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Abstract This work examined the effects of exoge-

nously applied abscisic acid (ABA) on the content of

chlorophyll, carotenoids, a-tocopherol, squalene, phytos-

terols, D9-tetrahydrocannabinol (THC) concentration,

3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR)

and 1-deoxy-D-xylulose 5-phosphate synthase (DXS)

activity in Cannabis sativa L. at flowering stage. Treat-

ment with 1 and 10 mg l-1 ABA significantly decreased

the contents of chlorophyll, carotenoids, squalene, stig-

masterol, sitosterol, and HMGR activity in female can-

nabis plants. ABA caused an increase in a-tocopherol

content and DXS activity in leaves and THC concentra-

tion in leaves and flowers of female plants. Chlorophyll

content decreased with 10 mg l-1 ABA in male plants.

Treatment with 1 and 10 mg l-1 ABA showed a decrease

in HMGR activity, squalene, stigmasterol, and sitosterol

contents in leaves but an increase in THC content of

leaves and flowers in male plants. The results suggest that

ABA can induce biosynthesis of 2-methyl-D-erythritol-4-

phosphate (MEP) pathway secondary metabolites accu-

mulation (a-tocopherol and THC) and down regulated

biosynthesis of terpenoid primary metabolites from MEP

and mevalonate (MVA) pathways (chlorophyll, carote-

noids, and phytosterols) in Cannabis sativa.
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Abbreviations

ABA Abscisic acid

THC D9-Tetrahydrocannabinol

CBD Cannabidiol

HMGR 3-Hydroxy-3-methylglutaryl coenzyme A

reductase

DXS 1-Deoxy-D-xylulose 5-phosphate synthase

MEP 2-Methyl-D-erythritol-4-phosphate

MVA Mevalonate

Introduction

Terpenoids constitute the largest family of natural plant

products with over 30,000 members (Dewick 2002).

Members of this diverse group of natural products are

found in all organisms. In higher plants, isoprenoids par-

ticipate in a wide variety of biological functions such as

photosynthesis, respiration, growth, cell cycle control,

plant defense, and adaptation to environmental conditions

(Estévez et al. 2001). Specific examples include photo-

synthetic pigments (chlorophylls and carotenoids),

hormones (abscisic acid, gibberellins, cytokinins, and

brassinosteroids), a side chain of the electron transporter

(plastoquinone), structural components of membranes

(phytosterols), and antimicrobial agents (phytoalexins;

Estévez et al. 2001). In higher plants, the biosynthesis of

terpenoids involves common building block isopentenyl

diphosphate (IPP) and its isomer dimethylallyl diphosphate

(DMAPP; Lichtenthaler 1999). Isoprenoids are derived

from a common precursor, IPP. The two biosynthetic
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pathways that lead to synthesis of IPP are the cytosolic

mevalonate (MVA) and the plastidic 2-methyl-D-erythritol-

4-phosphate (MEP) pathways (Lichtenthaler et al. 2002;

Rodriguez-Concepcion 2002; Kang et al. 2006). The

cytosolic pathway, which starts from acetyl-CoA and pro-

ceeds through the intermediate MVA, provides the pre-

cursors for sterols and ubiquinone. The plastidic MEP

pathway, which involves a condensation of pyruvate

and glyceraldehyde-3-phosphate via 1-deoxy-D-xylulose

5-phosphate as a first intermediate, is used for the synthesis

of isoprene, carotenoids, abscisic acid, and the side chains

of chlorophylls and plastoquinone (Laule et al. 2003).

Since terpenoids have different functions as primary

metabolites (in growth and development) and secondary

metabolites (in plant response to environment), therefore, it

is important to understand how they interact with plant

growth regulators.

ABA has been shown to regulate many aspects of plant

growth and development including embryo maturation,

seed dormancy, germination, cell division and elongation,

and responses to environmental stresses such as drought,

salinity, cold, pathogen attack, and UV radiation across

membranes (Tsai et al. 1997). Although ABA has histori-

cally been thought of as a growth inhibitor, young tissues

have high ABA levels, and ABA-deficient mutant plants

are severely stunted because their ability to reduce tran-

spiration and establish turgor is impaired (Tsai et al. 1997;

Ahmed et al. 2006). In spite of the economic significance

of the terpenoids and their many essential functions, rela-

tively there is a little information about terpenpoid

metabolism and its regulation in plants.

Cannabis is a dioecious plant that has been a source of

fiber, food, oil, and medicine. Cannabinoids represent a

distinctive class of compounds found only in Cannabis

sativa. These C21 compounds belong to the chemical

class of natural terpenophenols. D9-tetrahycannabinol

(THC) and cannabidiol (CBD) are the most important of

these compounds. The experiment with labeling patterns

show that the cannabinoids are derived entirely or pre-

dominantly ([98%) from MEP pathway (Fellermeier

et al. 2001). They are produced by glandular trichomes

that occur on most aerial surfaces of the plant (Hilling

2004). Cannabis is used in modern medicine for the

treatment of emesis in chemotherapy as anti emetics.

Cannabinoids appear to have therapeutic value as

antispasmodics, analgesics, anti-emetics, and appetite

stimulants and may also have potential in the treatment of

epilepsy, glaucoma, and asthma (Guzman 2003; Howlett

et al. 2004).

To understand the role of ABA in regulation of two

terpenoid biosynthesis pathways, we studied the changes of

the main end products of these pathways and THC under

ABA treatment on cannabis plant. The other aim of this

study was the comparison of these compounds content

between the male and female cannabis plants and in

response to ABA treatment.

Materials and methods

Plant material

The seeds of C. sativa L. (with geographical source from

Iran) were sown in pots (15 cm, i.d soil-leaf mold-per-

lit = 2:1:1)and cultivated in a phytotron (25�c 14 h light,

10 h dark). The plants were fertilized regularly with a

Hoglanďs nutrient solution every week to the productive

stage.

ABA treatment of plants

Female flowering plants were treated when glandular tric-

homes on bracts were globose and resinous and male

flowering plants were treated when flowers bloom and

pollen grains were visible. The similar size male and

female plants were subjected to ABA (±cis/trans ABA;

sigma) treatment by spraying the whole plants with 1 and

10 mg l-1 ABA solutions and tap water as a control, until

the solution started dripping. The treatment took place with

three times spraying at 24 h intervals. The plants were

harvested 1 day after the treatment.

Chlorophyll and carotenoid determination

Chlorophyll and carotenoids were extracted from leaves

with 95% ethanol and quantified by measuring the absor-

bance at 664, 648 and 470 nm as described by Lichtent-

haler (1987).

Quantitative analysis of squalene and phytosterols

by GC

Quantitative analysis of squalene and phytosterols (cam-

pesterol, b-sitosterol and stigmasterol) was performed by

GC. Freeze-dried leaves (500 mg) were extracted with

ethyl acetate at 100 rpm on a gyratory shaker (20 ml,

twice, 25�C for 6 h). The acidic compounds were removed

with aqueous 5% KOH (10 ml, thrice) followed by the

removal of the basic compounds with aqueous 5% HCl

(10 ml, twice). The organic fraction was washed with

water (10 ml, twice) and then dried with anhydrous sodium

sulfate. The solvent was evaporated and the residue was

dissolved in hexane (2 ml) and then centrifuged for 10 min

at 6,000 rpm to remove the suspended particles.
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Chromatography was performed with Agilent technol-

ogies (Wilmington, DE, USA) equipment including a 7,683

automated sample-injection system, a split/split less

injector, a 30 m 9 320 lm I. D., 0.25 lm film thickness

HP-5 fuse-silica capillary column coated with 5% phe-

nymethyl siloxane (J&W Scientific, Folsom, CA, USA)

and a flame ionization detection (FID) controlled by the

Agilent Chemstation software. The oven temperature was

held at 240�C for 10 min, then raised to 260�C at

2�C min-1 and then held at that temperature for 30 min;

injection port 270�C; detector 300�C; split ratio 15:1,

injection volume 1 ll; nitrogen carrier gas 1 ml min-1,

hydrogen 30 ml min-1 and detector flow of make-up gas

(nitrogen) 400 ml min-1 in the constant make-up flow

mode. Stigmasterol, campesterol, b-sitosterol, and squalene

standards were obtained from Sigma (USA).

Tocopherol extraction and measurement

Tocopherols were extracted basically as described for

cereal seeds by Panfili et al. (2003), by grinding and

homogenizing 25 mg of freeze–dried leaf material in

500 ll 100% methanol. After 20 min of incubation at

30�C, the samples were centrifuged at 14,000 rpm for

5 min, the supernatant was transferred to new tubes, and

the pellet was re-extracted twice with 250 ll 100% meth-

anol at 30�C for 30 min, pooling all supernatants.

Chromatographic conditions

Ultra-performance liquid chromatography (UPLC) analysis

was performed with a Waters Acquity ultraperformance

liquid chromatograph equipped with a PDA detector. An

Acquity UPLC BEH C18 column (2.1 mm 9 150 mm,

1.7 lm particles) was used for separation. Methanol

(100%) was used as mobile phase; the flow rate was

0.48 ml min-1. PDA detector was accomplished at 290 nm

for a-tocopherol. Injection volume was 10 ll. The identi-

ties of a-tocopherol in plant samples were determined by

comparing with (±)-a-tocopherol standard was purchased

from Sigma (Germany).

Sample collection for cannabinoids measurement

Female and male samples were collected as flowering tops

and leaves separately. Flowering top samples included

bracts and small leaves (small, palmately compound

leaves-surrounding the flowers) in females and flowers and

pollen grains in males. Mature leaves (with *7 cm length)

from male and female were used for cannabinoid mea-

surement. All of samples were dried in room temperature

in darkness.

Cannabinoids extraction and measurement

Sample material (50 mg) was placed in a test tube with

1 ml chloroform. Sonication was applied for 15 min. After

filtration, the solvent was evaporated to dryness and the

residue was dissolved in 0.5 ml methanol.

Chromatographic conditions

The apparatus and column conditions were the same as

those of a-tocopherol analysis. The mobile phase was an

acetonitrile-water gradient from 70:30 to 100:0 in 5 min,

stay 100:0 in 1 min, return to 30:70 in 1 min (flow

0.4 ml min-l). Buffer (0.05% TFA resulting in a pH of 3)

was added to both solvents to eliminate the tailing of

phenolic compounds. PDA detector was accomplished at

230 nm for THC and CBD. Injection volume was 7 ll.

Cannabinoid peaks were identified by cannabinoids stan-

dards (THC and CBD) that were a generous gift from

Pr. Jun Szopa Wroclaw University, Wroclaw, Poland.

Enzyme assays

Enzymes assayed in this work were extracted from the

fresh leaves with an extraction buffer of 50 mM Tris–HCl,

10 mM b-mercaptoethanol, 1% (w/v) polyvinylpyrrolidone

(PVP), and pH 7.5. The leaves were ground in the

extraction buffer (1 gfw ml-1) for 5 min with a pestle and

mortar on ice, followed by centrifugation at 14,000 rpm

and 4�C for 30 min to obtain a solid-free extract. The

content of protein was determined by the Bradford (1976)

using bovine serum albumin as a standard.

The activity of 3-hydroxy-3-methylglutaryl coenzyme A

reductase (HMGR) was determined by the method of

Toroser and Huber (1998). The enzyme extract was added

(ca. 50 mg protein per ml) to a 50 mM Tris–HCl assay

buffer (pH 7.0) containing 0.3 mM HMG-CoA (Sigma,

Cat. H6132), 0.2 mM NADPH, and 4 mM dithiothreitol.

NADPH oxidation in the reaction solution was monitored

at 25�C by the decreasing absorbance at 340 nm, against

the solution free of HMG-CoA as a blank. One HMGR

enzyme unit is equivalent to the oxidation of 1 mM of

NADPH per minute.

The activity of 1-deoxy-D-xylulose 5-phosphate synthase

was determined by the fluorometric method of Querol et al.

(2001) which is based on the reaction of 1-deoxy-D-xylulose

5-phosphate with 3, 5-diaminobenzoic acid in an acidic

medium to form a highly fluorescing quinaldine derivative.

The reaction mixture contained 40 mM Tris–HCl (pH 7.5),

2.5 mM MgCl2, 5 mM b-mercaptoethanol, 1 mM thiamin

diphosphate, 10 mM sodium pyruvate, 20 mM DL-glycer-

aldehyde 3-phosphate, and the enzyme extract (ca. 50 mg

protein per ml reaction solution). The reaction solution was
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maintained at 37�C for 1 h, stopped by heating at 80�C for

5 min, and then spun down at 13,000 rpm for 5 min to

remove the denatured proteins. The supernatant was mixed

with 1 ml of 10 mM 3, 5-diaminobenzoic acid in 5 M

phosphoric acid, and then heated in a boiling water bath for

15 min. The fluorescence intensity of the reaction product,

which is proportional to DXS activity, was determined with a

Shimadzu RF 2000 fluorescence spectrophotometer at

396 nm excitation and 510 nm emission.

Data analysis

The results presented were the mean of three replicate.

Means were analyzed by one-way analysis of variance

(ANOVA; SPSS 15.0). Statistical significance of difference

between means was calculated using Duncan test at

P \ 0.05 level.

Results

Effect of ABA on levels of chlorophyll, carotenoids

and a-tocopherol

Many isoprenoids are formed in plastids via the IPP pro-

duced by the MEP pathway. In order to determine the

impact of ABA treatment on isoprenoid content, the

quantities of plastidic isoprenoids such as chlorophylls,

tocopherols, carotenoids were measured in the treated

plants and compared to the control plants. These isopre-

noids were chosen, in part, because they are formed from

three pathways that diverge from the common plastidic

IPP. The male individuals showed a slightly decrease in the

contents of chlorophylls (a, b and total) at treatment of

10 mg l-1 ABA (Table 1; Fig. 1a). However, female

plants submitted to ABA treatment showed a decreased in

both level of ABA (1 and 10 mg l-1; Fig. 1b). Experi-

mental evidence has clearly demonstrated that carotenoids

are one of the major products derived from the MEP

pathway. Treatment with ABA did not affect the contents

of carotenoids in male plants (Fig. 2a). In female plants,

ABA caused a significant decrease in carotenoids content

in compared with the control plants (Fig. 2a).

The data analysis shows the level of a-tocopherol

remained almost unchanged with ABA treatment in males

(Fig. 2b), but the content of a-tocopherol increased in

females. The extent of increase was higher in 1 mg l-1

ABA than 10 mg l-1.

Effect of ABA on DXS and HMGR activity

In this study, effects of ABA on key enzymes activity of

terpenoid biosynthetic pathways (DXS and HMGR) were

investigated. As shown in Fig. 3, some differences were

obvious between the two groups of plants with different

sexes. The control male plants had slightly greater DXS

activity, as compared to females. No induction of DXS

activity was observed in male plants when they were

treated with ABA. Whereas, an increasing was detected

over DXS activity in female plants which was linear with

increasing ABA concentration. There was no difference in

HMGR activity between the control plants in male and

female sexes. HMGR activity in leaves was reduced by

ABA treatment on both sexes (Fig. 3). There was not a

significant difference between two levels of ABA

treatment.

Effect of ABA on phytosterols

The mature leaves of male and female cannabis plant were

used to determine the effect of ABA on squalene

(biosynthetic precursor to all steroids), campesterol, stig-

masterol and b-sitosterol (the most representative phytos-

terols of the MVA-pathway). Approximately, the squalene

content of male plants was two times more than that of the

female plants. The level of the squalene was reduced on

both sexes of cannabis by ABA treatment (Fig. 4). The

most decrease was observed in the high level of ABA

(10 mg l-1) in male plants. As in other plants, b-sitosterol

was the main phytosterol in cannabis. No significant

difference was observed in campesterol content of male

and female plants (Fig. 5). Treatment with ABA caused

a decrease in level of stigmasterol and b-sitosterol in

plants. Differences between treatments were not significant

except b-sitosterol content in male plants.

Table 1 Results of one-way ANOVA for the effect of ABA on ter-

penoids biosynthesis and DXS and HMGR activity in Cannabis sativa
(df = 2)

Compound Male Female

F P value F P value

Chlorophyll a 3.765 0.047 12.352 0.007

Chlorophyll b 22.7 0.002 14.096 0.005

Total chlorophyll 11.69 0.009 13.336 0.006

Carotenoids 0.989 0.425 69.389 0

a-Tocopherol 0.399 0.687 8.047 0.02

DXS activity 0.685 0.569 39.269 0.007

HMGR activity 8.714 0.05 10.500 0.044

Squalene 33.068 0.001 75.711 0

Campesterol 2.387 0.173 0.349 0.719

Stigmasterol 96.48 0 22.43 0.002

Sitosterol 54.63 0 174.351 0

THC (leave) 45.024 0 149.269 0

THC (flower) 19.074 0.003 13.44 0.006
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Effect of ABA on THC in leaves and flowers

In this strain the THC concentration was dominant over

CBD. CBD was found only in the leaves of the control

plants in noticeable content (data not show). Therefore, this

strain belongs to drug-type. A comparison between male

and female plants showed that females had more amounts

of THC; especially in flowers (Fig. 6). The treatment with

ABA led to a significant increase in the levels of THC in

leaves and flowers of both sexes. In male plants, ABA was

more effective on the increasing of THC content in leaves

when they were compared with flowers.

Discussion

The phytyl (C20) conjugates such as chlorophylls and toc-

opherols, and carotenoids (C40) are produced by MEP

pathway in chloroplast. In order to investigation the ABA

effects on the MEP pathway regulation, we measured the

main end products of this pathway in ABA-treated plants.

The results showed that ABA treatment led to a decline in

chlorophyll content. A decrease in chlorophyll content has

also detected in barley, wheat, and soybeans plants treated

with ABA (Samet et al. 1980; Cuello et al. 1995; Xie et al.

2004).
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In the present study ABA treatment caused a decrease in

the carotenoid content in female plants. Similarly a sig-

nificant decrease in b-carotene has been reported in

Helianthus annus with ABA treatment (Keleo and Ünyayar

2004). In contrast, many researchers have shown ABA

treatment caused an increased carotenoid content in plants

(Zhou et al. 2005; Agarwal et al. 2005).

The treatment of ABA led to an increase in the level of

a-tocopherol in the leaves of female cannabis plants.

Consistent with our results a strong positive correlation

between ABA and a-tocopherol level was observed in

Cistus creticus and maize seedlings (Jiang and Zhang

2001; Munné-Bosch et al. 2009). Also many studies

showed that drought increased tocopherol concentrations in

plants, the condition that is companied with increased ABA

(Munne-Bosch and Alegre 2000; Herbinger et al. 2002). As

shown in Fig. 2b, the female plants treated with 10 mg l-1

ABA had lower a-tocopherol content than those of treated

with 1 mg l-1 ABA. The observed decrease in the content

of a-tocopherol could reflect the consumption of the anti-

oxidant due to an increase in active oxygen species pro-

duction by the high levels of ABA concentration. Because

endogenous a-tocopherol levels severely affected by the

extent of its degradation and recycling under stress

(Simontacchi et al. 1993; Munne-Bosch 2005).

In spite of the importance of DXS activity in plastid

terpenoids biosynthesis, there is not any study about the

effects of phytohormones on DXS activity. The reported

results support a limiting role of DXS for the production of

MEP-derived isoprenoids in all systems and a regulatory

role for the enzyme in controlling flux through the MEP

pathway in plants (Rodriguez-Concepcion 2006). The

results in this study indicated ABA treatment can induce
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DXS activity in female cannabis plants. However, this

increase in activity was not accompanied with the increase

in the entire MEP pathway end products. The results

showed an increase in a-tocopherol and THC content and a

decrease in chlorophyll and carotenoids contents. Further-

more, the results support that at least in female plants

several enzymes can share a control over the flux of the

MEP pathway, with different enzyme exhibiting different

degrees of control. However, in male plants, there was a

different situation and we almost found a link between

DXS activity and chlorophyll, carotenoids and a-tocoph-

erol contents. ABA treatment did not affect neither on DXS

activity nor on carotenoids and a-tocopherol contents only

a slightly decrease was observed in chlorophyll content

with 10 mg l-1 ABA.

The enzyme HMGR is a key enzyme which controls the

MVA pathway in plants (Goldstein and Brown 1990;

Gondet et al. 1992). The results of this study showed that

exogenous ABA decreases HMGR activity. Consistent

with our results, it has reported that HMGR specific

activity is inversely correlated with endogenous ABA level

in maize endosperm during seed development and in avo-

cado fruit growth (Moore and Oishi 1994; Cowan et al.

1997). Also Moore and Oishi (1993) have shown that

exogenous ABA inhibits cytosolic HMGR activity in maize

roots. HMGR activity is decreased in maize and cotton

roots under condition of salt stress, conditions under which

ABA levels have been shown to increase (Kefu et al.

1991).

There is no information about the effect of plant growth

regulators on phytosterol biosynthesis. In our study male

plants have more free sterol and squalene than female

plants. The data suggest that exogenous ABA caused a

decrease in squalene, b-sitosterol and stigmasterol in

Cannabis plants. Free sterols are found predominantly in

cell membranes and are tough to contribute to the proper

functioning of membranes by controlling the fluidity

characteristics of the membrane (Devarenne et al. 2002). It

is well established that high levels ABA disrupt the

membrane lipid integrity and that phytosterols inhibit this

action. It is possible that ABA affects on membrane per-

meability by changing free sterol content (Mitchell and

Cowan 2003). On the other hand, it has been shown that

up-regulation of HMGR enzyme activity in tobacco dose

lead to a marked increase in the accumulation of total

sterols, which is consistent with the idea that HMGR

activity is rate-determining for sterol synthesis (Chappell

et al. 1995). Therefore ABA can change phytosterol levels

by changing of HMGR enzyme activity.

This is the first report from the influence of a plant

hormone on cannabinoids content in C. sativa. ABA caused

an increase in THC content in leaves and flowers. The

effect of ABA on increasing of THC can be indirectly by

changing DXS activity. Because, cannabinoids are bio-

synthesized from MEP pathway (Fellermeier et al. 2001).

THC usually accumulates at a quite low level in the fresh

leaves of C. sativa and is considered to be derived artifi-

cially from the acidic cannabinoid tetrahydrocannabinolic

acid (THCA) by non-enzymatic decarboxylation during

storage or heating. THCA is biosynthesized from canna-

bigerolic acid (CBGA). This reaction depends on molec-

ular oxygen and produces hydrogen peroxide and THCA at

a molar ratio of 1:1 (CBGA ? O2?THCA ? H2O2; Sir-

ikantaramas et al. 2004). Since ABA causes an oxidative

stress in plant cells (Jiang and Zhang 2001) probably, THC

biosynthesis reaction can act as a defence mechanism by

using molecular oxygen. On the other hand, the high

concentration of ABA can inhibit this reaction because of

high H2O2 production, as we found a decrease in THC

content in the high level of ABA in female plants.

Our experimental results, separately from ABA treat-

ment, confirmed this hypothesis that physiological trade-

offs between growth and defence are particularly obvious

in diocious plants where males allocate more resources to

the growth and females to the high concentration of sec-

ondary metabolites (Massei et al. 2006). In this study the

males had more amounts of primary terpenoid metabolites

such as chlorophyll, squalene, phytosterols and less

amounts of secondary metabolite (THC). Also, comparing

male and female plants under ABA treatment showed, in

some parameters, they responded to ABA differently. It

may be due to having different concentrations of phyto-

hormones in the flowering stage whose interaction causes

various responses to ABA treatment in plants.

In conclusion, the pattern of terpenoids changes in

response to ABA treatment showed that apparently ABA

can reduce primary terpenoids biosynthesis and induce

secondary terpenoids biosynthesis in the C. sativa L at

flowering stage. But in male plants, primary terpenoids from

MEP pathway (carotenoids, a-tocopherol, and chlorophylls)

and DXS activity did not show noticeable response to ABA

treatment. However, there is still a lack of information about

the secondary terpenoids metabolites induced by ABA. To

understand the role of ABA in terpenoid biosynthesis

regulation we need to do further investigations.
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