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ABSTRACT

The effects of plant growth regulators on peppermint (Mentha piperita) cultured in vitro were studied for the purpose of
maximizing growth and essential oil production in micropropagated plants. The basal medium was experimentally sup-
plemented with the auxin 4-indol-3-ylbutyric acid (IBA) and the cytokinin 6-benzylaminopurine (BAP) individually
and in combination. Supplementation with BAP alone resulted in the highest values for root length, root dry weight,
shoot length, and numbers of nodes, leaves, and ramifications. Treatment with IBA alone or with IBA + BAP resulted
in a ~50% increase in shoot fresh weight. The production of secondary metabolites was affected only by the addition of
cytokinin, which resulted in a ~40% increase in the total yield of essential oils (EOs). Similar trends were observed for
yields of the major EO components (menthone, menthol, pulegone, and menthofuran). Our findings demonstrate that
the application of growth regulators increases EO production and biomass concomitantly in an herbaceous species rich
in commercially valuable terpenes.
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it is desirable to find more natural sources for these com-
pounds [3]. EOs are the most important raw material in
the fragrance and aroma industry. They are also used in
the food and pharmaceutical industries because of their
therapeutic antimicrobial and antioxidant activities. Some
EOs have biological activities that make them useful as
herbicides, pesticides, and anticancer compounds [4]. A
common problem in the cultivation of aromatic plants is
the quantitative and qualitative variability in plant re-
sponses to the environment [4,5]. The productions of EOs
does not depend solely on plant genetics or on the de-
velopmental stage. The environment and its changes sig-

1. Introduction

Peppermint (Mentha piperita L.; family Labiatae) is an
important and commonly used flavoring agent worldwide.
Fresh or dried leaves of Mentha species are used as con-
diments, and the essential oils (EOs) of these plants are
used as flavorings for foods and beverages, as fragrances,
and as fungicides or insecticides in many pharmaceutical
and industrial products [1,2]. Menthol, a crystalline com-
pound obtained from peppermint oil, has a pleasant fla-
vor and aroma and a cooling anesthetic effect, and is
used in confectionery, pharmaceutical, oral health care,
cosmetic, tea, and tobacco products.

Every year, the aroma and fragrance industries account
for sales of ~$18 billion and the international trade of
EOs increases by ~10%. Many of the compounds used as
fragrances and as flavoring agents are chemically syn-
thesized from petroleum derivatives. Because hard met-
als are often used as catalysts in the synthetic processes,

"Corresponding author.

Copyright © 2013 SciRes.

nificantly affect biochemical pathways and physiological
processes in the plants and may consequently alter me-
tabolism and EO biosynthesis [1]. To meet the demands
of world markets and industrial requirements, it is im-
portant to maintain a constant production and quality of
EOs, particularly in terms of their chemical composition
[5].

Plant tissue culture techniques in controlled laboratory
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environments provide an alternative to field agriculture
for the production of economically important secondary
metabolites [6-8]. The production of secondary metabo-
lites from undifferentiated plant cell cultures has been
intensively studied [7]. However, very few compounds
have been commercially manufactured in vitro. Several
strategies have been employed to enhance the production
of desired phytochemicals from cultured cells, e.g., ge-
netic engineering (which maximizes certain biochemical
pathways at the expense of others), the selection of fast-
growing cell clones that display high metabolic activity,
modification of culture media, and the use of elicitors to
stimulate desired pathways [7,8]. However, certain sec-
ondary products with commercial value, such as mono-
terpenes and other EOs, are not produced by callus cul-
tures or cell suspension cultures [9]. Such cultures lack
the complex tissue and organ differentiation found in
intact plants [10]. On the other hand, micropropagated
plants, the normal sites of secondary metabolism in na-
ture, easily produce commercially desirable secondary
metabolites in vitro [8,10,11]. In the mint family (Labi-
atae), EOs are synthesized primarily in leaf epidermal
cells and stored primarily in glandular leaf trichomes
[12]. These glandular trichomes are present on the leaf
surfaces of tissue culture plantlets and readily produce
volatile Eos [11,13].

The effects of growth regulators on EO production are
highly variable. Variations in EO yield or content are
often observed. Chemical changes are caused by some
growth regulators but not by others. In view of the ability
of growth regulators to influence plant growth and de-
velopment, physiological and biochemical processes, and
even gene regulation, there are very many ways in which
applications of these compounds can potentially alter EO
production [14].

Methods for enhancing the growth of economically im-
portant plant species undergo constant evolution and im-
provement. In the case of mint, a number of growth me-
dia have been screened for suitability for shoot and root
induction and for rapid development and propagation in
vitro [4,5,7]. In contrast, no information is available re-
garding the composition of EOs in regenerated in vitro
clones of M. piperita. We report here the effects of the
growth regulators 4-indol-3-ylbutyric acid (IBA; an au-
xin), 6-benzylaminopurine (BAP; a cytokinin), and their
combination on the growth, morphogenesis, and secon-
dary metabolism of M. piperita plants micropropagated
in vitro.

2. Experimental
2.1. Plant Material and in Vitro Regeneration

Young shoots from M. piperita plants grown in the Tra-
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slasierra Valley (Cordoba province, Argentina) were sur-
face disinfected by soaking for 1 min in 17% sodium hy-
pochlorite solution and rinsed 3X in sterile distilled water.
The disinfected shoots were cultured in 100 mL of BM
consisting of Murashige and Skoog [15] salts plus 0.7%
(w/v) agar and 1.5% (w/v) sucrose [16]. All culture me-
dia contained 7.5 g/L agar and 30 g/L sucrose.

Stage 1. Initial shoot tip culture. After 30 days, apical
meristems with foliar primordia that did not show con-
tamination were removed aseptically from the terminal
buds of shoots obtained as described above. Explants
were cultured in 40 mL BM in test tubes.

Stage II. Growth and in vitro multiplication. Plantlets
obtained from shoot tips were multiplied by single node
culture, and the pH of the BM was adjusted to 5.6 - 5.8
prior to autoclaving (20 min, 121°C). Explants were
placed in a growth chamber with controlled conditions of
light (16/8 h light/dark cycle), temperature (22°C + 2°C),
and relative humidity (~70%) [16].

Stage IllI. Treatment with growth regulators. Single
nodes from aseptically cultured plantlets were placed in
glass vials (100 mL) in 40 mL BM with five growth re-
gulator supplementation treatments: 1) BAP 0.6 mg/L; 2)
IBA 0.6 mg/L; 3) BAP 0.3 mg/L; 4) BAP 0.6 mg/L +
IBA 0.6 mg/L; 5) control (BM only). The vials were
sealed with translucent polypropylene caps, arranged in a
completely randomized design, and placed in a growth
chamber with controlled conditions as described for Stage
II. At least 7 plants were used for each treatment. Plants
were harvested after 30 days.

2.2. Plant Growth Measurement

Plants were removed from the vial after 4 weeks of cul-
ture, and the roots were rinsed with water to remove BM.
For each treatment, the plants were evaluated in terms of
growth (shoot length and fresh weight, root length and
dry weight), morphogenesis (numbers of leaves, nodes,
and ramifications), and production of secondary metabo-
lites. The shoot fresh material was weighed and kept in
the freezer until the hydrodistillation.

2.3. Extraction of EOs

Each shoot sample was weighed, subjected to hydroids-
tillation in a micro Clevenger-like apparatus for 30 min,
and the volatile fraction was collected in dichlorome-
thane [16]. The internal standard used was 0.1 pL dode-
calactone in 50 pL ethanol.

M. piperita plants contain ~3% volatile oils, consisting
of >40 different compounds. The four major EO compo-
nents, which account for ~60% of the total oil volume,
are (+)pulegone, (—)menthone, (—)menthol, and (+)men-
thofuran. These compounds were quantified in relation to
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dodecalactone, which was added during the distillation
procedure. The FID response factors for each compound
generated essentially equivalent areas (difference < 5%).
The identification of the components of the sample
was performed by GC-MS. A Perkin-Elmer Clarus 600
GC-MS coupled with a quadrupole analyzer and photo-
diode detector was employed for the identification. Turbo
Mass software was used to control and acquire data from

the GC-MS. A capillary column DB-5 (60 m 0.25 mm i.d.

and 0.25 m coating thickness) was used for the separa-
tion of the components. Helium was used as carrier gas at
49.6 psi. The temperature program was 60°C for 5 min,
from 60° to 250°C at 4°C/min, with a final hold time of
10min. The injector and detector were maintained at
250°C and 280°C, respectively. The sample, 0.2 uL, was
injected with a 1:100 split ratio.

Ionization was carried out in the mass spectrometer
under vacuum by electron impact with a 70-e¢V ioniza-
tion energy. The GC transfer line was maintained at
200°C. Chromatograms were acquired in “scan” mode
scanning the quadrupole from m = z 50 to m = z 300
(scan time: 0.2 s, inter-scan time: 0.1 s).

Retention indices of the sample components were de-
termined on the basis of homologous n-alkane hydrocar-
bons under the same conditions. The compounds were
identified by comparing their retention indices and mass
spectra with published data [16] and libraries NIST and
Adams. The main components were further identified by
coinjection of authentic standards (SIGMA, USA).

GC analysis was performed using a Perkin Elmer Cla-
rus 500. Total Chrom v.6.3.1 software was used to con-
trol and acquire data from the GC. All the separations
were conducted through a Alltech fused silica DB 5 cap-
illary column (30 m, 0.25 mm ID, 0.25 pm film thickness)
using nitrogen as a carrier gas (49.6 psi). The split injec-
tion mode was selected. Samples were analyzed using the
following Chromatographic conditions: oven temperature
program: initial temperature 60°C (held for 5 min), 5°C/
min to 240°C (held for 10 min). An injector and detector
temperature of 250°C was used.

2.4. Statistical Analysis

7 plants were used for each treatment, and experiments
were replicated 3 times. For the statistical analysis were
used the means values from the 7 plants (each replica; we
do not pooled the samples of different replicates into one
treatment).Values presented were means of repeated ex-
periments. The statistical analysis of the data was based
on analysis of variance (ANOVA). Differences among
means were evaluated by Fisher’s least significant dif-
ference (LSD) test (P < 0.05 considered significant) us-
ing Infostat software program version 2011 (Group In-
fostat, Universidad Nacional de Cérdoba, Argentina). The
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data presented as percentages were subjected to arcsine
transformation before analysis and then converted back
to percentage form for presentation.

3. Results

The growth of micropropagated M. piperita was greatly
affected by the application of growth regulators. Root dry
weight was 3-fold higher in plants grown with IBA, BAP,
or IBA + BAP than in controls (plants grown in basal
medium [BM]) or plants grown with 50% IBA (P <
0.005). Root length was decreased by all treatments ex-
pect BAP, for which the values were similar to those of
controls (P < 0.005). Shoot weight was increased 30% by
IBA and IBA + BAP treatments and decreased 50% by
BAP and 50% IBA treatments (P = 0.01), compared with
control values. Shoot length was increased ~40% by
BAP, IBA, and IBA + BAP treatment compared with
control and 50% IBA treatment (P = 0.04) (Table 1(a)).
Plant morphogenesis was also altered by the application
of the regulators. The numbers of leaves, nodes, and ra-
mifications for plants treated with 50% IBA were not sig-
nificantly different from control values. In contrast, the
numbers of leaves and nodes were higher than control
values in plants treated with IBA, BAP, or IBA+BAP (n°
leaves, P < 0.005; n° nodes P < 0.001), the highest leaves
and node numbers was obtained on medium containing
BAP increasing 50% and 250% respectively (Table 1(b)).

The EO yield in plants treated with IBA or with IBA +
BAP was not significantly different from that in controls

Table 1. Effects of growth regulators on growth and mor-
phogenesis of micropropagated M. piperita plants (mean *
SE). Vertical bars indicate mean values + standard error
(SE) of 3 replicates. Letters above bars indicate significant
differences according to Fisher’s LSD test (P < 0.05).

(a) Plant Growth
Rootdry  Rootlenght Shootlenght Shoot fresh
weight (mg) (cm) (cm) weight (mg)
Control
563+2.53a 7104020 1267+188a o003 *
BM 76.79 ab
BAP
1820+ 137h 7.53+ 1415 1605+2.65bh 2207 *
0.6 mg-L™! 59.78 a
IBA
16.13£0445 170£0404 18701025 01000+
0.6mgL" 134.83 b
IBA 50%
607+159a 230£075q 1117234 23073+
03mgL" 72.95a
IBA + BAP
151740905 333£0.694 1790+ 1.125 00033+
0.6 mg-L™! 27.14b
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(b) Plant Morphogenesis

n° Nodes n° Leaves n° Ramifications
8.60+£0.75a 2040+2.79 a 1.00£0.24 a
13.25+0.25¢ 61.00+5.05¢ 5.00£0.71 b
11.00£0.73 b 38.67+4.43b 1.67£0.61 a
8.00+0.89 a 2440+398a 1.00+£0.20 @
13.17+0.79 ¢ 43.83+6.69 b 2.00+0.82a

but was increased ~45% in plants treated with BAP (P <
0.001). (Figure 1). Similar trends were observed for the
concentrations of the major EO components: (+)pulegone,
(—)menthone, (—)menthol, and (+)menthofuran. BAP-
treated plants showed an approximately two-fold in-
crease in menthone concentration and a three-fold in-
crease in menthol and pulegone concentrations compared
with control values (P < 0.001) (Figure 1). Treatment of
plants with IBA or with 50% IBA did not cause signifi-
cant changes in concentrations of the major EO compo-
nents (P < 0.05).

Treatment with cytokinin BAP altered the relative
percentages (R%) of EOs (Table 2). The R% for pule-
gone, the primary EO component, for menthone and for
menthol was approximately two-fold higher in BAP-
treated plants than in controls (P < 0.001). The R% for
menthofuran were also two-fold higher in BAP and IBA
treated plants than in controls (P < 0.001).

4. Discussion

Plant hormones comprise a structurally unrelated group
of small molecules that are derived from various essen-
tial metabolic pathways. Recent studies have demon-
strated the interaction of hormone signaling at multiple
levels during plant growth and development. Cytokinins
are a type of plant hormones that play many essential sig-
naling roles in plant growth and development. The ap-
plication of the cytokinin BAP to micropropagated M.
piperita plants produced a three-fold increase in root dry
weight and increases in shoot length, node number, and
leaf number. Shoot fresh weight was significantly smaller
in these plants than in controls, perhaps because the lea-
ves were smaller and the shoots were thinner. Cytokinins
are known to be involved in the regulation of cell divi-
sion, shoot and root development, apical dominance, and
growth of lateral buds [17]. The great increase in ramifi-
cation number observed in BAP-treated plants reflected
the suppression of apical dominance and was consistent
with the finding of Hafiz et al. [18] that the exogenous
application of cytokinin increased the lateral branching
of Jatropha curcas plants maintained in greenhouses.

Copyright © 2013 SciRes.

The treatment of plants with auxin (IBA 0.6 mg/L) in-
creased root dry weight because of lateral root formation
through repetitive cell division, similar to the finding of
Liu et al. [19]. IBA treatment also increased shoot length
and fresh weight because of increases in the numbers of
leaves and nodes. The effective concentration of IBA in
studies of this type is dependent on the pH of the medium
[20]. At pH values of 5.6 - 8.8, the IBA concentrations in
the medium were lower and insufficient to induce root
and shoot development.

In regard to morphogenesis, the combination of BAP
had the greatest overall effect on micropropagated plants,
producing notable increases in the numbers of leaves,
nodes and ramifications.

The response to particular elicitors may vary from
plant to plant; a single plant hormone may regulate a
wide range of physiological and growth processes. On
the other hand, a particular process may be regulated by
the action of many plant hormones. The effects of growth
regulators on EO production in in vitro culture systems
are highly variable. Changes were observed in the yield
or content of EOs. Chemical changes were noted in some
cases but not in others. In view of the fact that growth re-
gulators influence plant growth and development through
their effects on physiological and biochemical processes
and even gene regulation, there are a great number of
ways in which application of these compounds may alter
secondary metabolite production [14,21,22]. Growth re-
gulators can influence EO biosynthesis and the formation
and development of storage structures. In Arabidopsis,
cytokinins stimulate trichome initiation, with consequent
increases in trichome numbers and densities [23]. The
findings of the present study of M. piperita appear to be
somewhat inconsistent with the previous findings of
Farooqui and Sharma [24], who observed increases in the
biomass and EO yield of M. arvensis L. var. piperascens
Mal following cytokinin treatment. We observed an in-
crease in EO yield, may be due to an increment in in-
creases in trichome numbers [23], but not in fresh weight.
In a study of Thymus mastichina by Fraternale et al. [25],
BAP treatment resulted in increases in EO production
and the density of glandular hairs on leaves. These au-
thors suggested that cytokinins affect glandular hair de-
velopment, although no direct correlation was demon-
strated. In our experiments, cytokinin treatment caused a
reduction in biomass even though the EO yield was in-
creased. IBA-treated plants displayed a general increase
in biomass because shoot length was greater and the num-
ber of leaves was approximately two-fold higher than in
controls; however, these changes were not associated with
increased EO production.

The combination of IBA + BPA did not greatly change
the production of plant secondary compounds in com-
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Figure 1. Effects of growth regulators on the concentrations of the four major EO components in micropropagated M.
piperita plants. Vertical bars indicate mean values * standard error (SE) of three replicates. Letters above bars indicate sig-

nificant differences according to Fisher’s LSD test (P < 0.05).

Table 2. Variation in the relative percentage (R%) of the four major EO components in micropropagated M. piperita plants

treated with different combinations of growth regulators.

Limonene Menthone Menthol Pulegone Menthofuran EO Total
Control
0.478 £0.022 a 0.543 £0.023a 0.341 £0.160 @ 12.926 £2.662 a 0.579£0.021 a 30.447 £ 8.596 a
BM
BAP
0.010 £ 0.003 b 0.041+£0.017 b 0.015+0.005 b 0.274+£0.043 ¢ 0.018 +0.005 b 1.64 £0.844 ¢
0.6 mg-L™"
IBA
0.021 £0.007 b 0.113+0.030ab  0.189 £ 0.036 ab 2.682+0.483 b 0.156 £ 0.053 b 3491+ 1.161b
0.6 mg-L™
IBA 50%
0.032+0.018 b 0.182+0.075 ab 0.088 £0.034 b 1.930£0.595 b 0.220 £ 0.051 ab 4273+120b
0.3 mg-L™
IBA + BAP
1 0.061 +£0.090 b 0.321£0.099 a 0.148 £0.051 b 7.478+2.282a 0.320 £ 0.079 ab 18.518 £4.726 a
0.6 mg-L"

Values are mean + standard error (SE) of 3replicates. Means followed by the same letter in a given column are not significantly different according to Fisher’s

LSD test (P < 0.05).

parison with controls. The major EO components of M.
piperita (pulegone, menthone, menthol, and menthofuran)
showed increases only in BAP-treated plants. The other
treatments did not cause changes, suggesting that cyto-
kinins influence pathway flux or specific steps of mono-
terpene metabolism in M. piperita.

The treatments did not cause changes in the qualitative

Copyright © 2013 SciRes.

chemical composition of EO components. The four ma-
jor components accounted for ~60% of the total chemical
components in EOs, similarly to controls. However, the
relative percentages (R%) of the four major components
were increased approximately two-fold by BAP treat-
ment. Because the percentage compositions are relative
values, it is often impossible to determine whether an
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increase in R% value is due to an increase in the absolute
content of a particular component or to decreases in the
contents of other components. In the present study, how-
ever, we were able to confirm that the increases in R%
values of the four major EO components were due to de-
creased concentrations of minor compounds (a- and /-
pinene, limonene, a-terpinene, p-cineole, a-terpineol, etc.)
because the absolute contents of the major components
were higher in treated plants.

Plant growth depends heavily on protein synthesis for
the manufacture of photosynthetic, biosynthetic, and re-
gulatory enzymes, and structural proteins [26]. Secon-
dary metabolism (EO synthesis) competes with primary
growth processes for common substrates such as sugars
and proteins. When environmental conditions are favor-
able, vegetative growth (primary metabolism) generally
displays resource priority over secondary metabolism
[26]. In the present study, however, when abundant re-
sources (BM + cytokinins) were provided, increased growth
and morphogenesis responses occurred without any re-
duction in secondary metabolism. These findings appear
to be inconsistent with the carbon nutrient theory, which
states that in situations in which plants have access to
excess carbon and nutrients, optimal growth occurs with
a corresponding suppression of secondary metabolism
[26,27]. Our findings indicate that the content of volatile
EOs can be significantly altered in the leaves of plantlets
using micropropagation systems with the addition of a
growth regulator. The use of micropropagated plantlets
for the production of secondary metabolites is a promis-
ing approach for future commercial applications.

Growth regulators have been used in agriculture for
decades, but little is known regarding the effects of these
compounds on the production of secondary metabolites
[3,9,22,28]. In the present study, addition of BAP to the
BM used for micropropagation of M. piperita effectively
increased plant growth and EO production without alter-
ing EO composition. This approach increased the yield of
important EO components, apparently by inducing the
biosynthesis of secondary metabolites.

5. Acknowledgements

This research was supported by grants from the Secre-
taria de Ciencia y Técnica de la Universidad Nacional de
Rio Cuarto, Consejo Nacional de Investigaciones Cienti-
ficas y Técnicas (CONICET), and Agencia Nacional de
Promocion Cientifica y Tecnoldgica (ANPCyT). EB, JZ
and WG are Career Members of the CONICET. FN has a
fellowship from the CONICET and MS has a fellowship
from the CONICET-MCyT Cba. The authors wish to
thank Dra. Marcela Palacio for her help in the technical
support in the GCMS analysis. The authors are grateful
to Steve Anderson for English editing of the manuscript.

Copyright © 2013 SciRes.

(1]

(10]

[11]

[12]

REFERENCES

N. S. Sangwan, A. H. A. Farooqi, F. Shabih and R. S.
Sangwan, “Regulation of Essential Oil Production in
Plants,” Plant Growth Regulation, Vol. 34, No. 1, 2001,
pp. 3-21. doi:10.1023/A:1013386921596

D. Ram, M. Ram and R. Singh, “Optimization of Water
and Nitrogen Application to Menthol Mint (Mentha ar-
vensis L.) through Sugarcane Trash Mulch in a Sandy
Loam Soil of Semi-Arid Subtropical Climate,” Biore-
source Technology, Vol. 97, No. 7, 2006, pp. 886-893.
doi:10.1016/j.biortech.2005.04.047

W. Schwab, R. Davidovich-Rikanati and E. Lewinsohn,
“Biosynthesis of Plant-Derived Flavor Compounds,” The
Plant Journal, Vol. 54, No. 4, 2008, pp. 712-732.
doi:10.1111/5.1365-313X.2008.03446.x

R. Croteau, T. Kutchan and N. Lewis, “Natural Products
(Secondary Metabolites),” In: B. Buchanan, W. Gruissem
and R. Joneas, Eds., Biochemistry and Molecular Biology
of Plants, American Society of Plant Biologists, Rock-
ville, 2000, pp. 1250-1268.

P. Harrewijn, A. M. Van Oosten and P. G. Piron, “Natural
Terpenoids as Messengers. A Multidisciplinary Study of
Their Production, Biological Functions and Practical Ap-
plications,” Kluwer Academic Publishers, London, 2001.

F. Bourgaud, A. Gravot, S. Milesi and E. Gontier, “Pro-
duction of Plant Secondary Metabolites: A Historical Per-
spective,” Plant Science, Vol. 161, No. 13, 2001, pp. 839-
851. doi:10.1016/S0168-9452(01)00490-3

R. Verpoorte, A. Contin and J. Memelink, “Biotechnol-
ogy for the Production of Plant Secondary Metabolites,”
Phytochemistry Reviews, Vol. 1, No. 1, 2002, pp. 13-25.
doi:10.1023/A:1015871916833

M. Vanisree and H.-S. Tsay, “Plant Cell Cultures: Pro-
duction of Biologically Important Secondary Metabolites
from Medicinal Plants of Taiwan,” In: O. Kayser and W.
Quax Eds., Medicinal Plant Biotechnology. From Basic
Research to Industrial Application, Wiley-VCH Verlag
GmbH & Co., KGaA, Weinheim, 2007, pp. 267-285.

R. Verpoorte, R. van der Heijden and J. Memelink, “En-
gineering the Plant Cell Factory for Secondary Metabolite
Production,” Transgenic Research, Vol. 9, No. 4-5, 2000,
pp. 323-343. doi:10.1023/A:1008966404981

R. Rao and G. A. Ravishankar, “Plant Cell Cultures: Che-
mical Factories of Secondary Metabolites,” Biotechnol-
ogy Advances, Vol. 20, No. 2, 2002, pp. 101-153.
doi:10.1016/S0734-9750(02)00007-1

S. V. Tisserat and R. Silman, “Influence of Modified Oxy-
gen and Carbon Dioxide Atmospheres on Mint and
Thyme Plant Growth, Morphogenesis and Secondary Me-
tabolism in Vitro,” Plant Cell Reports, Vol. 20, No. 10,
2002, pp. 912-916. doi:10.1007/s00299-001-0428-6

G. W. Turner, J. Gershenzon and R. B. Croteau, “Distri-
bution of Peltate Glandular Trichomes on Developing

Leaves of Peppermint,” Plant Physiology, Vol. 124, No. 2,
2000, pp. 655-664. doi:10.1104/pp.124.2.655

B. Tisserat and S. Vaughn, “Essential Oils Enhanced by
Ultra-High Carbon Dioxide Levels from Lamiaceae Spe-

AJPS


http://dx.doi.org/10.1023/A:1013386921596
http://dx.doi.org/10.1016/j.biortech.2005.04.047
http://dx.doi.org/10.1111/j.1365-313X.2008.03446.x
http://dx.doi.org/10.1016/S0168-9452(01)00490-3
http://dx.doi.org/10.1023/A:1015871916833
http://dx.doi.org/10.1023/A:1008966404981
http://dx.doi.org/10.1016/S0734-9750(02)00007-1
http://dx.doi.org/10.1007/s00299-001-0428-6
http://dx.doi.org/10.1104/pp.124.2.655

[14]

[15]

[17]

(18]

(20]

Effects of Growth Regulators on Biomass and the Production of Secondary 55
Metabolites in Peppermint (Mentha piperita) Micropropagated in Vitro

cies Grown in Vitro and in Vivo,” Plant Cell Reports, Vol.
20, No. 4, 2001, pp. 361-368.
doi:10.1007/s002990100327

Y. N. Shukla and A. H. Farooqi, “Utilization of Plant
Growth Regulators in Aromatic Plant Production,” Me-
dicinal & Aromatic Plants, Vol. 12, No. 3, 1990, pp. 152-
157.

T. Murashige and F. A. Skoog, “Revised Medium for Ra-
pid Growth and Bio Assay with Tobacco Tissue Culture,”
Plant Physiology, Vol. 15, No. 3, 1962, pp. 473-497.
doi:10.1111/5.1399-3054.1962.tb08052.x

M. Santoro, J. Zygadlo, W. Giordano and E. Banchio,
“Volatile Organic Compounds from Rhizobacteria In-
crease Biosynthesis of Essential Oils and Growth Pa-
rameters in Peppermint (Mentha piperita),” Plant Physi-
ology and Biochemistry, Vol. 49, No. 11, 2011, pp. 1177-
1182. doi:10.1016/j.plaphy.2011.07.016

M. C. Mok, “Cytokinins and Plant Development—An
Overview,” In: D. W. S. Mok and M. C. Mok, Eds., Cy-
tokinins. Chemistry, Activity, and Function, CRC Press,
Boca Raton, 1994, pp. 155-166.

A. A. Hafiz, S. D. Johnson and J. V. Staden, “Promoting
Branching of a Potential Biofuel crop Jatropha curcas L.
by Foliar Application of PGR,” Plant Growth Regulation,
Vol. 58, No. 3, 2009, pp. 287-295.
doi:10.1007/s10725-009-9377-9

C. Liu, J. Zhu, Z. Liu, L. Li, R. Pan and L. Jin, “Exoge-
nous Auxin Effects on Growth and Phenotype of Normal
and Hairy Roots of Pueraria lobata (Wild.) Ohwi,” Plant
Growth Regulation, Vol. 38, No. 1, 2002, pp. 37-43.
doi:10.1023/A:1020904528045

J. F. Harbage and D. P. Stimart, “Effect of pH and 1H-
Indole-3-Butyric Acid (IBA) on Rooting of Apple Mi-
crocuttings,” Journal of the American Society for Horti-
cultural Science, Vol. 121, No. 6, 1996, pp. 1049-1053.

V. R. Affonso, H. R. Bizzo, C. L. Salguiero Lage and A.
Sato, “Influence of Growth Regulators in Biomass Pro-

Abbreviations

EO, essential oil;

IBA, 4-indol-3-ylbutyric acid;
BAP, 6-benzylaminopurine;
BM, basal medium;

R%, relative percentage.

Copyright © 2013 SciRes.

[22]

(23]

(23]

(28]

duction and Volatile Profile of in Vitro Plantlets of Thy-
mus vulgaris L.,” Journal of Agricultural and Food Che-
mistry, Vol. 57, No. 14, 2009, pp. 6392-6395.
doi:10.1021/j900816¢

P. Baskaran, B. Ncube and J. Van Staden, “In Vitro Pro-
pagation and Secondary Product Production by Merwilla
plumbea (Lindl.) Speta,” Plant Growth Regulation, Vol.
67, No. 13,2012, pp. 235-245.
doi:10.1007/s10725-012-9682-6

L. Maes and A. Goossens, “Hormone-Mediated Promo-
tion of Trichome Initiation in Plants Is Conserved but
Utilizes Species- and Trichome-Specific Regulatory Me-
chanisms,” Plant Signaling & Behavior, Vol. 5, No. 2,
2010, pp. 205-207. doi:10.4161/psb.5.2.11214

H. A. Farooqi and S. Sharma, “Effect of Growth Retar-
dants on Growth and Essential Oil Content in Japanese
mint. P1,” Growth Regulation, Vol. 7, No. 1, 1988, pp.
39-45. doi:10.1007/BF00121688

D. Fraternale, L. Giamperi, D. Ricci, M. B. L. Rocchi, L.
Guidi, F. Epifanio and M. C. Marcotullio, “The Effect of
TRIA on Micropropagation and on Secretory System of
Thymus mastichina,” Plant Cell, Tissue and Organ Cul-
ture, Vol. 74, No. 1, 2003, pp. 87-97.
doi:10.1023/A:1023321024040

D. A. Herms and W. J. Mattson, “The Dilemma of Plants:
to Grow or Defend,” The Quarterly Review of Biology,
Vol. 67, 1992, pp. 283-335. d0i:10.1086/417659

R. Matyssek, R. Agerer, D. Ernst, J.-C. Munch, W. Oss-
wald, H. Pretzsch, E. Priesack, H. Schnyder and D.
Treutter, “The Plant’s Capacity in Regulating Resource
Demand,” Plant Biology, Vol. 7, No. 1, 2005, pp. 560-
580. d0i:10.1055/s-2005-872981

S. S. Mahmoud and R. B. Croteau, “Strategies for Trans-
genic Manipulation of Monoterpene Biosynthesis in
Plants—Review,” Trends in Plant Science, Vol. 7, No. 8,
2002, pp. 366-373. doi:10.1016/S1360-1385(02)02303-8

AJPS


http://dx.doi.org/10.1111/j.1399-3054.1962.tb08052.x
http://dx.doi.org/10.1016/j.plaphy.2011.07.016
http://dx.doi.org/10.1007/s10725-009-9377-9
http://dx.doi.org/10.1023/A:1020904528045
http://dx.doi.org/10.1021/jf900816c
http://dx.doi.org/10.1007/s10725-012-9682-6
http://dx.doi.org/10.4161/psb.5.2.11214
http://dx.doi.org/10.1007/BF00121688
http://dx.doi.org/10.1023/A:1023321024040
http://dx.doi.org/10.1086/417659
http://dx.doi.org/10.1055/s-2005-872981
http://dx.doi.org/10.1016/S1360-1385(02)02303-8

