 

– after hydrolysis - is oxidized to camphor (Figure 6). 

 

Figure 6: The three terpene synthases present in S. officinalis and their product: CS: 

cineole synthase generates 1, 8 cineole; SS: sabinene synthase (SS) catalysis the 

formation of sabinene which further is converted to α- and ß-thujone; BS: bornyl 

synthase converts GPP to bornyl diphosphate, which subsequently is hydrolyzed and 

rearranged to camphor adopted (adopted from Degenhardt et al., (2009). 

Apart from the basic monoterpenes, in leaves of S. officinalis and in the EOs also 

various polycyclic monoterpenes (e.g. α- and ß- pinene, camphene), and oxidized 

derivatives ( e.g. α- and ß-thujone, camphor, α-humulene), or sesquiterpenes, like 

viridiflorol and diterpenes such as ß-caryophyllene were found. The actual 

composition of these various terpenes varies depending on the season, the geographic 

origin, environmental factors and extraction methods (Santos-Gomes and Fernandes-

Ferreira, 2001).  

As outlined, monoterpene biosynthesis is located in plastids. Accordingly, all 

monoterpene synthases, i.e., in sage, cineole synthase, sabinene synthase, and bornyl 

synthase, are located in the chloroplasts. Since these enzymes are nuclear gene 
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products, the encoded pre-proteins reveal an amino-terminal transit peptide for the 

import into the chloroplasts, which is proteolytically processed to the mature forms 

(Wise et al., 1998). Up to now, only limited data on the expression of monoterpenes 

synthases are available, but the cDNAs encoding of these three monoterpene 

synthases already had been successfully isolated and functionally expressed in 

Escherichia coli (Wise et al., 1998). Grausgruber-Gröger et al., (2012) studied the 

seasonal influence on the expression of three main monoterpenes synthase in young, 

still expanding leaves of field-grown sage plants. These authors found that the 

transcription of all monoterpene synthase was significantly influenced by cultivar and 

season. The same research group studied also the impact of exogenously applied plant 

growth regulators i.e. gibberellic acid and daminozide, on the expression of 

monoterpene synthases. They showed that the expression of monoterpene synthase 

increases in response to increasing levels of gibberellins. In consequence, also the 

level of cineole and camphor contents increased, too. In contrast, when the gibberellin 

biosynthesis was blocked by daminozide, also the expression of monoterpene 

synthases was declined and the accumulation of α- and ß-thujone was diminished 

(Schmiderer et al., 2010). Moreover, Radwan et al., (2017) studied the impact of 

drought stress on specialized metabolism: Biosynthesis and the expression of 

monoterpene synthases in sage (Salvia officinalis) is reported to be strongly impacted 

by drought. The authors showed that the amounts of mRNA for bornyl diphosphate 

synthase and cineole synthase were strongly enhanced 2 hrs after detaching the sage 

leaves and reach a maximum after 6 hrs. Apparently, the monoterpene biosynthesis is 

– apart from the “passive” enhancement due to the drought-related over-reduced states 

(see above) – also “actively” increased by enhancing the biosynthetic capacity. This 

points out that monoterpenes – in addition to their ecological functions – also might 

be relevant for the dissipation of the massive over-supply of energy generated in 

leaves under drought stress. Yet, up to now, any information on the impact of salt 

stress on the expression of monoterpene synthases is lacking. Accordingly, this study, 

in which the influence of salt stress on the biosynthesis of Salvia officinalis 

monoterpenes is investigated, will contribute to elucidate the complex interactions 

between salinity stress and the synthesis of these enzymes and in particular their 

regulation. 
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2.2.3. Impact of Salt and Drought Stress on Plant Growth and Development: 

2.2.3.1. Salinity: General Aspects.  

Salinity is a serious problem in facing plants throughout the world. Numerous features 

might cause salinity, e.g., limited precipitation, high evaporation rates, poor drainage 

and high temperature. All of the above-mentioned factors eliminate the water from the 

soil and hence concentrate the salts, which would negatively affected on plant growth 

and productivity (Fariduddin et al., 2013; Baraket et al., 2014; Farhana et al., 2014). 

Indeed, salinity affected plant growth, yield nutrient imbalances, and can lead to 

hyperosmotic stress and extreme accumulation of Na+ and Cl‾ ions in plant cells 

(Gupta and Huang, 2014). The central cause for such negative effects is the massive 

accumulation of sodium in the plant (Mitchell et al., 1991; Shibli, 1993; Tavakkoli et 

al., 2010), which is considered to threat plant growth and development (Khatoon et 

al., 2010; Lozano et al., 2012). In general, in saline soil NaCl comprises around 50-

80% from the total soluble salts (Rengasamy, 2010). Mild to severe salinity is 

reported to represent the major limiting factors for the productivity of plants, which 

prevents to achieve the plants full genetic potential. In consequence, it limits the crop 

productivity worldwide (Munns, 2002; Tester and Davenport, 2003). 

The exponential increase in the world population had made the conservation of food 

security a huge task (Godfray et al., 2010). Accordingly, one of the main constrains 

for plant productivity by environmental stresses is due to salinity. Apart from drought 

and heat, salinity accounts for most severe negatively effect on global food 

production. The climatic change related to the increasing global warming is thought to 

increase these environmental stresses all over the world (Yousufinia et al., 2013). It is 

assumed that in the future these environmental stresses will massively reduce the 

yield of major crop plants, and thus, will trigger negative social, ecological and 

economic drawbacks (Anjum et al., 2011). In consequence, there is a need to contest 

the adverse influence of salinity by introducing and cultivating appropriate varieties 

which are resistant or at least tolerant to saline soils.  

In principle, there are two forms of soil salinity: primary salinization, which occurred 

due to salts accumulation over thousands of years ago because of natural factors such 

as rocks weathering that let salts to release. In contrast, secondary salinization is 

caused by human activities such as extreme irrigation in areas with high water 

evaporation and poor drainage. In some cases, it might also result from the invasion of 

http://link.springer.com/search?facet-author=%22Q.+Fariduddin%22
http://jxb.oxfordjournals.org/search?author1=Ehsan+Tavakkoli&sortspec=date&submit=Submit
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sea water (Pitman and Lauchli, 2002; Galvani, 2007). Secondary salinization is rated 

to be worse than primary salinization, especially since it is negatively affecting about 

one-third of the world arable land (FAO, 2008). 

2.2.3.2. Impact of Salt Stress on Plant Physiology. 

Salt terminates the crucial physiological process in plants through slowing cell 

division and enlargement. Both will lead to growth limitation or even to plant death 

(Ali et al., 1994; Cavagnaro et al., 2006; Qados, 2011). The approach to elucidate 

plant reaction to salinity involves complex interactions, since plants grown under 

saline conditions are exposed to many types of stress including drought stress caused 

by the high external osmotic pressure (Schwarz and Kuchenbuch, 1998; Parvaiz and 

Satyawati, 2008), mineral toxicity (Shannon, 1985; Gupta and Huang, 2014), and 

disturbance of the plants mineral nutrition (Franco et al., 1999; Gupta and Huang, 

2014). Moreover, salt stress causes a massive decline of  photosynthetic activity due 

to a decrease in CO2 availability caused by stomatal closure (Flexas et al., 2007). In 

consequence, this disbalance in photosynthetic metabolism, leads to the massive 

generation of reactive oxygen species (Lawlor and Cornic, 2002). In addition, the leaf 

expansion rate is reduced (Liu and Stützel, 2002) as  further step in the process of 

stress acclimatization (Chaves et al., 2009). In consequence, the effects of salt stress 

on photosynthesis are either direct (as the diffusion limitations through the stomata 

and the alterations in photosynthetic metabolism) or indirectly, due to the oxidative 

stress arising from the superimposition of multiple stresses. The carbon balance of a 

plant during a period of salt/water stress and recovery may depend as much on the 

velocity and degree of photosynthetic recovery, as it depends on the degree and 

velocity of photosynthesis decline during water depletion. Current knowledge about 

physiological limitations to photosynthetic recovery after different intensities of water 

and salt stress is still scarce. From the large amount of data available on transcript-

profiling studies in plants subjected to salt it is becoming apparent that plants perceive 

and respond to these stresses by quickly altering gene expression in parallel with 

physiological and biochemical alterations; this occurs even under mild to moderate 

stress conditions. 
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2.2.3.3. Correlation between Salt Stress and Reactive Oxygen Species (ROS). 

 Based on comprehensive research, it became obvious that reactive oxygen species 

(ROS) are associated in oxidative stress situations persuaded by various 

environmental stresses, including salinity, drought, high temperature, flooding and 

post anoxia stresses. Moreover, ROS are also involved in plant senescence, which is 

might be induced by various situations, such as induction of reproductive 

development, maturation processes as well as by environmental signals, comprising 

photoperiod, stresses for instance nutrient deficiency, shading, drought, ozone and 

wounding (Gan and Amasino, 1997). Meanwhile, it is assumed that the generation of 

ROS represents one of the most basic responses of plant cells under senescence and 

under abiotic stresses (Prochazkova et al., 2001; Lee et al., 2012).  

In stressed plants, ROS are produced to a high extent as byproducts of the various 

reactions caused by imbalances of the energy metabolism (Selote and Khanna-

Chopra, 2006; Silva et al., 2010; Choudhury et al., 2015). Under the absence of any 

stress conditions, the production of ROS in plant cells is kept at a very low level. In 

contrast, under oxidative stress, the amount of ROS, especially of superoxide radicals, 

is massively enhanced, although a large share of these radicals are detoxified by 

antioxidant enzymes, such as superoxide dismutase and ascorbate peroxidase (Thorpe 

et al., 2013). In consequence, under severe stress conditions, as result, the 

accumulation of ROS cellular integrity and many organic macromolecules are 

destroyed, e.g., by lipid peroxidation (Río et al., 1998; Lushchak, 2011).  

ROS-persuaded oxidative stress resulted in the restriction of plant production 

throughout the world (Ashraf, 2009). In this sense, Mittler (2006) reported that in the 

USA billions of dollars are lost annually due to harmful effects of abiotic stresses. 

Yet, in evolution, plants have aquired the ability to cope with the bad environmental 

conditions. If these mechnisms are enhanced due to prior stress situations, the related 

increased tolerance against stress processes frequently denoted such as acclimatization 

(Anjum, 2015). In consequence, either far lower amounts of  ROS are generated, or 

the detoxification of ROS e.g., due to an increase of antioxidant capacity or to an 

enhancement of the activities of the detoxifying enzymes. (Khanna-Chopra and 

Selote, 2007; Jubany-Mari et al., 2009) (Wang et al., 2014; Suzuki et al., 2014) and 

the negative effects of the stress situation are minimized.  
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Initially, it was thought that ROS always are absolutely toxic and damage the cells. 

However, nowadays, it is known that ROS play a dual roles in plants´metabolism as 

constituents of various signaling pathways and thus are crucial for metabolic 

regulatioon (Dat et al., 2000; Foyer and Noctor, 2005; Zimmermann et al., 2006). Up 

to now, many studies have demonstrated the important role of ROS in cell signaling 

(e.g. Soares et al., 2011), i.e., they represent crucial signal transductor within the 

MAP kinase pathways (Rentel et al., 2004), they are involved in the elicitation of the 

responses to plants against pathogens (Kumar et al., 2011; Dias et al., 2011), or they 

are involved in the induction of abiotic stress reactions (Golldack et al., 2014). 

Moreover, they are part of early wound responses (Soares et al., 2011).  

As mentioned above, plant production is severly affected by soil salinity (Yamaguchi 

and Blumwald, 2005; Galvani, 2007) and the related productivity very often is 

reduced by more than 50% (Mahajan and Tuteja, 2005). The most common cations, 

which are associated with soil salinity are Na+, Mg2+ and Ca2+, and the anions are Cl-, 

HCO3
1- and SO4

2-. High concentrations of Na+ are reported to be the most problematic 

stressors, which causes severe soil degradation, when accumulated in higher levels 

(Dudley, 1994; Hasegawa et al., 2000).  

In the last decades, a lot of attention had been gathered by employing genetically 

modified barley plants as appropriate model for cereal plants to study the genetic basis 

of tolerance, and to improve tolerance against salinity, cold, and drought (Mrízová et 

al., 2014). It turned out that drought and salt stress tolerance mechanisms are 

regulated by specific genes encoding various transcription factors, which are key 

regulators for many effector genes by binding to particular cis-regulatory elements 

and thus controlling the corresponding gene expression (Singh et al., 2002; Van et al., 

2009). In this sense, ABA is considered the main abiotic stress responsive hormone, 

which improves stress tolerance by inhibiting growth, promoting the accumulation of 

osmolytes and regulating stomatal closure (Zhu, 2002; Chinnusamy et al., 2004; 

Mahajan and Tuteja, 2005; Takashi and Kazuo, 2010). Furthermore, ABA regulates 

the expression of numerous effectors genes, e.g., HVA1 (Straub, 1994). 
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2.2.3.4. Impact of Salt Stress on the Osmotic Balance of Plant Cells. 

Due to the high concentration of ions in the soil, the osmotic balance of the plant cell 

is massively impaired and the turgor of the cells would decrease. In consequence, 

apart from massive disturbances of many metabolic events, also the stability of the 

tissue is reduced strongly (Tavakkoli et al., 2010).  Moreover, due to the reduced cell 

turgor, salinity also diminishes extent of elongation for both, of leaves and roots, 

mainly because salinity principally impacts on the water uptake (Werner and 

Finkelstein, 1995; Fricke et al., 2006). Furthermore, also the metabolic processes 

regulating cell division and expansion are directly inhibited by enhanced intracellular 

concentrations of Na+ and Cl− (Neumann, 1997), which, e.g., resulted in suppression 

of seed germination, or even in seed death.  

Frequently plant scientists (e.g. Verslues and Bray, 2004;  Mohammad khani and  

Heidari, 2008) employ polyethylene glycol (PEG) and NaCl to artificially induce 

water deficit in experimental approaches. PEG of high molecular weight (≥6000) does 

not enter the pores of plant cells (Oertli, 1985) and consequently causes cytorrhysis 

rather than plasmolysis. Furthermore, Dodd and Donovan (1999) studied the effect of 

Na+ stress on Chrysothamnus nauseosus ssp. consimilis and Sarcobatus vermiculatus 

and reported that the germination of PEG-treated seeds were inhibited. Moreover, the 

authors reported also that any changes in germination of PEG-treated comparatived to 

salt-treated seeds is commonly credited to ionic effects (Dodd and Donovan, 1999). 

As plants differ in their response to salinity, scientist classified them according to 

their sensitivity for salinity as salt-tolerant halophytes and as salt-intolerant 

glycophytes (Gupta and Huang, 2014). Frequently, the seeds of salt-tolerant plant 

species reveal lesser osmotic potentials, which results in the uptake of water from 

surroundings. The reduction in seed osmotic potential can be attained by two 

methods: salt exclusion out of cells but sustaining osmotic potential by means of 

organic solutes, or by permitting Na+ and Cl− to move in the cells and employ them as 

osmolites, while having special procedures for modifying the toxic impacts of salt 

inside the cell. 

On the other hand, glycophytes ("sweet" plants) tolerate only low salt concentrations 

because they have no specialized metabolic or anatomical features to deal with high 

salt concentration when accumulated in their tissues (Flowers and Yeo, 1986; Flowers 

and Yeo, 1988; Dajic, 2006). Accordingly, glycophytes resistance to low salinity 

http://ascidatabase.com/author.php?author=Nayer&last=Mohammadkhani
http://ascidatabase.com/author.php?author=Reza&last=Heidari
http://ascidatabase.com/author.php?author=Reza&last=Heidari
https://www.hindawi.com/38506912/
https://www.hindawi.com/82453798/
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levels is correlated with the plant´s capability to control the entry of ions into their 

cells. The growth of glycophytes will be stunted, when soil salt content increased 

(Greenway and Munns, 1980; Dajic, 2006). As consequence, the tolerance to salinity 

of glycophytes is correlated with their ability to exclude the ions from cells. This 

especially becomes obvious when comparing ionic concentrations in the tissues of 

salt-tolerant and non-salt tolerant cultivars of the same species (Greenway and Munns, 

1980).  

Halophytes (Halas = salt, salt plants) tolerate moderate to high salt concentrations 

(Flowers and Yeo, 1986; Flowers and Yeo, 1988). Flowers et al. (1986) reported that 

there were at least 800 species of halophytic angiosperms in more than 250 genera. 

This demonstrates that there are many plant species have acquired the essential 

structures to permit them to grow and survive in a saline environment (Austin, 1989). 

Some halophytes possess glands and bladders, which actively excrete excess salts. 

Each gland may excrete up to 0.5 l of salt solution in an hour. For example, a salt bush 

(Atriplex halimus) has developed a mechanism to control the Na+ and Cl- ion 

concentration of its tissues. In this sense, the epidermal bladders on the surface of the 

aerial parts of the plant represent specialized cells that accumulate salt. In the course 

of leaf aging, the salt concentration in these cells increases and, eventually the cells 

burst or falls off the leaves. In consequence, the salt is released and re-located outside 

the leaf (Troughton and Donaldson, 1972). 

2.2.3.5 Impact of Salt Stress on Biomass Production.   

High salinity level lead to insufficient photosynthesis and reduced growth rate 

because of closed stomata (Figure 7) which reduces significantly the amount of CO2 

available for photosynthesis (Seemann and Critchley, 1985; Zhu, 2001; Parihar et al., 

2015). Maas and Hoffman (1977) proposed a mathematical model to differentiate the 

relationship between crop production and soil salinity and demonstrated that the crop 

is considered as moderately salt sensitive, if 50% of crop biomass was diminished due 

to application of 90 mM of NaCl. According to the above-mentioned model, S. 

officinalis studied in the present study, has to be considered as moderately salt 

sensitive, since application of 100 mM NaCl decreased the biomass by ~ 50% 

(According to Maas and Hoffman (1977) model)). Yet, high salt concentration may 

https://en.wikipedia.org/wiki/Crop_production
https://en.wikipedia.org/wiki/Soil_salinity
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impose both, of osmosis and ionic stresses and may cause numerous physiological and 

morphological modifications (Jampeetong and Brix, 2009; Dolatabadian et al., 2011).  

Many plants can also resist salt stress via osmotic adjustment by accumulating so-

called compatible solutes such as glycinebetaine, proline, or polyols (Hajibagheri et 

al., 1987; Binzel et al., 1988; Yeo, 1998; Bohnert et al., 1999; Welsh et al., 2000; 

Chen et al., 2007; Malekzadeh, 2015). A further mechanism used to withstand salt 

stress is redox homeostasis. (Munns, 2005) which reflect exert an outstanding effect 

on the biosynthesis of several secondary metabolites in medicinal plants (Rezaeieh 

and Gürbüz, 2012). 

 

Figure 7: Diversity in the salt tolerance of various species, shown by differences in 

the increases in shoot dry matter after growth in solution or sand culture containing 

NaCl for at least 3 weeks, relative to plant growth in the absence of NaCl. Data are for 

rice (Oryza sativa), durum wheat (Triticum turgidum ssp durum), bread wheat 

(Triticum aestivum), barley (Hordeum vulgare), tall wheatgrass (Thinopyrum 

ponticum, syn. Agropyron elongatum), Arabidopsis (Arabidopsis thaliana), alfalfa 

(Medicago sativa), and saltbush (Atriplex amnicola) according to Munns and Tester 

(2008). 
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2.2.3.6. Impact of Salt Stress on Plant Secondary Metabolism. 

As outlined above salt stress induces partial stomata closing, resulting in strong CO2-

deficit. As result - just as in the case of drought stress - far less reduction equivalents 

(NADPH + H+) than under optimal conditions are consumed via the Calvin cycle and 

re-oxidized, respectively. Although the general energy dissipating mechanisms are up-

regulated, the reduction status of the chloroplasts increases massively (Selmar and 

Kleinwächter, 2013a; b; Kleinwächter and Selmar, 2015). In consequence, electrons 

from the photosynthetic electron transport chain will directly be conveyed to oxygen, 

generating superoxide radicals, which subsequently have to be detoxified by 

superoxide dismutase (SOD) and ascorbate peroxidase (APX). Nonetheless, as further 

consequence of this over-reduction, the ratio of NADPH + H+ to NADP+ is strongly 

enhanced (Figure 8). Accordingly, all processes consuming NADPH + H+, e.g. for the 

biosynthesis of highly reduced secondary plant products, such as isoprenoids, phenols 

or alkaloids (Selmar and Kleinwächter, 2013b; Kleinwächter and Selmar, 2015) will 

be favoured even without changing any enzyme activity. These coherences 

conclusively explain why the rate of biosynthesis of certain natural products is 

enhanced under stress conditions, although the corresponding enzyme activities had 

not been changed at all. These coherences nicely are verified by Nowak et al., (2010): 

the authors showed that the effect of a drought stress induced increase of terpene 

content (camphor, cineole and α-/ß-thujone) in sage plants (Salvia officinalis L.) 

cultivated under ambient CO2 concentrations (385 ppm) could be fully suppressed, 

when the plants were cultivated at 700 ppm CO2. The enrichment of the CO2-

concentration, which is supposed to increase the CO2 influx even when stomata are 

partially closed, resulted in a higher degree of CO2 fixation and thus consumption of 

reduction equivalents. From this, it is deduced that the increased reduction capacity 

arising from drought stress, pressed metabolic activity towards the biosynthesis of 

highly reduced compounds. 
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Figure 8: Impact of stress related reduced CO2-influx on redox state and natural 

product synthesis according to Selmar and Kleinwächter (2012). 
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In addition to such passive shift of the natural product biosynthesis, it might also be 

enhanced by a stress related up-regulation of the corresponding enzymes. Morshedloo 

et al., (2017) showed in different subspecies of Origanum vulgare significant 

differences in essential oil content are correlated with corresponding changes in gene 

expression. Just recently, expression studies on monoterpene synthases (Radwan et 

al., 2017) demonstrated that the stress related enhancement of monoterpenes in sage is 

not only due to a passive shift as outlined above, but might also are caused – at least 

in part - by an elevated expression of the enzymes responsible for the biosynthesis of 

the essential oils.  

The stress induced increase of expression of key enzymes responsible for the natural 

product biosynthesis raises the question on its biological significance. As the 

interaction with pathogens or herbivores should not be affected by drought, there has 

to be a different and additional relevance for the observed up-regulation of terpene 

biosynthesis. As outlined by Selmar and Kleinwächter (Selmar and Kleinwächter, 

2012; Kleinwächter and Selmar, 2013; Holopainen and Blande, 2013; Al-Gabbiesh et 

al., 2015; Radwan, 2014; Kasote et al., 2015) the strong isoprene emission of 

numerous plants (e.g., Fall, 1999; Sharkey and Yeh, 2001) might give a clue. Under 

standard conditions the isoprene emission is neglectable and the energy consumption 

for its biosynthesis accounts for less than 1% of the entire photosynthetic energy. 

However, isoprene synthesis emission increases drastically, when the plants suffer 

stress. Magel et al., (2006) outlined that at elevated temperatures, the amount of 

energy dissipated by the strongly enhanced isoprene emission might rise up to 25% of 

the energy used for net photosynthesis. From these coherences Selmar and 

Kleinwächter (2012, 2013) deduce that the energy demand and the re-oxidation of 

reduction of NADPH + H+ for the biosynthesis of the isoprene contribute significantly 

to the dissipation of the excess of photosynthetic energy. Moreover, the emission of 

isoprene will cool down the stressed leaves as well (Behnke et al., 2007). Hence, an 

increase in the biosynthesis of highly reduced natural products seems to be necessary 

to enhance the amount of energy dissipation, which strongly has to be elevated under 

stress conditions. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Holopainen%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=23781224
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kasote%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=26157352
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With respect to the impact of salt stress on the natural product biosynthesis, several 

studies are available. However, all of them focused on related changes in the 

concentrations of natural products and corresponding molecular data are rare.  

Many examples in the literature demonstrated that EOs production was decreased as 

salinity level increased. For example, application of 100 mM NaCl inhibited the 

production of EOs of sage seeds. Similarly, irrigation of spearmint and marjoram with 

high salt level (1 M) decreased EOs yield by 20% based on fresh weight (El-Keltawi 

and Croteau, 1987; Mansoori, 2014). Furthermore, EOs yield of lemon balm were 

decreased by 22% at 130 mM salt concentration (Ozturk et al., 2004). Roodbari et al., 

(2013); Greenway and Munns (1980) assessed and confirmed the negative effect of 

high salinity levels on the EOs yield of many Lamiaceae plants. When considering the 

fact that salt stress restricted plant growth and might impact the biosynthesis of plant 

secondary metabolites, no clear prediction on the overall effect could be made without 

any appropriate experimental approaches.  

2.2.3.7. Interaction between Impairment of Biomass Production and Increase of 

Secondary Metabolism. 

Under stress conditions, even the biomass of plants is significantly reduced; the 

production of secondary metabolites will not significantly have affected compared to 

plants cultivated under moderate climate conditions (Kleinwächter and Selmar, 2015; 

Paulsen and Selmar, 2016). In principle, there are two major causes for this 

phenomenon. First, as mentioned above, an enhanced biosynthesis of reduced 

secondary metabolites (either due to a passive shift or to an enhanced expression of 

key enzymes) results in a real increase in biosynthesis and thus, in the overall content 

of natural products. Secondly, the increase in concentration maybe just due to the 

stress related reduction in growth. In this sense – although the rate of biosynthesis of 

natural product remains constant, and thus, the overall content of natural products is 

the same as in the control plants, their concentration (calculated by the total amount of 

natural products present in one plant divided by its biomass) is far lower in the 

stressed plants), Overall, in the first option, the total amount of plant production of 

secondary metabolites is increased, whereas in the second option it remains constant 

or may even decrease. Inappropriately, these rationalities might be very complex, 

since both sinarios may co-occur. At an extreme situation, the greater level of plant 
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secondary metabolites biosynthesis might be compensated or even overcompensated 

by the lower plant biomass. In other words, there might be a stress induced converse 

relationship between the rate of biosynthesis of plant secondary metabolites and plant 

biomass. Thus, the overall quantity of plant secondary metabolites will persist 

unchanged or will even be lesser in the stressed plants, while the concentration is 

enhanced (Gershenzon, 1984; Selmar and Kleinwächter, 2013). For that reason, 

detailed distinction between these effects needs a consistent quantification and 

comparison of all related components, particularly the total biomass that is sturdily 

affected by salinity and drought. When evaluating the related literature on stress 

induced changes in plant secondary metabolites production, these data are mostly 

missing, i.e., the total amounts of plant secondary metabolites are neither given nor 

cannot be calculated. Therefore, frequently no conclusion on assumed variations in 

the rate of biosynthesis could be deduced. In other words, in most of the related 

literature published so far, these data are absent, and consequently, solid information 

whether the salinity or drought stress, respectively indeed are caused by an increase 

biosynthesis, or just are the result of a depletion in growth and thus of a change of the 

appropriate reference values, i.e., the total biomass. In consequence, there is a need 

for further research to elaborate sound data how biosynthetic activity is impacted by 

the stresses conditions and to what extent they reduced plant biomass, i.e., measured 

per gram biomass. Only the knowledge of both parameters allows calculating the 

specific rate of biosynthesis. Unfortunately, the situation is even more complex. This 

could be clarified as follows: salinity and/or drought reduces growth, thus, stressed 

plants will produce lower amounts of natural products compared to the well-watered 

plants. Accordingly, whole plant biosynthesis of natural products is sturdily reduced. 

Yet, when the rate of biosynthesis per plant is maintained by a much smaller plant, the 

rate of biosynthesis per gram biomass may even so increase significantly (Paulsen and 

Selmar, 2016). In this PhD thesis, these complex consistencies and complications are 

discussed and outlined on the basis of a case study involving salinity stressed sage 

plants. 

2.4.3.8. Plant Cell Wall Metabolism in Response to Salinity Stress. 

As outlined above, one of the major abiotic stressors that reduces plant productivity is 

due to soil salinity. Approximately 20% of irrigated land is affected by this abiotic 

stress (Munns and Tester, 2008). Increasing salinization of arable land is expected to 
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have radical effects and huge land loss in the future (Wang et al., 2003). The major 

effect of salt stress is a decrease in available soil water due to the reduction in osmotic 

potential of the soil solution leading to water deficit-related plant growth deficiency 

(Munns 2005; Verslues et al., 2006; Chinnusamy et al., 2006). 

In general, plants exhibit  shoot growth inhibition during the first phase of salt stress, 

partly due to a loss of cell wall extensibility, e.g. maize (Uddin et al., 2014). 

Variations in cell wall structure were also found to be affected by salt stress, were 

palisade and spongy parenchyma exhibited thinner cells in coffee plants under salinity 

(De Lima et al., 2014). Yet, these physiological responses were reported in salt-

sensitive plants, denoted as glycophytes. This group includes most cultivated plants 

(Uddin et al., 2014; Neves et al., 2010; Horie et al., 2012). Sub-lethal salinity may 

induce stress resistance by improving plant´s fitness: when they are exposed again to 

lower levels of salt, they are able to sustain the stress situation, a process known as 

salt acclimation (Munns, 2005; Shabala and Munns, 2012), which involves changes in 

cell wall-related proteins (Deinlein et al., 2014; Golldack et al., 2014). Candidates 

that could participate in salt acclimation are receptor-like protein kinases (RLKs), 

primary cell wall “sensors”, such as WAKs (Kacperska, 2004). These data suggest 

that the main salt stress perception-to-signaling event could occur at the cell wall-

plasma membrane interface. Thereafter, primary cell wall protein-encoding genes 

were found to be activated through specific transcription factors, e.g. MYB 

transcription factors in rice and Arabidopsis (Lippold et al., 2009; Schmidt et al., 

2013). OsMPS is transiently expressed in vegetative and reproductive tissues and 

negatively regulates the expression of expansion and endoglucanase genes under salt 

stress. The hormone-dependent regulation of OsMPS expression allowed root growth 

adaptation to changing environmental conditions while AtMYB41 was shown to 

down-regulate the expression of EXP or XTH encoding genes and up-regulate the 

expression of HRGP when Arabidopsis plants were exposed to 200 mM NaCl 

(Cominelli et al., 2008).. In parallel, other structural cell walls proteins, including 

AGP and proline-rich protein (PRP), were affected by salt (Zagorchev et al., 2014; 

Kieliszewski et al., 2010). The expression of rice and poplar (Populus euphratica) 

genes encoding AGP and PRP was up-regulated in response to salt (Lamport et al., 

2006; Brinker et al., 2010; Ma and Zhao, 2010; Tseng et al., 2013). The glycine-rich 

proteins, which are cell wall structural proteins, were induced under salt exposure, 
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with consequent effects on seedling growth and seed germination (Long et al., 2013). 

SOS6, which encodes a cellulose synthase-like protein AtCSLD5, plays a role in the 

regulation by decreasing ROS content under salt stress. In the primary cell wall of 

glycophytes, other classes of proteins and polysaccharides are modified upon salt 

stress treatment. These include RGP (reversibly glycosylated polypeptide), such as 

RGP1 in pea roots (Pisum sativum), or glycosyl hydrolase 1 (GH1 family), GRP in 

Arabidopsis root, which are up-regulated under salt treatment (Long et al., 2013; Kav 

et al., 2004; Xu et al., 2010; Jiang et al., 2007). In potato, an increased expression of a 

UDP-glucose-4-epimerase, was observed under various abiotic stresses such as high 

salinity (Evers et al., 2012). Moreover, in red-osier dogwood seedlings, a salt-adapted 

plant, the hemicellulose composition and the lignification status were not altered but 

an increase in the rhamnose content in the pectic fraction was observed, accompanied 

by a decrease in plant growth (Mustard and Renault, 2004). The higher abundance of 

pectin was found in salt-tolerant soybean cultivar, which could explain its salt 

tolerance (An et al., 2014). A similar study performed on three maize hybrids with 

contrasting salt tolerance showed a decrease in cellulose concentration in all 

genotypes and an accumulation of non-methylated uronic acid, which was more 

pronounced in the salt-sensitive maize genotype (Muszynska et al., 2013). Unlike 

maize, highly methylated pectin, as shown by immunolabeling with JIM7, increased 

within the cell wall of Aspen petiole cells (Neves et al., 2010). This was associated 

with an increase in the elasticity modulus, indicating a decrease in cell wall plasticity 

to maintain the turgor pressure necessary for plant growth. Salt stress has been shown 

to impact secondary cell wall formation and structure, as revealed by an altered lignin 

biosynthesis (Neves et al., 2010; Sánchez-Aguayo et al., 2004). Many enzymes 

involved in the lignin biosynthesis pathway were altered upon salt treatment, e.g. in 

rice (Guo and Wang, 2009; Li et al., 2010). Proteomic studies have also revealed that 

COMT and CCoAOMT are salt-responsive proteins (Zhao et al., 2013). The action of 

these enzymes might help reduce the bypass water flow that allows Na+ ions to enter 

rice roots via an apoplastic pathway (Yeo et al., 1999).  

The response of halophyte plants to salt stress appears to differ from that of 

glycophytes. Indeed, in these plants, cell homeostasis and osmotic adjustment are 

maintained, with consequences on the synthesis of proteins and cell wall pectin’s 

(Yang and Yen, 2002). For instance, in Sonneratia alba (a halophyte plant), a higher 

calcium concentration was measured suggesting that the plant could sequester and 
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efficiently use Ca2+ within cell walls to increase their rigidity through pectin egg-box 

formation (Hayatsu et al., 2014). Salt also has consequences on proteins that are 

involved in the biosynthesis or remodeling of cell wall polymers. In roots of 

Salicornia europaea, genes encoding cell wall proteins of the primary cell wall, 

including UDP-L-rhamnose synthase and cellulose synthases, were down-regulated 

while other genes, encoding pectin methylesterase inhibitor proteins, were increased 

under saline conditions (Fan et al., 2013). 

In conclusion, the cell wall plays an important role in salt tolerance, especially in the 

detection of salt stress. However, cell wall modifications are different in glycophytes 

and halophytes. In glycophytes, there is an increase in primary and secondary cell 

walls whereas in halophytes mainly the secondary cell wall structure is altered 

(Figure 9). 

 

 

 

 

 

 

 

 



46 

 

Figure 9: Diagram summarizing the plant cell wall response to salt stress. The 

schematic presentation is deduced from the results of different studies reported in the 

review. Arrow () means increased abundance and arrow () means decreased 

abundance of the molecules. Star (*) means contrasting data on the gene/protein or the 

molecule studied according to the literature cited in the review. Cell wall (CW); 

xyloglucan endo-β-transglucosylases/hydrolases (XET/XTH); glycosyl hydrolase 

family (GH); reversibly glycosylated polypeptide (RGP); phenylalanine ammonia-

lyase (PAL); caffeate O-methyltransferase (COMT); caffeoyl-CoA 3-O-methyl-

transferase (CCoAOMT); arabinogalactan protein (AGP); wall-associated kinase 

(WAK); proline-rich protein (PRP); glycine-rich protein (GRP) Le Gall et al., (2015). 

 

2.2.3.9. Plant Tissue Culture and Salt Stress.   

Plant tissue culture, i.e., the in vitro culture of certain plant organs under aseptic 

conditions, had been employed to study plant growth and development to elucidate 

physiological, genetic, biochemical, and structural problems. In vitro cultures 

represent useful tools for rapidly and economically evaluating certain stress tolerances 

of plants.  

While about 30 years ago, it was thought that plant tissue and suspension cultures 

could be an appropriate tool for elucidating secondary metabolism (Ravishankar and 

Venkataraman, 1993), it turns out that – due to a fully regulation system and signal 

transduction chains, no deductions with respect to the regulation of natural product 
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biosynthesis could be made. Accordingly, many general approaches with respect to 

the elucidation of plant secondary metabolites by employing plant cell cultures could 

be successful. However, aspects, e.g., for the infusion of metabolites to elucidate 

downstream processes or to study membrane transport, plant cell cultures might be a 

useful and appropriate tool (Rao and Ravishankar, 2002). A more promising 

alternative is the employment of plant organ cultures, since in this case also the 

various metabolic syndromes are included (Sudha and Ravishankar, 2002; Bais et al., 

2002). Accordingly, in vitro plants have been introduced to study such complex 

processes (Ikeuchi et al., 2013). Nevertheless, these cultures have various drawbacks 

with respect to the study of complex physiological responses, such as stress situations 

or developmental processes, since the coordination of the different organs, e.g., via 

transport processes, are not established.  

Artificial salt stress applied on plant tissues grown in vitro was used by adding NaCl 

to the growth media (Shibli et al., 2007).  

The response of the in vitro culture of higher plants can be considerably affected by 

the gaseous constituents in and adjacent to the culture vessel. CO2, oxygen and 

ethylene are the most frequently studied gases in the culture atmosphere (Read and 

Preece, 2003). The culture vessel is usually a closed system, but some gas exchange 

may occur based on the type of vessel, the closure and how firmly they are wrapped 

together. CO2 concentrations within the vessels changed mainly due to plant 

respiration. In the dark, CO2 concentrations increase due to respiration, whereas 

during the light period the concentration decreases (Budd-endorf-Joosten and 

Woltering, 1994). The utilization of strongly closed vessels that reduce the gas 

exchange may affect negatively the normal growth and development of plants during 

cultivation in vitro, since the CO2 required for a net growth is missing. The increased 

availability of CO2 by using vessels with filter may also influence the amount of 

photosynthetic pigments synthesized in the plants (Haisel et al., 1999). Water status of 

cultures is affected by the nutrient medium used, the culture vessel itself, and the 

physical environment. The medium affects water status in various ways, including the 

gelling agent employ, the osmotic pressure (affected by salt concentration), and 

variations in the medium with time (Zimmerman, 1995). It is generally accepted that 

the relative humidity in the vessel is approximately 98-100% (Altman, 2000). The 
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plants that grow and develop under higher humidity in vitro have limited transpiration 

compared to in vivo conditions. Moreover, light is an important environmental factor 

that controls plant growth and development, since it is related to photosynthesis, 

phototropism and morphogenesis (Read and Preece, 2003). The three features of light, 

which influence in vitro growth, are wavelength, flux density and photoperiod 

(George, 1993). Numerous studies showed that light boosted root formation and shoot 

growth (Kumar et al., 2003).  However, utilized light intensities in vitro is often much 

lower than those used in vivo to avoid excessive evaporation. Consequently, 

photosynthesis rate decreased in vitro.  

3. Materials and Methods: 

3.1. Plant Material. 

The German sage cultivars (S. officinalis), were chosen for this study to test the effect 

of salinity on their entire secondary metabolites, especially monoterpenes. S. 

officinalis, were propagated by using seeds and cuttings, respectively. Seeds, were 

purchased from three different commercial nurseries (Kraeter and Duftpflanzen or 

/Pharmasaat or /Sperli, Braunschweig-Germany). While the cuttings were collected 

from the botanical garden of TU-BS. 

3.2. Establishment Stock Mother Plants and Propagation Conditions For in 

vivo/in vitro, Experiments: From Seeds and Cuttings: 

3.2.1. Greenhouse Experiment and Stress Treatments. 

The experiment was conducted in a glasshouse and growth chamber located in the 

Institute for Plant Biology of the TU-Braunschweig, Germany. The glasshouse 

conditions were controlled to keep the temperatures around 30/20°C (day/night) and 

relative humidity at ~70% using an automated ventilation system to avoid terminal 

heat stress conditions. Sage seeds were scarificated by using rough sand paper (P100) 

and then soaked in gibberellins (GA3; 250 mg/L; Aghilian et al., 2014) and KNO3 (2 

g/L) solutions and stored in the refrigerator for one week at -4°C to break the 

dormancy. Seeds (2-3 mm diameter) were then grown in the growth chamber at 0.08-

0.1-inch depth in pots (40 cm tall and 30 cm in diameter). Within ~ three weeks the 

seedlings were emerged and then transferred to glasshouse under controlled 

greenhouse  conditions at an approximate thermo-period of 30/20°C and 16/8 

photoperiod (day/night), 60-80 % air humidity under aeration and artificial light of 
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282 µmol m -2 s -1 (12.000 lux) with light was supplemented using cool white 

fluorescent tubes. 

After full emergence, 120 rooted-seedlings were used for seedling growth assessment 

under salinity stress. Soil moisture content was calibrated starting from the beginning 

of the experiments by using INFIELD 7 (www.ums-muc.de). A different NaCl levels 

(0, 100, 200 and 300 mM) by using 50 ml/day for 28 days. Leaves were collected at a 

weekly basis (for four weeks); young (2-3 days), middle age (up to 9 days) and old 

(up to two weeks). Collected leaves were wrapped by aluminum foil and kept at -

80°C until being used for both, essential oil extraction and gene expression analysis 

(Figure 10).  

http://www.ums-muc.de/
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(a) 
 

(b) 
 

(c) 
 

Figure 10:  (a) Seeds of Salvia officinalis in plastic petri dishes after soaking in 

gibberellins (GA3, 3.0 ppm) and then stored in the refrigerator for one week at -4°C to 

break the dormancy. (b) Seedlings of S. officinalis in the tray holes filled with sterile 

light peatmoss. (c) A full-grown seedling transferred to separate plastic pot. 
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3.2.2. In vitro Culture: 

3.2.3. Media Preparation. 

Initial culture medium was MS medium supplemented with 30 g/l sucrose, 8 g/l agar 

and medium was supplemented with various plant growth regulators (PGRs) 

according to purposes and experiment design. pH was adjusted to 5.7-5.8 using pH-

meter, different NaCl levels (0, 100, 200 and 300 mM). The medium was dispensed 

into 250 ml Erlenmeyer flasks (100 ml media/flask) and in glass petri dishes (20 ml 

media/petri dish), closed and then sterilized by autoclaving at 121°C and 15 kg/cm2 

pressure for 15 minutes. The name of media and concentrations of plant growth 

regulators with some modification used in this research were adopted from Al-

Gabbiesh et al., (2006) and presented in Table 1. 

Table 1: Name of media used in this study. 

Components Media 

MS medium + 4.0 µM NAA+ 0.5 µM Kinetin + 5.0 µM 2,4-D Callus Induction Medium (CIM) 

MS medium + 4.0 µM NAA + 5.0 µM BA + 0.45 µM 2,4-D Callus Culture Medium (CCM) 

MS medium + 4.0 µM NAA + 4.0 µM 2,4-D + 0.5 µM Kinetin + 

300 mg/L proline 

Embryogenesis Induction Medium 

(EIM) 

MS medium + 5.0 µM BA + 0.5 µM IBA + 0.5 µM 2,4-D + 0, 

100, 200 and 300 mM NaCl as treatment required 

Regeneration Medium (RM) 

 

3.2.4. Surface Sterilization and in vitro Seed Germination of S. officinalis.  

Sage seeds were surface sterilized by washing thoroughly under running tap water for 

20 minutes. Afterwards seeds were immersed in Benomyl (fungicide) solution (15 

mg/L) for five minutes. Then rinsed with autoclaved distilled water, for 5 minutes to 

remove traces of Benomyl. Seeds were then immersed in the antiseptic solution of 

1.5% sodium hypochlorite plus 3 drops of tween-80 for 30 minutes (under the laminar 

air-flow cabinet). Seeds were rinsed with sterile distilled water for four times (5 

minutes each). Finally, seeds were soaked in 70% (v/v) ethanol solution for 30 

seconds and then rinsed with autoclaved sterile distilled water four times (5 minutes 

each). After that, the seeds were transferred and soaked in gibberellins solution (GA3, 

3.0 ppm) and stored in the dark refrigerator for one week at -4°C to break the 

dormancy. 

Sterilized seeds were inoculated on the surface of full strength solid MS (Murashige 

and Skoog, 1962 medium)  and half strength MS medium. Media contained 8.0 g/L 
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agar (Difco-Bacto) and then supplemented with 3.0 mg/L GA3 and 20 g/L sucrose.  

Seeds were inoculated in 25x150 mm test tubes containing 25 ml of media. 

Germinated seeds were transferred to the growth chamber. 

 

3.2.5. In vivo/in vitro Salt Treatments: 

A different NaCl levels (0, 100, 200 and 300 mM) were added to MS media in 125 ml 

flasks covered with cotton plugs. and grown under growth chamber conditions 22°C 

and 16 hrs photoperiod and 60 umol m-2 s -1. for 28 days (Figure 11). Leaves (old, 

middle and young age) were collected for each treatment after two and four weeks of 

salt stress. 
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a 
 

 b  c  

d  e  f  

g  h  i  

  j    

Figure 11: (a  and  b) Rooted-green cuttings that fully grown under controlled 

glasshouse conditions were used for each salt concentration treatments as shown in 

figures above (c, d, e and f); while from (g-j): Rooted-green regenerated plantlets that 

fully grown under controlled growth chamber conditions were used for each salt 

concentration treatments (0, 100, 200 and 300 mM). 
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3.2.6. In vivo Dry Biomass Determination. 

Total shoot was harvested from experimental plants as triplicate at the end of the forth 

week when the salt stress symptoms appeared (leaves showed chlorosis and necrosis). 

After recording their fresh biomass, they were oven-dried at 65°C for one week and 

dry biomass (gm DW/plant) was recorded. Plant growth was determined by 

measuring the dry weight. 

 

3.2.7. In vivo/in vitro: Ultrasonic Extraction of Essential Oil. 

One hundred and twenty milligrams of dried and crushedfrozen powder of plant 

leaves were mixed with 1 ml hexane and tetradecane as internal standard (20 μl 

tetradecane in 100 ml hexane) in a closed reaction eppendorf tube 2 ml at room 

temperature. Each sample was analyzed triple as independent replicate. The mixture  

was carried out in an ultrasonic bath (Elma–Transonic TI-H-15) (Power: 100 W, 

Room Temperature: 15°C with regularly adding ice/15 minutes) for one hour. After 

incubation; the mixture  was centrifuged (10 minutes at 13200 x g). The hexane phase 

was filtrated (0.45 μm) and stored in amber vials at -20 °C until analyzed. Three 

repetitions were performed. Sonication was performed with ultrasound frequency 35 

KHz for 60 minutes (Three repetitions were performed).  After filtration each mixture 

was evaporated under vacuum to obtain crude extracts. 

 

3.2.8. In vivo/in vitro: Chromatographic Analysis: 

3.2.8.1. Gas Chromatography (GC-FID). 

FAMEs were analyzed by gas chromatography using a Hewlett– Packard 6890 gas 

chromatograph series II (Agilent Technologies, Palo Alto, CA, USA) equipped with a 

flame ionization detector (FID) and an electronic pressure control (EPC) injector. 

They were separated on a polar DB1-like Zebron ZB-AAA capillary column (10 m; 

0.25 mm), coated with polyethylene glycol 0.25 µm film thickness; Hewlett–Packard, 

Palo Alto, CA, USA). Injection volume was 1.5μl; split ratio 1:100, flow rate 450 ml 

He/minute. Separation of the different compounds was achieved by using the 

following temperature program: 2 minutes for 60°C. Followed by a 15°C/minute-

gradient up to 180°C. Then a 20°C/minute-gradient up to 220°C, followed which was 

held 3 minutes. Detection was performed using a flame ionization detector. 

Quantification was performed in relation to area under the peak was compared to that 

of authentic standards (camphor, thujone and cineole, Carl Roth GmbH, Karlsruhe). 
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The standard was carried out by using tetradecane, camphor,  thujone and cineole in 

diluted hexane. The diluted factor of thujone, cineole and camphor was 1:2500, 

1:2500 and 1:2358, respectively.  The retention time 3.32, 4.68, 5.6 and 6.48 for 1, 8-

cineole, β-thujone, camphor and tetradecane, respectively (See appendix, Figure 42). 

 

3.2.8.2. In vivo/in vitro: Compounds Identification. 

The identification of FAMEs was achieved by comparing their retention times with 

those of authentic standards. The identification of essential oil constituents was based 

on the comparison of their retention indices relative to (C8–C22) n-alkanes with those 

of literature or with those of authentic compounds available in our laboratory. 

 

3.3. Gene Expression of Major Enzymes Involved In Synthesis of Secondary 

Metabolites In Sage (Salvia officinalis L.): 

3.3.1. RNA Extraction. 

Young leaves were weekly collected after the onset of the stress experiment. Leaves 

were frozen in liquid nitrogen and kept at -80ºC. Around 100mg of leaf material was 

ground in liquid nitrogen. Following the manufacturer’s protocol (TriFast, peQlab, 

Germany), the tissues were homogenized in 1 ml of TriFast reagent and incubated for 

5 minutes at RT. A 200μl of chloroform was added to the samples and mixed well. 

The mixture was incubated for 3 minutes at RT. The samples were centrifuged at 

13000 x g for 15 minutes at 4°C. The aqueous phase was transferred into a new tube. 

A 500μl of isopropyl alcohol was added, mixed and left for 10 minutes at RT. RNA 

was precipitated by centrifugation at 13000 x g for 10 min at 4°C. The pellet was 

washed with 1 ml 75% ethanol and dried at RT. The RNA was dissolved in RNase-

free water by passing the solution a few times through a pipette tip and incubating for 

10 minutes at 55°C. The concentration of RNA was determined by measuring the 

absorbance at 260 nm using a spectrophotometer. An aliquot of 2µl of each sample 

was tested on a 1% agarose gel. 

3.3.2. Reverse Transcription.  

To confirm the complete removal of DNA contamination which would negatively 

interfere with PCR analysis, a DNase digestion step was carried out before 

transcription. For each 1µg of RNA, 20 U Ribonuclease inhibitor, 1 U DNase 

(Fermentas) and 1μl 10X reaction buffer were added. The volume was brought up to 

10μl with DEPC-treated. The mix was incubated for 30 min at 37°C.  DNase was 
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inactivated by incubation with 1µl 25mM EDTA at 65°C for 10min. Reverse 

transcription reactions were performed according to the manufacture instructions 

using the RevertAid™ M-MuLV ReverseTranscriptase (Fermentas). To improve RT-

PCR results, separate steps for RNA denaturation and primer annealing were 

performed. About 1µg RNA was mixed with 1µl oligo dT and incubated at 65°C for 

5min, chilled on ice and spun down. Subsequently, 1µl RevertAid M MuLV Reverse 

Transcriptase (200u/µl), 4µl 5x buffer, 2µl of 10mM dNTPs, 1µl RiboLock RNase 

Inhibitor (20u/µl) and MgCl2 were added and volume brought up to 20µl with DEPC-

treated water and incubated at 42°C for 1hr. The reaction was terminated by heating at 

70°C for 5min. The reverse transcription reaction product was directly used in PCR 

applications. 

3.3.3. PCR Amplification of cDNA. 

The PCR primers used to amplify sage genes are listed in Table 2. Routine PCR 

amplification was carried out using the generated first strand cDNA samples.  About 

2μl of a ten-fold dilution of the cDNA was used as template in PCR amplification.  

PCR reactions were set up in 25μl of standard buffer using Hotstart Taq DNA 

polymerase (Qiagen, Hilden, Germany) as shown in Table 3. 

Table 2: Utilized qPCR primers for detection of gene expression in sage (Radwan, 

2014). 

# Gene Primer Sequence (5' → 3') Accession # 

1 (+)-bornyl diphosphate 

synthase (BS) 

BS_F GAAACTACCACCCTTT AF051900.1  

2  BS_R AAATCCGAGACAAATA  

3 1,8-cineole synthase (CS) CS_F GACGACGAACGGCTAC AF051899.1 

4  CS_R GCGGTCAAAAAAGATA  

5 (+)-sabinene synthase (SS) SS_F GCAAGACGATCACCAG AF051901.1 

6  SS_R TTGAGTTTGGTTTGAA  

7 Actin A_F AGGAACCACCCAGACA  

8  A_R GGTGCCCTGACCTGTT  
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Table 3: PCR components. 

# Item Concentration Used volume 

1 Forward Primer 10 pmol 1.5 µl 

2 Reverse Primer 10 pmol 1.5 µl 

3 cDNA from RT reaction 1:100 dilution 2 µl 

4 PCR buffer 10X 2.5 µl 

5 dNTP Mix 10 mM 0.5 µl 

6 MgCl2 25 mM 1.5 µl 

7 DNA polymerase 5 u/µl 0.25µl 

8 Water, nuclease free - 15.25 µl 

 Total volume  25 µl 

 

The cycling conditions were 5 min at 95°C, 30 cycles (95°C for 30 sec, 58°C for 30 

sec, 72°C for 1 min) and a final extension and 72°C for 10 minutes. 

3.3.4. Agarose Gel Electrophoresis: 

For DNA visualization, the samples were mixed with loading buffer (6× loading 

buffer, Fermentas). Agarose gels (1-2.5% w/v) were used to electrophoretically 

separate DNA fragments. The agarose concentration was determined according to the 

expected band size. Agarose was mixed with electrophoresis buffer (1x TAE) to the 

desired volume, and then cooked in a microwave until a complete melting was 

reached. After cooling, ethidium bromide was  added  to  the  agarose  (final  

concentration  0.5 μg/ml)  to  facilitate  visualization  of  DNA  after electrophoresis. 

3.3.5. Analysis of Gene Expression Using Real-Time PCR: 

Gene expression was measured with quantitative real-time PCR (qRT-PCR) and three 

biological replicates using SYBR Green mix (Qiagen, USA) (Table 4) and Applied 

Biosystems 7500 thermal cycler (ABI, USA). The qPCR thermal cycling conditions 

was as listed in Table 5. 
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Table 4: Pipetting scheme of qPCR f for amplification and quantification of genes 

expression.  

Component 1X 

SYBR Green mix (2X) 12.5 μl 

F primer  10 M 3 μl 

R primer 10 M 3 μl 

cDNA (RT) 3 μl 

H2O 4.5 μl 

Total 25 μl 

 

Table 5: Cycler program for qPCR step conditions.  

Stage Temperature Time No. of cycles 

Holding stage no. 1 50°C 2 min 1 

Holding stage no. 2 95°C 10 min 1 

Cycling amplification 95°C 15 sec 40 

 60°C 1 min 

Melting curve 95°C 15 sec 1 

 

Primer stringency was verified with melting curves following qRT-PCR. Expression 

of sage genes was calibrated against expression of the reference gene actin. The fold 

change in expression (Stressed compared to control) was achieved using comparative 

CT method (Livak and Schmittgen, 2001). The means with error bars of 95% 

confidence interval (95% C.I., with Z score = 1.96) were calculated using the 

following equations (Sadder and Al-Doss, 2014): 

F = Fold change in expression = 2 ^ ΔΔCT  

ΔΔCT (Salt stress compared to the control) = 

 (CT gene - CT actin) control - (CT gene - CT actin) stress 

Upper error value = (2 ^ (ΔΔCT + (z x SE))) - F  

Lower error value = F – (2 ^ (ΔΔCT - (z x SE))) 
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3.4. Antibacterial Activity of Different Leaf Extracts of Salvia officinalis Abiotic 

Exposed to Salt Stress: 

3.4.1. Preparation of Extracts.  

Plant materials from the different leaf ages (old, middle and young) after treated with 

different NaCl concentrations (0, 100, 200 and 300 mM), leaves were dried in shade 

at room temperature for 3 to 4 weeks to reach up to a constant weight and then 

grinded by using a blender. Fifty gram of plant powder was homogenized in 1 liter of 

sterile distilled water using a pestle and mortar. The homogenate was allowed to stand 

for 2 hours then filtered under vacuum through a 25 mm pore-size filter. The filtrate 

was collected in a flask and then stored at 4°C until used. This aqueous extract 

contained 50 mg of sage/ml. 

 

3.4.2. Antimicrobial Activity: 

3.4.2.1. Bacterial Strains. 

Ten isolated pathogenic bacterial strains were applied to evaluate the antimicrobial 

activity of the essential oils extracted from young leaves of S. officinalis grown under 

various salt concentrations (0, 100, 200 and 300 mM) after treated for (1, 2, 3 and 4 

weeks) respectively; five of them were gram-positive bacteria: Staphylococcus 

aureus, Bacillus megaterium, Staphylococcus auricularis, Streptococcus microti and 

Bacillus cereus; while the others were gram-negative bacteria:  Pseudomonas 

aeruginosa, Enterobacter cloacae, Escherichia coli, Proteus mirabilis and Klebsiella 

pneumoniae. The microorganisms were previously isolated from patients admitted at 

University of Jordan Hospital; and were identified as described earlier (Qudiesat et 

al., 2009). 

3.4.2.2. Maintenance of Bacterial Strains. 

Previously selected bacterial cells were cultured in vials with 5 mL of Luria Bertani 

(LB) medium (pH 5.5) containing 5 g yeast extract, 10 g tryptone, 5 g sodium 

chloride per liter of distilled water and then incubated for 24 hrs at 37 °C. After that, 

1.5 mL glycerol was added and the total content was distributed into microtubes of 

1500 μL getting a final concentration of 13%. Then the microtubes kept in deep freeze 

until use. For solid medium, 2.5 % agar was added. Liquid cultures (5 mL per 50 mL 

culture flasks) incubated at 25 ºC for 18 hrs under constant agitation served as inocula 

for all tests. 
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3.4.2.3. Assay for Antimicrobial Activity. 

The antimicrobial activity of the essential oils was assessed using agar-well diffusion 

method (Perez et al., 1990). Briefly, the media was poured into sterile Petri dishes and 

inoculums suspension was swabbed uniformly onto solidified sterile Petri dishes (25 

ml Mueller-Hinton Agar); allowed to drying for 20 minutes at room temperature. 

Subsequently, holes (6 mm in diameter) were introduced in the seeded agar using a 

sterile Cork borer. Aliquots of 50 μL from each essential oil (500 mg ml-1) were 

added into the wells on the seeded medium and allowed to stand on the bench for 1.5 

hrs for appropriate diffusion. Afterwards, Petri dishes were incubated at 37 oC for 24 

hrs. The resulting inhibition zones were measured in millimeters (mm) and negative 

controls were run in the same manner using 50 μl Phosphate-buffered saline (PBS). 

These experiments were performed in triplicate. For objectification, antimicrobial 

activities were evaluated in comparison to the both standard drug, chloramphenicol 

and tetracycline (5μ/ml). 

3.4.2.4. Statistical Analysis. 

For experimental design, treatments combinations were arranged in a completely 

randomized design (CRD) with three replicates per treatment. Collected data are 

expressed as mean ± S.D. The means were compared by using the one-way and 

multivariate analysis of variance (ANOVA)  followed by Duncan’s multiple range 

tests. The differences between individual means were deemed to be significant at  

P<0.05. A cluster analysis (CA) was performed in order to discriminate between 

different NaCl levels on the basis of essential oil composition. Correlation coefficients 

were also calculated based on fatty acid composition at different levels of NaCl. All 

analyses were performed by using the ‘‘Statistica v 5.1” software (Statsoft, 1998). 
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4. Results and Discussion 

This investigation is aimed to contribute in elucidating the complex metabolic 

situation of plant responses to salt stress, in particular its impact on secondary 

metabolism. Accordingly, the relative concentration of monoterpenes and the total 

biomass of stressed and control plants has to be determined in order to calculate the 

overall monoterpene content, and thus to evaluate the entire biosynthetic capacity 

(Paulsen and Selmar, 2016; Yahyazadeh et al., 2018). In addition, the expression of 

related monoterpene biosynthesis enzymes have to be to elucidate the nature of such 

change in monoterpenes, i.e., to clarify whether it is due to enhanced enzyme 

activities or by an passive shift (Yahyazadeh et al., 2018). Consequently, three main 

approaches are required to achieve these goals: a) to determine of the impact of salt 

stress on the biomass, b) to evaluate the impact of salt stress on the content of 

monoterpenes in sage, and, c) to analyze the expression of the key enzymes of the 

monoterpene biosynthesis, i.e., the monoterpene synthases. 

 

4.1. Effect of Salt Stress on Sage Biomass 

Biomass was estimated for sage plants cultivated under salt stress (100, 200, and 300 

mM NaCl). The data were recorded weekly for four weeks (Figure 12). As expected, 

salt stress had a strong impact on plant growth: the biomass of the stressed plants was 

markedly lower compared to the regularly watered controls. Whereas the plant 

biomass slightly increased in the control plants (biomass), a corresponding growth did 

not occur in treatments, in which NaCl was applied. By contrast, the biomass 

significantly decreased in response to the exposure of NaCl. The biomass reduction 

was strongest when the seedlings were exposed to the highest salt concentrations. 
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Figure 12: Dry biomass (g/plant) of Salvia officinalis shoots of treated plants with 

four different levels of NaCl (0, 100, 200 and 300 mM) over four weeks in vivo. 

Means were separated with LSD and histograms with different letters are significantly 

different at p < 0.05. 

 

The percentage of relative biomass as compared to the control for each week showed 

a continuous decline in treated sage plants with both increased NaCl concentrations 

and with time progression (Figure 13). When the relative biomass was calculated in 

comparison with the previous week (See Figure 43. In Appendix), the control 

showed major increase in biomass for the second week compared with the first and 

for the forth compared with the third, while limited increase was recorded in the third 

compared with the first, which could indicate a specific growth kinetics in sage. On 

the other hand, sage plants showed a decline at 100 and 200 mM when compared to 

previous week. Interestingly, sage at 300 mM showed a huge drop after second week, 

while it showed a tangible increase in the third week as compared with the second and 

in the forth in comparison with the third. However, when relative sage biomass was 

compared with the first week (treatment with itself) (See Figure 44. In Appendix), 

the biomass was increased for control plants, while the it was in negative percentages 

in all NaCl treatments (100, 200, and 300 mM). 

One cause of reduction in biomass (negative effect) under salt stress is inadequate 

photosynthesis owing to stomatal closure (lower stomata conductance) and 

consequently limited carbon dioxide uptake (Zhu, 2001), which was overcompensated 

by the respiration in the night. Maas and Hoffman (1977) proposed that a crop could 

be categorized as salt moderately sensitive, when a 50% of reduction in biomass is 
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revealed at 90 mM of NaCl. According to this scale, sage plant can be considered as 

salt tolerant, because at 100 mM only 11% reduction in biomass was recorded. 

Moreover, a reduction of 50% or more in biomass occurred at very high salt 

concentrations at 200 (moderately tolerant) and 300 mM NaCl (Figure 14), which 

cannot be mitigated by many plant species (Munns and Tester, 2008). Moreover, the 

reduction in biomass was dramatic for the 200 mM NaCl level as compared to 100 

mM. While at 300 mM NaCl application, it turned out that at, the reduction in dry 

biomass was only 25% after 4 weeks of salt treated. These data agree with those 

reported by Tounekti and Khemira (2015). These authors showed that salt (50, 75 and 

100 mM NaCl) showed only a limited decline in sage biomass grown for four weeks 

(dry matter based), indicating that sage is tolerating low levels of salinity. 

Nonetheless, both photosynthetic activity, and stomatal conductance were affected 

mainly at 100 mM NaCl treatment. However, the authors indicated that the 100 mM 

NaCl prepared solution measured as 15 dS/m, corresponding to about 150 mM NaCl 

(Tounekti and Khemira, 2015). Yet, it is important to mention that the sage plants 

were primed with gradually increasing NaCl concentrations (25 mM/day) to avoid 

osmotic shock. This might have helped the plants to mitigate the higher salt 

concentrations. 

The results outlined in this study are also in agreement with earlier reports, which 

document that the negatively influence of salinity in medicinal plants during seedling 

stage, e.g. Salvia spp (Ben Taarit et al., 2009; Valifard et al., 2014), Thymus spp. 

(Belaqziz et al., 2009) and Origanum spp, (Baâtour et al., 2012). Nonetheless, it is 

worth investigating whether or not the observed reactions of seedlings also results 

when applying the stress during less sensitive growth phases than the seedling stages.   
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Figure 13: Relative biomass to the control (%) of Salvia officinalis shoots of treated 

plants with three different levels of NaCl (100, 200 and 300 mM) after 1, 2, 3 and 4 

weeks in vivo. 

 

 
 

Figure 14: Reduction in dry biomass (%) of Salvia officinalis shoots of treated plants 

with three different levels of NaCl (100, 200 and 300 mM) after 2, 3 and 4 weeks in 

vivo. 
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4.2 The Impact of Salt Stress on the Content of Monoterpenes In Sage 

In order to elucidate the complex interactions between stress and secondary 

metabolism impact, the of salt stress on the accumulation of monoterpenes was 

quantified. As already outlined above for in vivo studies, seedling was grown under 

different NaCl levels (0, 100, 200 and 300 mM) and leaves (old, middle and young) 

were harvested after two and four weeks.  

When the monoterpens data were evaluated, both values, absolute concentrations per 

unit dry weight and total concentration per plant (dry biomass) were quantified. As 

predicted, the levels of monoterpenes – calculated by summing up the individual 

levels of the various monoterpenes (camphor, 1,8-cineole and ß-thujone) were 

strongly affected by salt stress in vivo (Figure 15 A and B). In fact, the total 

monoterpenes content (Appendices Figure 46) showed an increase for the first three 

weeks at both 100 mM and 200 mM NaCl as compared to the control (0 mM NaCl). 

This increase is reflected by both passive shift (reduction in biomass) and active up-

regulation (enhanced biosynthesis).   
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(A) 

 
(B) 

Figure 15: Concentration and contents of monoterpenes in differentially stressed soil 

grown sage plants (0, 100, 200 and 300 mM NaCl) after various times of treatment 

(weeks 1-4). All data are calculated by summing up the particular values for camphor, 

1,8-cineole and ß-thujone. The concentrations are quantified as mean values of the 

various leaves stages (young, middle and old). The contents represent the sum of the 

monoterpenes present in all the leaves of an individual plant.  

 

The monoterpene concentrations increased continuously by the time. This accounts 

for the controls as well as for all salinity treatments (Figure 15 A). Highest 

concentrations are found in the stressed plants. After four weeks, the concentration is 

about 34% higher in the plants stressed by 300 mM NaCl as compared to 0 mM level. 

Astonishingly, there is a clear dependency of the monoterpene concentration and the 

NaCl concentration applied. As outlined above, these differences might not be due to 
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an enhanced rate of biosynthesis but rather due to differences in the biomass of 

control and stressed plants. For the related elucidation, the total content of 

monoterpenes was calculated as product of biomass multiplied by the particular 

concentration (Figure 15 B). In contrast to the concentration, the monoterpene 

contents display a completely different picture. Whereas after one week the content is 

higher in the stressed plants than in the controls, after four weeks highest 

concentrations are found in the non-stressed controls. Astonishingly, the highest 

content in the group of the stressed plants is present in those treated with 300 mM 

NaCl, but this high content is achieved by a massive increase in the last week. These 

results point to the fact that there might be both options mentioned above are 

involved. Although the differences in biomass are even relatively low during the week 

first of treatment (Figure 13), the overall concentration of monoterpenes is higher in 

the stressed plants (Figure 15 A). On the other hand, the monoterpene content 

(Figure 15 B) is slightly higher in stressed plants compared to the control during the 

first three weeks (not the fourth week). This indeed points to an enhanced rate of 

biosynthesis. In contrast, later (after four weeks) the massive reduction in biomass and 

thus, the basis for the calculation of the monoterpene concentration, is responsible for 

the high concentration values in the stresses plants, although the highest overall 

content is present in the controls. Accordingly, both options are contributing to the 

stress induced changes in the monoterpene accumulation. In contrast to the situation 

described by Nowak et al., (2010) for drought stressed sage plants, where the stress 

related decrease in biomass was overcompensated by the much higher increase in 

terpene biosynthesis resulting in a massively higher total content in the stressed plants 

than in the controls, the data presented above display that in the case of salt stress the 

the retardation in growth cannot be compensated by the enhancement of biosynthesis.  

In the same manner, monoterpene concentration was also found to increase (ca 63%) 

in Salvia mirzayanii fruits under moderat salt stress (Valifard et al., 2014). Obviously, 

the interaction between the two particular components might differ strongly between 

different plants.  

From the work of Radwan et al., (2017) we know that the stress related impact on 

monoterpene biosynthesis is different for the particular compounds, i.e., camphor, 

1,8-cineole and ß-thujone. Accordingly, in order to get further information, in this 

study – in addition to the data for all monoterpenes - also concentrations and contents 

of the particular monoterpenes (camphor, 1,8-cineole and ß-thujone) are presented.  
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Just like in the situation described for all monoterpenes, also the concentration of 

camphor increased for all treatments in the course of four weeks (Figure 16 A). 

However, in contrast, to the total monoterpenes, the camphor concentraion (apart 

from the plants treated with 200mM NaCl) was not strongly elevated in the stressed 

trials in comparison to the controls. Yet, when evaluating the total camphor content, it 

turned out that it is much higher than in the controls (Figure 16 B). Obviously, there 

is no stress related increase in the camphor biosynthesis, but a significant decline. It 

has to be mention that this stress related impairment in biosynthesis increases, when 

the concentration of NaCl in the soil is enhanced. As this patteren is quite similar to 

that of the biomass (Figure 12), it has to be concluded that biosynthesis of camphor is 

similarly reduced in the stressed plants as the entire growth. These insights clearly 

outline the importance to thoroughly differentiate between concentration and content 

of a certain compound when evaluation the impact of drought stress and thereby 

underlining the statements of Paulsen and Selmar (2016) based on the analyses of 

drought stressed thyme plants and salinity in sage plants and of Yahyazadeh et al. 

(2018). However, in another study, camphor concentration fraction was found to be 

doubled in comparision to control plants in sage plants exposed four weeks to salt 

stress (Tounekti and Khemira, 2015). This indicates that several environmental factors 

interact with a certain stress such as salinity. These factors may include temperature, 

UV light and altitude, and certainly play a major role in variation of secondary 

metabolite metabolism in different plants and varieties. In a recent study surveying 

more than thirty secondary metabolites in sage plants, Raina et al., (2013) found a 

tremendous variation between six accessions collected from India within each 

secondary metabolites, indicating the influence of the genetic background in the 

metabolism of secondary metabolites in sage. The camphor fraction varies from 

11.3% to 37.7% between investigated sage accessions grown under the same 

conditions, in another study, camphor fractions varies from 8.8% to 25% between six 

accession collected from Jordan (Abu-Darwish et al., 2013). These genotype-based 

variations would indicate differences in biosynthesis. 
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 (A)  

(B)   

 

Figure 16: Camphor concentration and contents in differentially stressed soil grown 

sage plants (0, 100, 200 and 300 mM NaCl) after various times of treatment (weeks 1-

4). The camphor contents represent the sum of the monoterpenes present in all the 

leaves of an individual plant.  

 

When 1,8-cineole monoterpene concentrations were compared, salinity showed a 

slight enhancing effect as compared to the control (Figure 17 A), while a dramatic 

increase was recorded at 300 mM level after four weeks. In the contrary a slight 

concentration decrease was recorded for the same monoterpene under two weeks of 

drought stress in sage plants (Radwan et al., 2017), where it reached around 0.15 

mg/g d.w. (0.5 mg/g f.w.), which was comparable with two week 100 mM NaCl 

treatment in this study at around 0.13 mg/g d.w. Nonetheless, the highest 

concentration we achieved was around 1 mg/g d.w. at 300 mM NaCl after four weeks. 
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In another supporting study on Salvia mirzayanii fruits based on f.w., Valifard et al., 

(2014) found a dramatic increase in 1,8-cineole monoterpene concentration of around 

30% after three weeks of salt stress (9.1 dS/m [comparable to 100 mM NaCl]) as 

compared to the control. While Ben Taarit et al., (2009) found more than 100% in 

1,8-cineole monoterpene concentration in sage (Salvia officinalis L.) fruits after four 

weeks under 75 mM NaCl. On the other hand, Tounekti and Khemira (2015) reported 

around seven-fold increase in 1,8-cineole concentration in sage plants exposed to 15 

dS/m salinity stress (4 weeks) compared to the control, which is near our five-folds 

increase in 1,8-cineole concentrations at 300 mM level comparision to control plants 

(Figure 17 A). 

Another important issue in monoterpene production is the genotype, where different 

varieties of accessions can differ in their response to salinity stress as regulated by 

their unique genetic background, the therefore, would hint toward biosynthesis 

efficiency under stress or anatomical features such as trichomes. This was 

demonstrated between two varieties of marjoram (Origanum majorana L.) under salt 

stress (Baâtour et al., 2012). Similar to camphor fraction, it is important to consider 

the biodiversity between sage accessions. 1,8-cineole levels varied between 4.5% and 

9.2% for different Indian sage accessions grown under similar conditions (Raina et al., 

2013). On the other hand, 1,8-cineole levels varied between 39.5% and 50.3% for 

different Jordanian sage accessions (Abu-Darwish et al., 2013). Interestingly, the 

percentage of each fraction was not consistent along investigated accessions, e.g. 

accession C1 has low 1,8-cineole level (5.6%) and high camphor level (25.2%), in the 

contrary, accession C3 had elevated 1,8-cineole level (9.2%) and relatively low 

camphor level (11.3%).    

Based on whole plant biomass (1,8-cineole content), the 100 mM NaCl showed 

slightly higher 1,8-cineole levels as compared to the control along all collection times 

(Figure 17 B). The increase in 1,8-cineole content could also mean a real increase in 

the biosynthesis similar to camphor monoterpene (see gene expression section 

below). However, this situation was true up to the third week only, thereafter, the1,8-

cineole content of the control plants exceeds those of stress plants by the fourth week. 

In case of the monoterpene ß-thujone, the concentrations showed remarkable increase 

for all treatments along the four collection times (Figure 18 A) and especially for 200 

mM, which agrees with drought stress in sage (Radwan et al., 2017). However, under 

two weeks of drought stress higher levels were achieved (0.87 mg/g d.w. [2.9 mg/g 
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f.w.]), as compared to salinit stress (0.3 mg/g d.w.) and the highest level acheived in 

our study was (0.6 mg/g d.w.) at 200 mM after four weeks (Figure 18 A). On the 

other hand, Tounekti and Khemira (2015) reported around 4.5 folds increase in ß-

thujone concentration in sage plants exposed to 15 dS/m salinity stress (4 weeks) 

compared to the control, which is much more that the two-folds increase in ß-thujone 

concentration recorded in this stuy at 200 mM level when compared to control plants 

(Figure 18 A). 

On the other hand, and based on ß-thujone content (Figure 18 B), there were sharp 

increase only at 100 mM and 200 mM salinity stress levels. After 2 and 4 weeks, it 

reached a maximum of 0.43 and 0.53 mg/plant at 100 mM NaCl, compared to 0.24 

and 0.35 mg/plant in the control, respectively. One more time, this could indicate a 

real increase in biosynthesis of the ß-thujone monoterpene similar to camphor and 

1,8-cineole. However, after four weeks of experiment both the control and 300 mM 

stress were comparable at 0.3 mg/plant (Figure 18 B).  
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(A)  

 

(B)  

 

 

Figure 17: 1,8 cineole concentration and contents in differentially stressed soil grown 

sage plants (0, 100, 200 and 300 mM NaCl) after various times of treatment (weeks 1-

4). The 1,8 cineole contents represent the sum of the monoterpenes present in all the 

leaves of an individual plant. 
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(A)  

 

(B)  

 

 

Figure 18: ß-thujone concentration and contents in differentially stressed soil grown 

sage plants (0, 100, 200 and 300 mM NaCl) after various times of treatment (weeks 1-

4). The ß-thujone contents represents the sum of the monoterpenes present in all the 

leaves of an individual plant. 
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Our results showed that both 100 and 200 mM NaCl enhances essential oil 

biosynthesis in S. officinalis and this effect is time dependent (up to three weeks). 

However, the biosynthesis of camphor (Figure 16 B) and ß-thujone (Figure 18 B) is 

higher in stressed plants, whereas it is lower in the case of cineole (Figure 17 B). 

Whereas the biomass continuously decreased along time for all stress levels (100, 200 

and 300 mM) (Figure 13), the concentrations of camphor (mg/g) increased under 

same conditions in vivo collected leaves (Figure 16 A and B). This can be explained 

by as the increase in monoterpene concentration (100-200%) (Figure 15B) exceeds 

the decrease in biomass (around 25%) (Figure 13) up to the third week.  

This easily is verified by the fact that the total content of monoterpenes is constantly 

increasing whereas the biomass is not. However, in comparison to the controls, this 

increase is not stronger in the stressed plants than in the controls. Accordingly, on the 

first glance, there is no promotive impact of salt stress on the biosynthesis of 

monoterpenes in sage detectable. However, if we consider the decrease in biomass in 

the stressed plants, it is obvious that nearly the same number of monoterpenes is 

synthesized in less plant material. Accordingly, as outlined by Paulsen and Selmar 

(2016) the rate of biosynthesis is indeed higher in the stressed plants and thus an 

enhancing effect of salt stress on the biosynthesis of monoterpenes can be attributed. 

In the contrary, the enhancement of secondary metabolites was assigned to the 

reduction in biomass production in response to drought stress and not an increase in 

the rate of biosynthesis (Selmar and Kleinwächter, 2013). This was true as the level of 

reduction in biomass under induced drought stress was comparable with the level of 

increase for these compounds, e.g. 10% increase in biomass time’s phenolic 

compound concentration in Hypericum brasiliense (De Abreu and Mazzafera, 2005) 

and a 25% increase in anthocyanins in stressed peas (Nogues et al., 1998). While, in 

sage, monoterpenes increased by 23% under drought stress with a simultaneous 11% 

decrease in biomass, which represents around a 23% increase in biomass times 

phenolic compound concentration (Nowak et al., 2010). This trend was much 

pronounced in our study under a different abiotic stress, namely salinity. In our case, 

the reduction of biomass after 4 weeks of 300 mM NaCl was around 25%, while the 

increase in content camphor, 1,8 cineole and beta-thujone reached up to 50% (Figure 

16 B), 520% (Figure 17 B) and 130% (Figure 18 B), respectively. Consequently, this 

increase cannot be solely explained by the biomass reduction level (around 25%), but 
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rather would indicate and enhanced biosynthesis or a reduction in catabolic pathway, 

which was already illustrated for mature sage leaves (Croteau et al., 1987), where 

camphor undergoes lactonization to 1,2-campholide followed by conversion to the 

beta-d-glucoside-6-O-glucose ester, and ultimately translocated into roots, where it 

may be metabolized in other pathways.  

At the first glance (after two weeks) salt seems to cause a decline of the overall 

terpene biosynthesis. The camphor content showed a net decrease of 15-30% for 100- 

and 300-mM levels, respectively. This means that the sage plants were under the 

effect of salinity stress, which caused a decrease in biomass formation. Later on, after 

4 weeks, sage plants seemed to adapt to the stress in terms of secondary metabolites 

showing a dramatic increase in camphor content; 63%, 74% and 50% at 100-, 200- 

and 300-mM levels. 

On contrary,  1,8 cineole and beta-thujone, showed an increase in content after two 

weeks at 100 and 200 mM levels, reaching 88% for beta-thujone at 200 mM level. 

However, they also show 12 % and 17% reduction in content at the 300 mM level, 

respectively. Obviously, the specific rates of biosynthesis change in the course of the 

experiment, and a more detailed evaluation with special emphasis on the specific rates 

of biosynthesis is required. 

These complex coherences can easily be comprehended by the rates of biosynthesis 

displayed in Figure 1.  Indeed, as expected, in the last phase of stress (after 4 weeks) 

the rate of biosynthesis is markedly higher in the salt stressed plants than in tap-

watered ones, which neither reflects stress-related reduction in biomass (Selmar and 

Kleinwächter, 2013) nor a decline of terpene biosynthesis in the course of leaf 

maturation (e.g., Vorin and Bayet, 1996). 

In consequence, within the period of four weeks, the rates in stressed and control 

plants are nearly the same. However, the reduction of the biosynthetic rate in salt 

stressed plants proceeds in the last phase of the experiment. It is very likely that the 

stressed plants have - at least in part - adapted to the stress situation and the reduction 

status has normalized. Finally, the rate of biosynthesis in thyme plants under salt 

stress is only 60% that of the controls. This strong decrease may be due to putative 

stress-related damages.  

If indeed the metabolic processes and coherences outlined above are responsible for 

various effects in the course of the different phases of salt stress must be verified by 

basic experiments. However, with respect to sound estimation of stress-related 
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changes on secondary metabolism, especially for the evaluation of its impact on food 

quality, the results outlined in this paper clearly demonstrate the importance of the 

determination of both, concentration and total amount of the natural product of 

interest. Only if both, the rate of plant biomass production and the biosynthetic rate of 

secondary metabolite production throughout growth of the plants are considered, it 

will be possible to deliberately apply salt stress as a means of modifying the quality of 

commodities derived from spice and medicinal plants. 

For the in vivo experiment, the accumulated levels showed a dramatic increase at all 

salinity levels (100, 200 and 300 mM) for all leaf ages (old, middle and young) as 

compared to the control except for young leaves at 100 mM, which had a decrease in 

total monoterpenes as compared to the control. When comparing the leaf ages, young 

leaves showed higher concentrations of total monoterpenes as compared to middle or 

old aged leaves. When the levels were summated for all leaf ages (old, middle and 

young), a clear increase trend could be shown along increasing salinity level (Figure 

19 A) as compared to the control, recording up to 150% increase in total 

monoterpenes at 300 mM salinity level. 

Further experiments are required for the elucidation whether or not in sage the 

biosynthesis of monoterpenes is enhanced due to salt stress including salt stress 

applied to in vitro-plants. 

 

4.2.1. Impact of Salt Stress on the Monoterpene Concentration In vitro-Plants 

A similar trend was recorded for the in vitro experiment (Figure 19 B). The 

monoterpene concentration at 100 mM salinity level were higher than the control for 

both old and middle age leaves. The monoterpene concentration increased even more 

and showed the highest levels at 200 mM for both old and middle age leaves. 

However, they dropped back at 300 mM salinity level. On the other hand, the 

accumulated monoterpenes were only pronounced at 200 mM salinity levels as 

compared to the control. 

The monoterpene concentrations for all leaf ages (old, middle and young) in the in 

vitro were less pronounced as compared to the in vivo experiment (Figure 19). In 

addition, the highest total accumulated monoterpenes were achieved at 200 mM 

salinity level with 127% increase as compared to the control. 
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(A) (B)  

(C) (D)  

 

Figure 19: Fold changes in total monoterpenes after four weeks. A) Old, middle and 

young age leaves from in vivo experiment B) All leaf accumulated from in vivo 

experiment. C) Old, middle and young age leaves from in vitro experiment D) all leaf 

accumulated from in vitro experiment.  

 

The monoterpene content were not recorded as there was no significant change in the 

biomass of the in vitro-plants, therefore changes in the concentration directly 

correspond to similar changes in the content. 

 

4.2.1.1. Impact of Salt Stress on the Camphor Concentration In in vitro-Plants 

After two weeks of salinity stress at 100 mM, the old leaves did not show any major 

change in camphor concentration as compared to the control for the in vivo 

experiment (Figure 20 A), but decreased by around 40-50% at both 200- and 300-

mM levels. On the other hand, the data shows around 2-fold increase after four weeks 

at all salinity treatment levels However, it increased dramatically at 200 mM both 

after 2 and 4 weeks. Camphor concentrations had likewise, similar fold changes for 

the in vitro experiment. There were significant 1.8-, 1.7, and 1.9-fold increase at 100-, 

200- and 300-mM stress levels after four weeks, respectively (Figure 20 D). 

The middle age leaves showed a similar trend as the old leaves, both in vivo (Figure 

12 B) and in vitro (Figure 20 E). Where, camphor concentration did not change far 

away from the control after two weeks of salinity stress, while it increased sharply 
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after four weeks by 2- 1.7- and 1.9-folds for 100, 200 and 300 mM NaCl treatments, 

respectively (Figure 20 B). This was also true for only two levels in vitro after four 

weeks; at 100 and 200 mM, recording a 1.8-folds increase for each, while camphor 

concentration at 300 mM did not show any significant difference as compared to the 

control concentration (Figure 20 E). 

On the contrary, camphor concentrations in in vivo young leaves were not 

significantly different from the control level for all NaCl levels and both collection 

times (2 and 4 weeks) except for the 200 mM stress level after four weeks, which 

showed a record 2.3-folds increase as compared to the control (Figure 20 C). The 

same behavior was recorded for tissues collected from the in vitro experiment (Figure 

20 F). In which, the 200 mM stress level after four weeks, showed the only significant 

increase as compared to the control and with around 1.9-folds increase. 
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Figure 20: (A-C), Camphor concentration under different saline conditions (100, 200 

and 300 mM) for three different leaf ages (old, middle and young) at two different 

time point (2 and 4 weeks) in vivo. (D-F), the same experiments but in vitro trial. 

Results are mean ± SEM (n = 3 independent replicates). Statistical significance of 

difference from corresponding control incubations' values: ***P≤0.005 by using 

PRISM 7. 
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4.2.1.2. Impact of Salt Stress On the 1,8 Cineole Concentration In in vitro-Plants 

After two weeks of salinity stress at 100 mM, the old leaves did not show any major 

change in 1,8 cineole concentration as compared to the control for the in vivo 

experiment (Figure 21 A), but decreased by around 60-70% at both 200- and 300-

mM levels. On the other hand, the data shows around 3-, 2.7- and 2.6-folds increase 

after four weeks at 100-, 200- and 300-mM salinity treatment levels, respectively. 

However, it increased dramatically for middle age leaves by 1.8- and 1.9-folds at 100 

mM, by 2.6- and 2.7-folds at 200 mM and by 2- and 2.5-folds at 300 mM, after 2 and 

4 weeks, respectively. For young leaves, it increased by 1.3 and 1.2 folds after 2 and 4 

weeks at 100 mM NaCl level, respectively. While it increased after 4 weeks and not 

after 2 weeks at 200- and 300-mM levels by 1.6 and 16 folds, respectively. The 1,8 

cineole concentrations, in the contrary, showed decreased levels after two weeks for 

the in vitro experiment, ranging between 10-50% (Figure 21 D-F). On the other hand, 

after four weeks, the concentration of 1,8 cineole increased from 10-50% at 100 mM 

salinity level and by 20% at 300 mM level. However, it showed up to 90% increase at 

200 mM level in old leaves. 
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Figure 21:1,8 cineole concentration under different saline conditions (100, 200 and 

300 mM) for three leaf ages (old, middle and young) at two different time period (2nd 

and 4th weeks) in vivo. A-C (in vivo) and D-F (in vitro). Results are mean ± SEM (n = 

3 independent replicates). Statistical significance of difference from corresponding 

control incubations' values: ***P<0.005 by using PRISM 7. 

 

4.2.1.3. Impact of Salt Stress on the Thujone Concentration In in vitro-Plants 

After two weeks of salinity stress at 100 mM, the old leaves did not show any tangible 

change in β-Thujone concentration as compared to the control for the in vivo 

experiment (Figure 22 A), but increased by around 2.1 folds at 200 mM levels. On 

the other hand, the data shows around 3-folds increase after four weeks at all salinity 

treatment levels. β-Thujone concentrations had likewise, comparable fold changes for 

the in vitro experiment. There were significant 2.3, 3.4, and 2.5-fold increase at 100-, 

200- and 300-mM stress levels after four weeks, respectively (Figure 22 D). 

The middle age leaves showed a similar trend as the old leaves, both in vivo (Figure 

22 B) and in vitro (Figure 22 E). Where, β-Thujone concentration did not change far 

away from the control after two week of salinity stress, while it increased shapely 

after four weeks by 3- 2.9- and 2.9-folds for 100, 200 and 300 mM NaCl treatments, 

respectively (Figure 22 B). This was also true for only two levels in vitro after four 
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weeks; at 100 and 300 mM, recording a 2.7-folds increase for each, while β-Thujone 

concentration at 300 mM did not show any significant difference as compared to the 

control concentration (Figure 22 E). 

Young leaves 

On the contrary, β-Thujone concentrations were not significantly different from the 

control level for all NaCl levels and both collection times (2 and 4 weeks) except for 

the 200 mM stress level after four weeks, which showed a record 2.3-folds increase as 

compared to the control (Figure 22 C). The same behavior was recorded for tissues 

collected from the in vitro experiment (Figure 22 F). In which, the 200 mM stress 

level after four weeks, showed the only significant increase as compared to the control 

and with around 2.9-folds increase. 

The β-Thujone concentrations, in the contrary, showed decreased levels after two 

weeks for the in vitro experiment, ranging between 66-100% (Figure 22 D-F). On the 

other hand, after four weeks, the concentration of β-Thujone increased from 97-50% 

at 100 mM salinity level and by 97% at 300 mM level. However, it showed up to 90% 

increase at 200 mM level in old leaves. 
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Figure 22: (A-C), β-Thujone concentration under different saline conditions (100, 

200 and 300 mM) for three leaf ages (old, middle and young) at two different time 

point (2 and 4 weeks) in vivo. (D-F), the same experiments but in vitro trial. Results 

are mean ± SEM (n = 3 independent replicates). Statistical significance of difference 

from corresponding control incubations' values: ***P<0.005 by using PRISM 7. 

 

Indeed, the data outlined above display that the concentration of monoterpene is 

significantly enhanced in response to salt stress. However, when focusing on a 

putative impact of salt stress on the extent of monoterpene biosynthesis, not the 

concentration but the total content is of interest. Since the biomass of stressed and 

control plants significantly differs (Table 6, In Appendix), the content has to be 

calculated as product of concentration and biomass of the various plants exposed to 

the stress.  

In principle, there are two possibilities for an increase in the biosynthesis of secondary 

metabolites, a passive shift and an active up-regulation. 
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4.3 The Impact of Salt Stress on Gene Expression of Monoterpene Synthases in 

Sage 

Investigation related to transcriptional regulation under salinity and drought stresses 

have indicated two major regulatory pathways (Yamaguchi-Shinozaki et al., 2006). 

The first is called ABA-dependent, where ABA presence is necessary for the 

regulation of this pathway, while the second one is called ABA-independent 

pathways, which does not require ABA presence to regulate stress responses 

including signal perception, signal transduction and transcription factor responsive 

gene activation. One of major player in stress signaling is salicylic acid (SA), which is 

a signaling molecule known to participate in defense responses against variety of 

environmental stresses including salinity (Jayakannan et al., 2015). Furthermore, 

exogenous application of SA was found to increase secondary metabolites including 

monoterpenes (Xu et al., 2015). Therefore, it is potential that endogenous SA has an 

important indirect and positive regulating effect of monoterpene biosynthesis in sage. 

This was verified in medicinal plant Egletes viscosa, where an array of monoterpenes 

was unregulated by both SA and salinity stress application (Batista et al., 2019).  

 

As outlined above, the impact of salt stress on the biosynthesis of monoterpenes 

depends on a passive shift as well as on increase of the activity of the related key 

enzymes. Since the impact on salt stress differs with respect to the various 

monoterpenes, both options seem to be involved in salt stressed sage plants. 

Accordingly, there must be differences in the up-regulation of the corresponding key 

enzymes, i.e., the different monoterpene synthases. The aim of this chapter was to 

elucidate this background by comparing the expression level of the relevant 

monoterpene synthases. 

According to the well accepted scheme three different monoterpene synthases are 

responsible for the three major monoterpenes present in sage (Figure 23). While, the 

cineole synthase directly catalyzes the synthesis of 1,8-cineole from geranyl 

diphosphate in one step, ß-thujone and camphor represent further modifications of the 

reaction products of the sabinene and the bornyl diphosphate synthase, i.e., sabinene 

and bornyl diphosphate, respectively. (Wise et al., 1998; Croteau and Karp, 1977). 

Although in both cases further steps are required, the synthases are assessed as 

limiting factors for the syntheses of ß-thujone and camphor. Accordingly, in this study 

the expression of these key enzymes was used to estimate the impact of salt stress on 
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the biosynthesis of monoterpenes in order to evaluate a putative active stress-related 

up-regulation.  

 

 

Figure 23: Monoterpene synthases and their reaction products. 1,8-cineole synthase 

(CS), (+)-sabinene synthase (SS) and (+)-bornyl diphosphate synthase (BS) 

(Degenhardt et al., 2009). 

 

Sage seedlings were exposed to salt stress treatments. This experiment was conducted 

to investigate the effect of stress on expression of important genes involved in 

biosynthesis of sage secondary metabolites such as monoterpenes. Sample tissues 

from all treated plants were used to isolate RNA. RNA quality and quantity were 

satisfactory as measured by spectrophotometer and visualized using gel 

electrophoresis (Figure 24). 
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Figure 24: Gel electrophoresis of total isolated RNA (Second and third lanes) run 

together with Gel Pilot 1 kb DNA ladder marker from QIAGEN (cat.no. 239095) 

(First lane). 

 

Standard PCR was used to check sage primers to be used in qPCR. The amplicons 

were tested using gel electrophoresis (Figure 25). All DNA bands were well 

amplified and showed their comparable expected sizes. 
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Figure 25: Gel electrophoresis of cDNA from sage for (+)-sabinene synthase (SS) 

gene (Lanes 1-4) and (+)-bornyl diphosphate synthase (BS) gene (Lanes 5-8) run 

together with Gel Pilot 1 Kb DNA ladder marker from QIAGEN (cat.no. 239095) 

(Lane M). 

 

The qPCR data for sage gene expression were calibrated to the house keeping gene 

actin. The analyzed expressions were illustrated as fold increase as compared to the 

control (unstressed plants). The expression of BS gene was almost at the baseline 

during the exposure for salt stress for the first two weeks (Figure 26). The differential 

expression of BS as compared to the control was detected in the third week at all three 

salt stress levels. However, it was sharply up-regulated at 300 mM stress level (4-

folds) followed by 200 mM (0.7-fold) and then 100 mM (0.6-fold) stress levels. 

Likewise, the expression levels for the CS gene were almost at the baseline during the 

exposure for salt stress for the first two weeks (Figure 27). The differential 

expression of the CS gene as compared to the control was detected at both the third 

and fourth weeks of exposure to salt stress. However, the expression levels of the CS 

gene were very low compared to the levels of BS gene. 

On the other hand, the expression of SS gene as compared to the control was detected 

in all salt stress levels (100, 200 and 300 mM NaCl) and along all sampling period of 

the experiment (1, 2, 3 and 4 weeks) (Figure 28). However, the differential 

expression of DD gene was more prominent at the third sampling time (after three 

weeks of salt stress exposure) for all salt stress levels. The highest levels were 
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recorded for 100 mM stress level, followed by 200 mM stress level and the 300 mM 

stress level with 16.4, 4.5 and 3.6 folds, respectively.  

 

Figure 26: Fold increase in (+)-bornyl diphosphate synthase (BS) gene expression in 

sage shoots under salinity stress (NaCl) as compared to the control (unstressed plants). 

The actin amplification was used as an internal reference gene. Data represent means 

± SE. 
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Figure 27: Fold increase in 1,8-cineole synthase (CS) gene expression in sage shoots 

under salinity stress (NaCl) as compared to the control (unstressed plants). The actin 

amplification was used as an internal reference gene. Data represent means ± SE. 

 

Figure 28: Fold increase in (+)-sabinene synthase (SS) gene expression in sage shoots 

subjected to saline stress (NaCl) as compared to the control (unstressed plants). The 

actin amplification was used as an internal reference gene. Data represent means ± 

SE. 
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The expression levels of various investigated sage genes were compared to expected 

mono-terpenes they would synthesis as depicted by the mono-terpen pathway (Figure 

23). Starting from the common substrate geranyl diphosphate (GPP), the CS enzyme 

would directly catalyse the synthesis of 1,8-cineole in one step. While, the SS would 

directly catalyse the synthesis of sabinene in one-step, which can be converted 

indirectly into ß-thujone after three additional enzymatic reactions involving other 

important enzymes. Finally, the BS enzyme would directly catalyse the synthesis of 

bornyl diphosphate from GPP in one reaction step. Consequently, camphor would be 

synthesised after two additional steps involving other enzymes.  

Increasing soil salinity level has a profound influence on the essential oil biosynthesis 

(Salinas and Deiana, 1996). Thus, investigations related to the growth of medicinal 

plants focus on the mechanisms of salt tolerance. In this case, a comprehensive 

knowledge on the regulative pathways of secondary plant products is required to 

increase productivity. In this study, we measured the differential expression of major 

mono-terpene synthases from sage (Figures 26, 27 and 28). We were interested in 

sampling only young leaves as it was shown that they contained higher levels of 

diterpenes when compared to senescent ones (Tounekti et al., 2011). We found that 

(+)-sabinene synthase gene is the major responsive mono-terpene synthase in sage 

under salt stress (Figure 28). Due to the prevalence of drought stress and its 

consequence on salt-affected soils (Hachicha, 2007), secondary products, 

antimicrobial activities of medicinal, aromatic and the majority of cultivated plants 

are affected. Furthermore, drought was found to induce oxidative stress reduces the 

CA and CAR contents of the sage leaves and enhances the formation of the highly 

oxidized diterpenes isorosmanol (ISO) and dimethyl isorosmanol (Munné-Bosch et 

al., 1999).  

Sage contains a relatively large amount of polyphenolic compounds with antioxidant 

activity (Brückner et al., 2014; Schwarz and Ternes, 1992). Salvia officinalis produces 

monoterpenes with a broad range of carbon skeletons, including acyclic, monocyclic, 

and bicyclic compounds. Three distinct monoterpene synthases are responsible for the 

first steps in the formation of the most characteristic monoterpenes of S. officinalis 

essential oil. However, we included only three mono-terpenes in this study, which are 

β-thujone, camphor, and 1.8-cineole because they are key factors affecting biological 

properties in sage (Tounekti and khemira, 2015). This is achieved by the production 
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of three equivalent key enzymes (Figure 23) for monoterpene biosynthesis: cineole 

synthase for 1, 8 cineole, the bornyl synthase for camphor and the sabinene synthase 

for α and β-thujone (Selmar and Kleinwachter, 2013; Wise et al., 1998). 

We were interested in salinity stress because saline soils are not suitable for many 

crops since they have low salt tolerance (Munns, 2005). Salt stress causes an ionic 

imbalance and hyperosmotic stress (Tester and Davenport, 2003). Under salinity 

stresses, significantly increased levels of proline and soluble carbohydrates are 

probably related to osmotic adjustment and the protection of membrane stability 

(Megdiche et al., 2007). This causes an immediate inhibition of cell expansion and 

senescence (Chinnusamy et al., 2006). In addition, sodium ion, by its similar chemical 

nature to potassium ion, competes with and inhibits the potassium uptake by the root. 

Potassium deficiency results in growth inhibition because this ion is involved in the 

capacitance of so many enzyme activities in addition to its participation in 

maintaining membrane potential and cell turgor (Chinnusamy et al., 2006).  

However, saline soils can be utilized by medicinal plants as salinity enhances 

secondary metabolites. Selmar and Kleinwächter (2013) have studies the correlation 

between changes in the metabolic level under stress and improvement of plant natural 

products. They found that stress-induced stomata closure significantly decreases the 

uptake of CO2 and consequently, the consumption of reducing equivalents (NADPH 

and H+) for the CO2-fixation through Calvin cycle drops substantially, creating a 

considerable oversupply of NADPH and H+. As a result, metabolic routes are forced 

toward the generation of highly reduced metabolites, such as alkaloids, isoprenoids or 

phenols. 

The relative expression of (+)-bornyl diphosphate synthase gene (Figure 26) was 

compared with the relative detected camphor in sage leaves (Figure 29). The gene 

was expressed at peak level in the third week, while the metabolic product (camphor) 

levels raised earlier in the second week at 200 mM NaCl. Such offset is possible as 

(+)-bornyl diphosphate synthase produces bornyl diphosphate, which is subsequently 

hydrolyzed to borneol and then oxidized to camphor (Wise et al., 1998; Croteau and 

Karp, 1977). Therefore, two other major enzymes are involved in the pathway which 

leading to camphor production. The expression of these two additional enzymes 

would vary under the applied stress regime compared to (+)-bornyl diphosphate 

synthase. On the other hand, the relative expression of 1,8-cineole synthase gene 

(Figure 27) correlates with the relative 1,8-cineole levels in young sage leaves 
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(Figure 30). The enzyme levels increased in the third and fourth week leading to the 

accumulation of the 1,8-cineole during this period (Figure 30). This situation 

correlates well because the 1,8-cineole synthase produces 1,8-cineole one step only 

(Wise et al., 1998; Croteau and Karp, 1977). However, 1,8-cineole was found to 

accumulate with higher levels in the second week. This can be influenced by the fact 

that in addition to the direct synthesis of 1,8-cineole from GPP through 8-cineole 

synthase, 1,8-cineole can be indirectly synthesized by converting GPP to -terpineol 

by (-)--terpineol synthase [E4.2.3.111] and then to 1,8-cineole by 8-cineole synthase 

(Martin and Bohlmann, 2004). Moreover, airborne 1,8-cineole can enter plant organs 

as leaves that can result in elevating 1,8-cineole concentrations (Capone et al., 2002). 

The third comparison between relative expression of (+)-sabinene synthase gene 

(Figure 28) and GC relative abundance of ß-thujone (Figure 31) is similar to BS gene 

case. The gene was expressed mainly in the second, while the metabolic product (ß-

thujone) levels raised along the entire sampling period. This similar offset is probably 

because (+)-sabinene synthase catalyzes first the production of sabinene, which 

undergoes further rearrangements leading to the two major monoterpenes and finally 

thujone (Wise et al., 1998; Croteau and Karp, 1977). In this case, three additional 

enzymes would vary in their expression levels under the applied salt stress as 

compared to (+)-sabinene synthase. 

 

 

Figure 29: Relative abundance of camphor in sage seedlings influenced by three 

different levels of salt stress (100, 200 and 300 mM NaCl) compared to the control as 

measured by gas chromatography (based on concentration data). 
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Figure 30: Relative abundance of 1, 8-cineole in sage seedlings influenced by three 

different levels of salt stress (100, 200 and 300 mM NaCl) compared to the control as 

measured by gas chromatography (based on concentration data). 

 

Figure 31: Relative abundance of ß-thujone in sage seedlings influenced by three 

different levels of salt stress (100, 200 and 300 mM NaCl) compared to the control as 

measured by gas chromatography (based on concentration data). 

The methylation cycle, the phenylpropanoid pathway and glycine betaine biosynthesis 

exhibit induction as a short-term response to salinity stress, whereas glycolysis and 

sucrose metabolism and reduction in methylation are long-term responses. Long-term 

salt exposure also causes a reduction in the metabolites that were initially responsive 

(Kim et al., 2007). In tobacco plants treated with various doses of salt, 1 day of 

treatment with 50 mM sodium chloride induced accumulation of sucrose, and to a 

lesser extent glucose and fructose, through gluconeogenesis. Further stress (500 mM 

NaCl for another day) led to elevation of proline and even higher elevation in sucrose 

levels compared to the lower dose; at the same time, glucose and fructose levels 

decreased as trans amination-related metabolites (asparagine, glutamine, and GABA) 
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did. These data suggest that sugar and proline biosynthesis pathways are metabolic 

mechanisms for control of salt stress over one-to-two-day periods (short-term). 

Proline continues to be observed at high levels at later stages (3 to 7 days under highly 

stressing concentrations of 500 mM of sodium chloride and sucrose decreases. There 

are also significant elevations in levels of asparagine, valine, isoleucine, tryptophan, 

myo-inositol, uracil, and allantoin, and reductions in glucose, fructose, glutamine, 

GABA, malate, fumarate, choline, uridine, hypoxanthine, nicotine, N-

methylnicotinamide, and formate (Zhang et al., 2011).  

All these studies demonstrate that the metabolic plant response to salinity stress is 

variable depending on the genus and species and even the cultivar under 

consideration. Differential metabolic rearrangements are in intimate correlation with 

genetic backgrounds. Furthermore, the plant physiology in salt stress with time 

proceeds through a complex metabolic response including different systematic 

mechanisms and changes. Inside a salt-stressed plant as a biological unit, different 

tissues respond differentially and in some cases, the responses are even contrasting. 

Noticeable differences exist between plant species in the way they react to surpass the 

osmotic pressure imposed by high soil salt content through mechanisms such as 

tolerance, efficiency in salt exclusion, changes in nutrient homeostasis, and osmotic 

adjustment. 

The concentration of camphor showed a slight increase based on plant biomass 

(Figure 16 B); however, there was around 50% reduction in biomass (Figures 14 and 

Figures in appendix 43, 44). Therefore, this almost steady level of camphor cannot 

be explained but because of enhanced gene expression, which in fact, is the case, 

where the qPCR showed a prominent increase in (+)-bornyl diphosphate synthase 

expression as 300 mM NaCl in second week (Figure 26). 

On the other hand, 1,8-cineole synthase gene expression was not affected by any salt 

stress treatment along the entire time course of the experiment (Figure 27), which is 

in agreement with 1,8-cineole levels calculated on biomass bases (Figure 17 B). 

Therefore, unlike salinity enhanced biosynthesis for camphor, 1,8-cineole 

biosynthesis is unlikely to be affected by salt treatment.  

The situation of ß-thujone is similar to camphor, where there was a huge decline in 

biomass at 100 and 200 mM during the first three weeks (Figure 14 in text and 

Figures 43, 44, in appendix). However, this decline was not correlated with decline 
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in ß-thujone levels. But rather showed an increase in ß-thujone levels (biomass based) 

(Figure. x6B), which was strongly correlated with qPCR enhanced gene expression of 

(+)-sabinene synthase leading to enhanced biosynthesis of ß-thujone (Figure 28). 

The data of antimicrobial assay showed increased salinity levels up to 300 mM had an 

enhanced antimicrobial activity using sage oil extracted mainly from young leaves. 

However, this enhanced activity varies from bacterial genera to another. Our data 

showed a differential enhanced gene expression for certain monoterpene biosynthetic 

enzymes. This is expected to have a profound impact of the composition of different 

oil fractions, e.g. increased levels of camphor and ß-thujone along with almost 

unchanged 1,8-cineole levels. Consequently, salinity-derived changes in the 

composition of different fractions in sage oil was found in our case to preferably 

elevate antimicrobial activity against certain bacterial strains. 

Various industries are now looking for sources of alternative, more natural and 

environmentally friendly antimicrobials, antibiotics, antioxidants and crop protection 

agents. The biological activity of the essential oils can be compared with the activity 

of synthetically produced pharmaceutical products. Our study showed that moderate 

salinity could induce S. officinalis to produce high amounts of some valuable volatile 

oils and total phenolic compounds. Therefore, the development of new chemotypes at 

different salt levels could be considered as valuable aspects of salinity stress in some 

plants inducing them to produce compounds with industrial and pharmaceutical 

interest. The results obtained in this work demonstrate that gram-positive bacteria 

tend to be more sensitive to the essential oils than gram-negative ones. Some authors 

report that this is common for essential oils of plants of the Lamiaceae family 

(Shapiro et al., 1994; Hammer et al., 1999). Our data of salinity treated sage plants 

showed enhanced biosynthesis for certain monoterpenes, which would be beneficial 

for phytopharma industry looking for specific sage monoterpenes. In addition, whole 

sage oil pharmaceutical preparations would also benefit from the positive effect of salt 

treatment on enhanced antimicrobial activity against certain pathogenic strains.  

In addition, it is recommended to analyze the relative composition of all sage oil 

fractions under salinity stress to have a clear picture about fraction changes. 

Moreover, a comprehensive qPCR data for additional crucial enzymes along the 

biosynthetic pathway would shed a light on salinity responses in sage plant. 
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4.4 The Impact of Salt Stress on the Antibacterial Activity of Leaf Extracts from 

Sage 

This experiment was performed utilizing in vivo plants' extracts. Extractions from old, 

middle and young leaf ages were obtained from Salvia officinalis that grown under 

different salt concentrations (0, 100, 200, 300, 400 and 500 mM) were tested against 

five gram-positive bacteria; S. aureus, S. auricularis, S. microti, B. megaterium and B. 

cereus and five gram-negative bacteria; E. cloacae, E. coli, P. mirabilis, P. 

aeruginosa and K. pneumoniae. Antimicrobial activity was determined by measuring 

the diameter of inhibition zones (DIZ) and the percentage of inhibition (See appendix 

Tables 7,8,9 and 10). The interaction effect of microorganisms, leaf age and salt 

concentrations were significant (P ≤ 0.05). Leaf age extracts showed different 

antimicrobial activity against the tested pathogens and the DIZ was directly 

proportional to the increase in plant extract concentration reaching a plateau.
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In appendix Table 7 and Figures 32 and 33 show the screening tests of old plant 

leaves extracts on gram-positive bacteria and gram-negative bacteria. Concerning 

gram-negative bacteria, all tested plant extracts were active against tested bacteria 

with variable inhibitory effects, S. aureus was significantly the most inhibited by 

Salvia extracts (53.33%, 23 mm-DIZ) in comparison with S. auricularis (9.09%, 24 

mm-DIZ) and S. microti (46.66%, 22 mm-DIZ) at the 300 mM salt treatment. The 

effect of S. officinalis extracts on B. megaterium (84.62%, 24 mm-DIZ) was 

significantly higher than S. aureus at the same salt concentration treatment at 300 mM 

while it has a lower inhibition effect on B. cereus (27.77%, 22 mm-DIZ) at the same 

salt concentration treatment (see appendix table 10). The best inhibition effects were 

at 300 mM salt concentration treatments except on B. cereus which was observed at 

500 mM salt concentration treatment. In comparison with gram-positive bacteria the 

highest inhibition effect was on P. mirabilis (66.67%, 15 mm-DIZ) at 300 mM salt 

concentration treatment followed by E. cloacae (60.0%, 16 mm-DIZ) and P. 

aeruginosa (60%, 16 mm-DIZ) at 400 mM NaCl concentration; the least effect was 

on K. pneumoniae (15%, 23 mm-DIZ) at 200 mM NaCl treatment (See appendix 

Tables 7 and 10). Based on the obtained result, it appears that the effect of Salvia leaf 

extracts inhibited both, gram positive and gram-negative bacteria and it seems that 

this effect was species dependent. This observation is clearly in accordance with the 

salt concentration treatment 300 mM except for B. cereus (500 mM), E. cloacae and 

P. aeruginosa (400 mM) and for K. pneumoniae (200 mM). 

Both antibiotics, chloramphenicol and tetracycline exhibited higher positive effects 

than Salvia extracts on all gram-positive and negative species, whereas 

chloramphenicol had a higher effect than tetracycline. Both antibiotics’ effects also 

were species dependent. In comparison with S. officinalis extracts, used at different 

salt concentration treatment, the chloramphenicol and tetracycline were generally 

more effective than Salvia about three folds depending on the bacterial strains used 

Tables 7 and 10 (See appendix).  
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Figure 32: Antimicrobial activity of S. officinalis old leaves extract for five gram-

negative bacterial species determined by measuring the diameter of inhibition zones 

(DIZ in mm) over a range of exposing to different salt concentrations 500, 400, 300, 

200 and 100 mM; and tap water, compared with chloramphenicol and tetracycline as 

antibiotics. 

 

 

 

Figure 33: Antimicrobial activity of S. officinalis old leaves extract for five gram-

positive bacterial species determined by measuring the diameter of inhibition zones 

(DIZ in mm) over a range of exposing to different salt concentrations 500, 400, 300, 

200 and 100 mM; and tap water, compared with chloramphenicol and tetracycline as 

antibiotics. 
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Middle Leaf Age 

Table 8 (See appendix), Figures 34 and 35 represents the screening tests of middle 

aged plant leaves extracts on both, gram-positive and gram-negative bacteria. All 

bacterial strains were sensitive to all tested plant extracts with different inhibitory 

effects. Concerning gram-negative species, S. microti was the species of highest 

inhibitory activity by Salvia extracts (50%, 24 mm-DIZ at 500 mM NaCl 

concentration treatment), compared to S. auricularis and S. aureus of (13.63%, 25 

mm-DIZ) and (41.18%, 24 mm-DIZ) at the 300 mM salt treatment concentration, 

respectively (See Tables 5 and 8). The inhibitory effect of S. officinalis extracts on B. 

megaterium of (71.43%, 24 mm-DIZ), which is significantly higher than S. microti at 

the same salt concentration treatment 300 mM while it has a lower inhibition effect on 

B. cereus (27.78%, 23 mm-DIZ) at the same salt concentration treatment 300 mM 

(See appendix Table 10). Similarly, as for the young Salvia extracts the best salt 

concentration treatment was 300 mM except for S. microti at 500 mM NaCl treatment. 

In comparison with gram-positive bacteria the most inhibition effect was on P. 

mirabilis (60%, 16 mm-DIZ) at 300 mM salt concentration treatment followed by E. 

cloacae (45.45%, 16 mm-DIZ) at 300 mM, P. aeruginosa (14.28%, 16 mm-DIZ) at 

300 mM and for E. coli (8.33%, 13 mm-DIZ) at 300 mM NaCl concentration 

treatment; the least effect was on K. pneumoniae (4.30%, 24 mm-DIZ) at 200 mM 

NaCl treatment (See appendix Tables 8 and 10). Based on the obtained result it 

seems that the effect of Salvia leaf extracts inhibited both, gram-positive and gram-

negative bacteria and this effect was species dependent. This observation is clearly in 

relation with the salt concentration treatment 300 mM except for S. microti 500 mM 

and for K. pneumoniae it was 200 mM. 

The antibiotic effects of both, chloramphenicol and tetracycline reveal a higher 

positive effect than S. officinalis extracts on all gram-positive and negative species. 

Chloramphenicol as well had a higher effect than tetracycline. Both antibiotics effects 

also were species dependent. In comparison with S. officinalis extracts, used at 

different salt concentrations, treatment with chloramphenicol and tetracycline was 

generally more effective than Salvia about 2-3 folds depending on the bacterial strains 

used likewise in the old leaf extracts (See appendix Tables 8 and 10). 
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Figure 34: Antimicrobial activity of S. officinalis middle leaves extract for five gram-

negative bacterial species determined by measuring the diameter of inhibition zones 

(DIZ in mm) over a range of exposing to different salt concentrations 500, 400, 300, 

200 and 100 mM; and tap water, compared with chloramphenicol and tetracycline as 

antibiotics. 

 

 

 

 

 

Figure 35: Antimicrobial activity of S. officinalis middle leaves extract for five gram-

positive bacterial species determined by measuring the diameter of inhibition zones 

(DIZ in mm) over a range of exposing to different salt concentrations 500, 400, 300, 

200 and 100 mM; and tap water, compared with chloramphenicol and tetracycline as 

antibiotics. 
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Young Leaf Age 

Results of the young leaf extracts on gram-positive and gram-negative bacteria are 

shown in Table 9 (See appendix) and in Figures 36 and 37. All tested plant extracts 

were active against tested gram positive bacteria with variable inhibitory effects, 

while  the gram-negative bacteria; S. aureus was significantly the most highly  

inhibited species  by Salvia extracts (43.75%, 23 mm-DIZ) compared to S. auricularis 

(26.31%, 24 mm-DIZ) and S. microti (25%, 20 mm-DIZ) at 200, 400 and 300 mM 

salt treatments, respectively. The effect of S. officinalis extracts on B. megaterium 

(71.43%, 24 mm-DIZ) was significantly higher than on S. aureus at the salt 

concentration treatment 300 mM while this extract exhibited lower inhibition effect 

(26.31%, 24 mm-DIZ) on B. cereus (Shown in appendix Table 10). The best 

inhibition effects were at 300 mM salt concentration treatments except on S. aureus, 

K. pneumoniae were at 200 mM and S. auricularis at 400 mM salt concentration 

treatment. with regard to the gram-positive bacteria the most inhibition highest 

inhibitory effect was on P. mirabilis (70%, 17 mm-DIZ) at 300 mM salt concentration 

treatment followed by E. cloacae (63.63%, 18 mm-DIZ), P. aeruginosa (30.76 %, 17 

mm-DIZ), and E. coli (16.66%, 14 mm-DIZ) at 300 mM NaCl concentration. The 

lowest effect was observed on K. pneumoniae (9.52%, 23 mm-DIZ) at 200 mM NaCl 

treatment (See appendix Tables 9 and 10). Accordingly, extracts of the old and 

middle stages of leaf growth of Salvia inhibited the gram positive and gram-negative 

bacteria and this inhibitory effect was species dependent. This observation is clearly 

in relation with the salt concentration treatment 300 mM except for S. aureus 200 

mM, S. auricularis 400 mM and for K. pneumoniae it was 200 mM. 

Both, chloramphenicol and tetracycline showed -species dependent- a higher positive 

inhibition effect -about two folds-, than Salvia extracts on all gram-positive and 

negative species. Chloramphenicol had higher effect than tetracycline (See appendix 

Tables 9 and 10). 
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Figure 36: Antimicrobial activity of S. officinalis young leaves extract for five gram-

negative bacterial species determined by measuring the diameter of inhibition zones 

(DIZ in mm) over a range of exposing to different salt concentrations 500, 400, 300, 

200 and 100 mM; and tap water, compared with chloramphenicol and tetracycline as 

antibiotics. 

 

 

 

 

 

 

 

 

Figure 37: Antimicrobial activity of S. officinalis young leaves extract for five gram-

positive bacterial species determined by measuring the diameter of inhibition zones 

(DIZ in mm) over a range of exposing to different salt concentrations 500, 400, 300, 

200 and 100 mM; and tap water, compared with chloramphenicol and tetracycline as 

antibiotics. 
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In order to better clarify the effect of salt concentration treatments and stage of leaf 

growth (i.e., Leaf age) of S. officinalis on its antibacterial effect, further analysis of 

the results obtained against four bacterial species was performed. These bacterial 

species were selected to represent the tested bacteria and included two gram-positive 

(S. aureus and B. cereus) Figure 40: (1) and (2) respectively, and two gram-negative 

bacteria (E. coli and K. pneumoniae) Figure 40: (3) and (4) respectively; which were 

considered among the most clinically important. Figures (32 and 33); particularly 

show the effect of changing the salt concentration on the antibacterial effect of plant 

extracts at each leaf age against the four selected bacterial species. Generally, addition 

of salt to the semi-solid growth media of the plant resulted in increasing its 

antibacterial effect against both S. aureus and B. cereus as shown in (See appendix 

Figures 45A and 45B), respectively. Increasing the concentration of added salt 

resulted in progressive increase in the activity against these two-gram positive 

bacteria until 300 mM after which a plateau was almost reached. In other words, no 

further enhancement of activity against gram-positive bacteria was observed upon 

increasing the salt concentration beyond 300 mM. Interestingly, the observed trend of 

the salt concentration’s effect on activity was similar at all leaf ages for both gram-

positive bacterial species. A different scenario was observed with gram-negative 

bacteria. Initial addition (i.e., 100 mM) of salt to the growth media of the plant 

resulted in decreasing its antibacterial effect against both E. coli and K. pneumoniae 

as shown in (See appendix Figures 45C and 45D), respectively. Further increase in 

the concentration of added salt resulted in progressive decrease in the activity against 

K. pneumoniae. However, in case of E. coli, although the initial addition of salt 

decreased the activity, the activity was increasing with further increase of the salt 

concentration reaching a level comparable with or higher than the control (with no 

added salt) at around 300 mM, above which no more increase was observed. 

Based on these results, among all tested salt concentrations, 300 mM seems to be the 

most beneficial to be used with the growth media of S. officinalis when it comes to 

achieving the best possible balance in terms of its antibacterial effect. Below this 

concentration, the activity will be relatively reduced against S. aureus, B. cereus and 

E. coli. Above this concentration, the activity against K. pneumoniae will be reduced 

without any significant enhancement in the activity the three other bacteria. 

Although plotted based on the same results used in Figure 45 A-D (See appendix), 

was constructed in a way to clearly reveal the effect of changing the stage of leaf 
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growth on the antibacterial activity at each salt concentration treatment. At low salt 

concentrations, and the control plant as well, the antibacterial activity was decreased 

with increasing the leaf age; i.e., at each of these low salt concentrations young age 

leaves showed maximum activity while old age leaves showed minimum activity. At 

such low salt concentrations, this effect was observed against all tested bacteria 

including gram-positive and gram-negative species. However, except for E. coli, the 

effect of leaf age on the antibacterial activity was significantly mitigated when 

increasing the salt concentration and becoming almost nullified at concentrations of 

300-400 mM and above. This means that salt concentration around 300 mM 

represents a threshold at which the effect of leaf age becomes less significant 

compared to lower concentrations. Interestingly, this further supports the conclusion 

that 300 mM salt seems to be the optimum salt concentration for growing S. officinalis 

in terms of its antibacterial activity. 

The application of different NaCl concentrations (100, 200 and 300 mM) in soil (See 

appendix Figures 45 A-D), had shown a significant increase (P<0.05) of camphor 

concentration as compared to control at all growth stage of leaves, The highest values 

of camphor production were found in young leaves (Figures 38 A and 39 A), while 

no big significant differences were observed on the percentage of camphor production 

from old leaves at 200 and 300 mM. Our results showed that all different NaCl 

concentrations (100, 200 and 300 mM) enhanced camphor concentration. 

On the other hand, only in the middle age leaves was the production of 1,8 cineole 

increased significantly (Figures 38 B and 39 B) (P<0.05) compared to all different 

salt concentrations (100, 200 and 300 mM), while young and old leaves showed no 

significant changes. The highest values of 1, 8 cineole was found in young leaves in 

comparison to old and middle leaves at all NaCl concentration treatments. 

The -Thujone yield (Figures 38 C and 39 C), showed a significant increase 

(P<0.05) as compared to control in both, young and middle leaves in all treated salt 

concentrations, while old leaves showed fluctuation in -Thujone production. The 

highest values of -Thujone were found in young leaves both in soil in comparison to 

old and middle leaves. 
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Figure 38: Effect of changing the stage of leaf age growth of Salvia officinalis on the % 

weight of three monoterpenes and its antibacterial activity. 
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Figure 39: Effect of different salt concentrations on the % weight of three monoterpenes and 

its antibacterial activity of Salvia officinalis. 
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Figure 40: Agar diffusion methods: (1) Disk-diffusion method of S. officinalis extract 

using S. aureus as test microorganisms. (2) Agar well diffusion method of essential oil 

using B. cereus as test microorganisms. (3) Disk-diffusion method of S. officinalis 

extract using E. coli as test microorganisms, and (4) Agar well diffusion method of 

essential oil using K. pneumoniae as test microorganisms. 

 

The exploitation of essential oils as a potential replacement therapy represents ‘a new 

era of phyto-pharmaceuticals. Optimistically, the present promising results will open 

the door for more research into the related field, gain momentum and hasten the 

process; the discovery will be faster than the development of bacteria. The best way is 

to make full use of the advancement that is available in this era, in the hope that 

conventional natural products discovery by means of high throughput analysis would 

shed light on modern drug discovery. Perhaps, in the future, essential oils can 

progress from being one of the conventional remedial agents to become a widely used 

therapy in the modern medical domain. This made this essential oil a good alternative 

to the traditional antibiotics as well as food preservatives. Accordingly, and likewise 

the old and middle stages of leaf growth of S. officinalis extracts inhibited both, gram-

positive and gram-negative bacteria and it seems that this effect was species 

dependent. This observation is clearly in relation with the salt concentration treatment 

300 mM except for S. aureus 200 mM, S. auricularis 400 mM and for K. pneumoniae 



107 

it was 200 mM. In our study, despite other differences observed between salt treated 

and non-treated aromatic and medicinal plants, as for example in EOs yield (All data 

shown previously), it seems that NaCl-treated plants possess an equal yet species 

dependent antimicrobial efficiency as the non-treated ones, which gives them 

commercial opportunities. Moreover, the lipidic nature of the terpene should act 

synergically and this explains the high volume of terpenes through the outer 

membrane in gram-negative bacteria. 

 

Current results demonstrate that gram-positive bacteria tend to be more sensitive to 

the essential oils compared to gram-negative ones for all treatments. Table 7 in 

appendix shows the screening test of old leaves extracts on gram-positive and gram-

negative bacteria (Figures 32,33,34,35,36 and 37). Concerning gram-negative 

bacteria, all tested plant extracts were active against tested bacteria with variable 

inhibitory effects, S. aureus was significantly the most inhibited by Salvia extracts 

(53.33%, 23 mm-DIZ) in comparison with S. auricularis (9.09%, 24 mm-DIZ) and S. 

microti (46.66%, 22 mm-DIZ) at the 300 mM salt treatment. The effect of S. 

officinalis extracts on B. megaterium (84.62%, 24 mm-DIZ) was significantly higher 

than S. aureus at the same salt concentration treatment at 300 mM while it has a lower 

inhibition effect on B. cereus (27.77%, 24 mm-DIZ) at the same salt concentration 

treatment (see table 8). The best inhibition effects were at 300 mM salt concentration 

treatments except on B. cereus was at 500 mM salt concentration treatment. In 

comparison with gram-positive bacteria the highest inhibition effect was on P. 

mirabilis (66.67%, 15 mm-DIZ) at 300 mM salt concentration treatment followed by 

E. cloacae (60.0%, 16 mm-DIZ) and P. aeruginosa (60%, 16 mm-DIZ) at 400 mM 

NaCl concentration; the least effect was on K. pneumoniae (15%, 23 mm-DIZ) at 200 

mM NaCl treatment (See appendix Tables 7,8,9 and 10). Upon the obtained result, it 

seems that the effect of Salvia leaf extracts inhibited both, gram-positive and gram-

negative bacteria and it seems that its effect was species dependent. This observation 

is clearly in relation with the salt concentration treatment 300 mM except for B. 

cereus 500 mM, E. cloacae and P. aeruginosa at 400 mM and for K. pneumoniae it 

was 200 mM.  

The results of this work suggest that extracts from S. officinalis possesses compounds 

with antimicrobial properties that can be used especially as antibacterial agents in new 

drugs for treating infectious diseases in human.   
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Many publications have documented the antimicrobial activity of S. officinalis oils 

against different microbial species (Abd-Elmageed and Hussein, 2008; Pereira et al., 

2004; Mitić-Ćulafić et al., 2005; Delamare et al., 2007; Pierozan et al., 2009; 

Veliĉković et al., 2011; Badiee et al., 2012; Muttalib and Naqishbandi, 2012; Lakhal 

et al., 2013). Stanjević, et al., (2010) tested the antimicrobial activity of the aqueous 

extract of S. officinalis L. against Bacillus mycoides, B. Subtilis, S.aureus, 

Agrobacterium radiobacter var. tumefaciens, Enterobacter cloacae, Erwinia 

carotovora, E. coli, Pseudomonas fluorescens and Proteus sp. and found that B. 

mycoides, B. subtilis, E. cloaceae and Proteus sp.  

 

The ability of the SoEO to inhibit bacteria was summarized in the Table 10 in 

appendix. The SoEO inhibited both gram-positive and gram-negative bacteria. 

According to DIZ values reported in Tables 5-8, the SoEO showed an interesting 

activity against the gram-positive pathogens (e.g., S. aureus) and a very good activity 

against B. cereus with DIZ values of 24 mm. However, the SoEO cultivated in south 

Brazil, showed no activity against several Staphylococcus strains (Delamare Longaray 

et al., 2007). Concerning the gram-negative bacteria, the sample was slightly active 

against E. coli, S. enteretidis and A. tumefaciens that showed the lowest values of 

MIC (2.5 mg/ ml). Our results are like those previously reported in the literature, 

indicating that gram-positive bacteria are more sensitive to essential oils than gram-

negative bacteria (Mangena and Muyima, 1999). The microorganisms tested in this 

study cover some human pathogens known as opportunists for man and animals and 

cause food contamination and deterioration. Our results are of a great importance, 

particularly in the case of B. cereus, S. aureus, which are well known for their 

resistance to a number of phytochemical compounds and for the production of several 

types of enterotoxins that cause gastroenteritis (Halpin-Dohnalek and Marth, 1989). 

As shown in Table 8, the SoEO exhibited varying degrees of antibacterial activity 

against all tested strains. The inhibition zones were in the range of 09 - 24 mm. The 

most sensitive one was S. auricularis, but the SoEO showed also a very good activity 

against B. megaterium and B. cereus. Interestingly, we have demonstrated the 

capacity of the SoEO to control some bacterial strains, particularly (S. auricularis, B. 

megaterium and B. cereus) responsible for biodeterioration of food during postharvest 

processing, transport and storage and agricultural phytopathogenic fungi. Previous 

studies reported that there is a relationship between the chemical composition of the 
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most abundant components in the EO and the antimicrobial activity (Deans and 

Sbodova, 1990). In this context, camphor, α - thujone and 1,8-cineole (herein, 

abundant in SoEO) are well-known chemicals having antimicrobial potentials 

(Pattnaik et al., 1997). α-pinene, 2-β-pinene and limonene also had a strong 

antibacterial activity (Sökmen et al., 2003). These chemical components exerted their 

toxic effects against microorganisms through the disruption of bacteria or fungal 

membrane integrity (Knobloch et al., 1989). 

In addition, the SoEO contained relatively high proportions of oxygenated 

monoterpenes and it is well known that essential oils containing high proportions of 

oxygenated monoterpenes have strong antifungal activities compared to EO relatively 

rich in monoterpene hydrocarbons or sesquiterpenes (Kordali et al., 2005). Therefore, 

the obtained antibacterial and antifungal activities were related to synergistic effects 

between different major and minor components of the SoEO, suggesting that the 

SoEO may potentially be useful in food preservation and pest management. Some 

authors report that this is common for essential oils of plants of the Lamiaceae family 

(Shapiro et al., 1994; Hammer et al., 1999). The lower susceptibility of gram-negative 

bacteria to the essential oils may be explained in terms of diffusion limitations of 

essential compounds through their external membrane caused by the presence of a 

hydrophilic barrier. Although this barrier is not impermeable, it hinders the transport 

of macromolecules and hydrophobic components (Helander et al., 1998; Velickovic et 

al., 2002; Kalemba and Kunicka, 2003; Bagamboula et al., 2004; Tepe et al., 2004). 

The probable mechanisms of action of the essential oils, mainly in gram-positive 

strains, is based on the direct contact of their hydrophobic substances with the 

phospholipids of the cellular membrane, which might cause the structural scratch or 

complete crack of the cellular membranes, losses of nutrients, chemostatic control, 

and interfering in the respiration system. They can also prevent the contact of human 

cells or food surfaces with the hydrophilic cells of growing microorganisms (Svoboda 

and Deans, 1995; Baratta et al., 1998a; Baratta et al., 1998b; Cox et al., 2000; 

Kalemba and Kunicka, 2003; Bagamboula et al., 2004). A general feature of plant 

volatiles is their hydrophobic scenery, and the cell membrane has been proposed as 

the primary target of their antimicrobial action. Plant volatiles appear to accumulate in 

the cell membrane causing the outflow of ions, enzymes, and metabolites (Inoue et 

al., 2004). It has been recommended that high resistance to plant extracts in gram-

negative bacteria is due to the outer membrane of their cell wall, acting as a barrier to 
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many environmental substances including antibiotics (Palombo and Semple, 2001; 

Kudi et al., 1999; Marino et al., 2001). 

The antibacterial activity of the volatile oils tested was more prominent against gram-

positive than against gram-negative bacterial strains. This result agreed with many 

studies realized on other plant species as those of Nostro et al. (2000), Ouattara et al. 

(1997) and Yayli et al. (2005). This generally higher resistance among gram-negative 

bacteria could be attributed to the presence of their outer membrane, nearby the cell 

wall, which restricts diffusion of hydrophobic compounds through its 

lipopolysaccharide covering (Ratledge and Wilkinson, 1988). The lack of this barrier 

in gram-positive bacteria allows the direct contact of the essential oil’s hydrophobic 

constituents with the phospholipid bilayer of the cell membrane, causing an increase 

of ion permeability and either leakage of vital intracellular ingredients, or destruction 

of the bacterial enzyme systems (Wendakoon and Sakaguchi, 1995; Cowan, 1999). It 

was observed from this study that the antimicrobial activity of the essential oil was 

more definite against gram-positive than against gram-negative bacteria, that was also 

verified by Nostro et al., (2000). the higher resistance among gram-negative bacteria 

might be due to the presence of phospholipidic membrane that limits the effect of oil 

on the cell membrane (Nikaido and Vaara, 1985). Probably explaining the increased 

resistance. As a rule, gram-negative bacteria are more resistant to essential oils than 

gram-positive bacteria. In the present study, gram-positive bacteria were concerned. 

Gram-negative bacteria are surrounded by a thin peptidoglycan cell wall, which itself 

is surrounded by an outer membrane containing lipopolysaccharide (LPS). LPS play a 

key role in the barrier function of their outer membrane. The ‘non-fluid net’ formed 

by the LPS is a very drastic barrier for hydrophobic molecules. 

Chloramphenicol and tetracycline showed a higher positive effect than Salvia extracts 

on all gram positive and negative species. Chloramphenicol had a higher effect than 

tetracycline. Both antibiotics effects also were species dependent. Compared to S. 

officinalis extracts, used at different salt concentrations, treatment with the 

chloramphenicol and tetracycline was about three folds more efficient depending on 

the bacterial strains used (Tables 7, 8,9 and 10).  

It seems that salvia had a reasonable effect compare with antibiotics, the effectiveness 

effects is promising result for substituting salvia by antibiotics. 

Our results showed that comparing the application of different NaCl concentrations 

(100, 200 and 300 mM) at two different time point (2 and 4 weeks) had enhanced 
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camphor production in both in soil and in vitro mainly at 4 weeks’ time point 

regardless of NaCl concentration but not at 2 weeks’ time point. The highest values of 

camphor yield were found in young leaves both in soil and in vitro in comparison to 

old and middle leaves (See the previous chapter). Regarding the chemical analysis, 

the major compounds identified were α- and β-thujone, camphor, and 1,8-cineole, 

except for S. sclarea (linalool, linalyl acetate and α-terpineol). 

The qualitative and quantitative chemical differences did not present any relation with 

the antimicrobial activity, indicating that the synergism of different compounds is 

most probably related to this activity than the presence of some specific compounds. 

The synergism among the major and minor compounds should be considered since 

they increase the effect of the antimicrobial activity of the essential oils (Savelev et 

al., 2003; Delamare et al., 2007). In contrast, some authors attribute the activity of the 

essential oils of species of sage to certain chemical compounds, such as 1,8-cineole, 

camphor, α- and β-thujone, borneol, and p-cymene, among others (Jalsenjak et al., 

1987; Janssen et al., 1987; Radulescu et al., 2004; Tepe et al., 2004). The findings of 

this work reveal that the essential oil of S. sclarea has greater antimicrobial activity 

against the gram-negative bacteria than the other essential oils tested. 

 

4.5. Comparison of Essential Oil of In vivo and In vitro Sage Plants under 

Different Salt Concentrations  

The two experiments the in vivo and in vitro were compared to assess their effect on 

sage monoterpene production under salinity stress. The fold change at the investigated 

salinity levels (100, 200 and 300 mM) as compared to the control were compared 

(Figure 41). The data were comparable for the monoterpene camphor after 2 and 4 

weeks with comparable fold values. Likewise, that data were also comparable for the 

monoterpene thujone, except for a drop at 200 mM after two weeks in the in vitro 

experiment. This indicates that the growing conditions (in vivo vs in vitro) did not 

affect sage plant ability to synthesis major monoterpenes. However, for cineole, the 

fold increase was higher for the in vivo experiment at all salinity levels and after 2 or 

4 weeks.   
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Figure (41): Fold change for in vitro and in vivo experiments in monoterpenes 

(Camphor, 1,8 Cineole and β-Thujone) at 100, 200 and 300 mM NaCl as compared to 

the control at two collection times (2 and 4 weeks). Data represents accumulated 

concentration of monoterpenes for all three-leaf ages (Old, middle and young). 

 

4.6. The Impact of Salt Stress on the Antibacterial Activity of Leaf Extracts from 

Sage 

Antimicrobial activities of S. officinalis essential oil were more definite against gram-

positive than against gram-negative bacteria, that was also verified by Nostro et al. 

(2000). The higher resistance among gram-negative bacteria might be due to the 

presence of phospholipidic membrane which limits the effect of oil on the cell 

membrane (Nikaido and Vaara, 1985). The DIZ and % of inhibition values obtained 

in the study explains that S. officinalis extract acts as bacteriostatic and bactericidal 

agent against oral Candida species. Except for C. albicans, P. betle extract was found 

to be bacteriostatic and bactericidal at low concentration (12 mg/ml).  The leaf age 

had significant effect on the antibacterial activity of the leaf extract; the young leaves 

were of the highest inhibitory activity on gram-positive and part of gram-negative 

bacteria, followed by the middle leaves and then the old ones. The main compounds 

identified in the essential oils were β-thujone, camphor and 1, 8-cineole was 

chemically analyzed by Gas Chromatography (GC). The concentration of camphor 

and β-thujone were higher in young leaves and decreased as leaves are older at all salt 

concentrations, while for 1, 8-cineole, the concentration decreased by increasing leaf 

age at all salt concentration with one exception, at 200 mM salt concentration which 

was high. Tables 7,8,9 shows that P. mirabilis, was the most susceptible to the 

essential oil among all the test microorganisms. The inhibition was total and definitive 
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within minimum salt concentrations. all tested plant extracts were active against tested 

bacteria with variable inhibitory effects, S. aureus was significantly the most inhibited 

by Salvia extracts (53.33%, 23 mm-DIZ) in comparison with S. auricularis (9.09%, 

24 mm-DIZ) and S. microti (46.66%, 22 mm-DIZ) at the 300 mM salt treatment. The 

effect of S. officinalis extracts on B. megaterium (84.62%, 24 mm-DIZ) was 

significantly higher than S. aureus at the same salt concentration treatment at 300 mM 

while it has a lower inhibition effect on B. cereus (27.77%, 22 mm-DIZ) at the same 

salt concentration treatment (see table 10). It is clear that the best inhibition effects 

were at 300 mM salt concentration treatments except on B. cereus was at 500 mM salt 

concentration treatment. In comparison with gram-positive bacteria the most 

inhibition effect was on P. mirabilis (66.67%, 15 mm-DIZ) at 300 mM salt 

concentration treatment followed by E. cloacae (60.0%, 16 mm-DIZ) and P. 

aeruginosa (60%, 16 mm-DIZ) at 400 mM NaCl concentration; the least effect was 

on K. pneumoniae (15%, 23 mm-DIZ) at 200 mM NaCl treatment Tables 7, 10. Upon 

the obtained result, it seems that the effect of Salvia leaf extracts inhibited both gram 

positive and gram-negative bacteria and it seems that its effect was species dependent. 

This observation is clearly in relation with the salt concentration treatment 300 mM 

except for B. cereus 500 mM, E. cloacae and P. aeruginosa at 400 mM and for K. 

pneumoniae it was 200 mM. 

Relating to antibiotic effects on both chloramphenicol and tetracycline shows a higher 

positive effect than Salvia extracts on all gram-positive and negative species. 

Chloramphenicol as well had a higher effect than tetracycline. Both antibiotics effects 

also were species dependent. In comparison with S. officinalis extracts used at 

different salt concentration treatment the chloramphenicol and tetracycline were 

generally more effective than Salvia about three folds depending on the bacterial 

strains used. 

The protocol followed in this investigation was derived from that adopted by Khalil 

and Li (2011), who found that plant’s development stage and the ecological factors 

had impact on the qualitative composition of S. officinalis essential oil. Although, the 

major components of the essential oils extracted from plants grown at different NaCl 

concentrations were 1,8-cineol, camphor and β-thujone, their percentage changed 

according to the exposure for NaCl concentrations. S. officinalis essential oil was for 

its antibacterial activities by using gram-positive and negative bacteria. 
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The organisms employed in our investigation included gram-positive and gram-

negative bacterial strains, the same organisms were also studied by (Palombo and 

Semple, 2001; Kudi et al., 1999; Marino et al., 2001). Many researchers reported that 

the antimicrobial activities of the essential oils were due to the presence of some 

major and minor constituents. Ulubelen et al., (1994) observed strong antimicrobial 

activities of the essential oil of S. sclarea and attributed them to the existence of 

caryophyllene. Dorman and Deans (2000) stated that the minor components of 

essential oil such as a-pinene and borneol have antimicrobial activities. In addition, 

the antimicrobial effects of borneol were also reported by Vardar-Unlu et al. (2003). 

1,8-cineole and camphor are well-known chemicals that possess antifungal as well as 

antibacterial activities (Jalsenjak et al., 1987; Sur et al., 1991; Tzakou et al., 2001). In 

our investigation, the essential oil extracted from S. officinalis collected from different 

leaf ages; old, middle and young that grown under different salt concentrations (0 tap 

water, 100, 200, 300, 400 and 500 mM) were tested against five gram-positive 

bacteria; S. aureus, S. auricularis, S. microti, B. megaterium and B. cereus and five 

gram-negative bacteria; E. cloacae, E. coli, P. mirabilis, P. aeruginosa and K. 

pneumoniae. Moreover, it had higher percentage of 1,8-cineole and borneol. The 

essential oil showed antimicrobial activities against the test microorganisms used in 

this study. The results presented in Tables 5,6,7,8 shows that the essential oil of S. 

officinalis inhibited the growth of gram-positive bacteria (S. aureus, S. auricularis, S. 

microti, B. megaterium and B. cereus) completely at concentration of 300 mM NaCl 

at all leaf age. At the lowest salt concentration (100 mM), the inhabitation started and 

increased with time of exposure and concentration. The results presented in Table 7 

revealed that gram-negative bacteria (E. cloacae, E. coli, P. mirabilis, P. aeruginosa 

and K. pneumoniae) were less bacteriostatic effect in relation to salt concentration. All 

bacterial strains were sensitive to all tested plant extracts with different inhibitory 

effects. Concerning gram-negative species, S. microti was the species of highest 

inhibitory activity by Salvia extracts (50%, 24 mm-DIZ at 500 mM NaCl 

concentration treatment), compared to S. auricularis and S. aureus of (13.63%, 25 

mm-DIZ) and (41.18%, 24 mm-DIZ) at the 300 mM salt treatment concentration, 

respectively (See Tables 7 and 10). The inhibitory effect of S. officinalis extracts on 

B. megaterium of (71.43%, 24 mm-DIZ), which is significantly higher than S. microti 

at the same salt concentration treatment 300 mM while it has a lower inhibition effect 

on B. cereus (27.78%, 23 mm-DIZ) at the same salt concentration treatment 300 mM 
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(Table 8). Similarly, as for the young Salvia extracts, the best salt concentration 

treatment was 300 mM except for S. microti at 500 mM NaCl treatment. In 

comparison with gram-positive bacteria the most inhibition effect was on P. mirabilis 

(60%, 16 mm-DIZ) at 300 mM salt concentration treatment followed by E. cloacae 

(45.45%, 16 mm-DIZ) at 300 mM, P. aeruginosa (14.28%, 16 mm-DIZ) at 300 mM 

and for E. coli (8.33%, 13 mm-DIZ) at 300 mM NaCl concentration treatment; the 

least effect was on K. pneumoniae (4.30%, 24 mm-DIZ) at 200 mM NaCl treatment 

(Tables 8, 10). Upon the obtained result, it seems that the effect of Salvia leaf extracts 

inhibited both gram-positive and gram-negative bacteria and it seems that its effect 

was species dependent. This observation is clearly in relation with the salt 

concentration treatment 300 mM except for S. microti 500 mM and for K. pneumoniae 

it was 200 mM. 

The antibiotic effects of both Chloramphenicol and tetracycline reveal a higher 

positive effect than Salvia officinalis extracts on all gram positive and negative 

species. Chloramphenicol as well had a higher effect than tetracycline. Both 

antibiotics effects also were species dependent. In comparison with S. officinalis 

extracts used at different salt concentration treatment the chloramphenicol and 

tetracycline were generally more effective than Salvia about 2-3 folds depending on 

the bacterial strains used likewise in the old leaf extracts (See appendix Tables 8 and 

10). Relating to gram-positive bacteria, all tested plant extracts were active against 

tested bacteria with variable inhibitory effects. Regarding to gram-negative bacteria 

species, S. aureus was significantly the most inhibited by Salvia extracts (43.75%, 23 

mm-DIZ) in comparison with S. auricularis (26.31%, 24 mm-DIZ) and S. microti 

(25%, 20 mm-DIZ) at 200-, 400- and 300-mM salt treatment, respectively. The effect 

of S. officinalis extracts on B. megaterium (71.43%, 24 mm-DIZ) was significantly 

higher than S. aureus at the salt concentration treatment 300 mM while it has a lower 

inhibition effect (26.31%, 24 mm-DIZ) for B. cereus (shown in appendix in Table 

10). It is clear that the best inhibition effects were at 300 mM salt concentration 

treatments except on S. aureus, K. pneumoniae were at 200 mM and S. auricularis at 

400 mM salt concentration treatment. In comparison with gram-positive bacteria the 

most inhibition effect was on P. mirabilis (70%, 17 mm-DIZ) at 300 mM salt 

concentration treatment followed by E. cloacae (63.63%, 18 mm-DIZ) and P. 

aeruginosa (30.76 %, 17 mm-DIZ) at 300 mM and E. coli (16.66%, 14 mm-DIZ) at 

300 mM NaCl concentration; the least effect was on K. pneumoniae (9.52%, 23 mm-
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DIZ) at 200 mM NaCl treatment Tables 7, 8. Accordingly and likewise, the old and 

middle stages of leaf growth of Salvia extracts inhibited both gram-positive and gram-

negative bacteria and it seems that its effect was species dependent. This observation 

is clearly in relation with the salt concentration treatment 300 mM except for S. 

aureus 200 mM, S. auricularis 400 mM and for K. pneumoniae it was 200 mM. 

Both chloramphenicol and tetracycline show a higher positive inhibition effect than 

Salvia extracts on all gram-positive and negative species. Chloramphenicol as well 

had a higher effect than tetracycline. Both antibiotics effects also were species 

dependent. In comparison with S. officinalis extracts used at different salt 

concentration treatment the chloramphenicol and tetracycline were generally more 

effective than Salvia about two folds depending on the bacterial strains used.  

The results indicated that the crude extracts of S. officinalis studied showed 

antibacterial activities towards the five strains of gram-positive bacteria and the five 

of gram-negative bacteria after treatment with different NaCl concentrations. These 

results are consistent with previous reports (Palombo and Semple, 2001; Kudi et al. 

1999; Marino et al. 2001). It has also been reported that S. officinalis is rich in 

chemical constituents such as camphor, carvacrol, limonene, pinene and 1,8-cineole 

(Rimando, 1986).  Among these, the common terpene compounds such as carvacrol, 

linalool and eugenol have been known to exhibit antifungal activity towards several 

strains of microorganisms (Juven et al., 1994; Kim et al., 1995; Hirasa and Takemasa, 

1998; Friedman et al., 2002). In addition, there are many secondary metabolites and 

chemical constituents produced in S. officinalis extracts that may contribute to the 

observed positive antibacterial effects. The determination antibacterial activity of S. 

officinalis in this study was performed by disc diffusion method. It was found that S. 

officinalis extract exhibited antibacterial activity towards all gram-positive and gram-

negative bacterial sp. with various degree of inhibition.  In a preliminary experiment, 

we screened the effect of essential oils (EOs) of sage (S. officinalis L.) against S. 

aureus, S.  epidermidis, P.  aeruginosa, E.  coli, B.  subtilis and S. faecalis in disk-

diffusion assay. The results showed that the antibacterial activity of EOs from 

different plant stages exhibited remarkable bacteriostatic activities against most of the 

microorganisms with the best antibacterial activity against S. aureus and the least 

against K. pneumoniae. Moreover, gram-positive bacteria were more sensitive than 

gram-negative bacteria to the killing effect of EOs, confirming results already 

reported (Palombo and Semple, 2001; Kudi et al., 1999; Marino et al., 2001).  
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5. General Discussion   

The analysis of biomass represents an important feature to study plant responses, 

especially plant growth to environmental stress situations. In this context, it has to be 

considered that this increase must not unequivocally result from a real enhancement 

of monoterpene biosynthesis, but could also be due to the drought related reduction in 

growth while the biosynthesis remains constant. i.e., the enhancement of monoterpene 

concentration just reflects the reduction in biomass production in response to drought 

stress and not an increase in the rate of biosynthesis (Selmar and Kleinwächter, 2013). 

However, in the present approach, the vegetative growth of both trials had been very 

similar; accordingly, no significant differences in the biomass of the well-watered 

plants and those submitted to drought stress had been occurred. Consequently, a 

reduction in the biomass combined with an unchanged rate of biosynthesis, and thus 

yielding in a higher concentration of natural products in drought stressed plants could 

be excluded, as it is true for various papers (for review see Selmar and Kleinwächter, 

2013). This is confirmed by the findings of Nowak et al. (2010), who also showed 

that drought stress strongly increases the concentration of monoterpenes in sage. In 

addition, these authors estimated the entire content of monoterpenes per plant 

(monoterpene concentration x total fresh weight per plant) and determined a 

significant increase of the total amounts of monoterpenes per plant, too. 

Consequently, the rate of monoterpene biosynthesis truly is enhanced in salinity 

stressed sage plants compared to that of well-watered ones. 
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Muszyńska, A.; Jarocka, K.; Kurczynska, E.U. (2014). Plasma membrane and cell 

wall properties of an aspen hybrid (Populus tremula × tremuloides) parenchyma cells 

under the influence of salt stress. Acta Physiol. Plant 36: 1155–1165.  

 

Nakatsu, C.H., Torsvik, V., Vreas, L. (2000). Soil community analysis using DGGE 

of 16S rDNA polymerase chain reaction products. Soil Sci. Soc. Am. J., 64: 1382-

1388. 

 

National Committee For Clinical Laboratory Standards - NCCLS. (1997). 

Performance standards for antimicrobial disk susceptibility test. 6 ed. Wayne PA. 

Approved Standard M2-A6. 

 

Nazzaro, F., Fratianni, F., De Martino, L., Coppola, R., and De Feo, V. (2013). Effect 

of essential oils on pathogenic bacteria. Pharmaceuticals, 6(12): 1451-1474. 

 

Nazzaro, F.; Fratianni, F.; Coppola, R. (2013). Quorum sensing and phytochemicals. 

Int. J. Mol. Sci. 14: 12607–12619. 

 

Nemoto Y, Sasakuma T. (2000). Specific expression of glucose-6-phosphate 

dehydrogenase (G6PDH) gene by salt stress in wheat (Triticumaestivum L.) Plant 

Science.158:53–60. 

 

Nemoto, Y., and Sasakuma, T. (2000). Specific expression of glucose-6-phosphate 

dehydrogenase (G6PDH) gene by salt stress in wheat (Triticum aestivum L.). Plant 

Science.158: 53–60. 

 

Nepomuceno, A.L., J.M.C.D. Stewart, D. Oosterhuis, R. Turley, N. Neumaier, and 

J.R.B. Farias. 2000. Isolation of a cotton NADP(H) oxidase homologue induced by 

drought stress. Pesqui.Agropecu.Bras. 35:1407–1416. 

 

Nepomuceno, A.L., Stewart, J.M.C.D., Oosterhuis, D., Turley, R., Neumaier, N., and 

Farias, .J.R.B. (2000). Isolation of a cotton NADP(H) oxidase homologue induced by 

drought stress. Pesqui.Agropecu.Bras. 35: 1407–1416. 

 



150 

Neves, G.Y.S.; Marchiosi, R.; Ferrarese, M.L.L.; Siqueira-Soares, R.C.; Ferrarese-

Filho, O. (2010). Root growth inhibition and lignification induced by salt stress in 

soybean. J. Agron. Crop. Sci. 196: 467–473.  

 

Newman, D.J., and Cragg, G.M. (2007). Natural Products as Sources of New Drugs 

over the Last 25 Years. J. Natl. Prod., 70: 461-477. 

 

Nikaido, H., and Viura, M. (1985). Molecular basis of bacterial outer membrane 

permeability. Microbiological Reviews, 49: 1-32. 

 

Niu, S.; Afre, S.; Gilbert, E.S. (2006). Subinhibitory concentrations of 

cinnamaldehyde interfere with quorum sensing. Lett. Appl. Microbiol. 43: 489–494. 

 

Nostro, A., Germano M.P., D’Angelo, A., Marino, A., and Cannatelli, M. A. (2000). 

Extraction methods and bioautography for evaluation of medicinal plant antimicrobial 

activity. Lett. Appl. Microbiol., 30 (5): 379- 385. 

 

Nostro, A.; Marino, A.; Blanco, A.R.; Cellini, L.; di Giulio, M.; Pizzimenti, F.; 

Roccaro, A.S.; Bisignano, G. (2009). In vitro activity of carvacrol against 

staphylococcal preformed biofilm by liquid and vapour contact. J.Med. Microbiol.  

58: 791–797. 

 

Nowak, M., Kleinwächter, M., Manderscheid, R., Weigel, H.-J., and Selmar, D. 

(2012). Drought stress increases the accumulation of monoterpenes in sage (Salvia 

officinalis), an effect that is compensated by elevated carbon dioxide concentration. 

Journal of Applied Botany and Food Quality 83, 133–136. 

 

Nowak, M.,  Manderscheid, R.,  Weigel, H-J.,  Kleinwächter, M.,  and Selmar, 

D. (2010). Drought stress increases the accumulation of monoterpenes in sage (Salvia 

officinalis), an effect that is compensated by elevated carbon dioxide concentration, J. 

Appl. Bot. Food Qual.,  83: 133-136. 

 

Oran, S.A., and Al-Eisawi, D.M. (1998). Check-list of medicinal plants in Jordan. 

Dirasat. 25: 84-112. 

 

Ouattara, B., Simard, R.E., Holley, R.A., Piette, G.J. and Be´gin, A. (1997) 

Antibacterial activity of selected fatty acids and essential oils against six meat 

spoilage organisms. International Journal of Food Microbiology, 37: 155-162. 

 

Oussalah, M.; Caillet, S.; Saucier, L.; Lacroix, M. (2006). Antimicrobial effects of 

selected plant essential oils on the growth of a Pseudomonas putida strain isolated 

from meat. Meat Sci. 73: 236–244. 

 

Ozkan, A.; and Erdogan, A. (2011). A comparative evaluation of antioxidant and 

anticancer activity of essential oil from Origanum onites (Lamiaceae) and its two 

major phenolic components. Turk. J. Biol. 35: 735-742. 

 

Ozturk, A., Unlukara, A., Ipek, A., and Gurbuz, B. ( 2004). Effects of Salt Stress and 

Water Deficit on Plant Growth and Essential oil Content of Lemon Balm (Melissa 

officialis L.). Pak. J. Bot., 36(4): 787- 792. 



151 

 

Palombo, E.A., and Semple, S.J. (2001). Antibacterial activity of traditional 

Australian medicinal plants. J. Ethanopharmacology, 77: 151-157. 

 

Palombo, E.A., and Semple, S.J. (2001). Antibacterial activity of traditional 

Australian medicinal plants. J. Ethnopharmacol., 77: 151-157. 

 

Parida, A.K., and Das, A.B. (2005). Salt tolerance and salinity effect on plants: a 

review. Ecotoxicol. Environ. Saf., 60: 324-349. 

 

Parihar, P., Singh, S., Singh, R., Singh, V.P., and Prasad, S.M. (2015). Effect of 

salinity stress on plants and its tolerance strategies: a review. Environ. Sci. Pollut. R., 

22 (6): 4056-4075. 

 

Parvaiz, A., and Satyawati, S. (2008). Salt Stress and Phyto-Biochemical Responses 

of Plants-A Review. Plant, Soil and Environment., 54: 88-99.  

https://www.researchgate.net/publication/242580345. 

 

Patil, S.D.; Sharma, R.; Srivastava, S.; Navani, N.K.; Pathania, R. (2013). Down 

regulation of yidC in Escherichia coli by antisense RNA expression results in 

sensitization to antibacterial essential oils eugenol and carvacrol. PLoS One 8: 57370. 

 

Paulsen, J., and Selmar, D. (2016). The difficulty of correct reference values when 

evaluating the effects of drought stress: a case study with Thymus vulgaris. J Appl Bot 

Food Qual., 89: 287-289. 

 

Peana, A.T.; Moretti, M.D.; and Juliano, C. (1999). Chemical Composition and 

Antimicrobial Action of the Essential Oils of Salvia desoleana and S. sclarea. Planta 

Medica, 65 (8): 752-754. 

 

Penso, G. (1983). Index Plantarum Medicinalium Totius Mundi Eorumque 

Synonymorum. Milano. OEMF. 

 

Perez, C., Paul, M., Bazerque, P. (1990). Antibiotic assay by agar well diffusion 

method. Acta Biol Med Exp.; 15: 113-115. 

 

Perry, N. B., Anderson, R. E., Brennan, N. J., Douglas, M. H., Heanney, A. J., 

McGimpsey, J. A., et al. (1999). Essential oils from dalmatian sage (Salvia officinalis 

L.): Variations among individuals, plant parts, seasons, and sites. Journal of 

Agricultural and Food Chemistry. 47: 2048–2054. 

 

Perry, N.B., Anderson, R.E., Brennan, N.J., Douglas, M.H., Heaney, A.J., 

McGimpsey, J.A., and Smallfield, B.M. (1999). Essential oils from Dalmatian sage 

(Salvia officinalis L.): variations among individuals, plant parts, seasons, and sites. J. 

Agric. Food Chem., 47 (5): 2048-2054. 

Peters, R.J., and Croteau, R.B. (2003). Alternative termination chemistries utilized by 

monoterpene cyclases: Chimeric analysis of bornyl diphosphate, 1,8-cineole, and 

sabinene synthases. Arch. Biochem. Biophys. 417: 203-211. 

https://www.researchgate.net/publication/242580345


152 

Petrovska, B.B. (2012). Historical review of medicinal plants’ usage. Pharmacogn 

Rev. 6 (11): 1–5. doi:  10.4103/0973-7847.95849 PMCID: PMC3358962 

PMID: 22654398. 

 

Picone, G.; Laghi, L.; Gardini, F.; Lanciotti, R.; Siroli, L.; Capozzi, F. (2013). 

Evaluation of the effect of carvacrol on the Escherichia coli 555 metabolome by using 

1H-NMR spectroscopy. Food Chem. 141: 4367–4374. 

 

Pieroza, K.M. (2009). Chemical characterization and antimicrobial activity of 

essential oils of salvia L. species; Ciênc. Tecnol. Aliment, Campinas, 29(4) : 764-770, 

out.-dez. 

 

Pierozan, M.K.,  Pauletti, G.F., Rota, L., Santos, A.C.A., Lerin, L.A., Luccio, M.D.,  

Mossi, A.J., Atti-Serafini, L., Luis Cansian, R., and Vladimiroliveira, J. (2009). 

Chemical characterization and antimicrobial activity of essential oils of salvia L. 

Species. Ciênc.Tecnol. Aliment.,Campinas, 29(4): 764-770, out.-dez. 

 

Pietta, P.G. (2000). Flavonoids as antioxidants. J Nat Prod 63: 1035-1042. 

 

Pitman, M.G. and Lauchli, A. (2002). Global Impact of Salinity and Agricultural 

Ecosystems. In: Lauchli, A. and Luttge, V., Eds., Salinity: Environment-Plants 

Molecules, Kluwer, Dordrecht, 3-20. 

 

Pitzschke A., Forzani C., Hirt, H. (2006). Reactive oxygen species signaling in plants. 

Antioxidants and Redox Signaling 8: 1757–1764. 

 

Poolman, B.; Driessen, A.J.M.; Konings, W.N. (1987). Regulation of solute transport 

in Streptococci by external and internal pH values. Microbiol. Rev. 51: 498–508. 

Prisic, S., Xu, M., Wilderman, P.R., and Peters, R.J. (2004). Rice contains two 

disparate ent-copalyl diphosphate synthases with distinct metabolic functions. Plant 

Physiol 136: 4228-4236. 

Procházková, D. Sairam, R.K., Srivastava, G.C., and Singh, D.V. (2001). Oxidative 

stress and antioxidant activity as the basis of senescence in maize leaves. - Plant Sci., 

161: 765-771. 

 

Putievsky, E. E., Ravid, U., and Dudai, N. (1986). The influence of season and 

harvest frequency on essential oil and herbal yields from a pure clone of sage (Salvia 

officinalis) grown under cultivated conditions. Journal of Natural Products. 49: 326–

329. 

 

Putievsky, E., U. Ravid and Dudai N. (1986). The essential oil and yield components 

from various plant parts of Salvia fruticosa. Journal of Natural Products, 49 (6): 

1015-1017. 

 

Qados, A.M.S.A. (2011). Effect of salt stress on plant growth and metabolism of bean 

plant Vicia faba (L.). J Saudi Soc Agric Sci., 10: 7-15. 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Petrovska%20BB%5BAuthor%5D&cauthor=true&cauthor_uid=22654398
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3358962/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3358962/
https://dx.doi.org/10.4103%2F0973-7847.95849
https://www.ncbi.nlm.nih.gov/pubmed/22654398


153 

Qasima Agha, Sarfraz Ahmad, Muhamad Islam, Aslam Gill and Mohammad Athar. 

(2010).Growth and production potential of five medicinal crops in highlands of 

Balochistan, Pakistan. Journal of Medicinal Plants Research. 4 (20): 2159-2163. 

Available online at http://www.academicjournals.org/JMPR ISSN 1996-0875 ©2010 

Academic Journals. 

 

Qian, J., Song, J., Gao, H., Zhu, Y., Xu, J., Pang, X., Yao, H., Sun, C., Li, X.E., Li, C. 

and Liu, J. (2013). The complete chloroplast genome sequence of the medicinal plant 

Salvia miltiorrhiza. PloS one, 8(2), e57607. 

 

Qian, J., Song, J., Gao, H., Zhu, Y., Xu, J., Pang, X., Yao, H., Sun, C., Li, X.E., Li, C. 

and Liu, J. (2013). The complete chloroplast genome sequence of the medicinal plant 

Salvia miltiorrhiza.PloS one, 8(2), e57607. 

 

Qudiesat, K., Abu-Elteen, K., Elkarmi, A., Hamad, M., and Abussaud, M. (2009). 

Assessment of airborne pathogens in healthcare settings. African Journal of 

Microbiology Research, 3(2): 66-76. 

 

Quiroz-Figueroa, F., Rojas-Herrera, R., Galaz-Avalos, R. M., and Loyola-Vargas, V. 

M. 2006. “Embryo Production through Somatic Embryogenesis Can Be Used to 

Study Cell Differentiation in Plants.”Plant Cell Tiss. Org. Cult. 86: 285-301. 

 

R. Hamidpour, S. Hamidpour, M. Hamidpour, M. Shahlari. (2013). Sage: The 

functional novel natural medicine for preventing and curing chronic illnesses. IJCRI. 

4(12): 671–677. 

 

Rabinowitz, J.D. (2007). Cellular metabolomics of Escherichia coli. Exp. Rev. Prot. 

4: 187–198. 

 

Radulescu, V., Chiliment, S., and Oprea, E. (2004). Capillary gas chromatography-

mass spectrometry of volatile and semi volatile compounds of Salvia officinalis. J. 

Chromatogr. A., 1027: 121-126. 

 

Radulescu, V.; Chiliment, S.; and Oprea, E. (2004). Capillary gas chromatography-

mass spectrometry of volatile and semi-volatile compounds of Salvia 

officinalis. Journal of Chromatography A, 1027 (1-2): 121-126. 

 

Radwan, A.,  Hara, M., Kleinwächter, D. Selmar, D. (2014). Dehydrin expression in 

seeds and maturation drying: a paradigm change. Plant Biol (Stuttg). 16 (5): 853-855. 

doi: 10.1111/plb.12228. 

 

Radwan, A.M.A. (2014). The impact of drought stress on monoterpene  biosynthesis 

in sage (Salvia officinalis): Dehydrins and monoterpene synthases as molecular 

markers. Ph.D. Dissertation, Braunschweig University of Technology, Germany. 

 

Ramani, S. and Apte, S. K. (1997). Transient expression of multiple genes in salinity 

stressed young seedlings of rice (Oryza sativa L.) cv Bura Rata. Biochemical and 

Biophysical Res. Commun. 233: 663-667. 

 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Radwan%2C+A
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Hara%2C+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Kleinw%C3%A4chter%2C+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Selmar%2C+D
https://www.ncbi.nlm.nih.gov/pubmed/25040649


154 

Ramani, S., and Apte, S.K. (1997). Transient expression of multiple genes in salinity 

stressed young seedlings of rice (Oryza sativa L.) cv Bura Rata. Biochemical and 

Biophysical Res. Commun. 233: 663-667. 

 

Rana Munns. (2005). Genes and salt tolerance: bringing them together. New 

phytologist. 167(3): 645–663. 

 

Rao, S.R. and Ravishankar, G.A. (2002). Plant cell cultures: chemical factories of 

secondary metabolites. Biotechnol. Adv., 20: 101-153. 

 

Raskin, I., Ribnicky, D.M., Komarnytsky, S., Ilic, N., Poulev, A., Borisjuk, 

N., Brinker, A., Moreno, D.A., Ripoll, C., Yakoby, N., O'Neal, J.M., Cornwell, 

T., Pastor, I., Fridlender, B. (2002). Plants and human health in the twenty-first 

century. Trends Biotechnol., 20 (12): 522-531. 

 

Ratledge, C., and Wilkinson, S. G. (1988). In “Microbial Lipids” (C. Ratledge and S. 

G. Wilkinson, eds.), 1: 23-53. Academic Press, London. 

 

Ravishankar, G.A. and Venkataraman, L.V. (1993). Role of plant cell cultures in food 

biotechnology: commercial prospectus and problems. New Delhi: Oxford IBH Press: 

255-274. 

 

Rawat, A.K., Mehrotra, S., Tripathi, S.C. and Shome, U. (1997). Hepatoprotective 

activity of Boerhaavia diffusa L. roots - a popular Indian ethnomedicine. J. 

Ethnopharmacol., 56: 61-66. 

 

Read, P.E., and Preece, J.E. (2003). Environmental management for optimizing 

micropropagation. Acta Hort., 616: 129-133. 

 

Rentel, M.C., Lecourieux, D., Ouaked, F., Usher, S.L., Petersen, L., Okamoto, H., 

Knight, H., Peck, S.C., Grierson, C.S., Hirt, H, et al (2004). OXI1 kinase is necessary 

for oxidative burst-mediated signalling in Arabidopsis. Nature, 427: 858–861. 

 

Riadh Ksouri, Wided Megdiche, Ahmed Debez, Hanen Falleh, Claude Grignon and    

Chedly Abdelly. (2007). Salinity effects on polyphenol content and antioxidant 

activities in leaves of the halophyte Cakilemaritima. Plant Physiology and 

Biochemistry. //45(3–4): 244–249. 

 

Ross, J. D., and Sombrero, C. (1991). Environmental control of essential oil 

production in Mediterranean plants, pp. 64-94, in 3. B. Harborne and F. A. Tomes-

Barberan (eds.). Ecological Chemistry and Biochemistry of Plant Terpenoids. 

Clarendon Press, Oxford. 

 

Ross, J. D., and Sombrero, C. (1991).Environmental control of essential oil 

production in Mediterranean plants.In J. B. Harborne and F. A. Tomas-Barberan 

(Eds.), Ecological chemistry and biochemistry of plant terpenoids (pp. 83–94). 

Oxford, UK: Clarendon Press. 

 

Russell, N.J. (1984). Mechanism of thermal adaptation in bacteria: Blueprints for 

survival. Tr. Biochem. Sci. 9: 108–112. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Raskin%20I%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ribnicky%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Komarnytsky%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ilic%20N%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Poulev%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Borisjuk%20N%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Borisjuk%20N%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Brinker%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Moreno%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ripoll%20C%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yakoby%20N%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=O%27Neal%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cornwell%20T%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cornwell%20T%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pastor%20I%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fridlender%20B%5BAuthor%5D&cauthor=true&cauthor_uid=12443874
https://www.ncbi.nlm.nih.gov/pubmed/12443874
http://www.sciencedirect.com/science/article/pii/S0981942807000186
http://www.sciencedirect.com/science/article/pii/S0981942807000186
http://www.sciencedirect.com/science/article/pii/S0981942807000186
http://www.sciencedirect.com/science/article/pii/S0981942807000186
http://www.sciencedirect.com/science/article/pii/S0981942807000186
http://www.sciencedirect.com/science/article/pii/S0981942807000186
http://www.sciencedirect.com/science/journal/09819428
http://www.sciencedirect.com/science/journal/09819428
../../../../../AppData/Roaming/Relax/Downloads/3%2245(3–4


155 

 

Russell, N.J. (1997). Psychrophilic bacteria: Molecular adaptations of membrane 

lipids. Comp. Biochem. Physiol. 118, 489–493. 

 

S.M.A. Zobayed, F. Afreen and T. Kozai. (2007). Phytochemical and physiological 

changes in the leaves of St. John's wort plants under a water stress condition. 

Environmental and Experimental Botany.// 59 (2): 109–116. 

 

Sadder, M.T. and Al-Doss, A.A. (2014).Characterization of dehydrinAhDHN from 

Mediterranean saltbush (Atriplexhalimus). Turkish Journal of Biology 38: 469-477. 

 

Sadder, M.T., and Al-Doss, A.A. (2014). Characterization of dehydrinAhDHN from 

Mediterranean saltbush (Atriplexhalimus). Turkish Journal of Biology 38: 469-477. 

 

Saeidnejad, A.H., Kafi, M., Khazaei, H.R., and Pessarakli, M. (2013). Effects of 

drought stress on quantitative and qualitative yield and antioxidative activity of 

Buniumpersicum.Turk J Bot., 37: 930-939. 

 

Saini, R. P.,  Raman, V., Dhandapani, G., Malhotra, E. V., Sreevathsa, R., Kumar, P. 

A., Sharma, T. R., and Pattanayak, D. (2018). Silencing of HaAce1 gene by host-

delivered artificial microRNA disrupts growth and development of Helicoverpa 

armigera. Plos one. https://doi.org/10.1371/journal.pone.0194150 March 16: 1-16. 

 

Salekdeh, G.H.; Siopongco, J.; Wade, L.J.; Ghareyazie, B.; Bennett, J. (2002). 

Proteomic analysis of rice leaves during drought stress and recovery. Proteomics. 2: 

1131–1145.  

Samuelson, J.C.; Chen, M.; Jiang, F.; Möller, I.; Wiedmann, M.; Kuhn, A.; Phillips, 

G.J.; Dalbey, R.E. (2000). YidC mediates membrane protein insertion in bacteria. 

Nature 406: 637–641. 

 

Sánchez-Aguayo, I.; Rodríguez-Galán, J.M.; García, R.; Torreblanca, J.; Pardo, J.M. 

(2004). Salt stress enhances xylem development and expression of S-adenosyl-L-

methionine synthase in lignifying tissues of tomato plants. Planta. 220: 278–285.  

Sandasi, M.; Leonard, C.M.; Viljoen, A.M. (2008). The effect of five common 

essential oil components on Listeria monocytogenes biofilms. Food Control 19: 1070–

1075. 

 

Santos-Gomes, P. C., and Fernandes-Ferreira, M. (2001). Organ- and season-

dependent variation in the essential oil composition of Salvia officinalis L. cultivated 

at two different sites.Journal of Agricultural and Food Chemistry. 49: 2908–2916. 

 

Santos-Gomes, P.C., Fernandes-Ferreira, M. (2001). Organ- and season-dependent 

variation in the essential oil composition of Salvia officinalis L. cultivated at two 

different sites. J. Agric. Food Chem., 49: 2908-2916. 

 

Savelev, S. et al. (2003). Synergistic and antagonistic interactions of 

anticholinesterase terpenoides in Salvia lavandulaefolia essential oil. Pharmacology, 

Biochemistry and Behavior, 75 (3): 661-668. 

 

http://www.sciencedirect.com/science/article/pii/S0098847205001565
http://www.sciencedirect.com/science/article/pii/S0098847205001565
http://www.sciencedirect.com/science/article/pii/S0098847205001565
http://www.sciencedirect.com/science/journal/00988472
../../../../../AppData/Roaming/Relax/Downloads/2%22%2059%20(2


156 

Savelev, S.U., Okello, E.J., Perry, N.S.L., Wilkins, R.M., and Perry, E.K. (2003). 

Synergistic and  antagonistic interactions of anticholinesterase terpenoids in Salvia 

lavandulaefolia  essential oil. Pharmacol. Biochem. Behav., 75: 661-668. 

 

Saxena, M., Saxena, J., Nema, R., Singh, D., and Gupta, A. (2013). Phytochemistry of 

medicinal plants J. Pharm. Phytochem., 1(6): 168 - 82. 

 

Sayed, N.H.E. et al. (2001). Constituents from Salvia triloba. Fitoterapia, 72 ( 7): 

850-853. 

 

Schmiderer, C., Grassi, P., Novak, J., Weber, M., Franz, C. (2008). Diversity of 

essential oil glands of clary sage (Salvia sclarea L., Lamiaceae). Plant Biol., 10: 433-

440. 

 

Schmiderer, C., Grausgruber-Groger, S., Grassi, P., Steinborn, R., and Novak, J. 

(2010). Influence of gibberellin and daminozide on the expression of terpene 

synthases and on monoterpenes in common sage (Salvia officinalis). J. Plant Physiol. 

167: 779–786. doi: 10.1016/j.jplph.2009.12.009. 

 

Schmiderer, C., Grausgruber-Groger, S., Grassi, P., Steinborn, R., and Novak, J. 

(2010). Influence of gibberellin and daminozide on the expression of terpene 

synthases and on monoterpenes in common sage (Salvia officinalis). J. Plant Physiol., 

167: 779–786. doi: 10.1016/j.jplph.2009.12.009. 

 

Schmidt, R.; Schippers, J.H.M.; Mieulet, D.; Obata, T.; Fernie, A.R.; Guiderdoni, E.; 

Mueller-Roeber, B. MULTIPASS, (2013). a rice R2R3-type MYB transcription 

factor, regulates adaptive growth by integrating multiple hormonal pathways. Plant J. 

76, 258–273.  

Schuler, I., Milon, A., Nakatani, Y., Ourisson, G., Albrecht, A. M., Benveniste, P., et 

al. (1991). Differential effects of plant sterols on water permeability and on acyl chain 

ordering of soybean phosphatidylcholine bilayers. Proceedings of the National 

Academy of Sciences of USA. 88: 6926–6930. 

 

Schwarz K, Ternes W. (1992). Antioxidative constituents of Rosmarinusofficinalis 

and Salvia officinalis: I. isolation of carnosic acid and formation of other phenolic 

diterpenes. Z Leben Unters Forsch. 195: 99-103. 

 

Schwarz, D., and Kuchenbuch, R., (1998). Water uptake by tomato plants grown in 

closed hydroponic systems dependent on the EC-level. Acta Hort., 458: 323-328. 

 

Schwarz, K., and Ternes, W. (1992). Antioxidative constituents of Rosmarinus 

officinalis and Salvia officinalis: I. isolation of carnosic acid and formation of other 

phenolic diterpenes. Z Leben Unters Forsch, 195: 99-103. 

 

Scotti, P.A.; Urbanus, M.L,, Brunner, J.; de Gier, J.W.L.; von Heijne, G.; van der 

Does, C.; Driessen, A.J.M.; Oudega, B.; Luirink, J. YidC, (2000). the Escherichia coli 

homologue of mitochondrial Oxa1p, is a component of the Sec translocase. EMBO J. 

19: 542–549. 

 



157 

Seeman, J.R., and Critchley, C. (1985). Effect of salt stress on the growth ion content, 

stomatal behavior and photosynthetic capacity of salt-sensitive species Phaseolus 

vulgaris L. Planta, 164: 151-162. 

 

Seemann, J.R., and Critchley, C. (1985). Effects of salt stress on the growth, ion 

content, stomatal behavior and photosynthetic capacity of a salt sensitive species. 

Phaseolus vulgaris L. -Plant Physiol., 82: 555-560. 

 

Seemann, J.R., Critchley, C.: (1985). Effects of salt stress on the growth, ion content, 

stomatal behavior and photosynthetic capacity of a salt sensitive species.Phaseolus 

vulgaris L. – Plant Physiol. 82: 555-560. 

Selmar, D. (1996). Potential of salt and drought stress to increase pharmaceutical 

significant secondary compounds in plants. Landbauforschung, 58: 139-144. 

Selmar, D., and Kleinwächter, M. (2013a). Influencing the product quality by 

deliberately applying drought stress during the cultivation of medicinal plants. Ind 

Crop Prod., 42: 558-566. 

 

Selmar, D., and Kleinwächter, M. (2013b). Stress enhances the synthesis of secondary 

plant products: The impact of the stressrelated over-reduction on the accumulation of 

natural products. Plant Cell Physiol., 54: 817-826. 

 

Selote, D.S., and Khanna-Chopra, R. (2006). Drought-acclimation confers oxidative 

stress tolerance by inducing coordinated antioxidant defense at cellular and 

subcellular level in leaves of wheat seedlings. Physiol. Plant, 127: 494-506. 

 

Serafini, L.A. et al. (2002). Extrações e aplicações de óleos essenciais de plantas 

aromáticas e medicinais. Caxias do Sul: EDUCS. 

 

Serafini, L.A.; Barros, N.M.; and Azevedo, J.L. (2001). Biotecnologia na agricultura e 

na agroindústria. Guaíba: Agropecuária. Cap. 9: 333-337. 

 

Serek, J.; Bauer-Manz, G.; Struhalla, G.; van den Berg, L.; Kiefer, D.; Dalbey, R.; 

Kuhn, A. (2004). Escherichia coli YidC is a membrane insertase for Sec-independent 

proteins. EMBO J. 23: 294–301. 

 

Shabala, L.; Budde, L.; Ross, B.; Siegumfeldt, T.; Jakobsen, H.; McMeekin, M. 

(2002). Responses of Listeria monocytogenes to acid stress and glucose availability 

revealed by a novel combination of fluorescence microscopy and microelectrode ion-

selective techniques. Appl. Env. Microbiol. 68: 1794–1802. 

 

Shabala, S.; Munns, R. (2012). Salinity Stress: Physiological constraints and adaptive 

mechanisms. In Plant Stress Physiology; Shabala, S., Ed.; CAB International: Oxford, 

UK; Oxford, MS, USA, pp. 59–93.  

Shannon, M. (1985). Principles and strategies in breeding for higher salt tolerance. 

Plant and Soil, 89: 227-241. 

 

Shapiro, S.; Meier, A.; and Guggenheim, B. (1994). The antimicrobial activity of 

essential oils and essential oil components towards oral bacteria. Oral Microbiology 

and Immunology, 9(4): 202-208. 



158 

 

Sharkey TD, Yeh S. (2001). Isoprene emission from plants. Annual Review of Plant 

Physiology and Plant Molecular Biology 52: 407–436. 

 

Shibli, R.A., Kushad, M., Yousef, G.G., and Lila, M.A. (2007). Physiological and 

biochemical responses of tomato micro shoots to induced salinity stress with 

associated ethylene accumulation. Plant Growth Regulators, 51: 159-169. 

 

Shima Aghilian, Mohammad Khajeh-Hosseini, and Sepideh Anvarkhah. (2014). 

Evaluation of seed dormancy in forty medicinal plant species. International Journal 

of Agriculture and Crop Sciences. 7(10): 760-768. 

 

Shinwari, Z.K., and Qaiser, M. (2011). Efforts on conservation and sustainable use of 

medicinal plants of Pakistan. Pak. J. Bot., 43: 5-10. 

Sikkema, J.; de Bont, J.A.M.; Poolman, B. (1995). Mechanisms of membrane toxicity 

of hydrocarbons. Microbiol. Rev. 59: 201–222. 

 

Sikkema, J.; Weber, F.J.; Heipieper, H.J.; de Bont, J.A.M. (1994). Cellular toxicity of 

lipophilic compounds: Mechanisms, implications, and adaptations. Biocatalysis  10: 

113–122. 

 

Silva, E.C., Silva, M.F.A., Nogueira, R.J.M.C., and Albuquerque, M.B. (2010). 

Growth evaluation and water relations of Erythrina velutina seedlings in response to 

drought stress. Braz. J. Plant Physiol., 22: 225-233. 

 

Singh, U. M., Sareen, P., Sengar, R. S., and Kumar, A. (2013). Plant ionomics: a 

newer approach to study mineral transport and its regulation. Acta Physiol. Plant. 35, 

2641-2653. doi: 10.1007/s11738-013-1316-8. 

 

Slavik, M.F.; Kim, W.J.; Walker, J.T. (1995). Reduction of Salmonella and 

Campylobacter on chicken carcasses by changing scalding temperature. J. Food Prot. 

58: 689–691. 

 

Smid, E.J. and Gorris, G. (1999). Natural Antimicrobials for Food Preservation. 

Handbook of Food Preservation, Marcel Dekker, New York. 

 

Soares, A.R., de Lourdes Lucio Ferrarese, M., de Cássia Siqueira-Soares, R., 

Marchiosi, R., Finger-Teixeira, A., and Ferrarese-Filho, O. (2011). The allelochemical 

L-DOPA increases melanin production and reduces reactive oxygen species in 

soybean roots. J Chem. Ecol., 37:891-8; PMID:21710366; http://dx.doi. 

org/10.1007/s10886-011-9988-2. 

 

Soares, J.D.R., Pasqual M., Rodrigues F.A., Villa F., and Araujo A.G. (2011). Fontes 

de silício na micropropagação de orquídea do grupo Cattleya. Acta Scientiarum 

Agronomy, 33: 503-507. 

 

Soares, J.D.R., Pasqual, M., Araujo, A.G., Castro, E.M., Pereira, F.J. and Braga, F.T. 

(2012). Leaf anatomy of orchids micropropagated with different silicon 

concentrations. Acta. Scientiarum Agronomy, 34: 413-421. 



159 

Solinas V. and Deiana S., (1996).Effect of water and nutritional coditions on the 

Rosmarinusofficinalis L., phenolic fraction and essential oil yields. Riv. Ital. Eposs., 

19: 189-198. USDA, 1999. 

Solinas, V., and Deiana, S. (1996). Effect of water and nutritional coditions on the 

Rosmarinus officinalis L., phenolic fraction and essential oil yields. Riv. Ital. Eposs., 

19: 189-198. USDA, 1999. 

Solinas, V., and Deiana, S. (1996).Effect of water and nutritional conditions on the 

Rosmarinusofficinalis L., phenolic fraction and essential oil yields. RivistaItaliana 

EPPOS. 19: 189–198. 

 

Srivastava, A., and Strasser, A. (1996). Stress and stress management of land plants 

during a regular day. J. Plant Physiol., 148: 445-455. 

 

Srivastava, J., J.  Lambert and N.Vietmeyer. (1996). Medicinal plants: An expanding 

role in development. World Bank Technical Paper.No. 320. 

 

Statsoft. (1998). Statistic for windows. General conventions and statistical. Statsoft, 

Tulsa: Inc. 

 

Statsoft.(1998). STATISTICA for Windows (Computer program electronic manual). 

Tulsa, OK: StatSoftInc.Zhu, J-K.(2001). Plant salt tolerance.Trends in Plant Science. 

6:66–71. 

 

Stefanakis M.K., Touloupakis E., Anastasopoulos E., Ghanotakis D., Katerinopoulos 

H.E., and Makridis P.J. (2013). Antibacterial activity of essential oils from plants of 

the genus Origanum. Food Control, 34: 539-546. 

 

Stefanović, O. D., Tešić, J. D. and Čomić, L. R. )2015(. Melilotus albus and 

Dorycnium herbaceum extracts as source of phenolic compounds and their 

antimicrobial, antibiofilm, and antioxidant potentials. Journal of Food and Drug 

Analysis 23 (3): 417-424. 

 

Sudha, G., and Ravishankar, G.A. (2002). Plant Cell Tissue Organ Culture, 71: 181-

212. 

 

Suzuki, N., Rivero, R.M., Shulaev, V., Blumwald, E., and Mittler, R. (2014). Abiotic 

and biotic stress combinations. New Phytol., 203: 32-43. 

 

Suzuki, N., Rizhsky, L., Liang, H., Shuman, J., Shulaev, V., and Mittler, R. (2005). 

Enhanced tolerance to environmental stress in transgenic plants expressing the 

transcriptional coactivator multiprotein bridging factor 1c. Plant Physiol., 139: 1313-

1322. 

 

Svoboda, K.P.; and Deans, S.G. (1995). Biological activities of essential oils from 

selected aromatic plants. Acta. Horticulture, 390 (1): 203-209. 

 

Szabó, M.A.; Varga, G.Z.; Hohmann, J.; Schelz, Z.; Szegedi, E.; Amaral, L.; Molnár, 

J. Inhibition of quorum-sensing signals by essential oils. Phytother. Res. 24: 782–786. 

 



160 

Szabolcs, I. (1998). Salt-Affected Soils; CRC Press: Boca Raton, FL, USA, p. 274. 

T Urao, K Yamaguchi-Shinozaki, S Urao and K Shinozaki. (1993).An Arabidopsis 

myb homolog is induced by dehydration stress and its gene product binds to the 

conserved MYB recognition sequence. The Plant Cell. 5: 1529-1539. 

 

T. Tounekti and H. Khemira. (2015). NaCl stress-induced changes in the essential oil 

quality and abietanediterpene yield and composition in common sage.J Intercultural of 

Ethnopharmacology. 4(3): 208–216. 

 

Tassou, C.; Koutsoumanis, K.; Nychas, .J.E. (2000). Inhibition of Salmonella 

enteritidis and Staphylococcus aureus in nutrient broth by mint essential oil. Food 

Res. Int. 33: 273–280. 

 

Tepe, B. et al. (2004). Antimicrobial and antioxidative activities of the essential oils 

and methanol extracts of S. cryptantha (Montbret et Aucher ex Benth.) S. 

multicaulis (Vahl.). Food Chemistry, 84 (4): 519-525. 

 

Tepe, B., Daferera, D., Sokmen, A et al. (2005). Antimicrobial and antioxidant 

activities of the essential oil and various extracts of Salvia tomentosa Miller 

(Lamiaceae). Food Chem., 90: 333-340. 

 

Tepe, B., Donmez, E., Unlu, M. et al. (2004). Antimicrobial and antioxidative activity 

of the essential oils and methanol extracts of Salvia cryptantha (Montbret et Aucher 

ex Benth.) and Salvia multicaulis (Vahl). Food Chem., 84: 519-525. 

 

Tester M, Bacic A.(2005). Abiotic stress tolerance in grasses.From model plants to 

crop plants.Plant Physiology. 137(3) 791–793. 

 

Tester, M., and Bacic, A. (2005). Abiotic stress tolerance in grasses.From model 

plants to crop plants. Plant Physiology. 137(3): 791–793. 

 

Tester, M., and Davenport, R. (2003). Na+ tolerance and Na+ transport in higher 

plants. Annals of Botany, 91: 503-527. 

Tholl, D. (2015). Biosynthesis and biological functions of terpenoids in plants. In: 

Schrader J, Bohlmann J (eds) Biotechnology of isoprenoids. Advances in biochemical 

engineering/biotechnology, vol 148. Springer, Cham  

Tholl, D., (2006). Terpene synthases and the regulation, diversity and biological roles 

of terpene metabolism. Curr. Opin. Plant Biol., 9: 297-304. 

Thompson, J., Charpentier, A., Bouguet, G., Charmasson, F., Roset, S., Buatois, B., 

Vernet, P. and Gouyon, P.-H. (2013). Evolution of a genetic polymorphism with 

climate change in a Mediterranean landscape. Proceedings of the National Academy 

of Sciences USA, 110: 2893-2897. 

Thoughton, J., and Donaldson, L.A. (1972). Probing Plant Science. McGraw–Hill 

Book Company: New York, USA. 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Tounekti%20T%5Bauth%5D
../../../../../AppData/Roaming/Relax/Downloads/D%22H.%20Khemira


161 

Tian, H., De Smet, I. and Ding, Z. (2014a). Shaping a root system: regulating lateral 

versus primary root growth. Trends Plant Sci., 19: 426-431. 

 

Tian, H., Jia, Y., Niu, T., Yu, Q., and Ding, Z. (2014b). The key players of the 

primary root growth and development also function in lateral roots in Arabidopsis. 

Plant Cell Rep. 33: 745-753. 

 

Topcu, G. and Ulubelen, A. (1996). Abietane and rearranged abietane diterpenes from 

Salvia montbretii. J. Nat. Prod., 59: 734-737. 

 

Topcu, G., (2006). Bioactive triterpenoids from Salvia species. J. Nat. Prod., 69: 482-

487. 

 

Topcu, G., and Goren, A.C. (2007). Biological activity of diterpenoids isolated from 

Anatolian Lamiaceae plants. Rec. Nat. Prod., 1: 1-16. 

 

Topcu, G., Turkmen, Z., Schilling, J.K., Kingston, D.G.I., Pezzuto, J.M. and 

Ulubelen, A., (2008). Cytotoxic activity of some Anatolian Salvia extracts and 

isolated abietane diterpenoids. Pharm. Biol., 46: 180-184. 

 

Topcu, G., Turkmen, Z., Ulubelen, A., Schilling, J.K. and Kingston, D.G.I., (2004). 

Highly hydroxylated triterpenes from Salvia kronenburgii. J. Nat. Prod., 67: 118-121. 

 

Tounekti T, Vadel A.M,Ennajeh M, Khemira H, Munné-Bosch S. (2011). Ionic 

interactions and salinity affect monoterpene and phenolic diterpene composition in 

rosemary (Rosmarinusofficinalis). J Plant Nutr Soil Sci. 174: 504-14. 

 

Tounekti T., Khemira H. (2015). NaCl stress-induced changes in the essential oil 

quqlity and abietane diterpene yield and composition in common sage.  J. intercult. 

Ethnopharma., 4: 208-216. 

 

Tounekti, T., Vadel, A.M., Ennajeh, M., Khemira, H., and Munné-Bosch, S. (2011). 

Ionic interactions and salinity affect monoterpene and phenolic diterpene composition 

in rosemary (Rosmarinus officinalis). J. Plant Nutr. Soil Sci., 174: 504-514. 

 

Tounekti, T., Vadel, A.M., O˜nate, M., Khemira, H. and Munné-Bosch, S. (2011) 

Salt-induced oxidative stress in rosemary plants: Damage or protection? 

Environmental and Experimental Botany, 71: 298- 305. 

 

Tounekti, T., and Khemira, H. (2015). NaCl stress-induced changes in the essential oil 

quality and abietanediterpene yield and composition in common sage. J. Intercultural 

of Ethnopharmacology. 4(3): 208–216. 

 

Trombetta, D.; Castelli, F.; Sarpietro, M.G.; Venuti, V.; Cristani, M.; Daniele, C.; 

Saija, A.; Mazzanti, G.; Bisignano, G. (2005). Mechanisms of antibacterial action of 

three monoterpenes. Antimicrob. Agents Chemother. 49: 2474–2478. 

 

Troughton,, J., and Donaldson, L.A. (1972). Probing Plant Structure. A.H. and A.W. 

Reed, Wellington, 116 pp. 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Tounekti%20T%5Bauth%5D
../../../../../AppData/Roaming/Relax/Downloads/D%22H.%20Khemira


162 

Trumpower, B.L.; Gennis, R.B. (1994). Energy transduction by cytochrome 

complexes in mitochondrial and bacterial respiration: the enzymology of coupling 

electron transfer reactions to transmembrane proton translocation. Ann. Rev. 

Biochem. 63: 675–716. 

 

Tseng, I.-C.; Hong, C.-Y.; Yu, S.-M.; Ho, T.-H.D. (2013). Abscisic acid- and stress-

induced highly proline-rich glycoproteins regulate root growth in rice. Plant Physiol. 

163: 118–134.  

Turgis, M.; Han, J.; Caillet, S.; Lacroix, M. (2009). Antimicrobial activity of mustard 

essential oil against Escherichia coli O157:H7 and Salmonella typhi. Food Control. 

20: 1073–1079. 

 

Turgis, M.; Han, J.; Caillet, S.; Lacroix, M. (2009). Antimicrobial activity of mustard 

essential oil against Escherichia coli O157:H7 and Salmonella typhi. Food Control. 

20: 1073–1079. 

 

Turina, A.D.V.; Nolan, M.V.; Zygadlo, J.A.; Perillo, M.A. (2006). Natural terpenes: 

Self-assembly and brane partitioning. Biophys. Chem. 122: 101–113. 

 

Turner, G.W., Gershenzon, J., and Croteau, R.B. (2000b). Development of peltate 

glandular trichomes of peppermint. Plant Physiol., 124: 665-679. 

 

Turner, G.W., Gershenzon, J., and Croteau. R.B. (2000a). Distribution of peltate 

glandular trichomes on developing leaves of peppermint. Plant Physiol., 124: 655-

663. 

 

Turner, G.W., Gershenzon, J., Nielson, E.E., Froehlich, J.E., and Croteau, R.B. 

(1999). Limonene synthase, the enzyme responsible for monoterpene biosynthesis in 

peppermint, is localized to leucoplasts of oil gland secretory cells. Plant Physiol.,120: 

879-886. 

 

Tyagi, A.K.; Malik, A. (2010). Antimicrobial action of essential oil vapours and 

negative air ions against Pseudomonas fluorescens. Int. J. Food Microbiol. 143: 205–

210. 

 

Uddin, M.N.; Hanstein, S.; Faust, F.; Eitenmüller, P.T.; Pitann, B.; Schubert, S. 

(2014). Diferulic acids in the cell wall may contribute to the suppression of shoot 

growth in the first phase of salt stress in maize. Phytochemistry 102: 126–136. 

 

Uddin, M.N.; Hanstein, S.; Leubner, R.; Schubert, S. (2013). Leaf cell-wall 

components as influenced in the first phase of salt stress in three maize (Zea mays L.) 

hybrids differing in salt resistance. J. Agro Crop Sci. 199: 405–415. 

 

Ultee, A.; Bennik, M.H.; Moezelaar, R. (2002). The phenolic hydroxyl group of 

carvacrol is essential for action against the food-borne pathogen Bacillus cereus. 

Appl. Environ. Microbiol. 68: 1561–1568. 

 

Ultee, A.; Kets, E.P.W.; Alberda, M.; Hoekstra, F.A.; Smid, E.J. (2000). Adaptation 

of the food-borne pathogen Bacillus cereus to carvacrol. Arch. Microbiol. 174: 233–

238. 



163 

 

Ultee, A.; Kets, E.P.W.; Smid, E.J. (1999). Mechanisms of action of carvacrol on the 

food-borne pathogen. Appl. Environ. Microbiol. 65: 4606–4610. 

 

Ultee, A.; Smid, E.J. (2001). Influence of carvacrol on growth and toxin production 

by Bacillus cereus. Int. J. Food Microbiol.  64: 373–378. 

 

Urao, T., Yamaguchi-Shinozaki, K., Urao, S., and Shinozaki, K. (1993). An 

Arabidopsis myb homolog is induced by dehydration stress and its gene product binds 

to the conserved MYB recognition sequence. The Plant Cell. 5: 1529-1539. 

 

Vaidya, A.B. and Antarkar, V.D.S. (1994). New drugs from medicinal plants: 

opportunities and approaches. J. Assoc. Phys. India, 42: 221-228. 

 

Van der Laan, M.; Urbanus, M.; Ten Hagen-Jongman, C.; Nouwen, N.; Oudega, B.; 

Harms, N.; Driessen, A.J.M.; Luirink, J. (2003). A conserved function of YidC in the 

biogenesis of respiratory chain complexes. Proc. Nat. Acad. Sci. USA. 100: 5801–

5806. 

 

Van der Werf, M.J.; Overkamp, K.M.; Muilwijk, B.; Coulier, L.; Hankemeier, T. 

(2007). Microbial metabolomics: Toward a platform with full metabolome coverage. 

Anal. Biochem. 370: 17–25. 

 

Van Poecke, R. M., Posthumus, M. A., and Dicke, M. (2001). Herbivore-induced 

volatile production by Arabidopsis thaliana leads to attraction of the parasitoid 

Cotesiarubecula: chemical, behavioral, and gene-expression analysis. J. Chem. Ecol. 

27, 1911–1928. 

 

Van Poecke, R.M.P., Posthumus, M.A., and Dicke, M. (2001). Herbivore-induced 

volatile production by Arabidopsis thaliana leads to attraction of the parasitoid 

Cotesiarubecula: chemical, behavioral, and gene-expression analysis. Journal of 

Chemical Ecology, 27: 1911-1928. 

 

Vardhini, B.V. and Anjum, N.A. (2015). Brassinosteroids Make Plant Life Easier 

under Abiotic Stresses Mainly by Modulating Major Components of Antioxidant 

Defence System. Frontiers in Environmental Science, 2: 67. 

http://dx.doi.org/10.3389/fenvs.2014.00067. 

 

Velickovic, D. T. et al. (2002). Chemical composition and antimicrobial action of the 

ethanol extracts of S. pratensis L.S. glutinosa L. S. aethiopis L. Journal Serbia 

Chemical Society,  67(10): 639-646. 

 

Verslues, P.E.; Agarwal, M.; Katiyar-Agarwal, S.; Zhu, J.; Zhu, J.-K. (2006). 

Methods and concepts in quantifying resistance to drought, salt and freezing, abiotic 

stresses that affect plant water status. Plant J. 45: 523–539.  

Viano, J., Gaydou, E., and Smadja, J. (1991a). Sur la presence des bacteries 

intracellulaires dans les racines du Vetiveria zizanioides (L.) Staph. Revue de 

Cytologie, Biologie Vegétal et Botanique 14: 65–70. 

 

http://dx.doi.org/10.3389/fenvs.2014.00067


164 

Viano, J., Smadja, J., Conan, J.Y., and Gaydou, E. (1991b). Ultrastructure des racines 

de Vetiveria zizanioides (L.) Staph (Gramineae). Bulletin du Museum National 

d’Histoire Naturelle (Paris FR), 4e sér. 13 (section B 1-2): 61–69. 

 

Viljoen, A.M., Van Vuuren, S.F., Ernst, E., Klepser, M., Demirci, B., Bas¸ er, K.H.C., 

and Van Wyk, B.-E. (2003). Osmitopsis asteriscoides (Asteraceae)—the antimicrobial 

activity and essential oil composition of a Cape-Dutch remedy. Journal of 

Ethnopharmacology, 88: 137–143. 

 

Voirin, B., and Bayet, Ch. (1996): Developmental changes in the monoterpene 

composition of Mentha × piperita leaves from individual peltate trichomes. 

Phytochemistry, 43: 573–580. 

 

Walsh, S.E.; Maillard, J.Y.; Russell, A.D.; Catrenich, C.E.; Charbonneau, D.L.; 

Bartolo, R.G. (2003). Activity and mechanisms of action of selected biocidal agents 

on Gram-positive and-negative bacteria. J. Appl. Microbiol. 94: 240–247. 

 

Wang, C., Liu, Y., Li, S.S., Han, G.Z. (2014). Origin of plant auxin biosynthesis in 

charophyte algae. Trends Plant Sci., 19: 741-743. 

 

Wang, W., Esch, J.J., Shiu, S.H., Agula, H., Binder, B.M., Chang, C., Patterson, S.E., 

Bleecker, A.B. (2006). Identification of important regions for ethylene binding and 

signaling in the transmembrane domain of the ETR1 ethylene receptor of Arabidopsis. 

Plant Cell, 18: 3429-3442. 

 

Wang, W.; Vinocur, B.; Altman, A. (2003). Plant responses to drought, salinity and 

extreme temperatures: Towards genetic engineering for stress tolerance. Planta. 218: 

1–14. 

 

Wang, Y., Lyu, W., Berkowitz, O., Radomiljac, J.D., Law, S.R., Murcha, M.W., 

Carrie, C., Teixeira, P.F., Kmiec, B., Duncan, O., et al (2016). Inactivation of 

mitochondrial complex I induces the expression of a twin-cysteine protein that targets 

and affects cytosolic, chloroplastidic and mitochondrial function. Mol. Plant, 9: 696-

710. 

 

Wang, Z.Y., Bai, M.Y., Oh, E., Zhu, J.Y. (2012). Brassinosteroid signaling network 

and regulation of photomorphogenesis. Annu. Rev. Genet., 46: 701-724. 

 

Wang, Z.Y., Seto, H., Fujioka, S., Yoshida, S., Chory, J. (2001). BRI1 is a critical 

component of a plasma-membrane receptor for plant steroids. Nature, 410: 380-383. 

Wei, J.-Z., A. Tirajoh, J. Effendy, and A. Plant. 2000. Characterization of salt-induced 

changes in gene expression in tomato (Lycopersiconesculentum) roots and the role 

played by abscisic acid. Plant Sci. 159:135–148. 

Wei, J.-Z., Tirajoh, A., Effendy, J., and Plant, A. (2000). Characterization of salt-

induced changes in gene expression in tomato (Lycopersicon esculentum) roots and 

the role played by abscisic acid. Plant Sci., 159: 135-148. 

Welsh, D.T., Bartoli, M., Nizzoli, D., Castadelli, G., Riou, S.A., Viaroli, P. (2000). 

Denitrification, nitrogen fixation, community primary productivity and inorganic-N 



165 

and oxygen fluxes in an intertidal Zostera noltii meadow. Mar. Ecol. Prog. Ser., 208: 

65-77. 

 

Wendakoon, C.N., Sakaguchi, M. (1995). Inhibition of amino acid decarboxylase 

activity of Enterobacter aerogenes by active components in spices. J. Food Protect., 

58: 280-283. 

 

WHO (1991). Report on the Intercountry Expert Meeting of Traditional Medicine and 

Primary Health Care, 30th November–3rd December. Cairo, Egypt. 

 

WHO (1993). Report on the Intercountry Meeting on the Development of Guidelines 

for National Policy on Traditional Medicine, 21–23. EMRO, Alexandria, Egypt. 

 

WHO .(2000). The WHO Recommended Classification of Pesticides by Hazard and 

Guidelines to Classification 2000-2202 (WHO/PCS/01.5). International Programme 

on Chemical Safety, World Health Organization, Geneva. 

 

WHO .(2002). General Guidelines for Methodologies on Research and Evaluation of 

Traditional Medicine. World Health Organization, Geneva. 

 

WHO, (1999). Monographs on Selected Medicinal Plants, vol. 1. WHO, Geneva. 

 

WHO, Regional Office for the Eastern Mediterranean, (1989). An Act Aimed at 

Ensuring the Safety and Quality of Herbal Remedies (The Herbal Remedies Act) and 

Notes for Guidance. 

 

Wilhelm, C., and Selmar, D. (2011). Energy dissipation is an essential mechanism to 

sustain the viability of plants: the physiological limits of improved photosynthesis. J. 

Plant Physiol., 168 (2): 79-87. 

 

Wilhelm, C., and Selmar, D. (2011). Energy dissipation is an essential mechanism to 

sustain the viability of plants: The physiological limits of improved photosynthesis. J. 

Plant Physiol. 168, 79–87. 

 

Wingler, A., Lea, P.J., Quick, W.P., and Leegood, R.C. (2000). Photorespiration— 

metabolic pathways and their role in stress protection. Philos Trans R SocLond B 

BiolSci., 355: 1517-1529. 

 

Wink, M. (2010). Introduction: Biochemistry, Physiology and Ecological Functions 

of Secondary Metabolites. In: Wink M (Ed.), Biochemistry of Plant Secondary 

Metabolism. Wiley Blackwell, pp. 1-19. 

 

Wise, M.L., Savage, T.J., Katahira, E., and Croteau, R. (1998). “Monoterpene 

synthases from common sage (Salvia officinalis).cDNA isolation, characterization, 

and functional expression of (+)-sabinene synthase, 1,8-cineole synthase, and (+)-

bornyl diphosphate synthase,” Journal of Biological Chemistry, 273 (24): 14891-

14899. 

 



166 

Witkowski, A.M., Hickey, D.K., Alonso-Gomez, M., and Wilkinson, M. (2013). 

Evaluation of antimicrobial activity of commercial herb and spice extracts against 

selected food borne bacteria. Journal of Food Research, 2 (4): 37-54. 

 

Wojdyło, A., Oszmian´ski, J., and Czemerys, R. (2007). Antioxidant activity and 

phenolic compounds in 32 selected herbs. Food Chemistry, 105: 940-949. 

 

Xu H., Song J., Luo H., Zhang Y., Li Q., Zhu Y., Xu J., Li Y., Song C., Wang B., Sun 

W., Shen G., Zhang X., Qian J., Ji A., Xu Z., Luo X., He L., Li C., Sun C., Yan H., 

Cui G., Li X., Li X.’e., Wei J., Liu J., Wang Y., Hayward A., Nelson D., Ning Z., 

Peters R.J., Qi X., and Chen S. (2016a). Analysis of the genome sequence of the 

medicinal plant Salvia miltiorrhiza. Mol. Plant. 

 

Xu, C.; Sibicky, T.; Huang, B. (2010). Protein profile analysis of salt-responsive 

proteins in leaves and roots in two cultivars of creeping bentgrass differing in salinity 

tolerance. Plant Cell Rep. 29: 595–615.  

Xu, H., Song, J., Luo, H., Zhang, Y., Li, Q., Zhu, Y., Xu, J., Li, Y., Song, C., Wang, 

B., Sun, W., Shen, G., Zhang, X., Qian, J., Ji, A., Xu, Z., Luo, X., He, L., Li, C., Sun, 

C., Yan, H., Cui, G., Li, X., Li, X.’e., Wei, J., Liu, J., Wang, Y., Hayward, A., Nelson, 

D., Ning, Z., Peters, R.J., Qi, X., and Chen, S. (2016a). Analysis of the genome 

sequence of the medicinal plant Salvia miltiorrhiza. Mol. Plant. 9 (6): 949-52. doi: 

10.1016/j.molp.2016.03.010. 

 

Xu, H.H.; Trawick, J.D.; Haselbeck, R.J.; Forsyth, R.; Yamamoto, R.T.; Archer, R.; 

Patterson, J.; Allen, M.; Froelich, J.M.; Taylor, I.; et al. (2010). Staphylococcus 

aureus Target Array: Comprehensive differential essential gene expression as a 

mechanistic tool to profile antibacterials. Antimicrob. Agents Chemother. 54: 3659–

3670. 

 

Xu, Z., Ji, A., Song, J., and Chen, S. (2016b). Genome-wide analysis of auxin 

response factor gene family members in medicinal model plant Salvia miltiorrhiza. 

Biology open, bio-017178. 

 

Xu, Z., Ji, A., Song, J., and Chen, S. (2016b). Genome-wide analysis of auxin 

response factor gene family members in medicinal model plant Salvia 

miltiorrhiza.Biology open, bio-017178. 

 

Yan, C., and Xie, D. (2015). Jasmonate in plant defence: sentinel or double agent? 

Plant Biotechnology Journal, 13: 1233-1240. 

 

Yang, J.; Yen, H.E. (2002). Early salt stress effects on the changes in chemical 

composition in leaves of ice plant and Arabidopsis. A Fourier Transform Infrared 

Spectroscopy Study. Plant Physiol. 130: 1032–1042.  

Yayli, N., Ahmet, Y., Canan, G., Asu, U., Sevgi, K., Kamil, C., et al. (2005). 

Composition and antimicrobial activity of essential oils from Centaurea sessilis and 

Centaurea armena. Phytichemistry, 66: 1741-1745. 

 

Yeo, A. (1998). Molecular biology of salt tolerance in the context of whole-plant 

physiology. J. Exp. Bot., 49: 913-929. 



167 

 

Yeo, A.R.; Flowers, S.A.; Rao, G.; Welfare, K.; Senanayake, N.; Flowers, T.J. (1999). 

Silicon reduces sodium uptake in rice (Oryza sativa L.) in saline conditions and this is 

accounted for by a reduction in the transpirational bypass flow. Plant Cell Environ. 

22: 559–565.  

Yokoi, S., Quintero, F.J., Cubero, B., Ruiz, M.T., Bressan, R.A., Hasegawa, P.M., and 

Pardo, J.M. (2002): Differential expression and function of Arabidopsis thaliana NHX 

Na+/H+ antiporters in the salt stress response. Plant J., 30: 529-539. 

 

Yousufinia, M., Ghasemian, A., Safalian, O., and Asadi, A. (2013). The effect of 

NaCl on the growth and Na+ and K+ content of barley (Hordeum vulgare, L.) 

cultivars Annals of Biological Research, 4(1): 80-85. 

 

Yuichi Uno, Takashi Furihata, Hiroshi Abe, Riichiro Yoshida, Kazuo Shinozaki and 

Kazuko Yamaguchi-Shinozaki. (2000). Arabidopsis basic leucine zipper transcription 

factors involved in an abscisic acid-dependent signal transduction pathway under 

drought and high-salinity conditions. PNAS. 97 (21): 11632-11637. 

 

Yuichi Uno, Takashi Furihata, Hiroshi Abe, Riichiro Yoshida, Kazuo Shinozaki and 

Kazuko Yamaguchi-Shinozaki.(2000). Arabidopsis basic leucine zipper transcription 

factors involved in an abscisic acid-dependent signal transduction pathway under 

drought and high-salinity conditions.PNAS. 97 (21):11632–11637. 

 

Zagorchev, L.; Kamenova, P.; Odjakova, M. (2014). The role of plant cell wall 

proteins in response to salt stress. Sci. World J. Article ID 764089. 

 

Zaki, A.A.; Shaaban, M.I.; Hashish, N.E.; Amer, M.A.; Lahloub, M.F. (2013). 

Assessment of anti-quorum sensing activity for some ornamental and medicinal plants 

native to Egypt. Sci. Pharm. 81: 251–258. 

 

Zhang J, Zhang Y, Du Y, Chen S, Tang H. (2011). Dynamic Metabonomic Responses 

of Tobacco (Nicotianatabacum) Plants to Salt stress. J Pro‐teome Res. 10:1904-1914. 

 

Zhang, G., Tian, Y., Zhang, J., Shu, L., Yang, S., Wang, W., Sheng, J., Dong, Y. and 

Chen, W. (2015). Hybrid de novo genome assembly of the Chinese herbal plant 

danshen (Salvia miltiorrhiza Bunge). GigaScience, 4 (1): 62. 

 

Zhang, J., Zhang, Y., Du, Y., Chen, S., and Tang, H. (2011). Dynamic Metabonomic 

Responses of Tobacco (Nicotiana tabacum) Plants to Salt stress. J. Proteome Res., 10: 

1904-14. 

 

Zhang, L.; Zhang, C.; Wu, P.; Chen, Y.; Li, M.; Jiang, H.; Wu, G. (2014). Global 

analysis of gene expression profiles in physic nut (Jatropha curcas L.) seedlings 

exposed to salt stress. PLoS One  9: e97878. 

 

Zhu, J.; Lee, B.-H.; Dellinger, M.; Cui, X.; Zhang, C.; Wu, S.; Nothnagel, E.A.; Zhu, 

J.-K. (2010). A cellulose synthase-like protein is required for osmotic stress tolerance 

in Arabidopsis. Plant J. 63: 128–140.  

Zhu, J.-K. (2001a). Plant salt tolerance. Trends Plant Sci., 6: 66-71. 



168 

 

Zhu, J.-K. (2001b). Cell signaling under salt, water and cold stresses. Curr. Opinion 

Plant Biol., 4: 401-406. 

 

Zimmerman, R. H. (1995). Environmental effects and their control in plant tissue 

culture-overview. Acta Hort., 393: 11-14. 

 

Zimmermann, P., Heinlein, C., Orendi, G., and Zentgraf, U. (2006). Senescence-

specific regulation of catalase in Arabidopsis thaliana (L.) Heynh. Plant, Cell and 

Environment, 29: 1049-1056. 

 

Zobayed, S.M.A., Afreen, F., and Kozai, T. (2007). Phytochemical and physiological 

changes in the leaves of St. John's wort plants under a water stress condition. 

Environmental and Experimental Botany. 59 (2): 109-116. 

 

Zobayed, S.M.A.., Afreen-Zobayed, F., Kubota, C., and Kozai, T. (2000). Mass 

propagation of Eucalyptus camaldulensis in a scaled-up vessel under in vitro 

photoautothrophic condition. Ann. Bot., 85: 587-592. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0098847205001565
http://www.sciencedirect.com/science/article/pii/S0098847205001565
http://www.sciencedirect.com/science/article/pii/S0098847205001565
http://www.sciencedirect.com/science/journal/00988472
../../../../../AppData/Roaming/Relax/Downloads/2%22%2059%20(2


169 

7. Appendix 

 

 
 

Figure 42: GC- chromatogram. The retention time was 3.32, 4.68, 5.6 and 6,48 for 

cineole, α- β-thujone, camphor and tetradecan, respectively. 

 

 

 
Figure 43: Relative weekly biomass (%) of Salvia officinalis shoots of treated plants 

with three different levels of NaCl (100, 200 and 300 mM) after 2, 3 and 4 weeks in 

vivo. 
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Figure 44: Relative biomass to week 1 (%) of Salvia officinalis shoots of treated 

plants with three different levels of NaCl (100, 200 and 300 mM) after 2, 3 and 4 

weeks in vivo. 

 

 
Figure 45: Effect of changing the salt concentration on the antibacterial effect of 

Salvia officinalis at each leaf age against four different bacterial species. 
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Figure 46: Total monoterpenes content (mg), genertaed by multiplying biomass per 

plant times monoterpene content. Data of Salvia officinalis shoots of treated plants 

with three different levels of NaCl (100, 200 and 300 mM) after 1, 2, 3 and 4 weeks in 

vivo. 
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Table 6: Dry biomass (gm/plant) of Salvia officinalis shoots of treated plants with 

four different levels of NaCl over four weeks in vivo. Means were separated with LSD 

and mean values with different superscript letters are significantly different at P< 

0.05. 

 

Weeks after 

treatment [NaCl](mM) Biomass (gm) 

Fresh biomass 

1 

0 1.60e 4.60 

100 1.51f 4.2 

200 1.35g 4.1 

300 1.20j 4.0 

Mean  1.415a  

 

2 

 

 

0 1.69c 4.7 

100 1.50f 4.3 

200 1.30g 4.2 

300 1.15k 4.1 

Mean  1.41a  

 

3 

 

 

0 1.70c 4.8 

100 1.45f 4.5 

200 1.25j 4.3 

300 1.15k 4.2 

Mean  1.39b  

 

4 

 

 

0 1.80a 4.9 

100 1.40f 4.6 

200 1.20j 4.4 

300 1.15k 4.3 

Mean  1.39b  
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Table 7: Antimicrobial activity (DIZ, % of inhibition) for old leaves of Salvia officinalis extracts that grown under different NaCl 

concentrations. 

Tetracycline Chloromphenicol 500 400 300 200 100 0 

Microorgnisms Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ DIZ 

Gram-positive bacteria 

93.33 

b 

29 

ab 

113.33 

a 

32 

a 

53.33 

c 

23 

a 

53.33 

c 

23 

ab 

53.33 

c 

23 

ab 

33.33 

D 

20 

b 

0 

e 

15 

c 

E 

15 

D 

S. aureus 

36.36 

a 

30 

a 

36.36 

a 

30 

b 

9.09 

b 

24 

a 

9.09 

b 

24 

a 

9.09 

b 

24 

a 

4.5 

bc 

23 

a 

0 

c 

22 

a 

C 

22 

A 

S. auricularis 

53.33 

b 

23 

d 

73.3 

a 

26 

cd 

40 

cd 

21 

b 

46.66 

bc 

22 

b 

46.66 

bc 

22 

b 

33.33 

d 

20 

b 

6.66 

e 

16 

c 

E 

15 

D 

S. microti 

115.4 

b 

28 

b 

138.46 

a 

31 

ab 

84.6 

c 

24 

a 

84.6 

c 

24 

a 

84.6 

c 

24 

a 

38.46 

d 

18 

c 

15.4 

e 

15 

c 

F 

13 

E 

B. megaterium 

33.33 

ab 

24 

cd 

38.88 

a 

25 

de 

33.33 

ab 

24 

a 

27.77 

b 

23 

ab 

27.77 

b 

23 

ab 

16.66 

c 

21 

b 

11.11 

c 

20 

b 

D 

18 

C 

B. cereus 

Gram-negative bacteria 

110 

b 

21 

e 

200 

a 

30 

b 

50 

c 

15 

c 

60 

c 

16 

c 

50 

c 

15 

c 

30 

d 

13 

d 

20 

d 

12 

d 

E 

10 

F 

E. cloacae 

150 

a 

25 

c 

140 

a 

24 

ef 

10 

b 

11 

d 

10 

b 

11 

e 

10 

b 

11 

d 

0 

b 

10 

e 

10 

b 

11 

de 

B 

10 

F 

E. coli 

150 

b 

25 

c 

170 

a 

27 

c 

50 

c 

15 

c 

60 

c 

16 

c 

50 

c 

15 

c 

0 

d 

10 

e 

0 

d 

10 

ef 

D 

10 

F 

P. aeruginosa 

133.33 

b 

21 

e 

155.55 

a 

23 

f 

66.66 

c 

15 

c 

55.55 

c 

14 

d 

66.66 

c 

15 

c 

55.55 

c 

14 

d 

0 

d 

9 

f 

D 

9 

F 

P. mirabilis 

50 

b 

30 

a 

60 

a 

32 

a 

15 

c 

23 

a 

15 

c 

23 

ab 

10 

cd 

22 

b 

15 

c 

23 

a 

5 

de 

21 

ab 

E 

20 

B 

K. pneumoniae 
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Table 8: Antimicrobial activity (DIZ, % of inhibition) for middle leaves of Salvia officinalis extracts that grown under different NaCl 

concentrations. 

 
Tetracycline Chloramphenicol 500 400 300 200 100 0 

Microorganisms Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ DIZ 

Gram-positive bacteria 

64.7 

b 

28 

b 

94.11 

a 

33 

A 

41.17 

c 

24 

a 

35.3 

c 

23 

b 

41.17 

c 

24 

ab 

17.6 

d 

20 

c 

0 

e 

17 

b 

E 

17 

bc 

S. aureus 

31.81 

a 

29 

ab 

31.81 

a 

29 

B 

9.09 

bc 

24 

a 

13.63 

b 

25 

a 

13.63 

b 

25 

a 

9.09 

bc 

24 

a 

4.5 

cd 

23 

a 

D 

22 

A 

S. auricularis 

50 

b 

24 

d 

68.75 

a 

27 

C 

50 

b 

24 

a 

43.75 

b 

23 

b 

43.75 

b 

23 

b 

25 

c 

20 

c 

0 

d 

16 

bc 

D 

16 

C 

S. microti 

78.6 

b 

25 

cd 

121.4 

a 

31 

a 

71.42 

b 

24 

a 

71.42 

b 

24 

ab 

71.42 

b 

24 

ab 

28.57 

c 

18 

d 

7.14 

d 

15 

cd 

D 

14 

D 

B. megaterium 

33.33 

ab 

24 

d 

38.88 

a 

25 

d 

27.77 

bc 

23 

a 

27.77 

bc 

23 

b 

27.77 

bc 

23 

b 

22.22 

c 

22 

b 

22.22 

c 

22 

a 

D 

18 

B 

B. cereus 

Gram-negative bacteria 

100 

b 

22 

e 

163.63 

a 

29 

B 

36.36 

cd 

15 

b 

45.45 

c 

16 

c 

45.45 

c 

16 

c 

27.27 

de 

14 

e 

18.18 

e 

13 

e 

F 

11 

E 

E. cloacae 

150 

a 

25 

cd 

150 

a 

25 

d 

30 

b 

13 

c 

30 

b 

13 

d 

8.33 

b 

13 

d 

20 

bc 

12 

f 

10 

cd 

11 

f 

D 

10 

E 

E. coli 

85.71 

b 

26 

c 

107.14 

a 

29 

B 

14.28 

c 

16 

b 

14.28 

c 

16 

c 

14.28 

c 

16 

c 

0 

d 

14 

e 

0 

d 

14 

de 

D 

14 

D 

P. aeruginosa 

100 

b 

20 

f 

120 

a 

22 

E 

50 

cd 

15 

b 

40 

d 

14 

d 

60 

c 

16 

c 

50 

cd 

15 

e 

10 

e 

11 

f 

E 

10 

E 

P. mirabilis 

30.43 

b 

30 

a 

39.13 

a 

32 

a 

0 

c 

23 

a 

0 

c 

23 

b 

4.3 

c 

24 

ab 

4.3 

c 

24 

a 

0 

c 

23 

a 

C 

23 

A 

K. pneumoniae 
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Table 9: Antimicrobial activity (DIZ, % of inhibition) for young leaves of Salvia officinalis extracts that grown under different NaCl 

concentrations. 

Tetracycline Chloromphenicol 500 400 300 200 100 0 

Microorgnisms Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ 

Inhibition 

(%) 
DIZ DIZ 

Gram-positive bacteria 

87.5 

a 

30 

a 

93.75 

a 

31 

b 

43.75 

b 

23 

a 

43.75 

b 

23 

a 

43.75 

b 

23 

ab 

43.75 

b 

23 

a 

6.25 

c 

17 

c 

C 

16 

C 

S. aureus 

57.89 

a 

30 

a 

52.63 

a 

29 

c 

26.31 

b 

24 

a 

26.31 

b 

24 

a 

15.78 

c 

22 

b 

10.52 

cd 

21 

b 

5.26 

de 

20 

b 

E 

19 

B 

S. auricularis 

43.75 

b 

23 

c 

62.5 

a 

26 

d 

25 

c 

20 

b 

25 

c 

20 

b 

25 

c 

20 

c 

12.5 

d 

18 

c 

6.25 

de 

17 

c 

E 

16 

C 

S. microti 

107.14 

b 

29 

a 

121.42 

a 

31 

b 

71.42 

c 

24 

a 

71.42 

c 

24 

a 

71.42 

c 

24 

a 

42.85 

d 

20 

b 

14.28 

e 

16 

cd 

F 

14 

D 

B. megaterium 

26.31 

b 

24 

c 

36.84 

a 

26 

d 

26.31 

b 

24 

a 

21.05 

b 

23 

a 

26.31 

b 

24 

a 

21.05 

b 

23 

a 

5.26 

c 

20 

b 

C 

19 

B 

B. cereus 

Gram-negative bacteria 

109.09 

b 

23 

c 

172.72 

a 

30 

bc 

63.63 

c 

18 

c 

54.54 

c 

17 

c 

63.63 

c 

18 

d 

27.27 

d 

14 

de 

72.72 

D 

13 

e 

E 

11 

Fg 

E. cloacae 

116.66 

a 

26 

b 

100 

b 

24 

e 

16.66 

c 

14 

e 

16.66 

c 

14 

d 

16.66 

c 

14 

e 

8.33 

cd 

13 

e 

8.33 

cd 

13 

e 

D 

12 

Ef 

E. coli 

100 

b 

26 

b 

130.76 

a 

30 

bc 

30.76 

c 

17 

cd 

23.07 

cd 

16 

c 

30.76 

c 

17 

d 

7.69 

de 

14 

de 

15.38 

D 

15 

d 

E 

13 

de 

P. aeruginosa 

100 

b 

20 

d 

120 

a 

22 

f 

60 

c 

16 

d 

70 

c 

17 

c 

70 

c 

17 

d 

60 

c 

16 

d 

0 

D 

10 

f 

D 

10 

G 

P. mirabilis 

81.81 

b 

30 

a 

57.14 

a 

33 

a 

14.28 

c 

24 

a 

9.52 

cd 

23 

a 

4.76 

de 

22 

b 

9.52 

cd 

23 

a 

4.76 

De 

22 

a 

E 

21 

A 

K. pneumoniae 
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Table 10: The maximum antimicrobial activity value (DIZ, % of inhibition) for old, middle and 

young leaves of Salvia officinalis extracts subjected to different NaCl concentrations compared 

with chloromphenicol and tetracycline as antibiotics. 

 

Microorgnisms 
(0  )

DIZ 
DIZ 

Inhibition  

)%( 

Salt concentration 

Treatment 

Chloromphenicol Tetracycline 

DIZ 
Inhibition  

)%( 
DIZ 

Inhibition  

)%( 

Old 

S. aureus d15d b23c a53.33b 300ab a32a c113.33a ab29b c93.33a 

S. auricularis a22c a24b b9.09a 300a b30a d36.36a a30a d36.36a 

S. microti d15c bc22b ab46.66a 300b cd26a d73.33a d23b d53.33a 

B. megaterium e13d a24c a84.62b 300a ab31 a bc 46138. a b28b bc115.38ab 

B. cereus c18b a24a ab33.33a 500a de25a d38.89a cd24a d33.33a 

E. cloacae f10d cd16c a60.00c 400a b30a a200.00a e21b bc110.00b 

E. coli f10b e11b b10.00b 300d ef24a bc140.00a c25a a150.00a 

P. aeruginosa f10d c16c a60.00b 400a c27a ab 70.001 a c25b a150.00a 

P. mirabilis f9d cd15c a66.67b 300c f23a b155.56a e21b b133.33a 

K. pneumoniae b20d b23c b15.00b 200a a32a d60.00a a30b d50.00a 

Middle 

S. aureus bc17d b24c bc41.18c 300ab a33a bc94.12a b28b de64.71b 

S. auricularis a22c a25b d13.63ab 300a c29a e31.82a a30a f36.36a 

S. microti c16c b24b bc50.00a 500a d27a d68.75a d23b ef43.75a 

B. megaterium d14c b24b a71.43b 300ab b31a b121.43a ab29a b107.14a 

B. cereus b18c c23b cd27.78a 300b e25a e38.89a d24ab f33.33a 

E. cloacae e11d d16c bc45.45c 300c c29a a163.64a e22b b100.00b 

E. coli e10c e13b de8.33b 300d e25a a150.00a cd25a a150.00a 

P. aeruginosa d14c d16b d14.28c 300c d27a c92.86a c26a bc85.71b 

P. mirabilis e10d d16c ab60.00c 300c f22a b120.00a f20b b100.00b 

K. pneumoniae a23c b24c de4.30b 200a ab32a e39.13a a30b f30.43a 

Young 

S. aureus c16d b23c a43.75b 200a b31a d93.75a a28b b75.00a 

S. auricularis b19c a24b b26.31b 400a c29a e52.63a a30a c57.89a 

S. microti c16d c20c b25.00b 300b d26a e62.50a c23b cd43.75ab 

B. megaterium d14d a24c a71.43b 300a b31a bc121.43a a29b ab107.14a 

B. cereus b19c a24b b26.31a 300a d26a f36.84a c24b d26.32a 

E. cloacae fg11d d18c a63.63c 300c bc30a a172.73a c23b ab109.09b 

E. coli ef12d e14c b16.66b 300d d25b cd108.33a b26a a116.67a 

P. aeruginosae de13d d17c b30.76c 300c bc30a b130.77a b26b ab100.00b 

P. mirabilis g10d d17c a70.00b 300c f22a bc120.00a d20b ab100.00a 

K. pneumoniae a21d b23c c9.52b 200a a33a ef57.14a a30b cd42.86a 
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