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Abstract

Main conclusion A metabolic shift in green hairy root

cultures of carrot from phenylpropanoid/benzenoid

biosynthesis toward volatile isoprenoids was observed

when compared with the metabolite profile of normal

hairy root cultures.

Hairy roots cultures of Daucus carota turned green under

continuous illumination, while the content of the major

phenolic compound p-hydroxybenzoic acid (p-HBA) was

reduced to half as compared to normal hairy roots cultured

in darkness. p-Hydroxybenzaldehyde dehydrogenase

(HBD) activity was suppressed in the green hairy roots.

However, comparative volatile analysis of 14-day-old

green hairy roots revealed higher monoterpene and

sesquiterpene contents than found in normal hairy roots.

Methyl salicylate content was higher in normal hairy roots

than in green ones. Application of clomazone, an inhibitor

of 1-deoxy-D-xylulose 5-phosphate synthase (DXS),

reduced the amount of total monoterpenes and sesquiter-

penes in green hairy roots compared to normal hairy roots.

However, methyl salicylate content was enhanced in both

green and normal hairy roots treated with clomazone as

compared to their respective controls. Because methyl-

erythritol 4-phosphate (MEP) and phenylpropanoid path-

ways, respectively, contribute to the formation of

monoterpenes and phenolic acids biosynthesis, the activi-

ties of enzymes regulating those pathways were measured

in terms of their in vitro activities, in both green and nor-

mal hairy root cultures. These key enzymes were 1-deoxy-

D-xylulose 5-phosphate reductoisomerase (DXR), an early

regulatory enzyme of the MEP pathway, pyruvate kinase

(PK), an enzyme of primary metabolism related to the

MEP pathway, shikimate dehydrogenase (SKDH) which is

involved in biosynthesis of aromatic amino acids, and

phenylalanine ammonia-lyase (PAL) that catalyzes the first

step of phenylpropanoid biosynthesis. Activities of DXR

and PK were higher in green hairy roots as compared to

normal ones, whereas the opposite trend was observed for

SKDH and PAL activities. Gene expression analysis of

DXR and PAL showed trends similar to those for the

respective enzyme activities. Based on these observations,

we suggest a possible redirection of metabolites from the

primary metabolism toward isoprenoid biosynthesis, lim-

iting the phenolic biosynthetic pathway in green hairy roots

grown under continuous light.
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p-HBA p-Hydroxybenzoic acid

PK Pyruvate kinase

SKDH Shikimate dehydrogenase

Introduction

The root of carrots (Daucus carota L.) is consumed

worldwide because of its high levels of a-carotene and

b-carotene (Fraser and Bramley 2004). Apart from

carotenes, volatile terpenoids are present in D. carota roots,

which are mainly responsible for the typical aroma and

flavor of carrots. Mono- and sesquiterpenes represent

approximately 98 % of the volatile compounds (Alasalvar

et al. 2001; Kjeldsen et al. 2001). Interestingly, D. carota is

one of the few dicot species where accumulation of simple

phenolic compounds was noted even in absence of patho-

gen attack (Hartley and Harris 1981). Several studies have

demonstrated that carrot cell walls contain significant

quantities of p-hydroxybenzoic acid (p-HBA), which is

presumably esterified with cell wall polymers (Schnitzler

et al. 1992). p-HBA is associated predominantly with

branched pectic polysaccharides, in contrast to p-hydrox-

ybenzaldehyde (Kang et al. 2008). In addition, ferulic acid

(mostly in dimer forms) and a range of other typical wall-

bound phenolic aldehydes and cinnamic acid derivatives

were also identified from D. carota roots (Sircar et al.

2007a; Kang et al. 2008). Thus, two major secondary

metabolic pathways viz. isoprenoid/carotenoid and

phenylpropanoid/benzenoid contribute to the formation of

metabolites in D. carota roots.

Plant hydroxybenzoates are common mediators of plant

responses of biotic and abiotic stress. Benzoate and

hydroxybenzoate are simple small molecules. However,

their evolving chemical and functional diversities and

complexities are well reflected in their biosynthetic route

(Wildermuth 2006). Although much progress has been

made in elucidating the biosynthetic routes, still a part of

the story remains elusive (Qually et al. 2012; Gaid et al.

2012).

Hairy root cultures are isolated root cultures where the

absence of source–sink relationship with respect to

metabolite synthesis and transport makes them attractive

for studying secondary metabolic pathways (Mitra et al.

2002). Thus, to analyze the enzymatic route of p-HBA

accumulation, hairy root cultures of D. carota were

established with the rationale that hairy roots usually mir-

ror the biosynthesis of metabolites in planta. Hairy root

cultures of D. carota were shown to accumulate p-HBA as

the principal wall-bound phenolic compound (Sircar et al.

2007a). Studies demonstrated that a CoA-independent C2

side-chain cleavage reaction contributed to p-HBA

biosynthesis from p-hydroxycinnamic acid (Sircar and

Mitra 2008). Further, synthesis of p-HBA was stimulated

as a result of plant–environment interactions. Though a

CoA-independent non-b-oxidative pathway for p-HBA

biosynthesis was reported in recent years at the biochem-

ical level (Sircar and Mitra 2009; Sircar et al. 2011), the

regulation of this pathway under different environmental

stimuli has yet to be examined. In recent past, involvement

of alternative oxidase (AOX) in regulating phenyl-

propanoid metabolism was studied in hairy root cultures of

D. carota. An increase in transcript accumulation of two

AOX genes preceding the accumulation of phenyl-

propanoid derivatives and monolignols provided a new

insight on the influence of AOX in phenylpropanoid

biosynthesis (Sircar et al. 2012).

Hairy root culture of Daucus carota when cultivated

under continuous illumination (250 lmol m-2 s-1)

turned green (Fig. 1). Greening of hairy roots appears to

be an unusual physiological phenomenon. We anticipated

a possible light-dependent generation of active oxygen

species in these green hairy roots of D. carota, which

could induce a plausible metabolic shift to combat the

photooxidative stress. Subsequent experiments elucidated

the important role of different antioxidant and stress

enzymes in combating photooxidative stress in green

hairy roots upon continuous light exposure (Mukherjee

et al. 2014).

Abiotic stresses including light also affect secondary

metabolism. Hairy root cultures cultivated under light were

shown to accumulate increased levels of metabolites in

different plant species (Flores et al. 1993; Jacob and

Malpathak 2004). It was recently demonstrated that upon

continuous illumination (24 h photoperiod), Epimedium

pubescens plants suppressed the bioactive phenolics, epi-

meridin, by differentially regulating the expression of fla-

vonoid pathway genes (Zeng et al. 2013). It was also

confirmed that light levels lower than 10 lmol m-2 s-1

were sufficient to cause significant changes of root pig-

mentation and morphology by increasing root pigment

content and root biomass (Vollsnes et al. 2012). As light is

known to induce the phenylpropanoid metabolism in Ara-

bidopsis thaliana roots (Hemm et al. 2004), we examined

in detail the effect of light irradiation on the secondary

metabolism in general, and on the content of volatile iso-

prenoid and non-volatile hydroxybenzoate compounds in

particular, in green hairy roots of D. carota.

More specifically, we compared the contents of p-HBA

and volatile compounds, especially the isoprenoid and

benzenoid compounds from green and normal hairy roots

of D. carota. The in vitro activities of p-hydroxyben-

zaldehyde dehydrogenase (HBD), the final enzyme of p-

HBA formation, were measured in both green and normal
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hairy roots from the same subculture period to see the

amount of active HBD enzymes present in the root tissues.

We also measured the amount of active enzymes (in terms

of their in vitro activities) of shikimate dehydrogenase

(SKDH), phenylalanine ammonia-lyase (PAL) and

1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR),

the representative enzymes of shikimate/phenylpropanoid

and isoprenoid/methyl-erythritol 4 phosphate (MEP) path-

ways, respectively, in green and normal hairy root tissues

to draw any possible correlation. Expression analyses of

PAL and DXR were also carried out to support the bio-

chemical data. In addition, we compared the in vitro

activities of pyruvate kinase (PK), a branching point

enzyme between primary and secondary metabolism, in

green and normal hairy roots to find clues for a possible

metabolic shift. The green and normal hairy root cultures

were treated with glyphosate, a competitive inhibitor of the

5-enolpyruvyl-shikimate-3-phosphate synthase (EPSPS)

enzyme in the shikimate pathway. The rationale behind

was based on the assumption that blocking of EPSPS by

glyphosate application would reduce the metabolic flow

toward phenylpropanoid/hydroxybenzoate pathways which

might enhance the levels of volatile terpenoids in hairy

roots. Since clomazone is an inhibitor of 1-deoxy-D-xylu-

lose 5-phosphate synthase (DXS), the first enzyme of the

MEP pathway, the levels of terpenoid volatiles were also

measured in clomazone-treated green and normal hairy

root cultures. Finally, the possible redirection of metabolite

biosynthesis from hydroxybenzoates to volatile terpenoids

in green hairy roots of D. carota is discussed.

Materials and methods

Plant material

Seeds of Daucus carota L. (var. early nantes) were pur-

chased from Sutton Seeds, Kolkata (India). Hairy root

cultures of D. carota were established by infecting carrot

discs with Agrobacterium rhizogenes as described by Sir-

car and Mitra (2008). Plant materials used in these studies

were green hairy roots cultured under continuous light and

normal hairy roots grown in darkness; culture and main-

tenance of hairy roots in the laboratory were described by

Mukherjee et al. (2014).

Extraction and estimation of chlorophyll

Hairy root tissues (ca. 0.5 g) were homogenized in 80 %

acetone in the dark. After centrifugation, the absorbance of

the supernatant was measured at 664 nm and 647 nm.

Total chlorophyll content was determined as described

(Hall and Rao 1994).

Extraction and analysis of wall-bound phenolic acids

Cell wall-bound phenolic acids were extracted from both

green and normal hairy roots as previously described (Sircar

et al. 2007a). Separation of wall-bound phenolic acids was

achieved by HPLC on RP-Hydro (PhenomenexTM) C18

column (4 lm, 250 9 4.6 mm). Chromatograms were

monitored simultaneously at 254 nm and 312 nm. p-HBA

Fig. 1 Images of dark-grown

normal and light-grown green

hairy roots of D. carota. a 21-

day-old normal hairy roots

culture of D. carota. b 21-day-

old green hairy root cultures of

D. carota. c Enlarged part of

cross-sectioned normal hairy

roots without chloroplasts in the

cells. d Enlarged parts of green

hairy roots with several

chloroplasts in the cells. Bar

1.5 cm (a, b), 50 lm (c, d)
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content was detected at 254 nm and identified by comparing

its retention time with that one of an authentic standard

obtained commercially (Sigma-Aldrich Chemicals, Banga-

lore, India). Further confirmation of the identity of the

compound was achieved by matching of the UV spectra of

the HPLC elute with that of the authentic standard as done

earlier (Sircar et al. 2007b). For quantification, peak areas

were determined using BREEZETM software (version 3.20).

Inhibitor feeding experiment

Clomazone and glyphosate (both purchased from Fluka/

Sigma-Aldrich Chemicals), were dissolved in water. The

inhibitors were prepared as concentrated stock solutions

and added to the culture media at appropriate concentra-

tions after filter sterilization. Clomazone (10 lM) and

glyphosate (50 lM) were added to the liquid medium at the

time of subculture of hairy roots.

Estimation of hydrogen peroxide (H2O2)

Hydrogen peroxide content was determined following the

method of Loreto and Velikova (2001). Hairy root tissues

were homogenized in 2 mL of 0.1 % (w/v) trichloroacetic

acid and centrifuged at 14,000g for 15 min at 4 �C. The
supernatants were used to determine the H2O2 contents. An

aliquot of 0.5 mL supernatant was added to 0.5 mL of

10 mM phosphate buffer (pH 7.0) containing 1 mL of 1 M

potassium iodide solution (KI), and the absorbance was

measured at 390 nm for quantification.

Extraction of headspace volatiles from hairy roots

Volatile compounds of hairy root tissues were extracted by

dynamic headspace sampling techniques according to Bera

et al. (2015). Hairy root tissues were kept in round-bottom

flasks (250 mL capacity) with two open arms of 8 mm

diameter each. One arm was fitted with a charcoal filter,

through which ambient air could enter the flask and the other

arm was connected with an 8-mm diameter glass column

containing an adsorbent Porapak Q (80–100 mesh). Volatile-

enriched air was dragged from the hairy root headspace

through the adsorbent column using a vacuum pump at a flow

rate of 4 L/min for 1 h at room temperature. Trapped volatiles

were eluted from the adsorbing matrix into a glass vial with

200 lL of HPLC grade dichloromethane containing an

appropriate concentration (1 lL) of ethyl hexanoate as an

internal standard.

GC–MS analysis of volatile compounds

Gas chromatography–mass spectrometry (GC–MS) analy-

sis was performed using a Shimadzu QP2010SE GC–MS

system by following Maiti et al. (2014). Eluted compounds

were separated on ZB-5 column (30 m 9 0.25 mm i.d.,

film thickness 0.25 lm) with helium (He) as a carrier gas.

The injection volume was 2 lL with split ratio 2:1. The

injector temperature was set at 260 �C. The initial column

oven temperature was set at 50 �C for 2 min, then

increased at the rate of 2 �C min-1 to reach 60 �C (2 min

hold), followed by an increment of temperature at the rate

of 3 �C min-1 to 210 �C (2 min hold), and finally to

270 �C at a rate of 10 �C min-1, hold for 7 min. Column

flow rate was 1 mL/min. The mass spectrometer conditions

were as follows: ion source temperature, 200 �C; interface
temperature, 280 �C; electron energy, 70 eV; scanning

range of m/z, 40–600 a.m.u. The results were analyzed by

Shimadzu GC-MS Solution software (ver. 2.6). The com-

pounds were identified by comparing mass spectra of the

components with those from the mass spectral library from

NIST 05 (National Institute of Standards and Technology,

Gaithersburg, MD, USA) and Wiley 8.0 (Wiley, New

York, USA). Retention index values of these compounds

were calculated and compared with data from literature (da

Silva et al. 1999; Daferera et al. 2003; Asuming et al.

2005).

Assay of p-hydroxybenzaldehyde dehydrogenase

(HBD)

Cell-free extracts were prepared from both green and

normal hairy roots as described before (Sircar and Mitra

2008). Protein concentration was determined according

to Bradford (1976). HBD activity was determined as

essentially described by Sircar et al. (2011). Standard

assay mixture consisted of 0.5 mM p-hydroxybenzalde-

hyde, 1 mM NAD?, 0.1 mM DTT and 100 lg protein.

The final volume of the reaction mixture was 200 lL
and was adjusted by 200 mM Tris–HCl buffer pH 7.5.

The reaction mixture was incubated at 35 �C for 1 h and

was stopped by adding 200 lL ice-cold acetic acid:-

methanol (1:9, v/v). The product formation was ana-

lyzed by HPLC following the method of Sircar et al.

(2011).

Preparation of protein extracts for the PAL assay

Cell-free extracts were prepared by homogenizing hairy

root tissue (ca. 0.5 g) in 100 mM Hepes buffer (2 mL

buffer/g root tissue), pH 8.0, containing 20 % (w/w)

polyvinylpyrrolidone (PVPP). Then the homogenate was

centrifuged at 14,000g for 20 min and the supernatant was

concentrated in an Amicon� ULTRA-4 CFU membrane

concentrator (Millipore, Billerica, MA, USA). All steps

were carried out at 4 �C. The soluble protein content was

determined according to Bradford (1976).
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Assay of PAL

PAL activity was determined according to Sircar and Mitra

(2008) with suitable modification. The reaction mixture

contained 450 lL of 100 mM Tris–HCl (pH-8.3) buffer, 50

lL of 100 mM L-phenylalanine and 100 lg protein extract.
The reaction mixture was incubated 37 �C for 60 min and

terminated by 500 lL chilled acetic acid and methanol

(1:9, v/v) mixture. This mixture was then used for the

detection of product formation by HPLC as described by

Sircar and Mitra (2008).

Extraction and spectrophotometric assay

of shikimate dehydrogenase (SKDH)

The enzyme was assayed following the method of Diaz

et al. (1997) with suitable modifications. A cell-free extract

was prepared by homogenizing 0.32 g of both, normal and

green hairy roots, in the presence of 0.1 M K-phosphate

buffer (pH 7.4), containing 0.5 mM dithiothreitol (DTT),

2 mM L-cysteine, 2 mM EDTA, 8 mM 2-mercaptoethanol

(b-Mesh) and 0.5 g of polyvinylpyrrolidone (PVPP). The

homogenate was centrifuged at 14,000g for 15 min at 4 �C,
and the supernatant was used for further analyses. The

enzyme activity was determined spectrophotometrically at

25 �C in 1 mL reaction mixture containing 4 mM shikimic

acid, 2 mM NADP? and 50 lg crude protein in 0.1

(M) Tris–HCl buffers (pH-9.2). The reaction was initiated

by adding the crude extract and the activity was determined

by measuring the reduction of NADP? at 340 nm for

15 min.

In-gel assay of SKDH

In-gel assay of SKDH was performed in 10 % polyacry-

lamide gel slab using 0.25 M Tris base containing 0.5 M

glycine as running buffer (pH 8.3) (Laemmli 1970).

Staining of SKDH was carried out for 30 min according to

Dı́az et al. (1997) with suitable modification. The staining

solution (20 mL) contained 4 mg of shikimic acid, 2 mg of

NADP, 2 mg of MTT [3-(4,5-dimethyl-2-il)-2,5-diphenyl-

tetrazolium bromide)], and 1 mg PMS (phenazine metho-

sulphate) in 0.1 M Tris–HCl buffer (pH 9.0).

Extraction and assay of pyruvate kinase (PK)

Fresh green and normal hairy roots (0.5 g) were homoge-

nized with 2 mL of 100 mM Hepes buffer (pH 8.0). The

homogenate was centrifuged at 14,000g for 30 min at 4 �C
and the enzyme activity was determined by measuring the

decrease in absorbance at 340 nm (Bergmeyer et al. 1974).

The assay was performed for 15 min at 37 �C in a total

volume of 1 mL containing 100 mM potassium phosphate

buffer (pH 7.6), 17 mM phosphoenol pyruvate, 1.3 mM

NADH, 100 mM MgSO4, 44 mM ADP, lactic acid dehy-

drogenase (1 unit) and 50 lg crude enzyme extract.

Preparation of protein extract from chloroplast/

leucoplast and assay of 1-deoxy-D-xylulose

5-phosphate reductoisomerase (DXR)

DXR enzyme activity was determined after isolation of

proteins from chloroplasts and leucoplasts from green and

normal hairy roots, respectively. Fresh hairy roots tissues

(2 g) were crushed in 3.5 mL of 0.5 M sucrose solution

(thus maintaining the normal volume of chloroplasts

through osmoregulation) in a pre-chilled mortar and pestle

as essentially described earlier (Nishida 1963). Crushed

materials were filtered through cheese cloth and the col-

lected filtrates were centrifuged at 2500g for 10 min at

4 �C. Upon transfer to fresh microcentrifuge tubes, the

supernatants were centrifuged at 30,000g for 5 min at 4 �C.
After discarding the supernatants, the pellets were used as

source of isolated chloroplasts and leucoplasts. Subse-

quently, the pellets were suspended in 600 lL of extraction

buffer consisting of 150 mM Tris–HCl (pH 7.2), 5 mM

MgCl2, 5 mM 2-mercaptoethanol and 1 mM thiamine

diphosphate as described (Ramak et al. 2013). After cen-

trifugation at 30,000g for 5 min, the supernatants were

concentrated in an Amicon� Ultra membrane concentrator

(Millipore) following the manufacturer’s instruction. The

concentrated extracts were used for the determination of

the total protein content (Bradford 1976).

DXR activity was determined spectrophotometrically as

described recently by Ramak et al. (2013). To 500 lL
reaction mixture, 1 mM 1-deoxy-D-xylulose 5-phosphate

(Sigma-Aldrich Chemicals), 1 mM MnCl2, 0.125 mM

NADPH and 100 lg of chloroplast/leucoplast-isolated

concentrated crude protein were added. The oxidation of

NADPH was monitored at 340 nm for 15 min at 25 �C.

Isolation of core cDNA fragment of DXR

Total RNA pools from D. carota hairy roots were isolated

using the RNeasy Mini Plant Kit (Qiagen). Oligo (dT)-

primed reverse transcription was carried out at 42 �C with

RevertAidTM M-MuLV reverse transcriptase (Fermentas).

Core cDNA fragment was amplified by PCR using Taq

DNA polymerase (Fermentas) and degenerate primer 1 and

primer 2 (Table 1). These degenerate primers were

designed from conserved regions of plant DXR Souret

et al. (2002). The PCR cycle with degenerate primer was

conducted at 94 �C for 3 min, followed by 10 cycles of

touchdown PCR comprising denaturation, 94 �C for 45 s:

for annealing starting at 65 �C and ending at 45 �C for

45 s, and extension at 72 �C for 1 min. After touchdown,
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30 cycles of PCR were used with an annealing temperature

of 53.3 �C and with final extension of 72 �C for 10 min.

The PCR products were separated by electrophoresis in a

1 % agarose gel. The bands were stained by ethidium

bromide; the bands of expected size were extracted from

the gel and purified using QIAquick gel extraction kit

(Qiagen). The purified DNA was cloned in pDrive vector

using Qiagen PCR cloning kit (Qiagen) following the

manufacturer’s instructions. The cloned product was

sequenced at Eurofins Genomic India Pvt Ltd (Bangalore,

India).

Expression studies of DXR and PAL genes

The 14-day-old normal and green hairy roots were used for

isolation of total RNA using RNeasy Plant mini kit (Qia-

gen) following the manufacturer’s instruction. An aliquot

of 2 lg total RNA was used for reverse transcription

reactions, carried out as described above under ‘‘Isolation

of core cDNA fragment of DXR’’. Gene-specific primer 3

and primer 4 (Table 1) were designed from the core DXR

cDNA sequence isolated earlier and used for amplifying a

265-bp fragment of the coding sequence to find out the

relative density of transcript accumulation. To analyze

PAL transcript accumulation, forward and reverse primers

(5 and 6) were designed based on sequence information

from NCBI database (Table 1). Actin served to normalize

the RT-PCR results and was amplified with forward primer

7 and reverse primer 8 (Table 1). PCR reactions for DXR

were performed under the following conditions: 94 �C for

3 min followed by 27 cycles of amplification (94 �C for

45 s, 51.7 �C for 45 s, 72 �C for 1 min) and final extension

at 72 �C for 10 min. Similar PCR conditions were used for

amplification PAL and actin, except that the annealing

temperatures were 52.3 �C and 53.2 �C, respectively. PCR
amplified products were separated on 1 % (w/v) agarose

gel, stained with ethidium bromide and photographed using

MicroBis (DNR Bio-Imaging System) gel-imaging system.

ImageJ software, which analyzes the pixel intensity of PCR

bands, was used to compare the DXR and PAL expression

levels relative to that of actin.

Statistical analysis

All the experiments were done in triplicate and results

obtained were analyzed using ANOVA through Microsoft

Excel software.

Results

Phenolic acid and total chlorophyll contents in green

and normal hairy roots

The cell wall-bound p-HBA content was found to be

reduced in green hairy roots. In 14-day-old green and

normal hairy root cultures, the p-HBA contents were

1.1 ± 0.18 mg/g dry mass and 2.1 ± 0.2 mg/g dry mass,

respectively. The p-HBA content in green hairy roots was

48 % lower (P B 0.002) compared to normal hairy roots

(Fig. 2). Green hairy roots of D. carota also accumulated

less amount of other soluble phenolics including p-HBA.

Total chlorophyll content found in green hairy roots was

1.2 mg/g fresh mass whereas in normal hairy roots the

amount was negligible.

HBD activities in green and normal hairy roots

HBD acts as the final enzyme of the hydroxybenzoate

pathway by catalyzing the formation p-HBA from p-hy-

droxybenzaldehyde. The HPLC-based stopped assay

method was used to determine the activities of HBD in

both, green and normal hairy roots, of 14-day-old cultures

(Fig. 3a). Normal hairy roots showed an activity of 6.0

pkat/mg protein, whereas in green hairy roots the HBD

activity was found to be 0.4 pkat/mg protein. Thus, as

compared to normal hairy roots, the amount of active HBD

Fig. 2 Accumulation of wall-bound p-HBA in 14-day-old green and

normal hairy roots of D. carota. Each value is the mean ± SD of a

triplicate analysis from at least three independent extractions. Mean

values are significant different at the P B 0.05 level

Table 1 Primer sequences used for cloning of DcDXR core cDNA

(1, 2) and RT-PCR analysis of DXR (3, 4), PAL (5, 6), and actin (7, 8)

Primer Sequence

1 50-GCNTCNGGNGGNGCNTTYAGRGA-30

2 50-ATNGGYAARCGCATRTCNGG-30

3 50-AGCAGACCAATCATCGTACC-30

4 50-GGCACACTCCTCGATCAAA-30

5 50-GCCATCACCAAGTTCCTCAACC-30

6 50-CCAATTGCTGCAATAGCCAACC-30

7 50-CACACGGTGCCAATTTATGAA-30

8 50-GATCACGGCCAGCAAGGT-30
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enzyme was found to be 15-fold less (P B 0.00001) in

green hairy roots (Fig. 3b).

PAL activities in green and normal hairy roots

PAL, an enzyme of the phenylpropanoid pathway, was

assayed by the HPLC-based stopped assay measuring the

amount of trans-cinnamic acid formation. In vitro enzyme

activities were monitored from 14-day-old normal and green

hairy roots. The activity of PAL in normal hairy roots was 80

pkat/mg protein, whereas in green hairy roots the value was

54 pkat/mg protein. Therefore, as compared to the normal

ones, a 1.5-fold less (P B 0.001) amount of active PAL

enzyme was formed in green hairy roots (Fig. 4a).

Fig. 3 Assay of HBD in normal and green hairy roots. a HPLC

chromatograms in green and normal hairy roots of D. carota. Top

chromatogram of the HBD-catalyzed reaction from normal hairy

roots. Bottom chromatogram of the HBD-catalyzed reaction from

green hairy roots. Formation of p-HBA is marked by (arrow).

Chromatograms were monitored at 254 nm. b Activities of HBD from

crude protein extract of 14-day-old green and normal hairy roots.

Activities were determined by measuring the p-HBA formation

through HPLC. Each value is the mean ± SD of a triplicate analysis

from at least three independent extractions. Mean values are

significant different at the P B 0.05 level

Planta (2016) 243:305–320 311

123



SKDH activities in green and normal hairy roots

SKDH is responsible for the synthesis of aromatic amino

acid and a large number of phenolic compounds in

plants (Herrmann 1995). To correlate the activity of this

enzyme with the phenolic acid content in both types of

hairy roots, SKDH activities were determined spec-

trophotometrically in 14-day-old green and normal hairy

roots. The specific activities of SKDH in normal hairy

roots and green hairy roots were found to be 2 nkat/mg

protein and 1.11 nkat/mg protein, respectively (Fig. 4b).

Hence, in 14-day-old normal hairy roots, the level of the

active SKDH enzyme was 1.8-fold (P B 0.001) higher

than in green hairy roots. During in-gel SKDH assay,

only one isozyme band appeared in both, green and

normal hairy root cultures. Image analysis demonstrated

an enhanced SKDH activity (increased by 80 %) in

normal hairy roots in comparison to green hairy roots.

The more intense band in normal hairy roots indicated

the generation of more active SKDH protein in normal

hairy roots as compared to green hairy roots at a par-

ticular time point (Suppl. Fig. S1).

Pyruvate kinase activities in green and normal hairy

roots

Pyruvate and glyceraldehyde-3-phosphate, the products of

the primary metabolism, are the starting points of the MEP

pathway, primarily to synthesize the phytol chain of

chlorophyll in green hairy roots. However, in normal hairy

roots, this pathway may not be as active as in green ones.

The activity of pyruvate kinase (PK) converting phospho-

enol pyruvic acid into pyruvic acid, amounted to 45 mU/

mg protein in green hairy roots, whereas in normal hairy

roots the activity amounted to 29.3 mU/mg protein. Thus,

at a particular time point, the amount of active PK present

in green hairy roots was 1.5-fold (P B 0.001) higher as

compared to normal hairy roots (Fig. 4c).

DXR activities in green and normal hairy roots

DXR as a key enzyme of the MEP pathway catalyzes the

production of MEP from 1-deoxy-D-xylulose 5-phosphate.

DXR activity was determined spectrophotometrically after

extracting the proteins from chloroplasts or leucoplasts of
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Fig. 4 Comparison of PAL, SKDH, PK, and DXR activities in

14-day-old green and normal hairy roots of D. carota. a PAL activity

was determined by measuring the production of trans-cinnamic acid

per 60 min by HPLC. Enzyme activity is expressed in pkat/mg

protein. The activities of SKDH (b), PK (c) and DXR (d) were

determined spectrophotometrically by measuring reduction of NADP,

oxidation of NADH, and oxidation of NADPH, respectively, at

340 nm. For SKDH and PK, enzyme activities were expressed in

nkat/mg protein and mU/mg protein, respectively. DXR activity was

expressed in pkat/mg protein. Each value for all enzyme assays

represents the mean ± SD from at least three independent protein

extraction preparations. Mean values are significant different at the

P B 0.05 level
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both green and normal hairy roots from 14-day-old cul-

tures. Activities of the DXR enzyme were found to be 0.2

pkat/mg protein and 0.1 pkat/mg protein, for green and

normal hairy roots, respectively. Thus, green hairy roots

exhibited a twofold (P B 0.002) higher activity of the

DXR enzyme as compared to normal hairy roots (Fig. 4d).

DXR and PAL expression in green and normal hairy

roots

Core cDNA fragment of DXR gene was isolated using

degenerate primers designed by Souret et al. (2002)

(Table 1). The resulting sequence of 287 bp was cloned

and sequenced. Amplified sequence showed homology

with the amino acid sequence of different plant DXR

(Suppl. Fig. S2) available in the public database with a

percentage identity of 92 %. Therefore, the resulting

sequence was defined as core cDNA of DXR, and appeared

to be suitable for expression studies. Accumulation of DXR

and PAL transcripts in both green and normal hairy roots

was studied by RT-PCR after normalization of PCR cycle

numbers (Suppl. Fig. S3). Gene-specific primers (Table 1)

resulted in amplification of 265 bp and 765 bp fragments

of DXR and PAL genes, respectively. The level of actin

which was detected as a 70-bp PCR product, served as

control for normalization of other transcript levels. In green

hairy roots, DXR transcript accumulation was found to be

5-fold higher than that of normal hairy roots whereas PAL

transcript accumulation was 3.9-fold higher in normal hairy

roots (Fig. 5).

Comparative analysis of volatile compounds

from green and normal hairy roots

Plant roots emit a wide range of volatile organic com-

pounds including terpenoids, fatty acid derivatives and

benzenoids in its surroundings (Loreto and Schnitzler

2010). However, no information on the volatile profile was

available for hairy root cultures of D. carota. Through GC–

MS analysis, we have identified 31 major volatile com-

pounds, including monoterpenes, sesquiterpenes and one

benzenoid compound (Suppl. Table 1; Suppl. Fig. S4).

Several monoterpenes and sesquiterpenes were present in

volatiles of hairy roots. However, for clarity of the pre-

sentation, the contents of individual monoterpenes and

sesquiterpenes were added together in two groups and

presented as total monoterpene and sesquiterpenes,

respectively. Comparative volatile analysis revealed 2.3-

fold (P B 0.0004) and 1.3-fold (P B 0.024) increments in

total monoterpene and total sesquiterpene contents,

respectively, in 14-day-old green hairy roots compared to

normal hairy roots of the same age (Fig. 6a, b). The only

detectable volatile benzenoid compound was methyl

salicylate, the content of which was 1.9-fold (P B 0.001)

higher in normal hairy roots as compared to the green ones

(Fig. 6c). Hence in green hairy roots, isoprenoid contents

were higher than in normal hairy roots but the benzenoid

content was lower. This observation raised the question as

to whether blocking of isoprenoid biosynthesis could

enhance the levels of benzenoid compounds.

Glyphosate competitively inhibits EPSP synthase

enzyme of the shikimate pathway. In this study, glyphosate

was used to examine the effect on volatile terpenoid

emission upon blocking the shikimate pathway. Feeding of

glyphosate at a concentration of 0.05 mM was carried out

according to a protocol for tobacco (Haderlie et al. 1977).

An increased emission of volatile monoterpenes was

observed in glyphosate-treated hairy roots; a 2.4-fold

Fig. 5 Expression analysis of DXR and PAL genes in 14-day-old

green (G) and normal (N) hairy roots of D. carota. a Total RNA

(2 lg) was reverse transcribed and used as template for semi-

quantitative RT-PCR analysis. b, c DXR and PAL transcript levels

were normalized on the basis of actin transcript amounts. SD values

are indicated (n = 3)
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enhanced amount of volatile monoterpenes was noticed in

glyphosate-treated green hairy roots as compared to treated

normal hairy roots (Fig. 6g). However, the volatile

sesquiterpene contents remained more or less unaffected in

both types of hairy roots. Surprisingly, a huge increment of

volatile methyl salicylate emission was observed in both

green and normal hairy roots (Suppl. Fig. S5).

Clomazone, a potent inhibitor of 1-deoxy-D-xylulose

5-phosphate synthase (DXS) was fed to both, green and

normal hairy roots of D. carota, to study the role of the

MEP pathway on volatile emission. Upon clomazone

treatment, no monoterpene and sesquiterpene volatiles

were detected in treated green hairy roots as compared to

untreated green ones (Fig. 6d, e). On the other hand, in
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Fig. 6 Comparison of major volatiles emission in green and normal

hairy roots. Volatile compounds were trapped from 14-day-old green

and normal hairy roots, using dynamic headspace and were subse-

quently analyzed by GC–MS. Major headspace volatile compounds

were analyzed from both green and normal of hairy roots. a Total

monoterpene. b Total sesquiterpene. c Methyl salicylate. Aqueous

clomazone (10 lM) and glyphosate (50 lM) solutions were used to

inhibit isoprenoid biosynthesis and phenolic biosynthesis in green and

normal hairy roots. Studies of volatile emission in clomazone- and

glyphosate-treated hairy roots were performed following the same

procedure as done in previous analyses. d–g Comparison of major

volatiles in inhibitor-treated green and normal hairy roots: d Total

monoterpene. e Total sesquiterpene. f Methyl salicylate. g Total

monoterpenes in glyphosate-treated green and normal hairy roots. The

values are the mean ± SD of at least three independent extractions.

Mean values are significant different at the P B 0.05 level
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clomazone-treated normal hairy roots, monoterpene and

sesquiterpene contents were reduced by 2.5-fold and

3-fold, respectively, as compared to controls (untreated

normal hairy roots) (Fig. 6d, e).

The methyl salicylate level increased in clomazone-

treated green and normal hairy roots by 1.3-fold and 1.4-

fold, respectively, as compared to untreated hairy roots

(Fig. 6c–f). However, in clomazone-treated normal hairy

roots, methyl salicylate content was twofold (P B 0.001)

higher than in treated green hairy roots (Fig. 6f).

Discussion

Hairy roots developed through A. rhizogenes-mediated

transformation were exploited as a system for the study of

secondary metabolism (Rhodes et al. 1997). Secondary

metabolism of hairy roots generally mirrors that of the

species from which they were established. The hairy root

cultures reflect to some extent similar operations of sec-

ondary metabolic pathways both in their route and enzy-

mology of those in intact plant roots, but there are a few

concerns. As the hairy root system itself acts as source and

sink of metabolites, metabolites which are normally

exported to the rest of the plant may accumulate in hairy

roots, a situation not usually occurring in normal roots

(Hamill et al. 1987).

Hairy roots of several plant species turned green when

cultured under continuous light, and maintained their

branched root morphology with the formation of chloro-

phyll in the plastids. These green hairy roots had an altered

(usually enhanced) metabolite production as established in

normal hairy roots grown under laboratory photoperiodic

conditions (Taya et al. 1994). The amount of total

chlorophyll in D. carota green hairy roots was comparable

to the levels found in hairy roots of Ipomoea aquatica

(1.7 mg/g fresh mass) cultivated under continuous light

(Tone et al. 1997). These D. carota green hairy roots

Fig. 7 Possible connection of MEP pathway and p-HBA biosynthetic

pathway. Both pathways share a common metabolite as their starting

materials. Due to chlorophyll biosynthesis in green hairy roots, the

major carbon pool was channelized toward the MEP pathway resulted

in increased volatile terpenoids content. A concomitant reduction of

the levels of phenylpropanoid/benzenoid derivatives in green roots

was noticed. The compounds and selected enzymes are as follows:

CDP-ME 4-(cytidine 50-diphospho)-2-C-methyl-D-erythritol, CDP-

MEP 2-phospho-4-(cytidine 50-diphospho)-2-C-methyl-D-erythritol,

DMAPP dimethylallyl diphosphate, DXP 1-deoxy-D-xylulose 5-phos-

phate, DXR 1-deoxy-D-xylulose 5-phosphate reductoisomerase, DXS

1-deoxy-D-xylulose 5-phosphate synthase, EPSP 5-enolpyruvyl-shiki-

mate-3-phosphate, FPP farnesyl diphosphate, FPPS FPP synthase,

GPP geranyl diphosphate, HBD p-hydroxybenzaldehyde dehydroge-

nase, HDR 4-hydroxy-3-methylbut-2-enyl diphosphate reductase, IPP

isopentenyl diphosphate, MEP methyl-erythritol 4-phosphate, MTS

monoterpene synthase, PAL phenylalanine ammonia lyase, PK

pyruvate kinase, SKDH shikimate dehydrogenase

Planta (2016) 243:305–320 315

123



exhibited a reduced amount of p-HBA accumulation in the

cell wall compared to normal hairy roots. This appeared to

be in sharp contrast with earlier findings that in general

light played a positive role in up-regulating phenyl-

propanoid metabolism in intact roots of Arabidopsis

thaliana (Hemm et al. 2004).

Continuous light exposure generated photooxidative

stress in green hairy roots (Mukherjee et al. 2014) leading

to the generation of excess H2O2 in root tissues. Behnke

et al. (2010), during their investigation on isoprene non-

emitting poplar, also observed H2O2 accumulation when

exposed to high light and temperature. It was suggested

that the generated H2O2 triggered a signaling cascade that

ultimately down-regulated the phenylpropanoid pathway

(Behnke et al. 2010). Green hairy root accumulated 1.2 lM
H2O2 per gram fresh tissue whereas in normal hairy roots

the level was 0.7 lM H2O2 per gram fresh tissue (Suppl.

Fig. S6). It is plausible that this uplifted level of H2O2 in

green hairy roots down-regulates the phenolic biosynthesis

by some unknown mechanism. These findings raised

questions as to a possible shift of the carbon flow toward

other metabolic directions in green hairy roots.

HBD converts p-hydroxybenzaldehyde to p-HBA in a

CoA-independent non-b-oxidative pathway of p-HBA

formation in hairy roots of D. carota (Sircar and Mitra

2008, 2009). Though the activity of benzaldehyde dehy-

drogenase was reported in a few plant species (Gaid et al.

2009), HBD has only been studied extensively at the bio-

chemical level in hairy roots of D. carota recently (Sircar

et al. 2011). In methyl jasmonate-treated D. carota hairy

roots, it was found that enhanced accumulation of p-HBA

was preceded by a substantial increment in HBD activity

(Sircar et al. 2011). We found it important to check the

activity of HBD in green hairy roots because the level of p-

HBA was reduced in green hairy roots as compared to

normal hairy roots. In green hairy roots, HBD activity was

found to be 15-fold lower compared to that one found in

normal hairy roots. This result suggests that the pathway to

p-HBA formation might have been suppressed in hairy

roots when they turned green. The result raised the further

question whether a general decrease in the enzyme activ-

ities of shikimate/phenylpropanoid pathway might occur in

green hairy roots.

PAL catalyzes the first step of phenylpropanoid

biosynthesis by converting L-phenylalanine into trans-cin-

namic acid. The enzyme plays an important regulatory role

in the formation of different phenolic compounds, includ-

ing hydroxybenzaldehydes and fragrant methoxyben-

zaldehydes (Chakraborty et al. 2008; Kundu et al. 2012).

The regulation of all isoforms of this enzyme in different

developmental stages and under different environmental

stimuli was extensively studied in the past (Liang et al.

1989). Hairy green roots of D. carota exhibited a reduced

enzyme activity and reduced transcript accumulation which

is in contrast to a previous study in Phaseolus vulgaris,

where significant increment in PAL transcript accumula-

tion was evident under light irradiation (Liang et al. 1989).

In contrast, reduced PAL and tyrosine ammonia lyase

(TAL) activities were found along with reduced secondary

metabolite formation in wheat seedlings grown under low

pressure sodium lamps (Guerra et al. 1985). Thus, the

suppressed PAL activity in green hairy carrot roots could

be due to continuous light irradiation which is indispensi-

ble for maintaining the green roots. Hence the question

arises whether a similar suppression in the enzyme activi-

ties of the shikimate pathway could be observed in green

hairy roots.

The shikimate pathway is a metabolic route which

produces aromatic amino acids and a myriad of phenolic

compounds in bacteria and plants (Herrmann 1995). SKDH

catalyzes the third and fourth steps of the shikimate path-

way by converting 3-dehydroquinate to shikimate. In a

previous study, it was reported that the SKDH activity was

developmentally regulated, and a correlation between

phenolic content and SKDH activity was evident (Dı́az

et al. 1997). Recently, a modulatory role of SKDH in fra-

grant 2-hydroxy-4-methoxybenzaldehyde (MBALD)

biosynthesis has been demonstrated in Hemidesmus indicus

(Kundu et al. 2012). In elicitor-treated roots, an increased

accumulation of MBALD was preceded by an increase in

the activity of SKDH as compared to controls. In our study,

compared to normal hairy roots, D. carota green hairy

roots accumulated a lower amount of phenolics along with

a reduced activity of SKDH. Hence, as compared to normal

hairy roots, suppression of enzyme activities of shikimate/

phenylpropanoid/hydroxybenzoate pathways in green hairy

roots of D. carota was observed.

Plastidial isoprenoid biosynthesis initiates from pyru-

vate and glyceraldehyde-3-phosphate through an enzymatic

reaction catalyzed by DXS enzyme (Rohmer 1999). PK, an

enzyme of the primary metabolism, produces pyruvic acid

from phosphoenol pyruvate. Generally, the ratio of phos-

phoenol pyruvate to pyruvate is essential to maintain the

flow of several biochemical pathways including isoprenoid

biosynthetic pathways (Andre and Benning 2007). We

anticipated that green roots might produce an enhanced

amount of isoprenoid volatiles in addition to chlorophyll.

Indeed, in green roots, the activity of PK was 1.5-fold

higher than in normal hairy roots. This is plausible as the

requirement of pyruvate as a precursor is needed in green

hairy roots for uplifting isoprenoid biosynthesis.

According to the contemporary metabolic control the-

ory, metabolic pathways are regulated by partial rate lim-

itation occurring at each of a number of enzymatic steps

(Ap Rees and Hill 1994). The enzymes DXS and DXR

catalyze the first two steps of the MEP pathway,
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respectively. DXR plays a crucial role in controlling the

isoprenoid biosynthesis in plants (Mahmoud and Croteau

2001). Recent work, however, showed that DXS also has a

high ability to control the flux into the MEP pathway

(Wright et al. 2014). Although measuring DXS activity

would have been useful for better clarification of the MEP

pathway regulation, current experimental limitation for the

tricky assay of DXS activity at the authors’ disposal

compelled them to choose DXR assay as a marker enzyme

for the MEP pathway. Further, it is well established that the

control over a metabolic pathway is shared between all the

enzymes of that pathway, and that generally an increase in

all enzymes of a pathway is necessary for an increased flux

(Fell 1992). It is well agreed that the control in the MEP

pathway is shared between its different enzymes (Banerjee

and Sharkey 2014), as was also hypothesized earlier by

Carretero-Paulet et al. (2002). In our study, DXR enzyme

activity and expression were found to be increased in green

hairy roots compared to normal hairy roots. These results

are in agreement with the previous report where light-in-

duced transcript accumulation of DXR gene was found in

Arabidopsis (Carretero-Paulet et al. 2002). In Artemisia

annua transformed roots, transcript accumulation of DXR

under light irradiation was not markedly different from that

one in dark-grown transformed roots; but when 14-day-old

dark-grown transformed roots were shifted to light irradi-

ation for 3 days, transcript accumulation of DXR increased

drastically (Souret et al. 2002). The enhanced DXR activity

in green hairy carrot roots raised the question on the con-

tent of isoprenoid volatiles in these hairy roots.

The aroma of D. carota roots mainly depends on the

volatile isoprenoid composition. A major role of these root

volatiles comprises ecological interactions with below-

ground microorganisms, other plants and herbivores

(Holopainen and Gershenzon 2010). Constituents of root

volatiles have been determined in some plant species

including carrot roots (Kjeldsen et al. 2001). In the past, in

carrot roots, 36 different volatile compounds were found of

which monoterpenes and sesquiterpenes were the major

constituents (Kjeldsen et al. 2001). By solid-phase extrac-

tion-based trapping of volatiles and subsequent GC–MS

analysis of elutes, we have identified 31 major volatile

compounds, including monoterpenes, sesquiterpenes and

one benzenoid compound in green hairy roots of D. carota.

It was demonstrated earlier through feeding experiments

with labeled precursor that monoterpenes are exclusively

synthesized by the MEP pathway, whereas sesquiterpenes

are formed by both, the mevalonic acid (MVA) pathway

and the MEP pathway, in carrot leaves and roots (Hampel

et al. 2005). Green chloroplasts are formed in hairy roots of

D. carota when cultivated under continuous illumination.

Because of chloroplast formation, it can be assumed that

the chloroplast-specific MEP pathway were more

effectively operated in green hairy roots than in normal

hairy roots. Comparative volatile analyses showed

increased monoterpenes and sesquiterpene contents in

green hairy roots compared to normal hairy roots, which

suggested that in green hairy roots the MEP pathway was

more active than in normal hairy roots.

Clomazone inhibits MEP pathway by inhibiting the

DXS, the first enzyme of MEP pathway (Flores-Pérez et al.

2010). Aqueous solution of clomazone was used to block

the DXS activity in green and normal hairy roots. In green

hairy roots, the content of monoterpenes and sesquiterpe-

nes was almost nil as compared to normal hairy roots.

Further an altered morphology in green hairy roots was

also noticed. Surprisingly, clomazone-treated normal hairy

roots showed an unaltered morphology, but monoterpenes

and sesquiterpene contents were reduced as compared to

normal untreated hairy roots. It was earlier established that

MVA and MEP pathways share common intermediates and

a metabolic cross-talking between the two pathways exists

(Hampel et al. 2005). Although sesquiterpenes are nor-

mally synthesized by the MVA pathway, the apparent

reason of suppression of sesquiterpene contents in normal

hairy roots was perhaps due to cross-talking between MEP

and MVA pathways (Rodrı́guez-Concepción and Boronat

2015).

Methyl-D-erythritol-2,4-cyclopyrophosphate (MEcPP),

an intermediate of the MEP pathway was reported to

accumulate in higher amounts in spinach leaves under

intense light and excess temperature (Rivasseau et al. 2009;

Mongelard et al. 2011). Higher accumulation of MEcPP

was also observed in glyphosate-treated horseweed and

ryegrass under intense light and temperature (Ge et al.

2012). However, without glyphosate treatment, these plants

failed to accumulate MEcPP even under intense light and

temperature. Glyphosate was known to inhibit the shiki-

mate pathway by blocking EPSPS, but the reason for

accumulation of a MEP derivative (MEcPP) upon gly-

phosate treatment is biochemically elusive till today. In our

study, glyphosate treatment also increased the monoterpene

content significantly in both, green and normal hairy roots

(Fig. 6g). Therefore, by some unknown mechanism, the

terpenoid biosynthesis is modulated in hairy roots after

blocking of the shikimate pathway by glyphosate

treatment.

Methyl salicylate is a benzenoid ester (commonly found

in scents of moth pollinated flowers) and is an important

component of plant defense (Ross et al. 1999). Interest-

ingly, the content of methyl salicylate was suppressed in

green hairy roots as compared to normal hairy roots. This

observation correlates well with our previous data from D.

carota, where suppressed levels of phenolic acids accu-

mulation were observed in green hairy roots (Mukherjee

et al. 2014). In clomazone-treated green hairy roots, methyl
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salicylate content was increased as compared to untreated

green hairy roots. It is plausible that blocking of DXS by

clomazone in green hairy roots limited the metabolic flow

in the MEP pathway and channelized the carbon flow

toward the benzenoid pathway. Increment in methyl sali-

cylate content in clomazone-treated normal hairy roots was

rather puzzling. It is conceivable that in normal hairy roots,

clomazone treatment reduced the synthesis of volatile ter-

penoids by inhibiting the interconnected MEP and MVA

pathways and thereby increased the methyl salicylate

content.

It is clear that volatile terpenoids play an important role

in protection against a variety of abiotic stresses including

high light irradiation (Vickers et al. 2009). The presence of

terpenoids improves the ability of plants to deal with

internal oxidative changes resulting from abiotic stresses.

Activation of carbon sources alternative to fixed photo-

synthates possibly stimulates the formation of volatile

terpenoids in plants upon exposition to abiotic stresses

Lorato et al. (1996); Vickers et al. 2009). These isoprenoid

volatiles play important physiological and ecological roles

in protecting plants from environmental constraints; in

particular, the role of monoterpenes in stabilizing chloro-

plast membranes during light stress is well documented

(Loreto and Schnitzler 2010).

Conclusion

Our results indicate a shift in metabolite biosynthesis from

phenolics to volatile terpenoids occurred in green hairy

roots of carrot (Fig. 7). Carbon is generally redirected to

volatile production under abiotic stress conditions. These

volatile terpenoids perhaps protect the green hairy roots,

thus justifying the metabolic expenses of production. It is

plausible that, during greening, the primary metabolites

that are normally channelized toward shikimate/phenyl-

propanoid pathways are used by the MEP pathway, thus

limiting the carbon flow toward shikimic/phenylpropanoid

pathways. Future work will investigate details of the

expression and identify the regulatory enzymes of the MEP

pathway in green hairy roots.
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