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Abstract

A large-scale statistical experimental design was used to determine essential cultivation parameters that affect biomass
accumulation and geraniol production in transgenic tobacco (Nicotiana tabacum cv. Samsun NN) cell suspension cultures.
The carbohydrate source played a major role in determining the geraniol yield and factors such as filling volume, inoculum
size and light were less important. Sucrose, filling volume and inoculum size had a positive effect on geraniol yield by
boosting growth of plant cell cultures whereas illumination of the cultures stimulated the geraniol biosynthesis. We also
found that the carbohydrates sucrose and mannitol showed polarizing effects on biomass and geraniol accumulation.
Factors such as shaking frequency, the presence of conditioned medium and solubilizers had minor influence on both plant
cell growth and geraniol content. When cells were cultivated under the screened conditions for all the investigated factors,
the cultures produced ~5.2 mg/l geraniol after 12 days of cultivation in shaking flasks which is comparable to the yield
obtained in microbial expression systems. Our data suggest that industrial experimental designs based on orthogonal arrays
are suitable for the selection of initial cultivation parameters prior to the essential medium optimization steps. Such designs
are particularly beneficial in the early optimization steps when many factors must be screened, increasing the statistical
power of the experiments without increasing the demand on time and resources.
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performance of plant-derived cultures include the inoculum state,
size and age [11,13-15], the volume of medium in the culture
vessel and the shaking speed, both of which influence on the
oxygen supply during cultivation [16,17]. Biological factors also

Introduction

Geraniol is an intermediate metabolite in the monoterpenoid-
secoiridoid biosynthesis pathway and is used as a flavor and

fragrance compound in the agricultural, food and cosmetic
industries. It is an ingredient in 43% of fragrances currently on
the market [1]. The annual global demand for geraniol was
approximately 327 kg in 2008, with a 3-4% annual market growth
rate [2]. The three major geraniol manufacturing strategies are
biosynthesis (isolation from essential oils), semi-synthesis (chemical
conversion of pinenes) and total synthesis from petrochemicals,
and the yield varies between 60% (biosynthesis) and 98% (total
synthesis) [2].

The enzyme geraniol synthase (GES) is responsible for the
biosynthesis of geraniol from geranyl diphosphate [3-10]. GES
expression in plants may help to reconstitute the terpenoid-indole
alkaloid pathway and therefore satisty the consumer demand for
geraniol.

Plant cell and tissue cultures can be used as an alternative to
whole plants for the production of valuable natural compounds
[11,12]. Physical factors that have a major impact on the
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play an important role, including the use of conditioned medium
to influence the accumulation of plant cell biomass [18] and the
selection of carbohydrates as sources of energy and carbon due to
the low levels of COy in the closed-glass cultivation vessels during
the photoperiod [19]. Light influences both growth and secondary
metabolism in plants, e.g. by regulating the diurnal pattern of
monoterpenoid synthase transcript levels and monoterpenoid
production [20,21]. Finally, the equilibrium of production may
be influenced by introducing excipients such as cyclodextrins that
increase the solubility of sparingly-soluble compounds [22].

All the cultivation factors described above may have a direct
influence on the productivity of plant cell suspension cultures in
terms of biomass accumulation and the synthesis of secondary
metabolites. Typically, a one-factor-at-a-time testing approach is
used to find optimal cultivation conditions, but this does not
identify interactions between factors that can improve or inhibit
productivity. Statistical experimental designs are widely used in the
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biotechnology industry to avoid the drawbacks of testing single
factors while leaving the others unchanged. Instead, statistical
experimental designs determine the impact of several nutritional
and physical factors simultaneously using full factorial, fractional
factorial or response surface designs [18,23-25].

To our knowledge, this is the first report describing a statistical
experimental design approach that includes multiple physical
factors (inoculum size, shaking frequency, filling volume, light) and
biological factors (conditioned medium, carbohydrate source and
solubilizers) in one experiment. Our results allowed us to optimize
geraniol production in transgenic tobacco suspension cultures
expressing plastid-targeted GES from Valeriana officinalis.

Materials and Methods

Origin of transgenic material and initiation of cell
suspension cultures

Cloning of V. officinalis GES (VoGES) ¢cDNA (GenBank
accession: KF951406.1) and stable transformation of tobacco
plants was conducted as described previously [3]. N. tabacum cv.
Samsun NN seeds from a homozygous T line carrying a single
VoGES expression cassette were selected for initiation of cell
suspension cultures. The transgenic seeds were germinated under
a 16-h light daily period in sterile conditions on hormone-free MS
medium (Duchefa, Netherlands), supplemented with 100 mg/1
kanamycin. Next, the intact in vitro plants were established on the
same medium without antibiotics in plastic transparent containers.
Sterile transgenic seedlings were used for the onset of callus culture
in Petri dishes containing MS medium with vitamins, supple-
mented with 0.1 mg/] kinetin and 1 mg/l l-naphthaleneacetic
acid (NAA). Suspended cell cultures were developed subsequently
by transferring callus tissue into 10 ml Gamborg’s B> medium plus
vitamins, 0.1 mg/] kinetin and 1 mg/1 NAA, accommodated in
50 ml TubeSpin bioreactors (Techno Plastic Products AG,
Switzerland). Cell suspension cultures were maintained on a
gyratory shaker (180 rpm) at 26°C under 16-h illumination
(35.6 umol/s)/8-h darkness and underwent subcultivation every
two weeks prior to the start of the screening experimental design.
Fresh biomass was collected at the end of the screening cultivation
(day 10) and subjected to double filtration under vacuum.

Time curve of VoGES suspensions growth was performed in
three biological replicates and the samples were collected for
analysis every three days after the start of cultivation. Dissolved
oxygen was measured online in 250 ml flasks by means of the
BPM-60 (BioProcess Monitoring) device (Kiithner AG, Switzer-
land). All the screening or validation experiments were conducted
in ISF1-X or in LT-X shaker machines (Kiithner AG).

GC-MS analysis

The extraction and quantitation of geraniol in the plant cell
cultures was performed as described earlier by Dong et al. [3] with
small modifications. Briefly, plant suspension material was filtrated
twice under vacuum and subsequently frozen at —20°C. Two-
hundred mg plant cell material was taken, ground and
resuspended homogenously in 1 ml citrate-phosphate buffer
(pH 5.4), prepared by mixing 27.8 ml 0.2 M dibasic sodium
phosphate and 22.2 ml 0.1 M citric acid and topping up to 100 ml
with water [26]. The samples were ultra-sonificated for 15 min in
a water bath at ambient temperature, followed by the addition of
0.5 ml “Viscozyme L” enzymatic mixture (Sigma-Aldrich,
Germany). Next, 1 ml layer of heptane was added to the each
sample, containing 10 ug/ml (Z)-nerolidol (Sigma-Aldrich) and
incubated overnight at 37°C. Next day, each sample was
centrifuged at 1750xg for 10 min at room temperature. The
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organic layer was removed and fresh 1 ml heptane was added to
sample, vortexed and centrifuged at 1750 xg for 10 min at room
temperature. The last step was repeated once again and all three
heptane extracts were pooled, passed through a glass Pasteur
pipette provided with a small glass wool plug and ~1.5 cm
anhydrous sodium sulfate (Sigma-Aldrich).

The heptane extract was concentrated under nitrogen gas and
the geraniol content was measured quantitatively by a GC-MS
machine coupled to a QP2010SE quadrupole mass spectrometer
(Shimadzu, Japan). The separation was performed on a 30 m
length x0.25 mm internal diameter Zebron ZB-5 ms column
(Phenomenex, USA) containing 0.25 um stationary phase, pre-
ceded by a 5-m guard column. The injected 1 pl aliquot of each
sample (split mode 1:10, injection port temperature 250°C) was
subjected to the following temperature program: 45°C for 1 min
followed by a gradient of 10°C per min until the temperature
reached 300°C, which was held for a further 7 min. The helium
inlet pressure was maintained at a constant column flow rate of
1.0 ml/min.

Geraniol was quantified using the base peak (m/z =69) in SIM
mode following electric ionization at 1 keV. The recorded mass-
spectrum was compared with spectra of a reference standard from

the NIST library.

Experimental design and statistical analysis

The experiment was accommodated in four shaker, satisfying
the combinatorial states for the factors light intensity and shaking
frequency. Temperature was fixed at 26°C based on our
preliminary experiments (Table S1) in order to avoid the necessity
for additional shaker machines.

We used an experimental design based on an orthogonal array
with 72 runs created with the free open source R package
DoE.base [27] (for details, see supplementary material). The
design was optimized with respect to confounding of low order
effects: all main effects are orthogonal to each other (orthogonal
array), confounding between main effects and two-factor interac-
tions was minimized, and in a second step, confounding among
two-factor interactions was kept as low as possible. Figure 1 shows
a mosaic plot for a triple of design factors that is one of the two
triples with the worst-case confounding between main effects and
two-factor interactions; even this worst case is reasonably balanced

[28].

Results

Seven cultivation factors (four 2-level factors, two 3-level factors
and one 4-level factor) were screened in a randomized exper-
imental design with limited confounding: light, shaking frequency,
inoculum size, filling culture volume, addition of conditioned
medium, carbohydrate type (sucrose, glucose and D-mannitol) and
cyclodextrin type (B-cyclodextrin, methyl-B-cyclodextrin, triacetyl-
B-cyclodextrin and no cyclodextrin) (Table 1). Three responses
were measured correspondingly: fresh weight, geraniol content
and geraniol yield. The full experimental design with 72 runs in
coded values and the measured responses are given in Table S2.

Geraniol yield model

The productivity of the plant cell platform depends on both the
biomass production and the geraniol content per unit biomass.
The multiplication of fresh weight by geraniol content in fresh
weight stands for geraniol yield in our production system. The
geraniol yield model (p<<0.05) indicated that the strongest factors
with effect on geraniol production are sucrose, filling volume and
inoculum size, followed by light (Figure 2).
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Figure 1. Mosaic plot for three selected factors (light, shaking
frequency (SF) and cyclodextrins (CD1-no cyclodextrin; CD2-f-
cyclodextrin; CD3-methyl-p-cyclodextrin and CD4-triacetyl-f-
cyclodextrin)) showing that any level combination of factors
CDs and SF does not determine completely the level of factor
“light”” which is indicative for limited confounding.
doi:10.1371/journal.pone.0104620.g001

Biomass model

We created also biomass and geraniol content models (p<<0.05)
in order to demonstrate how plant cell growth and geraniol
content influenced the geraniol yield. The biomass plot showed
that the carbohydrate source from all screened factors had the
strongest influence on biomass production of the transgenic plant
cell cultures (Figure 3). The highest growth was achieved when

Table 1. Levels of the screened factors.

Cultivation Factors Screening for Geraniol Production by Plant Cells

sucrose was used as a carbon source in the cultivation medium. On
the contrary, mannitol considerably reduced the plant cell growth
when incorporated as a carbohydrate source into the medium.
Filling volume and inoculum size exerted also a positive effect on
biomass production but in a less profound extent as sucrose.
Therefore, sucrose, filling volume and inoculum size affected
biomass production in the same manner as geraniol yield. Shaking
frequency, light and addition of conditioned medium and
cyclodextrins have exhibited insignificant or negligible effect on
the growth of plant cell suspensions.

Geraniol content model

The screening in terms of the geraniol content identified that
the use of mannitol led to the highest geraniol levels accumulated
in the tobacco transgenic cell cultures (Figure 4). Light had also a
potent effect on geraniol biosynthesis. The rest of cultivation
factors did not show a strong impact on geraniol production as
seen from the geraniol content model (p<<0.05).

The pattern of the most significant factors from the biomass
model is very similar to the pattern of the strongest factors in the
geraniol yield model. This serves as additional evidence that the
growth of plant cells contributes to a greater extent to the geraniol
yield formation in comparison to the factors acting mainly on the
enhancement of geraniol content.

Significant interactions

We also identified several potential two-factor interactions
concerning geraniol yield (Table S3). The most significant
mteractions (p<0.01) are filling volume:sugar (Figure 5A), sugar:-
cyclodextrins (Figure 5B) and light:sugar (Figure 5C). Note that
the figures do not show average geraniol yields at each level
combination (as a naive interaction plot would do) but estimated
interaction effects from the model with all main effects and 2-
factor interactions (obtained with R package effects by Fox 2003

Factor Levels Abbreviation
Light 11.50 (umol/cm?/s) Lght-
35.62 (umol/cm?/s) Lght+
Shaking frequency 140 rpm SF-
180 rpm SF+
Inoculum size 0759 IS-
140 g 15+
Filling volume 15 ml FV-
20 ml FVO
25 ml FV+
Conditioned medium 100% fresh medium M-
1 ml conditioned medium CM+
Carbohydrate Sucrose Suc
Glucose Gluc
D-Mannitol Mannit
Cyclodextrin (2 mM) No cyclodextrin CD1
B-cyclodextrin CD2
Methyl-B-cyclodextrin cD3
Triacetyl-B-cyclodextrin CD4

The screening experiment was conducted in 50 ml Erlenmeyer shaking flasks.
doi:10.1371/journal.pone.0104620.t001
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Figure 2. Geraniol yield model plot. The abbreviations are the
same as in Table 1.
doi:10.1371/journal.pone.0104620.g002

[29]). These are unbiased estimates in the presence of the partial
confounding among 2-factor interactions that is present (and in
some cases strong) in the experimental design. All three strongest
interaction effects involve at least one factor with a strong main
effect and are therefore plausible according to the weak effect
heredity principle [30]. For two of the strong interactions, both
factors have active main effects (strong effect heredity). For
instance, Figure 5 shows that an increase of filling volume has a
different effect in case mannitol was used as a source of
carbohydrate than for the other two sugars. The effect of
cyclodextrins on the geraniol yield goes into opposite directions
for the sugars mannitol and sucrose, respectively. Light and
sucrose potentiate reciprocally their actions on geraniol yield
because the corresponding main effects are very strong. Remark-
ably, shaking frequency also appears to be involved in at least one,
possibly several interactions, demonstrating its important role for
maximizing geraniol production during plant cell cultivation

(Table S3).

Suc
-
E
= 5
§ FV+
g} IS+ Glue
0 . cD2
2 4 Lghtr opi. T 1 CM- _ CD4f
= Light- L SF- 1 J FVO] CMit CD31
8 Is- D1
B FV-
3 51
&
=14]
N’
2_
Mannit
Factors

Figure 3. Biomass model plot. The abbreviations are the same as in
Table 1.
doi:10.1371/journal.pone.0104620.9003
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Figure 4. Geraniol content model plot. The abbreviations are the
same as in Table 1.
doi:10.1371/journal.pone.0104620.g004

Time-course dynamics

In the next step, the cultivation of the plant suspension was
performed at the favourable levels of factors from the geraniol
yield design in order to determine the time dynamics of plant cell
productivity in larger shaking flasks (250 ml). We set the screened
factors at the beneficial levels in Gamborg’s B5-medium supple-
mented with vitamins and phytohormones in order to keep the
corresponding proportions from the geraniol yield design. The
following culture conditions were chosen: 20 g/1 sucrose; 50%
filling volume; 5.6% (w/v) inoculum size; 35.62 umol/cm?/s light;
2 mM triacetyl-B-cyclodextrin and 180 rpm shaking frequency.
The suspension cultures grew steadily throughout the cultivation
period (Figure 6A) and showed signs of cell death after 14 days
post inoculation (dpi). The latter was due to the depletion of
nutrients and sucrose in the plant cell cultivation medium which is
also seen from the reduction of electroconductivity and osmolality
(Figure 6B and 6C). Dissolved oxygen levels started to increase
after its minimum at 5 dpi and reached its maximum at 12 dpi,
which is indicative for the switch from heterotrophic to
autotrophic growth (Figure 6D). The maximal geraniol yield in
the plant cell cultures at the end of the cultivation period was
5.12 mg/1 (Figure 6E) which is commensurate with the highest
levels achieved in the screening design (runs 51 and 60 from Table
S2) if these results are extrapolated to the same geraniol yield unit
(mg/1).

Discussion

We initiated a multi-factorial experimental design based on
orthogonal arrays to investigate the effects of different cultivation
factors on biomass accumulation and geraniol production in
transgenic tobacco cell cultures grown in shaking flasks. Such a
preliminary screening step is ordinarily needed to define the basic
conditions of the key cultivation factors prior the main medium
optimization, focused on the sequential manipulation of nutrients
and elicitors [25]. Furthermore, cultivation factors are known to
demonstrate a variation in a species-dependent manner and thus
should be adjusted on a case-by-case basis [18]. Finally, being
holistic in nature the optimization based on experimental designs
demonstrates improved reproducibility because it takes into
account the interactive effects of screened factors [31].

Our study demonstrated that the geraniol yield is mainly
dependent on the factors that regulate the growth of the plant cell
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Figure 5. Significant two-factor interactions that affect gerani-
ol yield, detected by the screening design. The abbreviations are
the same as in Table 1. (A) Filling volume:sugar interaction. (B)
Sugar:cyclodextrins interaction. (C) Light:sugar interaction.
doi:10.1371/journal.pone.0104620.9005
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cultures. The factors acting positively on biomass production had a
prevailing influence over the factors that are active on geraniol
content with regard to the final geraniol yield. Among the tested
cultivation parameters, the carbohydrate source had the strongest
effect on biomass formation in the transgenic tobacco cultures.
Glucose was utilized in a lesser extent than sucrose and the
supplementation of the plant cell cultures with mannitol inhibited
strongly their growth. Sucrose is known to be the most universal
sugar for the plant cell cultivation, followed by glucose, maltose
and raffinose [19], whereas the addition of some sugar alcohols
like mannitol may cause osmotic stress in the system [19,32].
Additionally, these sugar alcohols may serve not only as osmotic
agents but they also regulate morphogenesis and metabolism [33].
We observed a similar metabolic effect of mannitol as it was the
most potent factor stimulating the geraniol biosynthesis. However,
the exact mechanism of induction of geraniol metabolism by
mannitol remains to be clarified.

Filling volume is one of the operating parameters affecting the
oxygen transfer rate in shaking flasks [34]. Filling volume had also
an important effect on biomass production and respectively on
geraniol yield of VoGES tobacco suspension cultures. Increasing
the shaking speed and decreasing the medium volume improved
biomass production to a certain extent in shake flask culture of
Atropa belladonna hairy roots [16]. In our tobacco plant cell
cultures, shaking speed did not play a significant role on geraniol
yield. This indicates that the tobacco suspension cell cultures
might not suffer from serious oxygen limitations at the applied
shaking frequency and filling volume levels. Our study showed that
shaking frequency may not function as a strong single factor but it
is involved in several significant interactions, concerning biomass
and geraniol yield mainly, and therefore, it should be also taken
into consideration in the initial stage of optimization.

Our experiments identified that inoculum size had a moderate
effect whilst the addition of conditioned medium had negligible
impact on the biomass production of transgenic tobacco suspen-
sions. Multi-factorial analyses using response surface experimental
designs revealed that both inoculum size and conditioned medium
had a positive effect on the biomass production in oil palm (Elaeis
guineensis) cultures [18]. The inoculum size and the addition of
conditioned medium had also a beneficial effect on alkaloid
production in immobilized Catharanthus roseus cells [35].
Previous reports showed that the enhancement of inoculum
density usually leads to higher biomass productivity but lower
growth rate [13,15]. The high inoculum size can contribute for the
elimination or even diminishment of the lag phase during the
cultivation [11]. The experimental design in our investigation
could also detect a positive influence of high inoculum levels on
geraniol yield. This observation is in agreement with earlier
reports in literature showing that several enzymes i.e. geraniol-10-
hydroxylase, had increased their activity in high-density cultures of
Catharanthus roseus [36].

Addition of conditioned medium can enhance the cell density
and the accumulation of ginseng polysaccharide in Panax
notoginseng cell cultures [37]. The lack of potent effect of the
conditioned medium in our plant cell cultures may be due to
various reasons like reduction of osmolarity, decreasing the sugar
and nitrogen concentrations, or to a phytohormone alteration
because of the conditioned medium addition, although in general
conditioned medium may contain some favourable stimulating
factors at the same time [18].

The geraniol content model identified light as an important
factor for geraniol biosynthesis. Several studies showed previously
that light exerts a strong effect on monoterpenoid metabolism by
regulating transcript levels of monoterpenoid synthases, precursor
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Figure 6. Time-course dynamics. Cultivation conditions: 250 ml shaking flasks; 20 g/I sucrose; 50% filling volume; 5.6% (w/v) inoculum size; 35.62
(umol/cm?/s) light; 2 mM triacetyl-B-cyclodextrin and 180 rpm shaking frequency. (A) Plant cell growth. (B) Electroconductivity. (C) Osmolality. (D)

Dissolved oxygen. (E) Geraniol yield.
doi:10.1371/journal.pone.0104620.g006

availability, constitutive promoter activity, etc. [20,21,38]. Fur-
thermore, the interaction we found between light and sucrose
might be also indicative for mixed contribution of both
autotrophic and heterotrophic carbon metabolism in cultured
tobacco cells [39].

We report herein that transgenic tobacco suspensions expressing
V. officinalis GES could reach geraniol yield of 5.2 mg/1 after 12
days cultivation. This accumulation level in non-fully-optimized
conditions is close to the geraniol yield produced by yeast cells
expressing the O. basilium GES [4]. Additional medium optimi-
zation may further improve the geraniol yield and turn transgenic
plant cell cultures into an attractive production system of valuable
natural products, matching the yields achieved by semi-synthesis
and total chemical synthesis. Therefore, a combined, empirical

PLOS ONE | www.plosone.org

study about optimization of plant suspensions productivity is
needed, aiming at both physical and chemical factors and
experimental statistical designs may serve as a useful tool.

Supporting Information

Text S1 R code for design generation.
DOCX)

Table S1 Preliminary test of temperature effects on
biomass and geraniol production.

(DOCX)

Table S2 Randomized experimental design for seven
independent variables in coded values, and fresh
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biomass weight, geraniol content and geraniol yield as
measured responses.

(DOCX)

Table S3 Analysis of Variance table for the model with
all main effects and 2-factor interactions.
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Acknowledgments

We would like to thank Dr. Harro Bouwmeester (University of
Wageningen, the Netherlands) for providing us with N. tabacum cv.

References

1. de Roode BM, Olichoek L, van der Padt A, Franssen MC, Boom RM (2001)
Downstream processing of enzymatically produced geranyl glucoside. Biotech-
nol Prog 17: 881-886.

2. Sathikge ND (2008) Process for the preparation of geraniol and nerol from crude
sulphated turpentine stream. M. T. D. Thesis, Nelson Mandela Metropolitan
University. Available: http://dspace.nmmu.ac.za:8080/jspui/bitstream/ 10948/
734/1/Ndavheleseni%20David%20Sathikge.pdf. Accessed 2014 June 27.

3. Dong L, Miettinen K, Goedbloed M, Verstappen FW, Voster A, et al. (2013)
Characterization of two geraniol synthases from Valeriana officinalis and Lippia
dulcis: Similar activity but difference in subcellular localization. Metab Eng 20:
198-211.

4. Fischer MJ, Meyer S, Claudel P, Bergdoll M, Karst F (2011) Metabolic
engineering of monoterpene synthesis in yeast. Biotechnol Bioeng 108: 1883—
1892.

5. Fischer MJ, Meyer S, Claudel P, Perrin M, Ginglinger JF, et al. (2013)
Specificity of Ocimum basilicum geraniol synthase modified by its expression in
different heterologous systems. J Biotechnol 163: 24-29.

6. Gutensohn M, Orlova I, Nguyen TT, Davidovich-Rikanati R, Ferruzzi MG, et
al. (2013) Cytosolic monoterpene biosynthesis is supported by plastid-generated
geranyl diphosphate substrate in transgenic tomato fruits. Plant J 75: 351-363.

7. Iijima Y, Gang DR, Fridman E, Lewinsohn E, Pichersky E (2004)
Characterization of geraniol synthase from the peltate glands of sweet basil.
Plant Physiol 134: 370-379.

8. Ito M, Honda G (2007) Geraniol synthases from perilla and their taxonomical
significance. Phytochemistry 68: 446-453.

9. Simkin AJ, Miettinen K, Claudel P, Burlat V, Guirimand G, et al. (2013)
Characterization of the plastidial geraniol synthase from Madagascar periwinkle
which initiates the monoterpenoid branch of the alkaloid pathway in internal
phloem associated parenchyma. Phytochemistry 85: 36-43.

10. Yang T, Li J, Wang HX, Zeng Y (2005) A geraniol-synthase gene from
Cinnamomum tenuipilum. Phytochemistry 66: 285-293.

11. Jeong GT, Park DH, Ryu HW, Hwang B, Woo JC (2004) Effects of inoculum
conditions on growth of hairy roots of Panax ginseng C.A. Meyer. Appl
Biochem Biotechnol 113-116: 1193-1203.

12. Smetanska I (2008) Production of secondary metabolites using plant cell cultures.
Food Biotechnol 111: 187-228.

13. Cui XH, Chakrabarty D, Lee EJ, Pack KY (2010) Production of adventitious
roots and secondary metabolites by Hypericum perforatum L. in a bioreactor.
Bioresour Technol 101: 4708-4716.

14. Takahashi Y, Hitaka Y, Kino-oka M, Taya M, Tone S (2001) Evaluation of
growth property of red beet hairy roots depending on condition of inocula and
its application to culture control with fuzzy logic theory. Biochem Eng J 8: 121~
127.

15. Zhang CH, Wu JY, He GY (2002) Effects of inoculum size and age on biomass
growth and paclitaxel production of elicitor-treated Taxus yunnanensis cell
cultures. Appl Microbiol Biotechnol 60: 396-402.

16. Kanokwaree K, Doran PM (1997) The extent to which external oxygen transfer
limits growth in shake flask culture of hairy roots. Biotechnol Bioeng 55: 520~
526.

17. Klockner W, Biichs J (2012) Advances in shaking technologies. Trends
Biotechnol 30: 307-314.

18. Gorret N, bin Rosli AK, Oppenheim SF, Willis LB, Lessard PA, et al. (2004)
Bioreactor culture of oil palm (Elaeis guineensis) and effects of nitrogen source,
inoculum size, and conditioned medium on biomass production. J Biotech 108:
253-263.

19. George EF, Hall MA, De Klerk G-J (2008) Plant propagation by tissue culture.
The background. Dordrecht, the Netherlands: Springer. 501 p.

PLOS ONE | www.plosone.org

Cultivation Factors Screening for Geraniol Production by Plant Cells

Samsun NN transgenic seeds, expressing stably VoGES. We thank Dr.
Richard Twyman for critical reading of the manuscript. None of the
authors declares a conflict of interest.

Author Contributions

Conceived and designed the experiments: NV UG RF StS. Performed the
experiments: NV CS. Analyzed the data: NV CS UG. Contributed to the
writing of the manuscript: NV UG RF StS.

20. Aharoni A, Giri AP, Deuerlein S, Griepink F, de Kogel W], et al. (2003)
Terpenoid metabolism in wild-type and transgenic Arabidopsis plants. Plant Cell
15: 2866-2884.

21. Lu S, Xu R, Jia JW, Pang JH, Matsuda SPT, et al. (2002) Cloning and
functional characterization of a beta-pinene synthase from Artemisia annua that
shows a circadian pattern of expression. Plant Physiol 130: 477-486.

22. Brewster ME, Loftsson T (2007) Cyclodextrins as pharmaccutical solubilizers.
Adv Drug Deliver Rev 59: 645-666.

23. Prakash G, Srivastava AK (2005) Statistical media optimization for cell growth
and azadirachtin production in Azadirachta indica (A. Juss) suspension cultures.
Process Biochem 40: 3795-3800.

24. Prakash G, Srivastava AK (2008) Statistical elicitor optimization studies for the
enhancement of azadirachtin production in bioreactor Azadirachta indica cell
cultivation. Biochem Eng J 40: 218-226.

25. Vasilev N, Gromping U, Lipperts A, Raven N, Fischer R, et al. (2013)
Optimization of BY-2 cell suspension culture medium for the production of a
human antibody using a combination of fractional factorial designs and the
response surface method. Plant Biotechnol J 11: 867-874.

26. Pearse AGE (1980) Histochemistry, theoretical and applied: preparative and
optical technology. Edinburgh: Churchill Livingstone. 728 p.

27. Grémping U, Amarov B, Xu H (2013) DoE.base: Full factorials, orthogonal
arrays and base utilities for DoE packages. Package version 0.25-3. Available:
http://CRAN.R-project.org/package = DoE.base. Accessed 26 June 2014.

28. Gromping U (2014) Mosaic plots are useful for visualizing low-order projections
of factorial designs. Am Stat 68: 108-116.

29. Fox]J (2003) Effect displays in R for generalised linear models. J Stat Softw 8: 1-
27.

30. Yuan M, Joseph VR, Lin Y (2007) An efficient variable selection approach for
analyzing designed experiments. Technometrics 49: 430-439.

31. Vaidya BK, Mutalik SR, Joshi RM, Nene SN, Kulkarni BD (2009) Enhanced
production of amidase from Rhodococcus erythropolis MTCC 1526 by medium
optimisation using a statistical experimental design. J Ind Microbiol Biotechnol
36: 671-678.

32. Lipavska H, Vreugdenhil D (1996) Uptake of mannitol from the media by in
vitro grown plants. Plant Cell Tiss Org Cult 45: 103-107.

33. Steinitz B (1999) Sugar alcohols display nonosmotic roles in regulating
morphogenesis and metabolism in plants that do not produce polyols as
primary photosynthetic products. J Plant Physiol 155: 1-8.

34. Maier U, Biichs J (2001) Characterisation of the gas-liquid mass transfer in
shaking bioreactors. Biochem Eng J 7: 99-106.

35. Lee CWT, Shuler ML (2000) The effect of inoculum density and conditioned
medium on the production of ajmalicine and catharanthine from immobilized
Catharanthus roseus cells. Biotechnol Bioeng 67: 61-71.

36. Moreno PR, Schlatmann JE, van der Heijden R, van Gulik WM, ten Hoopen
HJ, et al. (1993) Induction of ajmalicine formation and related enzyme activities
in Catharanthus roseus cells: effect of inoculum density. Appl Microbiol
Biotechnol 39: 42-47.

37. Woragidbumrung KO, Sae-Tang P, Yao H, Han J, Chauvatcharin S, et al.
(2001) Impact of conditioned medium on cell cultures of Panax notoginseng in
an airlift bioreactor. Process Biochem 37: 209-213.

38. Schnurr JA, Guerra DJ (2000) The CaMV-35S promoter is sensitive to
shortened photoperiod in transgenic tobacco. Plant Cell Rep 19: 279-282.

39. Wolf S, Kalman-Rotem N, Yakir D, Ziv M (1998) Autotrophic and
heterotrophic carbon assimilation of in vitro grown potato (Solanum tuberosum
L.) plants. J Plant Physiol 153: 574-580.

August 2014 | Volume 9 | Issue 8 | 104620


http://dspace.nmmu.ac.za:8080/jspui/bitstream/10948/734/1/Ndavheleseni%20David%20Sathikge.pdf
http://dspace.nmmu.ac.za:8080/jspui/bitstream/10948/734/1/Ndavheleseni%20David%20Sathikge.pdf
http://CRAN.R-project.org/package=DoE.base

