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The use of cell and plant tissue culture techniques to produce economically important active metabolites
has been growing. Among these substances are total limonoid aglycones, which are produced by “pera”
orange (Citrus sinensis (L.) Osbeck, Rutaceae) and have received considerable attention because of their
anticancer actions. The main objective of the present study was to analyze and compare the levels of
limonoid aglycones in seeds, callus cultures (originating from seeds), callus cultures (originating from

Keywords: hypocotyls), cell suspensions from hypocotyls cells, and cell suspensions from cotyledons. The cell cul-
Citrus sinensis . . . : . . . . .

Biotechnolo tures or C. sinensis were obtained by inoculating two strains of callus in MS medium supplemented with
Limonoid agggcones 2.0 uM 2,4-dichlorophenoxyacetic acid, 7.0 wM benzyl aminopurine, and 3% (w/v) sucrose in the dark.
Limonin The highest concentrations of limonoid aglycone that were obtained were observed in cotyledon cell

lines (240 mg/100 g dry weight) that were produced on day 21 of culture and hypocotyl cell lines on day
7 (210 mg/100 g dry weight). Explants of different origins under the same culture conditions had different
limonoid aglycone content. The present results may suggest strategies for enhancing the productivity of
biologically important limonoid aglycones and investigating the complex pathways of these secondary
metabolites in plant tissue cultures.

© 2015 Sociedade Brasileira de Farmacognosia. Published by Elsevier Editora Ltda. All rights reserved.

Plant cell culture

Introduction

Biotechnology uses techniques and processes that involve liv-
ing organisms to obtain specific products and/or modifications that
increase the production of chemical substances of interest in less
time and less capital investment (Davies and Deroles, 2014). Sec-
ondary metabolites that are found in plants are generally produced
in low concentrations compared with primary metabolites. There-
fore, different strategies, including in vitro culture systems, have
been extensively studied to increase the production of secondary
metabolites in plants (Smetanska, 2008; Muranaka and Saito, 2010;
Gill et al., 2013). In vitro cell cultures represent an interesting alter-
native because secondary metabolites of interest are obtained in
a controlled environment that is not influenced by changes in cli-
mate or soil conditions (Gongalves and Romano, 2013; Collin, 2001;
Fumagali et al., 2008). Plants that are grown in their natural habitat
generally have varying concentrations of compounds of interest,
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depending on the particular crop season (Salmore and Hunter,
2001; Puricelli et al., 2002; Ralphs and Gardner, 2001). Moreover,
their exploitation in their natural environment can cause gradual
genetic erosion (Sidhu and Bel, 1996).

Citrus plants are grown worldwide. There are basically four com-
mercial species of Citrus, among which Citrus sinensis (L.) Osbeck,
Rutaceae (sweet orange) is notable. Various metabolites have been
isolated from species of the Citrus genus. Among the major second-
ary metabolites are flavonoids and limonoids, and pectins are the
primary metabolites (Khalil et al., 2002; Berhow et al., 2000; Okwu,
2008).

Limonoids are highly oxygenated modified triterpenes that are
derived from a precursor with a 4,4,8-trimethyl-17-furanylsteroid
skeleton that is biosynthesized by the acetate-mevalonate path-
way in Citrus (Hasegawa and Hoagland, 1977). All naturally
occurring Citrus limonoids contain a furan ring that is attached to
a p-ring at C-17 and oxygen-containing functional groups at C-3,
C-4, C-7, C-16, and C-17 (Fig. 1). Oxidative degradation on the C-
17 side chain of either of these skeletons results in the loss of four
carbon atoms and the formation of (3-substituted furan. Further
oxidation and skeletal rearrangements in one or more of the four

0102-695X/© 2015 Sociedade Brasileira de Farmacognosia. Published by Elsevier Editora Ltda. All rights reserved.
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Fig. 1. Limonin biosynthesis pathway proposed by Breska et al. (2007).

rings (designated A, B, C, and D; Fig. 1) give rise to different skele-
tons of Citrus limonoids. Fig. 1 shows the biosynthetic pathway of
limonin (1), the most abundant aglycone in Citrus species.

Limonoids have properties that inhibit the formation of chem-
ically induced tumors in the mouth, stomach, small intestines,
colon, lungs, and skin in experimental animals (Berhow et al.,2000).
Another interesting property that has been described for limonoid
aglycone is its antimalarial activity (Khalil et al., 2002).

Callus cultures and cells in suspension have been used to study
the biosynthesis of economically important secondary metabolites
(Gongalves et al., 2010), enabling the propagation of cell lineages
that contain alterations in biosynthetic capabilities.

The production of different compounds in plants is generally
mediated by environmental factors that vary according to physio-
logical conditions and seasonal variations (Gill et al., 2013). Thus,
cell cultures ensure controlled conditions that circumvent environ-
mental changes and allow us to guide, in a controlled manner, the
synthesis of these compounds.

Only a few studies have utilized callus and/or cell cultures of C.
sinensis to obtain secondary metabolites. For example, Niedz et al.
(1987) sought to produce volatile compounds from callus cultures,
and Endo et al. (2002) used a cell culture that was obtained from
embryogenic callus to produce Citrus limonoids.

The purpose of the present study was to evaluate the in vitro
production of limonoid aglycones using non-embryogenic callus
cultures and cells in suspension that originated from cotyledons
and hypocotyls of Brazilian “laranja-péra” oranges (Citrus sinensis).

Material and methods
Instrumentation and general procedures

Absorption spectra in the infrared region were obtained on
a KBr tablet in a Fourier transform infrared spectrometer (FTIR-
Bomen, model MB-100C26). The analysis was performed on a
disk composed of 1 mg of steeped samples with 250 mg KBr. The
one-dimensional (1D)/two-dimensional (2D) 'H and 13C nuclear
magnetic resonance (NMR) spectra were obtained using a Varian
Mercury Plus spectrometer at 300 MHz with CDCl3 as the solvent
and TMS as the internal standard. The spectra of high-resolution
masses were obtained using Bruker Daltonics equipment (model
micro TOF-QII-ESI-TOF). The plates that were used for analytical
thin-layer chromatography (TLC) were 60 F54 aluminum silica gel
sheets (Merck). The chromatoplates were developed using ultravi-
olet light (254 and 365 nm) and a sulfuric vanillin solution. The
solvents (hexane, acetone, and acetonitrile) that were used for
the preparation of the extracts and chromatographic fractionation
were of analytical grade.

Plant material, callus cultures, and cells

Ripe seeds of Citrus sinensis (L.) Osbeck, Rutaceae, were pur-
chased from local shops and sterilized in 0.5% (w/v) sodium
hypochlorite solution for 15 min and 0.1% (w/v) Folicur for 15 min
and then washed with sterile distilled water. Six units were then
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inoculated in bottled MS culture (Murashige and Skoog, 1962) sup-
plemented with 30g sucrose, 2.0 oM 2,4-dichlorophenoxyacetic
acid (2,4-D), 7.0 uM Kkinetin, and 0.8% (w/v) agar and incubated
at 28°C in the dark to induce callus formation. After germination
and seedling development, the hypocotyls and sterile cotyledons
were used as explants. They were transferred to MS medium sup-
plemented with 2.0 uM 2,4-dichlorophenoxyacetic acid (2,4-D),
7.0 wM kinetin, and 0.8% (w/v) agar and then incubated at 28°C
in the dark to induce callus formation. Afterward, total limonoid
aglycones were measured in the third-generation subculture, and
the growth profile was studied in a liquid cell culture suspension.

Establishment of cell cultures in suspension

Fresh callus (0.6 g) were transferred to a flask that contained
50 ml of MS liquid medium supplemented with 2.0 wuM 2,4-D and
7.0 wM kinetin and then cultivated at 28 °C in the dark on an orbital
shaker at 120 rotations per minute for four weeks. The suspended
cells were removed every seven days (in triplicate), weighed (fresh
weight), and frozen for subsequent lyophilization and verification
of the dry weight at intervals of 7, 14, 21, 28, and 35 days of culture.

This procedure was performed for the two types of callus that
were induced under laboratory conditions: callus that arose from
hypocotyls and callus that arose from seeds.

Obtaining limonoid aglycones

The isolation of limonoid aglycones occurred after extracting
seeds from the “laranja-péra” orange (C. sinensis, 287.72 g), which
were dried, crushed by turbolysis, and extracted, first under reflux
in hexane (to eliminate oils) and then in acetone for 4 h to obtain
limonoid aglycones. The acetone extract of the seeds (AES; 1.31g)
was concentrated and resuspended in acetonitrile and filtered.
After evaporation of the solvent, we observed crystal formation.
The sample was purified using preparative thin-layer chromatog-
raphy (PTLC) using CH,Cl,:acetone (9:1, v/v) as the mobile phase
in silica gel 60, which allowed isolation of the limonoid aglycone
limonin (1). The structure of this limonoid was determined by 1D
and 2D 'H and '3C NMR, mass spectrometry, infrared spectros-
copy, and comparisons with the literature (Khalil et al., 2002):
limonin (1): IV vmax (KBr) 3488, 2986, 1758 (lactone), 1708 (C=0),
1391 cm~!. The 'H and 13C NMR data were in agreement with the
literature (Khalil et al., 2002; EM-IES 493,2071 [M+Na*], Ca6H300g
(calculated mass, 470.19).

Extraction of total limonoid aglycones from seeds and callus and
suspension cultures of C. sinensis

Callus and suspension cultures of C. sinensis were lyophilized
and then subjected to extraction by reflux in acetone for 4 h (Ohta
et al., 1993). The acetonic extracts were filtered, concentrated, and
stored at —20°C until analysis.

The seeds had previously undergone extraction by reflux in hex-
ane to remove the oil and subsequently subjected to extraction by
reflux in acetone to obtain limonoid aglycones extract (Ohta et al.,
1993). After evaporation of the solvent, the mass was determined,
and the samples were stored at —20 °C until analysis.

Quantification of total limonoid aglycones

Total limonoid aglycones were quantified in a spectropho-
tometer (Varian Cary 100 UV-VIS). After dilution of the extracts
in acetonitrile and reaction with freshly prepared Erlich reagent
(0.1 g 4-dimethyl-amino-benzaldehyde, 2.4 ml perchloric acid, and
3.0 ml acetic acid), the samples were homogenized and left undis-
turbed without stirring for 30 min. Readings were then performed
at 503 nm (Breska and Ibarra, 2007).

Limonin (1) that was isolated from the seeds was used as the
standard to construct the analytical (calibration) curve. From a
500 pg/ml stock solution in acetonitrile, 10-100 p.g/ml of the solu-
tions was prepared, and the analytical curve was constructed by
linear regression.

The analyses of total limonoid aglycones were performed with
the following samples: seeds, callus cultures (originating from
seeds), callus cultures (originating from hypocotyls), cell suspen-
sion from hypocotyls cells, and cell suspension from cotyledons,
which were obtained on days 7, 14, 21, 28, and 35 of culture after
lyophilization to obtain the dry weight.

Statistical analysis

The data were analyzed by analysis of variance, and means were
compared using Duncan’s test and Origin Microcal 9.0 software.
Values of p<0.05 were considered statistically significant. For the
determination of total limonoids, the results were based on the
average of three independent tests with three replications each.
The results are expressed as the mean =+ standard deviation.

Results

From the acetone extract of the seeds, we used PTLC to isolate
and subsequently identify limonoid aglycone (1), a procedure that
was monitored by an analytical charge-coupled device. The extrac-
tion method that was proposed by Ohta et al. (1993) allows one to
obtain an extract that is rich in limonoid aglycones and only traces
of limonoid glucosides.

The mass spectra of compound 1 showed a molecular ion
[M+Na]* at m/z=493.2171, equivalent to the molecular formula
Cy6H300g, and 12 degrees of unsaturation. The spectral data for
compound 1 indicated the presence of two lactones, one ketone,
four methyls, and one furan ring. The physical and spectral data
(infrared spectroscopy, 'H and '3C NMR, DEPT, and 2D correlation
techniques) shown in attachment that were consistent with those
reported for limonin compound 1 in Khalil et al. (2002).

The determination of total limonoid aglycones was performed
using the method that was developed by Breska and Ibarra (2007),
which estimates total limonoid aglycone concentrations in samples
of Citrus in limonin (1) equivalents.

Under the present conditions, the formation of a colorimetric
complex was linear with increasing concentrations of limonin, even
with concentrations that exceeded 100 pg/ml. The correlation coef-
ficient (R?) for the analytical curve was 0.9984 (Fig. 2).

Although both types of callus (cotyledons and hypocotyls) from
different initial explants have been shown to be effective in initi-
ating callus induction in C sinensis, the callus that was obtained
from cotyledons maintained good quality during successive sub-
cultures. Cotyledons are the most suitable source of explants for
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Fig. 2. Analytical curve for the quantification of total limonoid aglycones using
limonin (1) as the standard. The standard of limonin (10-100 pg/ml) was dissolved
in acetonitrile and reacted with a colorimetric reagent.

callus cultures when considering their ready availability and rate
of multiplication (Fig. 3).

The determined quantity of limonoid aglycones in the extract of
C. sinensis (Pera-Rio) seeds (Table 1) was higher than the one found
in the seeds of other varieties of Citrus sinensis, including Valen-
cia orange (213.6 mg/100g), Ruby blood orange (219.3 mg/100g),
Queen orange (173.1 mg/100 g), and Jaffa orange (224.2 mg/100 g;
Rouseff and Nagy, 1982).

Considering the growth rate and production of limonoid agly-
cones from the two cell lines in suspension, the resulting cells from
cotyledons had a slower growth rate than the cells from hypocotyls
but with higher concentrations of limonoid aglycones (Fig. 4).

A greater amount of limonoid aglycone (240 mg/100 g of cell dry
weight) was accumulated in the callus cultures from cotyledons,
but the difference was small compared with callus cultures from
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Fig.4. Cell growth (mg,—) and production of total limonoid aglycones (mg/100g
dry weight, ---——- ) in callus culture in suspension of Citrus sinensis from: (A)
hypocotyls and (B) cotyledons. Callus were grown in MS medium (Murashige and
Skoog, 1962) supplemented with 2.0 uM 2,4-dichlorophenoxyacetic acid, 7.0 uM
kinetin, and 3.0% (w/v) sucrose.

Fig. 3. Callus from C. sinensis cultivated in MS medium (Murashige and Skoog, 1962) supplemented with 2.0 wM 2,4-dichlorophenoxyacetic acid, 7.0 uM kinetin, 3.0% sucrose
(w/v), and 0.8% (w/v) agar and incubated at 28 °C in the dark. (A) Callus obtained from hypocotyls. (B) Callus obtained from cotyledons.
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Table 1
Content of total limonoid aglycones in seeds, callus and cells suspension culture of
Citrus sinensis.

Sample? LTA (mg/100 g dry weight)
Seeds 400 + 7.0
Callus (cotyledons) 10.0 £ 0.5
Callus (hypocotyls) 200 + 1.0
Cell suspension (hypocotyls)” 210 £ 3.0
Cell suspension (cotyledons)® 240 +£ 5.0

2 Analyzes were performed in triplicate.
b The values refer to the peak production of LTA on the growth curve.

hypocotyls (210mg/100 g cell dry weight), even though this cell
line has a greater growth rate.

Discussion

Limonin (1) was used as the standard for the spectrophotometric
analysis to determine the levels of limonoid aglycones because
it is the major component of Citrus species, the most abundant
limonoid aglycone, and commercially available (Bilal et al., 2013).

Squalene

l

Nomalin (2)

l

Obacunone

l

Ichangin

l

Limonoid A-ring lactone

(LARL)

LLH

Limonin

LGBG

459

Furthermore, for most Citrus limonoids, the structure of BCD rings
(Fig. 1) remains the same, whereas biosynthetic reactions are con-
centrated on the conversion of the A ring of nomalin (2) to the A-A’
two-ring structure of limonin (1) (Breska and Ibarra, 2007). Most of
the other aglycones that have been isolated from Citrus were inter-
mediates, with variations in the structure of the A ring, including
obacunone (3) and ichangin (5) (Roy and Saraf, 2006).

Although this colorimetric method is not currently the most
widely used for Citrus limonoid analyses (Tian et al., 2003; Vikram
et al., 2007; Solemain et al., 2005), we chose this methodology to
determine limonoid aglycone content because it does not require
expensive equipment, thus increasing the potential for its applica-
tion in the analysis of limonoid aglycones in callus cultures and cell
suspensions of Citrus species.

The combinations of phytoregulators that were used in this
study were similar to those used by Mansell and McIntosh (1991),
who used a combination of 2,4-D and kinetin, which differ from
Endo et al. (2002), who used only cytokinin.

The limonoid aglycones concentration was the highest in the
C. sinensis seed extract compared with extracts of callus that were
obtained from hypocotyl and cotyledon explants (Table 1).

Intermediate stored
in the leaves, fruits
and seedlings

LGT—> There are only in seeds

Limonin 17-B-D-glucopyranoside

OH

Mechanical harvest
demage and acid pH

(there are only in

seeds)

Fig. 5. Major enzymes involved in the keysteps of limonoid biosynthesis in Citrus. LGT, limonoid glucosyltransferase; LLH, limonoid p-ring lactone hydrolase; LGBG, limonoid

glucoside B-glucosidase.
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Importantly, callus from both hypocotyls and cotyledons
were able to produce limonoid aglycones. However, callus from
hypocotyls had a greater ability to biosynthesize limonoid agly-
cones. This increased biosynthesis of callus from hypocotyl
explants can be explained by the fact that nomalin (2) is the most
likely initial precursor of all known limonoids in Citrus. Nomalin (2)
has been shown to be biosynthesized by the acetate-mevalonate
pathway in the phloem region of the stem, which is present in the
hypocotyl explants that are utilized for callus induction (Moriguchi
et al., 2003). This precursor then migrates to other tissues, such as
leaves, fruit tissues, and seeds, where other limonoids are biosyn-
thesized independently (Fig. 5). This too can explain the smaller
quantities of limonoid aglycones in the callus from seeds that
require nomalin (2) to biosynthesize limonoid aglycones (Endo
et al., 2002).

Plant cell suspensions cultures normally are initiated with callus
culture lines that produce high amounts of interesting secondary
metabolite, such as limonoids (Raval et al., 2003). Callus or cell cul-
tures can be under catabolic repression, which prevents them from
producing limonoids or causes them to produce limonoids in very
small amounts. Under favorable conditions, however, they can pro-
duce limonoids again (Raval et al., 2003). The callus cultures from
hypocotyls of C. sinensis exhibited this characteristic (Table 1). Thus,
we also evaluated limonoid aglycone production in callus cultures
from cotyledons and cell suspensions.

As shown in Fig. 4, both cultures had a lag phase of 14-21
days after inoculation, followed by a rapid growth phase that sta-
bilized after 28 days of cultivation. In the callus culture that was
obtained from hypocotyls, the levels of total limonoid aglycones
increased, together with an increase in biomass. Thus, the concen-
trations of these compounds remained at constitutively low levels
for the biosynthesis of these compounds under culture conditions
(Mansell and McIntosh, 1991).

The suspension culture from cotyledons however showed a
dramatic increase in limonoid aglycone concentrations on day
7, which may be attributable to the conversion of limonin-17-
[-p-glucopyranoside (7) to limonin aglycone (1) by limonoid
glucoside [(3-glucosidase (Fig. 5) that probably was induced by
adaptation to suspension culture stress through a shear effect
or aeration, mimicking the same conditions and damage that
occur with mechanical harvest in orange juice processing or
seed germination. This conversion of limonoid glucosides to
limonoid aglycones occurred only in the seeds cells (Berhow et al.,
2000).

In this first moment occurred a conversion of limonoid gly-
cosides stocked to limonoid aglycones, showed by increment of
TLA concentration from cotyledons cell line (on day 7), after the
TLA concentration was drastically reduced but with measurable
concentrations by colorimetric assay (day 14) as shown in Fig. 5.
However in the hypocotyls cells suspension at day 14, the TLA con-
centration was reduced to a level below the detection limit of the
assay (day 14).

The results suggest that de-differentiated callus tissues from
cotyledons have a limited capacity to produce limonoid aglycones.
However, callus from hypocotyls explants appeared to be more
promising for this purpose. On the other hand when working with
suspension cells lines that are obtained from cotyledons callus are
the most appropriate because they have the capacity to produce TLA
by direct biosynthesis and from hydrolyze of limonoid glucosides to
TLA. Clearly, tissue cultures and cell suspensions are valuable tools
for studying the biosynthesis of limonoid aglycones from Citrus. The
analysis and evaluation of techniques that are used to suppress or
enhance limonoid aglycones biosynthesis in plants are possible. The
results that were obtained using these techniques, combined with
molecular techniques, will aid in the development of practical uses
of these cultures.
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