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The aim of this work was to evaluate the effect of changing the shake flask for a stirred-tank bench
bioreactor on the performance of Thevetia peruviana cultures. Maximum cell growth of 18.59 and 8.46 g
DWI/L for shake flask and bench bioreactor at day 14 was obtained, respectively. The end of the
exponential growth phase in shake flask was correlated with total sugar consumption, while this
behavior was not observed in bench bioreactor. Preferential uptake of glucose over fructose was
observed in both systems. Cell morphology was similar for both systems during culture time, exhibiting
individual cells with cylindrical and elongated shape at day 0 and some aggregates with rounded cells
at day 14. Polyphenol production was not affected by the system configuration and scale. Intra and
extracellular antioxidant activity were directly related with phenol production in both systems. Guaiacol
peroxidase activity (GPX) went from 1.87 to 7.97 uM/min/mg protein in shake flask and it correlated with
low reactive oxygen species (ROS) production. This is an indication of a positive enzymatic cell
response for culture in shake flask mediated by GPX. In contrast, the conditions in the bench bioreactor
generated a higher stress environment, increasing ROS production without activating enzymatic or
non-enzymatic responses led by guaiacol and phenolic compounds, respectively. In conclusion, bench
stirred-tank bioreactor scale affects biomass production and sugars uptake negatively.

Key words: Thevetia peruviana, plant cell suspension culture, stirred-tank bioreactor, phenolic compounds,
antioxidant activity.

INTRODUCTION

In vitro plant cell cultures have been considered over the
last 50 years as an alternative of bioactive compounds
production. Glycosides, alkaloids, terpenoids, phenolic
acids and flavonoids are some of the bioactive
metabolites that can be used as food and pharmaceutical

additives (Dias et al., 2016), and could be produced in
plant cell cultures. However, the establishment of in vitro
plant cell cultures has technical difficulties, such as
productivity loss related to scale-up from shake flask to
stirred bioreactors (Ruffoni et al., 2010), among others.
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Up to date, commercial processes involving plant cell
cultures are limited to just a handful valuable secondary
metabolites such as shikonin, ginseng, digoxin,
sanguinarine and placlitaxel (Paek et al., 2014).

Thevetia peruviana is a shrub that belongs to the
Apocynaceae family and it has been considered as an
important source of biologically active compounds (Duke
et al.,, 2002). The establishment of in vitro cultures of T.
peruviana had been reported previously. Phenolic acids
with significant antioxidant effects have been reported in
callus cultures of T. peruviana at shake flask scale under
regular (Rincén et al., 2016) and different light conditions
(Arias et al., 2016), as well as in vivo cultures (Dixit et al.,
2015). These studies show the growing importance of T.
peruviana as a plant species with great potential in the
production of secondary metabolites with biological
activity. However, it is necessary to carry out further
studies that allow to maintain or increase the productivity
of such metabolites on a large commercial scale.

This work aims to evaluate the effect of scale change
from shake flask to bench stirred-tank bioreactor on
biomass, phenol production and antioxidant activity of
suspension cultures of T. peruviana in order to establish
a strong foundation for a successful scale-up.

MATERIALS AND METHODS
Establishment of plant and cell suspension cultures

The protocol for establishment of in vitro cultures of T. peruviana
from fruit pulp has already been described in detail (Arias et al.,
2009). Briefly, fruits were initially disinfected using ethanol (70%
v/v), sodium hypochlorite (10% w/v), and sterile distilled water.
Next, fresh explants were extracted aseptically and sowed in solid
SH (Schenk and Hildebrandt, 1972) medium supplemented with 30
g/L sucrose, 2 mg/L of 2,4-D and 0.5 mg/L of kinetin. Friable callus
(4 g) were transferred to 250 mL Erlenmeyer flask with SH liquid
medium. Cell suspension cultures were maintained at 25°C
constant agitation (110 rpm) and darkness condition. All cell
suspension cultures used in the experiments were in exponential
growth phase (6 days from the last subculture). Experiments started
with an initial cell concentration of approximately 6 g DWI/L.

Erlenmeyer flask cultures

Cell suspension cultures were inoculated in 100 mL of SH medium
in 250 mL Erlenmeyer flasks. Cultures were incubated as described
earlier and samples were taken every 2 to 3 days.

Bench bioreactor cultures

Cell suspension cultures were carried out in a 7 L stirred-tank

bioreactor (Applikon, NL) with three baffle plates and a six-bladed
disc turbine impeller. DO was maintained at 30% with air using a

sterilizable DO probe (ColeParmer, USA), a Controller Alpha-
DO2000PPG (Eutech Instruments, NL), and a stainless steel
sparger (seven orifices) located below the turbine. pH was
maintained at 5.8 using a sterilizable pH probe (ColeParmer, USA)
and a Controller Alpha-pH 800 (Eutech Instruments, NL). Cells
were inoculated in 5 L (working volume) of SH medium. Cultures
were incubated at 25°C and rotational speed was set at 300 rpm.
Samples were taken every 2 to 3 days.

Cell growth determination

Cell growth was determined by dry weight technique. Cell culture
aliquots (5 mL) were subjected to vacuum filtration through a pre-
dried filter paper Whatman 595. Next, the retained biomass was
washed 3 times with distilled water and dried in a convection oven
until it reached constant weight after 24 h at 60°C.

Viability

Cell membrane integrity was measured by the blue dye exclusion
test, according to the protocol described by Gaff and Okong’o-ogola
(1971) with some modifications. Briefly, 75 L of cell suspension
were incubated with 25 pL of Evan’s blue (10 mg/mL) for 5 min and
microscopically analyzed. The percent viability of samples was
determined based on the number of non-stained cells (viable)
respect to the number of total cells.

Morphology

Photographic recording of the cells at 10 and 40X was carried out
using a Leica Microscope every 2 to 3 days. Circularity
measurements (width/length) and cell aggregate size, if they were
present, were made using the ImageJ software
(https:/limagej.nih.gov/ij/).

Sugar quantification

Extracellular sucrose, fructose and glucose concentrations were
analyzed using a Shimadzu Prominence HPLC system with a
pumping system LC-20 CE, coupled to a refractive index detector
RID-10A and the Solution LC software was used. Separation and
guantification of sugars were carried out using a reverse phase
amino column RP-NH2 NUCLEODUR 100-5 and mobile phase
acetonitrile/water (79:21 v/v ratio), with a 2 mL/min flow and a
sample size of 10 yL at 35°C.

Metabolite extraction and analysis

Phenol production was determined every 2 to 3 days during 19
days of culture. Extracellular samples (phenolic content and
antioxidant activity) were prepared by microfiltration (0.2 pm) of
cells free medium. Intracellular phenolic content and antioxidant
activity samples were obtained from 200 mg of fresh biomass
collected by filtration and resuspended in 1 mL of phosphate buffer
(pH 4). Cell extracts (extra and intracellular) were stored at -20°C
until use.
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Phenolic content

The phenolic content was determined by the adapted Folin-
Ciocalteu method (Singleton and Rossi, 1965). The extract (25 pL)
was mixed with 70 pL of Folin-Ciocalteu solution and 200 pL of
sodium carbonate solution (7.1% w/v). The resulting product was
brought to 500 pL with distilled water. This solution was stirred and
stored in darkness at 25°C for 30 min, and then the absorbance
was measured at 760 nm. The absorbance values were compared
with the standard (aqueous solutions of gallic acid) and the results
were expressed as mg GAE/g DW and mg GAE/L for intra and
extracellular samples, respectively.

Antioxidant activity

The antioxidant activity was evaluated by the 2,2'-Azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) method, according
to the protocol described by Re et al. (1999). This technique
determines the capacity of a sample to trap the radical cation ABTS
and cause its discoloration. The extract (20 yL) was added to 1980
pL of ABTS solution and the absorbance was measured after 30
min at 732 nm. The absorbance values were compared to the
reference curve prepared with Trolox as a primary standard. The
results were expressed as pmol Trolox Equivalent/g DW.

Production of reactive oxygen species (ROS)

Generation of ROS during the cell growth was evaluated using 2',7°
dichlorofluorescein diacetate (DCFDA), a ROS-sensitive dye. The
protocol employed was proposed by Martin-Romero et al. (2008).
Aliquots of 30 pL of the sample were warmed to 37°C before
addition of 270 pL of DCFDA (40 umol/L in phosphate buffer). The
kinetics of fluorescence emission at 530 nm was measured by
excitation at 490 nm for 3000 s. The oxidation rate of DCFDA is
equal to the slope of the kinetic curve. DCFDA oxidation rate can
be assumed as an index of ROS production, that is, high oxidation
rate indicates high ROS production.

Guaiacol peroxidase activity

Intracellular guaiacol peroxidase activity was measured according
to the method described by Villegas et al. (2017) with some
modifications. Briefly, 0.2 g of biomass, previously macerated with
liquid nitrogen, were mixed with 1 mL of phosphate buffer 10 mM,
pH 7.0 with 4% (w/v) of PVP. The mixture was centrifuged at 14000
g for 20 min at 4°C; the supernatant was used as crude extract. 60
WL of crude extract were mixed with 2340 pL of phosphate buffer 10
mM, pH 7.0, 600 pL of guaiacol (1% w/v) and 1.5 pL of H,O,. The
absorbance was measured at 470 nm. Specific guaiacol peroxidase
activity (GPX) activity was expressed as yM of TG/min/mg protein,
where total intracellular proteins were measured by the Bradford
(1976) method using the crude extract.

Statistical analysis

All data was reported as the mean values + standard deviation
(SD). All experiments were performed in duplicate (n=2). The
difference between treatments was established via two-way
analysis of variance (ANOVA) followed by Tukey’s test (p < 0.05)
for multiple group comparisons, using the Statgraphics Centurion
XV version 15.2.05 software.
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RESULTS AND DISCUSSION

Cell growth and substrate consumption

A maximum cell growth (Figure 1) of 18.59 and 8.46 g
DWI/L for shake flask and bench reactor were obtained at
day 14, respectively. The end of the exponential growth
phase in shake flask was correlated with the total sugar
consumption, especially sucrose and glucose. This
behavior was not observed in bench bioreactor, which did
not show a clear exponential phase and accumulated
fructose in the culture medium over the time.

The lower production of biomass in bench reactor
corresponded to a lower degree of sucrose hydrolysis
and total consumption of fructose; whereas in the shake
flask on day 14, sucrose hydrolysis and glucose
consumption were complete, while fructose consumption
was close to completion. These behavioral differences in
the dynamics of cell growth, sucrose hydrolysis, and
sugar consumption between the two systems may be due
to different mixing regimes and hydrodynamic stress. The
type of agitation has been related to hydrodynamic stress
especially in mechanically stirred-tank reactor (Kieran et
al.,, 2000), which increases the shear stress in the
cultures. Differences between maximum values of
biomass in shake flask and reactor have been reported in
other plant cell species. Cell cultures of Rubia tinctorum
showed a 29% decrease in biomass concentration at
reactor scale compared to shake flask (Busto et al.,
2008). However, Villegas et al. (2017) observed a
decrease in biomass production from shake flask (15.69
g DWIL) to reactor scale (10.53 g DW/L at 400 rpm) in
cell suspension cultures of Azadirachta indica.

In our experiments, both systems showed preferential
glucose uptake in contrast to fructose. This last one
remained in higher concentration during the time of
culture. Preferential glucose consumption has been
reported for other plant species at shake flask (e.g.,
Daucus carota (Krook et al., 2000), Taxus chinensis (Li et
al., 2003), and Centella asiatica (Omar et al., 2006), and
bioreactor scale (e.g., Elaeis guineensis (Gorret et al.,
2004)). This preferential glucose uptake could partially be
explained by a higher affinity of the hexose carrier in the
plasma membrane for glucose over fructose (Krook et al.,
2000).

Cell viability (Figure 2) remained constant for shake
flask cultures (85.78%+1.48). Regarding the bench
reactor, a slight decrease in cell viability was observed in
days 4 and 12; however, the value remains around
83.52%+3.60 during culture. These results suggest that
the change in hydrodynamic conditions due to culture
system does not affect cell integrity significantly,
indicating that T. peruviana cells could be shear tolerant.
Same behavior was observed in suspension cultures of
Beta vulgaris (Rodriguez and Galindo, 1999) and Uncaria
tomentosa (Trejo et al., 2005), where biomass production
was affected at bench stirrer bioreactor scale while cell
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Figure 1. Cell growth and sugar uptake curves (sucrose, glucose and fructose) for cell suspension cultures of T. peruviana in shake

flask (—a—) and bench reactor (—%—).
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Figure 2. Viability of cell suspension cultures of T. peruviana in
shake flask (—a#—) and bench stirred tank bioreactor scale
(—"*).

viability remains equal. In contrast, suspension cultures
of R. tinctorum (Busto et al., 2008) and Centaurea

calcitrapa (Raposo and LimaCosta, 2006) presented a 6-
fold reduction and 34% decrease on cell viability
respectively, compared to shake flask.

Morphology

Shake flask cells presented a continuous increase of cell
circularity from 0.44+0.19 at day 0 to 0.82+0.15 at day 16.
Bench stirred tank bioreactor cells showed a slightly
decrease from 0.38+0.09 at day 0 to 0.25+0.06 at day 4,
and finally an increase to 0.78+0.15 at day 16 (Figure 3).
Both systems tend to increase cell circularity throughout
the culture. However, the circularity is greater in the
shake flask than in the bench bioreactor. This behavior is
most likely associated with the higher hydrodynamic
stress present in the mechanically stirred bench reactor.
At the beginning of the cultures, cells show a cylindrical
and elongated shape in both systems (Image 1A and C);
this led to the formation of structures similar to fungal
hyphae. Through the culture, cells are more rounded and
tend to form some small agglomerates. Elongated cells
have been reported for other plant cell species, e.g.,
Nicotiana tabacum (Curtis and Emery, 1993; Mcdonald et
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Figure 3. Cell circularity of cell suspension cultures of T. peruviana
in shake flask (—#—) and bench stirred tank bioreactor scale (

Image 1. Morphology of cell suspension cultures of T. peruviana in shake flask (A - day 0, B -
day 16) and bench bioreactor scale (C - day 0, D - day 16).
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Figure 4. Intra and extracellular phenol production (close symbols)
and ABTS activity (open symbols) in plant cell suspension cultures
of T. peruviana in shake flask (—a—) and bench reactor (—=—).

al., 2001) and Solanum chrysotrichum (Trejo et al.,
2001). Similarly, rounded shape has been reported for U.
tomentosa (Trejo et al., 2005) and Trichosanthes kirilowii
(Mcdonald et al., 2001). The initial decrease in circularity
and subsequent lower values for stirred tank bioreactor,
compared to shake flask during culture time, could be a
cell response to the change in hydrodynamic conditions.
These results agree with other plant species report found
in the literature. Suspension cultures of S. chrysotrichum
at bench reactor scale showed a clear tendency to
change from an elongated to a round form (Trejo et al.,
2001). In contrast cell shape in U. tomentosa cultures
changed from round to elongate in reactor culture (Trejo

Table 1. The Pearson’s Product-Moment Correlation Coefficients
(PPMCC) between phenolic content and ABTS of the T.
peruviana cells suspension cultures in shake flask and bench
bioreactor scale.

. PPMCC
Phenolic content vs. ABTS
Intracellular Extracellular
Shake flask 0.975 0.926
Bench Reactor 0.979 0.916

et al., 2005), indicating that this response is specific by
species.

Phenolic content and antioxidant capacity

The intra and extracellular phenolic contents and ABTS
values of T. peruviana cell suspension cultures in shake
flask and bench reactor are as shown in Figure 4. Results
show that the production of polyphenols was not affected
by the system configuration and scale. Only day 2
showed a significant difference. Kinetic behavior in
phenols production indicates an increase until day 7,
followed by a decrease. The highest intracellular phenol
content was 13.86 and 12.24 mg GAE/g DW at day 7 in
bench reactor and shake flask, respectively. The highest
extracellular phenol content was 39.05 mg GAE/L at day
7 for bench reactor and 38.19 mg GAE/L at day 9 for
shake flask.

Production of phenolic compounds in this study is
higher than that obtained for other T. peruviana cultures,
callus (2.34 mg GAE/g DW) and leaves (2.34 mg GAE/g
DW) (Zibbu and Batra, 2012). Therefore, plant cell
suspension cultures of T. peruviana are a feasible
biotechnological platform for phenol production with
important use in food industry.

Intra and extracellular ABTS values were directly
related with phenol production in both systems. The
correlation between phenolics and ABTS was calculated
by the Pearson’s Product-Moment Correlation Coefficient
(PPMCC). PPMCC values were closed to one (Table 1)
indicating positive and perfect correlation between the
two variables. This behavior has been reported in
previous studies (Arias et al.,, 2016), showing the
consistency of the relationship between the production of
phenolic compounds and the antioxidant capacity in plant
cell suspension cultures of T. peruviana.

These results suggest that phenol production does not
constitute an indicator of cell exposure to higher shear
environment. To the best of our knowledge there is only
one study showing a correlation between phenol
accumulation in cell suspensions of C. calcitrapa, in
stired tank reactor, and different agitation rates.
Therefore, suggesting that shear-sensitivity of these cells
is responsible for an increased phenol production
(Raposo and LimaCosta, 2006).
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Figure 5. Intracellular reactive oxygen species (A) production and
guaiacol peroxidase activity (B) in plant cell suspension cultures of
T. peruviana in shake flask (—#—) and bench reactor (—%—).

Other authors have reported shear-sensitivity in plant
cell suspension cultures and changes in metabolite
production as a response to shear rates. Suspension
cultures of R. tinctorum showed an increase of 233% in
anthraquinones content in bioreactor compared to
Erlenmeyer flasks (Busto et al., 2008). Chen and Huang
(2000) observed a 64% increase in L-3/4-
dihydroxyphenylalanine (L-DOPA) production in
Stizolobium hassjoo cells related to a rotational speed of
400 rpm. Shi et al. (2003) studied the shear stress
applied in short term on cell suspension cultures of T.
chinensis obtaining inhibition on phenylalanine ammonia-
lyase (PAL) activity at low shear rate and high PAL
activity at higher shear rate.

GPX and ROS production

The technique used in this work for ROS quantification
depicts an overall view of the oxidative state of cells as
response to culture conditions. Previous studies with
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other plant species have focused primarily on hydrogen
peroxide (H,O,) as a ROS and its effect on cellular
behavior (Busto et al., 2008; Chin et al., 2014; Trejo et
al., 2007). However, the probe 2,7-
dichlorodihydrofluorescein may be oxidized by the
presence of other ROS besides hydrogen peroxide
(Gomes et al., 2005), contributing to a broader
assessment of ROS production. Figure 5 describes GPX
activity and intracellular ROS production at shake flask
and bench reactor scale in this study. GPX activity was
higher at shake flask than in bench stirred tank bioreactor
scale during the entire culture time. Increase in GPX from
1.87 to 7.97 yM/min/mg protein in shake flask correlated
to low ROS production (0.09 RFU/seg). These results
indicate a positive enzymatic cell response to culture
condition at this scale mediated by GPX.

Figure 5A presents a higher intracellular ROS
concentration for cell culture at bench stirred tank
bioreactor scale compared to shake flask. This behavior
was consistent throughout the culture time compared.
Low GPX (Figure 5B) and high ROS production at bench
reactor scale indicate that the antioxidative defense
mechanism in T. peruviana cells is not responding or, at
least, is not mainly mediated by GPX to counter the initial
stressful condition; hence, leading to the observed
decrease in cell growth and morphology changes without
affecting cell viability. Other enzymes activities, such as
superoxide dismutase (SOD), ascorbate peroxidase
(APX), and catalase (CAT), as well as non-enzymatic
processes, could be taking place (Sen, 2012) and could
be considered in future studies. The results reported in
our study are consistent with those reported by Villegas
et al. (2017) who used the same technique for ROS
guantification in suspension cultures of A. indica. In this
case, the enzymatic response to high shear stress
condition in reactor scale was not mediated by guaiacol
enzyme.

Finally, from our study it can be inferred that there was
a stressful condition for the plant cells of T. peruviana
cultivated at reactor scale, because their growth was
considerably affected. However, the high cell viability,
considerable sugar consumption, and observed
morphology, in combination with the lack of enzymatic
and non-enzymatic responses (by action of guaiacol
peroxidase and production of phenolic compounds,
respectively) suggest that the cell’s metabolism could be
affected to another level not identified yet.

Conclusion

This is the first study related to the change of plant cell
suspension cultures of T. peruviana from shake flask to
bench stirred tank reactor in the production of phenolic
compounds. Bench reactor scale affected biomass
production and sugars uptake negatively. Preferential
consumption of glucose over fructose for cell suspension
cultures of T. peruviana was found, while cell
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morphology, viability, phenol production, and antioxidant
activity were not significantly affected.

Increased ROS production, as an indicator of a
metabolic response to a high stress condition in bench
reactor scale, did not activate enzymatic and non-
enzymatic responses led by guaiacol or phenolic
compounds, respectively. Experimental observations
indicate that the T. peruviana cell line is not as sensitive
as other plant cell species (Busto et al., 2013; Raposo
and LimaCosta, 2006; Shi et al.,, 2003) to shear forces
under hydrodynamic stress environment. However, it is
necessary to carry out further experiments in order to
identify if other level of the cellular metabolism may be
affected by hydrodynamic stress variations.
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species; GPX, guaiacol peroxidase activity; PVP,
polyvinylpyrrolidone; TG, tetraguaiacol.
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