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Abstract Cinchona officinalis (Rubiaceae) is an endemic
species of the Loja Valley in southern Ecuador with
medicinal uses. Because of over-exploitation in the nine-
teenth century and more recent disturbances to its ecosys-
tem, C. officinalis populations are threatened. Currently,
natural regeneration of the populations is low, despite its
high plant regeneration and seed formation capacity. In the
present study, an efficient protocol for germination, shoot
proliferation and plantlets regeneration was developed for
this species. Phenolic content and germination rate of C.
officinalis seeds were compared with a control species, C.
pubescens. Nodal segments from seedlings of C. officinalis
were cultured on Gamborg medium supplemented with
different combinations of plant growth regulators. Because
the phenol content is high in C. officinalis, the phenolic
should be removed with hydrogen peroxide or water
washes to stimulate germination. Shoots and callus devel-
oped from nodal segments within 45 days using most of the
tested combinations of plant growth regulators. The best
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rates of shoot proliferation, callus formation and adventi-
tious buds were obtained in medium supplemented with
5.0 mg L™ 6-benzyl-aminopurine and 3.0 mg L™" indole-
3-butyric acid.
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Introduction

Cascarilla, Cinchona officinalis L. (Rubiaceae), is an
endemic species from the Loja Valley of Ecuador (An-
dersson 1998; Garmendia 2005) that has been extremely
useful for mankind (Acosta-Solis 1989). The species has
enabled the development of effective treatments for the
cure and prevention of malaria caused by different species
of Plasmodium (Ulloa and Jorgensen 1995; McCalley
2002; Warhurst et al. 2003). Cinchona officinalis trees
from Loja became quickly scarce. The species was highly
exploited in the Cajanuma knot and Uritusinga, essentially
for its bark to extract the active compound quinine; thus
causing massive deforestation of Loja Province. The
demand for the bark decreased in the 20th century when
quinine was chemically synthesized, reducing the pressure
on wild plant populations. However, now, human activities
such as farming, ranching, and logging are causing an
alarming destruction of the mountain forest, even more
severe than when the bark was harvested (Madsen 2002).
The small remaining populations in the cloud forest are
distributed in patches, accompanied by specific vegetation
(Acosta-Solis 1946). Several studies on the species denote
specific conditions and limited distribution ranges, indi-
cating a high susceptibility to deforestation and to the
influence of human activities. Nevertheless, the trees of
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Cinchona were observed in 1946 (Acosta-Solis 1946) to
have a high capacity of regrowth in natural conditions, but
now only a low percentage of regeneration has been
observed, suggesting low genetic diversity and reduction in
reproductive success (Espinosa and Rios 2014). In contrast
to the low vegetative regeneration, there is a high pro-
duction of winged seeds, which are easily transport by the
wind, but they are unable to germinate because of their
growth and germination requirements are so specific
(Acosta-Solis 1946; Garmendia 2005).

Several techniques, including culture in vitro, have been
used to propagate Cinchona species and to enhance alka-
loid production. Studies have mainly focused on the pro-
duction of quinoline alkaloids, but a few were aimed at the
propagation and recovery of natural populations of Cin-
chona (Hay et al. 1986; Khouri et al. 1986; Giroud et al.
1991; Hoekstra et al. 1990; Blom et al. 1992; Stevens et al.
1993; Ramos-Valdivia et al. 1997; Geerlings et al. 1999).

We carried out a preliminary study to assess seed ger-
mination. During imbibition of the seeds of C. officinalis,
the soaking water turns brown caused by leaching of
compounds, suggesting the presence of phenolic com-
pounds in the dry seeds. We thus thought that the dormancy
mentioned by several authors for C. josephiana (Thomas
1946) and C. ledgeriana (Barton 1947) might be caused by
the presence of phenolic compounds.

In addition, Cinchona seeds were reported to need light
to stimulate germination (Thomas 1946), while hydrogen
peroxide can increase levels in the embryo (Verkhoturov
and Frantenko 2008; Lu et al. 2013) and stimulate the
oxidation process during germination (Bailly et al. 2008).
Therefore, this study evaluated the influence of photope-
riod and hydrogen peroxide treatments on the germination
rate of C. officinalis. We also assessed the effect of various
plant growth regulators (PGRs) on propagation in culture to
develop techniques for massive propagation of C. offici-
nalis as a prerequisite for its reintroduction into its native
environment.

Materials and methods
Measurement of phenolic compounds

The amount of phenols in seeds and the germination
percentage of C. officinalis were determined before and
after imbibition. A parallel process was done with C.
pubescens as a biological control because it does not have
any problems in germinating and regenerating. Total
phenols were determined by the Folin-Ciocalteu method
(Jordan 1975) using tannic acid such as standard (Rosales
and Gonzalez 2003) and measuring absorbance at
730 nm.
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In vitro germination

To evaluate germination levels of C. officinalis, we com-
pared germination to that for C. pubescens as a biological
control. The seeds of C. officinalis were obtained from the
Cajanuma knot in the province of Loja, and seeds of C.
pubescens were obtained from Santa Cruz Island, Galapa-
gos. The seeds were surface-sterilized in soapy water for
5 min, then immersed in 70 % alcohol for 30 s, then in
1 % (v/v) sodium hypochlorite solution for 10 min. Three
rinses in sterile water were done after each step. The seeds
of both species were imbibed for in sterile distilled water
24 h and separated into two different treatment groups
before being placed on Murashige—Skoog (MS) culture
medium supplemented with sucrose (20 g L™') and solid-
ified with agar (7 g L"), and the pH was adjusted to 5.8
prior to autoclaving. The first group of seeds was immersed
in hydrogen peroxide 100 % (10 volumes) for 1 min, and
the other group of seeds was sown directly onto the MS
medium. Seeds were incubated at 22.0 °C with 12 h light/
12 h dark or 24 h light with a photon flux density of
57 umol m 2 s~' provided by cool white fluorescent
lamps.

Shoot proliferation

Nodal segments (approximately 1.0-1.5 cm) from
4-month-old seedlings were placed vertically on BS med-
ium supplemented with sucrose (20 g L™") and solidified
with agar (7 g L™"). The pH was adjusted to 5.8 before
autoclaving. The explants were cultured in Gamborg
medium (Gamborg 1968) or BS5 without plant growth
regulators (PGRs), as a control, or supplemented with 0.5,
1.0, 50mgL™" of 6-benzyl-aminopurine (BAP) or

0.2 mg L' of kinetin (KIN) in combination with
0.1 mg L™" of o-naphthaleneacetic acid (NAA),
3.0mg L™' of indole-3-butyric acid (IBA), or 1.0,

2.0 mg L' of 2,4-dicholorophenoxyacetic acid (2,4-D).
Cultures were maintained under 12 h light/12 h dark with a
photon flux density of 57 pmol m~2 s~" from cool white
fluorescent lamps.

Histological analysis

To determine the origin of the regenerated shoots, we used
several tissue samples for histological analysis. The sam-
ples were fixed in FAA (40 % formaldehyde, 50 % etha-
nol, 100 % glacial acetic acid) for 24 h. Samples were
dehydrated in an alcohol gradient (25, 50, 70, and 95 %;
30 min each step) and 100 % alcohol for 2, 3 and 12 h. The
clarification process was performed in two steps: first in
ethanol—xylol (1:1) for 3 h, followed by fresh 100 % xylol
for 45 min, 2 and 4 h. Samples were embedded for 24 h in
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xylol—paraffin (1:1) at 58.0 °C, then in 100 % paraffin and
sectioned at 10 pm thickness and stained with hematoxylin
and eosin (Pérez- Jiménez et al. 2012). Finally, the samples
were placed on slides and were sealed with histofluid
mounting medium (Marienfeld, Lauda-Konigshofen, Ger-
many) and observed with a light microscope (Labomed Lx
400).

Data collection and statistical analyses

The concentration of total phenols of the complete seeds
and the percentage germination (on petri dishes with wet-
ted paper) for both species were assessed after 15 days.
Overall, 300 seeds were used for each species, distributed
in three replicate groups of 100 seeds. The percentage
germination was evaluated after 25 days. Overall, 600
seeds of each species were used, distributed in three
replicate groups of 50 seeds per treatment or combination.
The percentage of shoots per explant, callus induction,
adventitious shoots from callus, and the color and structure
of callus were assessed after 45 days. This experiment was
repeated three times with 25 explants for each combina-
tion. Mean (£SE) germination and shoot proliferation were
subjected to an analysis of variance (ANOVA). Significant
differences between means were assessed with Duncan’s
test at P < 0.05, using the program R (R Core Team 2013).

Results and discussion
Effect of phenolic compounds on germination

In the experiments to verify preliminary findings that phe-
nolic compounds may be present in seeds and assess any
influence on the germination of two species of Cinchona,
phenol concentration in C. pubescens was low in both
imbibed and unimbibed seeds, and the germination per-
centage was similar in both cases, whereas the phenol
concentration in C. officinalis was much higher in the
unimbibed seeds compared with the control seeds (Table 1).
This high phenol concentration corresponded to low ger-
mination. After 24 h of imbibition, seeds had a much lower
concentration of phenols, and the germination percentage

was approximately 9 times higher, but was still less than half
the percentage germination of the control seeds.

Seed production by Cinchona is high and constant
during the year in most species of this genus. However,
germination and seedling survival of C. officinalis is low in
natural conditions. One of the causes for this low survival
is the need for specific conditions for germination and
growth in the natural habitat (Acosta-Solis 1946; Gar-
mendia 2005). In other of our results, which are not pre-
sented in this work, in the laboratory, the presence of
phenols has been noted as a seed-intrinsic factor.

Phenolics act as germination inhibitors in many species
of the family Rubiaceae. The presence of phenols in C.
pubescens was low, and this species has no difficulty ger-
minating in natural conditions; it is an invasive species in
the Galapagos Islands. Moreover, the total phenolic content
in C. officinalis higher than in C. pubescens and is directly
related to the low percentage of germination.

In vitro germination

Two factors, hydrogen peroxide and the impact of pho-
toperiod, were evaluated for promoting seed germination of
C. pubescens and C. officinalis (Table 2). Hydrogen per-
oxide in C. pubescens caused damage to the seed coat and
embryos. A 24-h photoperiod increased germination per-
centages in this species, and the highest percentage (90 %)
was achieved without hydrogen peroxide exposure. For C.
officinalis, the results were opposite. Germination rate was
markedly higher after exposure to hydrogen peroxide (72.2
and 86.7 %), but exposure to the different light periods had
no significant effect on seed germination.

The results showed that in the case of C. pubescens,
germination was higher in the 24 h photoperiod, whereas
the hydrogen peroxide treatment did not significantly
influence germination. Similar observations in C. pub-
escens were reported by Renteria (2002), who showed that
direct light exposure was required for the germination of
small seeds that are characterized by a low nutrient content.

According to Ellis et al. (1985), the seeds of Cinchona
are usually non-endospermic, very small and show dor-
mancy. Some studies on seed viability showed a low per-
centage of germination; Diaz and Lojan (2004) reported
27 % germination for C. officinalis after 34 days, whereas

Table 1 Effect of imbibition on phenol levels and germination in C. pubescens and C. officinalis seeds

Species Imbibition duration (h) Phenol concentration (ppm) Percentage germination (mean + SE)
C. pubescens 0 0.5 535+3

24 0.3 56.6 £ 3
C. officinalis 0 2.6 28+6

24 0.4 250+ 2
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Table 2 Effect of H,O, and photoperiod on germination of C. pubescens and C. officinalis

Species

Duration in H,O, (min)

Photoperiod (h) Percentage germination (mean + SE)

C. pubescens

C. officinalis

—_—a— O O = = O O

Significance of differences in three-way ANOVA
Species
H,0,
Photoperiod
Species x H,O,
Species x photoperiod
H,0, x photoperiod
Species x H,0, x photoperiod

12 56.6 £ 28 acd
24 90 £ 9.1 a
12 35.6 + 8 bc
24 62.2 £ 33 acd
12 10+ 16 b
24 28.9 £ 10 bd
12 72.2 + 36 ac
24 86.7 £ 21 a

°

kk

sekok

NS

NS

NS

Mean =+ SE; different letters indicated significant differences at 5 % level according to a Duncan’s test. Interactions were tested using three-way
ANOVA; significance levels: *** P < 0.0001; ** P < 0.001; * P < 0.05; ® P < 0.1; NS nonsignificant

Table 3 Effect of different combinations of cytokinins with auxins in B5 medium on shoot proliferation, callus formation and adventitious shoot

regeneration by C. officinalis

PGR combination Shoots/explant Callus induction (%) No. adventitious shoots Predominant response Color, structure of callus
(mg L™

0 0 (control) 4.8 +04 a 38+ 13¢ 0b Shoots Green

0.5 BAP 0.1 NAA 43+ 02a,b 20.1 £24d, e 0b Shoots Green, friable

1.0 BAP 0.1 NAA 31 +£03ab,c 314+28d Ob Shoots Green, compact

5.0 BAP 3.0 IBA 53+ 04a 73.6 £29b,c 15+ 05a Shoots/Adv. shoots Green, friable

0.2 KIN 1.024-D 1.6 £02c¢ 100 £ 2.5 a Ob Callus/roots White-red, friable

1.0 BAP 2024-D 09=£01c 682 +£29¢ Ob Callus/roots White, spongy

5.0 BAP 1.0 24-D 24 +£020b,c 90.8 £35a,b Ob Callus/roots Green—brown, compact

Mean number of explants per treatment +SE, followed by different letters are significantly different at P = 5 % using Duncan’s test

Koblitz et al. (1983a) obtained only 5.8 % for C. suc-
cirubra and 15 % for C. ledgeriana.

When seeds of C. officinalis had been imbibed or
washed with water, the phenol content decreased and the
percentage germination increased. Exposure to light did not
significant affect germination (Table 2). In small seeds
such as C. officinalis, phenol removal is simple with sev-
eral washes or hydrogen peroxide. The effect of this sub-
stance on the elimination of phenols to facilitate
germination is known in other species (Baker et al. 2005).
Hydrogen peroxide can break seed dormancy or stimulate
germination because it increases the activity of antioxidant
enzymes in the embryo (Verkhoturov and Frantenko 2008;
Lu et al. 2013) and stimulates the oxidation process during
germination (Bailly et al. 2008) in several species such as

@ Springer

Hordeum vulgare (Verkhoturov and Frantenko 2008) and
Amaranthus retroflexus (Xuanyu et al. 2011).

Shoot proliferation

To increase the shoot proliferation rate, we excised nodal
segments with axillary buds from seedlings and cultured
them in B5 medium supplemented with various combina-
tions of cytokinins (BAP, KIN) and auxins (NAA, IBA,
2,4-D). In all cases, the first responses shoot and callus
initiations were observed after 10 days. The formation of
different types of structures depended on both concentra-
tion and type of hormones (Table 3; Figs. 1, 2) on B5
medium. The role of hormones in such morphogenic
responses are known in other species of Cinchona when
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Fig. 1 In vitro propagation of Cinchona officinalis in BS medium
with different combinations of plant growth regulators. a Differenti-
ation of pre-existing axillary buds on control BS medium. Formation
of callus at the base of explants and shoots from preexisting axillary
buds; b on B5 medium + 0.5 mg L™' BAP with 0.1 mg L™' NAA
and ¢. B5 medium + 1.0 mg L' BAP with 0.1 mg L™' NAA.
d Differentiation of pre-existing axillary buds, formation of callus and

hormones were tested for inducing the production of
metabolites to maintain cell cultures (Staba and Chung
1981; Koblitz et al. 1983a, b; Hay et al. 1986; Khouri et al.
1986; Giroud et al. 1991; Hoekstra et al. 1990; Blom et al.
1992; Stevens et al. 1993; Ramos-Valdivia et al. 1997;
Geerlings et al. 1999).

The highest proliferation rate (5.3 shoots/explant) at
45 days was obtained with BAP (5.0 mg L™") in combina-
tion with IBA (3.0 mg L_l). These shoots originated from
axillary buds. The effect of BAP for improving bud forma-
tion has been evaluated alone or in combination with auxin
in Cinchona (Staba and Chung 1981; Koblitz et al. 1983a;
Hoekstra et al. 1990; Giroud et al. 1991) and other medicinal
plants with positive results (Siddique and Anis 2007). After
10 weeks, this combination also stimulated callus forma-
tion, and from this, the regeneration of adventitious shoots
(15 shoots/callus) and also more efficient in the formation of
friable callus with indirect caulogenesis (Figs. 1d, 2c, d).
The same combination was used by Staba and Chung (1981)
to induce the production of alkaloids in disorganized cul-
tures and organ cultures of Cinchona. However, our study
was characterized by rapid growth of shoot and roots.

Next, the callus phase was observed as small, green,
globular structures (Fig. 2d) accompanied by vascular tis-
sue (Fig. 2¢) that culminated in the formation of shoots. A

compact globular structures on B5 medium + 5.0 mg L™' BAP with
3.0 mg L™' IBA. e Formation of callus and roots regeneration on BS
medium + 0.2 mg L™' KIN with 1.0 mg L™' 2,4-D. f Formation of
friablem reddish callus and root regeneration on BS5
medium + 1.0 mg L™" BAP with 2.0 mg L™' 2,4-D. g Formation
of small, compact callus on B5 medium + 5.0 mg L™' BAP with
1.0 mg L™' 24-D

similar response to a combination of 2,4-D and KIN was
observed by Hoekstra et al. (1990) for C. ledgeriana which
formed green, compact, globular structures from a fine cell
suspension culture, characterized by the presence of mod-
erately differentiated cells. The combination of IBA with
BAP in many other species induces callus formation as
observed for Tylophora indica which formed a high per-
centage of callus and regenerated shoots on a media with
BAP-IBA (Sharma et al. 2014). The response of Hy-
drangea macrophylla was similar but with a lower per-
centage of sprouting (Liu et al. 2011) and for Viburnum
dentatum, in which the frequency of shoot regeneration
was influenced by the presence of IBA (Dai et al. 2011).

Shoots also formed (4.3 shoots/explant) with
0.5mg L™ BAP and 0.1 mg L™ NAA. In the control
group (4.8 shoots/explant), sprouting could be due to
breakage of apical dominance and to the presence of young
tissue (Fig. 2a), whereas in the treatment group, sprouting
was due to the presence of BAP, which facilitated axillary
bud initiation. The combination of KIN and 2,4-D has been
widely used in the culture of Cinchona to obtain secondary
metabolites from callus and suspension cultures (Koblitz
et al. 1983b; Schmauder et al. 1985; Wijnsma et al. 1985;
Hay et al. 1986, 1987; Hoekstra et al. 1990; Blom et al.
1992; Ramos-Valdivia et al. 1997).
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Fig. 2 Light micrographs of
tissues of Cinchona officinalis
regenerated in vitro after

45 days in culture (bar 10 pm).
Sections were stained with
hematoxylin and eosin

a longitudinal section of several
shoot from pre-existing axillary
buds (AX) on control BS
medium. b Transversal section
of formation of callus on B5
medium + 1.0 mg L™

BAP + 2.0 mgL™' 24-D;
parenchyma cells (PC) are
present; epidermis (EP) has
disintegrated. ¢ Transversal
section of differentiation of
vascular bundle (VE).

d Transversal section of zone
active cell division and globular
structures or meristemoid (ME),
parenchyma cell (PC) and
complete disintegration of the
epidermis (EP). e Longitudinal
section of stem with druses
(DR). Apical bud (AP); vascular
tissue (TV)

The first callus tissue formation in the rest of the treat-
ments was visible at 20 days of culture, starting at the base
of the explants, spreading to the rest of the tissue by
45 days. The highest rate of callus formation (100 %) was
obtained with 0.2 mg L' KIN + 1.0 mg L™' 2,4-D. With
BAP + 2,4-D, a high percentage of calluses formed. The
lowest percentage of callus formation was with BAP + -
NAA. All calluses were translucent, whitish, and spongy;
some were friable, but not all were morphogenic (Figs. le,
f, 2b). These calluses originated in meristematic areas and
subsequently formed adventitious roots, but shoots did not
form.

The histological analysis showed that morphological
changes occurred in different tissues between weeks 6 and
10. In the control treatment, pre-existing axillary buds
formed sprouts without tissue dedifferentiation; epidermis
disintegration was not observed (Fig. 2a). Tissues forming
callus have either low or no morphogenic capacity. These
tissues did not differentiate, and had a high number of
parenchyma cells and epidermal disintegration (Fig. 2b);
most friable calli were characterized by the presence of cell

@ Springer
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clusters or meristemoids around these parenchymal cells
(Fig. 2c¢). Vascular bundles were formed from these
meristemoids (Fig. 2d). Finally, in few tissues, druses (a
type of crystal) were occasionally present (Fig. 2e).

In our previous studies using MS medium, signs of
hyperhydricity, seen as translucent tissue, were observed in
C. officinalis. Many studies on Cinchona in vitro culture
have reported the use of BS medium (Koblitz et al. 1983b;
Wijnsma et al. 1985; Allan and Scragg 1986; Khouri et al.
1986; Walton et al. 1987; Giroud et al. 1991; Geerlings
et al. 1999) but without offering a reason for using BS5,
which has a lower mineral content than MS medium (Han
et al. 2002). One factor that promotes hyperhydricity is the
presence of a high content of salts as nitrogen in the culture
medium. Several attempts to reduce or eliminate the
hyperhydricity in different species. Reducing the amount of
salts in medium composition and culture conditions.
Hyperhydricity was reduced by modifying the nitrogen
source (Ivanova and Van Staden 2009). Therefore, in this
work to improve the quality of the tissue, BS medium was
used.
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In conclusion, Cinchona officinalis germination was
improved by applying exogenous hydrogen peroxide in the
seeds. For direct shoot proliferation, nodal segments can
be cultured in B5 medium with 5.0 mg L™' BAP +
3.0 mg L™ IBA. The same combination can also be used to
regenerate shoots indirectly. Due to the ability of C. offici-
nalis tissue to regrow, the culture of nodal segments on a
hormone-free medium might be another alternative for shoot
proliferation. We highly recommend the culture on a hor-
mone-free medium to get plants with a low degree of
somaclonal variation. The methods developed here improved
the propagation of Cinchona, providing good potential for
efficiently regenerating this species with genetically diverse
germplasm starting from seed germination, to counteract the
problems with reproduction and loss of genetic diversity.
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