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Abstract This study demonstrated that somatic embryogenesis
and de novo shoot organogenesis-based systems of root-derived
Lisianthus (Eustoma grandiflorum) explants can be alternatively
induced by exogenous supply of auxin or cytokinin. Somatic
embryogenesis was observed when root explants were cultured
in the dark onMurashige and Skoog-basedmedium supplement-
ed with 10 μM2,4-dichlorophenoxyacetic acid (2,4-D). Somatic
embryos were differentiated by transferring embryonic calluses
to an embryo conversion phase medium containing 2 μM 6-
benzyladenine (BA) to promote full plantlet development.
Regarding de novo shoot organogenesis, the addition of 4 μM
of either BA or zeatin was the most effective treatment for in-
ducing adventitious shoot buds. A detailed histological charac-
terization of somatic embryogenesis and de novo shoot organo-
genesis showed that both morphogenetic processes shared the
same cellular origin. The formation of somatic embryos and
adventitious shoot buds occurred through the reactivation of peri-
cycle and vascular parenchyma cells into proembryos and
meristemoids, respectively, which consisted of meristematic cells
with similar characteristics. These results provide further evi-
dence of optimization of in vitro propagation as a useful approach
to improve this important ornamental species.
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Introduction

Cut flowers constitute the main segment in the global ornamen-
tal plant market. Based on a remarkable geographic expansion
and recent scientific and technological advances in cultivation
and logistics, this segment has been growing sharply in the
floriculture trade (Rabobank 2015). As one of the major orna-
mental cut flowers, Lisianthus (E. grandiflorum) has been in-
creasingly commercialized over the years as well as gaining
popularity due to its eye-catching Brose-like^ flowers, long
post-harvest duration, and diversity of cultivars exhibiting an
attractive range of colors (Harbaugh 2007).

Tissue culture-based techniques applied to ornamentals
have become a growing trend relevant for commercial labora-
tories and biofactories. Micropropagation and regeneration
systems have been established and constantly improved
through long-term research on in vitro culture of Lisianthus
(Semeniuk and Griesbach 1987; Ruffoni et al. 1990; Nhut
et al. 2006; Wan et al. 2009). Among the in vitro regeneration
strategies, systems that rely on de novo shoot organogenesis
and somatic embryogenesis have been widely used (Ruffoni
and Bassolino 2016). In both cases, the morphogenetic path-
ways depend primarily on plant growth regulators present in
the culture medium and on the explant source.

Molecular signaling by plant growth regulators added to
culture media triggers the regeneration process, which can
occur through two distinct cellular mechanisms: (i) reactiva-
tion of plant body somatic cells or relatively undifferentiated
cells or (ii) reprogramming differentiated somatic cells
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(Ikeuchi et al. 2016). Manipulation of the in vitro conditions,
together with the totipotency of plant cells, can also allow both
regeneration routes to become induced alternatively or simul-
taneously from the same explant source. A system in which
both regeneration pathways can be induced from the explants
provides several opportunities to better understand plant de-
velopment and to apply it in breeding programs.

The background literature on other ornamentals (Mikuła and
Rybczyński 2001; Fiuk and Rybczyński 2007a; Parveen and
Shahzad 2011; Wu et al. 2011; Sahai et al. 2010) shows that
the use of root segments as explant sources has often been re-
ported and suggested because of the high regeneration potential,
easy maintenance, and in vitro manipulation (Vinocur et al.
2000). In themodel speciesArabidopsis, root explants have been
used to elucidate the cellular and molecular mechanisms in-
volved in in vitro morphogenesis, primarily due to the high re-
generation capacity of the explants (Ogas 1997; Atta et al. 2009;
Sugimoto andMeyerowitz 2013;Motte et al. 2014; Shemer et al.
2015). In vitro regeneration from Lisianthus root explants has
been reported previously (Furukawa et al. 1990), but only the
neoformation of shoot meristems has been described.

The present study describes a new, efficient method to in-
duce somatic embryogenesis and de novo shoot organogene-
sis by reactivating pericycle cells in Lisianthus root explants.
This method was demonstrated to be useful for rapid
Lisianthus micropropagation and could facilitate the develop-
ment of biotechnological tools to study such species.

Materials and Methods

Plant material—obtaining root explants Seeds of
E. grandiflorum cv. ABC 2-3 Rose (Ball Horticultural do Brasil,
Holambra, Brazil) were aseptically disinfected by immersion in
70% (v/v) ethanol for 60 s followed by immersion for 15 min in
a non-diluted commercial sodium hypochlorite solution (2.5%
active chlorine; Super Globo Química®, Contagem, MG, Brazil)
containing 0.01% (v/v) Tween® 20 (Sigma-Aldrich®, St. Louis,
MO). The disinfected seeds then were rinsed for 5 min three times
with autoclaved deionized water. The seeds were then placed in
test tubes (25 mm × 150 mm, Vidrolabor, Paulínia, Brazil) con-
taining 20 mL of half-strength Murashige and Skoog (1962)
basal salt solution (PhytoTechnology Laboratories®, Lenexa,
KS), MS vitamin complex (Sigma-Aldrich®), 20 g L−1 su-
crose (PhytoTechnology Laboratories®), 100 mg L−1 myo-
inositol (Sigma Aldrich®), and 6 g L−1 granulated agar
(Merck®, Darmstadt, Germany). The pH of the medium was
adjusted to 5.7 ± 0.1 prior to autoclaving at 121°C and
152 kPa. The cultures were placed in a growth chamber at
27 ± 2°C, with a 16-h photoperiod, and an irradiance of
36 μmol m−2 s−1 provided by two fluorescent lamps (20 W,
HO, Osram®, São Paulo, Brazil) for 30 d.

Somatic embryogenesis induction To induce embryonic cul-
ture, 30-d-old root segments isolated from previously in vitro-
germinated seedlings were used. The roots were excised and
divided into fragments of approximately 10 mm in length.
Neither the root apex nor the segment adjacent to the hypocotyl
was used. Five root segments were placed in 90 × 15 mm poly-
styrene Petri dishes (J. Prolab®, São José dos Pinhais, Brazil)
containing basal MS salts, 20 g L−1 sucrose, and different 2,4-
dichlorophenoxyacetic acid (2,4-D) concentrations (i.e., 0, 10,
20, 30, and 40 μM). Unless otherwise stated, all plant growth
regulators were purchased from Sigma-Aldrich®. During the
embryonic callus induction phase, the material was kept in the
dark inside a growth chamber at 27 ± 2°C for 40 d. A completely
randomized design comprising five treatments (0, 10, 20, 30, and
40 μM 2,4-D) and eight replicates was used. Both induction
frequency (percentage of explants with embryonic callus) and
oxidation rate (percentage of explant oxidation) were evaluated.
The acquired data were submitted to a linear regression analysis
model, and data that presented a significant effect as indicated by
F test at 1% and 5% significance were included in the equation.

Differentiation and conversion of somatic embryos After
40 d in the induction phase, the calluses obtained from MS
medium supplemented with 10 μM 2,4-D (the treatment that
showed the best results after the embryonic culture induction
phase) were transferred to somatic embryo differentiation me-
dium. This medium consisted of MS medium supplemented
with 20 g L−1 sucrose and different 6-benzyladenine (BA, 2 or
4 μM) or gibberellic acid (GA3, 1.5 or 3.0 μM) concentra-
tions. Except for GA3, all other plant growth regulators used
were added to the medium pre-autoclaving. Embryonic cul-
tures were kept in the same growth chamber conditions as
described above. In this phase, cultures were evaluated 40 d
after the embryonic calluses were transferred to the embryo
conversion medium. A randomized block design comprising
five treatments [control (i.e., without plant growth regulator),
2 μMBA, 4 μMBA, 1.5 μMGA3, and 3 μMGA3] was used,
for a total of ten treatments with four replicates (Petri dishes
with four embryonic calluses). The following parameters were
evaluated: conversion rate (percentage of explants with em-
bryos), the number of formed embryos (globular stage, torpe-
do, cotyledon, and germinated embryos), and the total weight
of somatic embryo biomasses (fresh and dry weights).

De novo shoot organogenesis inductionRoot segments (10–
20mm long) obtained from 30-d-old in vitro-germinated seed-
lings were placed horizontally in 90 mm × 15 mm Petri dishes
(J. Prolab®) containing 25 mL basal MS salts supplemented
with different BA, Zeatin (ZEA), or Thidiazuron (TDZ) (0, 4,
8, or 12 μM) concentrations, at pH 5.7 ± 0.1. Plates were
sealed with transparent PVC film (Goodyear®, São Paulo,
Brazil) and then kept in the same growth chamber conditions
as described above for 40 d. The experimental design was
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completely randomized and consisted of 13 treatments: four
cytokinins in the de novo shoot organogenesis induction
phase (BA, KIN, TDZ, and ZEA) at four different concentra-
tions of 0, 4, 8, and 12 μM. Each treatment was composed of
three replicates (Petri dishes with four explants). The follow-
ing parameters were evaluated: maturation rate (percentage of
explants with mature embryos) and number of formed shoots.

After 40 d, shoots were separated from the initial explants
and transferred to flasks (four shoots per flask) containing MS
medium without plant growth regulators. Flasks were sealed
with rigid polyethylene lids with two holes covered with a
home-made porous membrane (as described by Saldanha
et al. 2012), and remained under these conditions for an addi-
tional 50 d. After this period, rooted plants were washed in
running water to remove excess culture medium and trans-
ferred to 300-cm3 plastic cups (one shoot per cup) filled with
a commercial substrate (Plantmax®, Paulínia, Brazil). Each
cup was covered with a 10 × 20 cm transparent polyethylene
bag (PSG Embalagens, Porto Alegre, Brazil) to prevent ex-
cessive water loss from the plantlets after their transfer to the
ex vitro environment. Relative humidity was gradually re-
duced to ambient levels by means of lateral cuts (average
1 cm) made in the polyethylene bag, on a weekly basis.
Bags were completely removed by the end of the third week.
Plants were kept under greenhouse conditions throughout the
acclimatization phase.

Microscopy For structural characterization, embryonic cal-
luses obtained from the treatment using induction and conver-
sion media supplemented with 10 μM 2,4-D and 2 μM BA,
respectively, were collected every 10 d during the induction
process and at the end of the conversion cycle. For structural
characterization of de novo shoot organogenesis, samples
from the treatment with 4 μM ZEAwere collected at the fifth
day of culture and then every 5 d until the 30th day.

Samples were fixed in Karnovsky’s solution (Karnovsky
1965) and dehydrated with increasing serial ethanol concen-
trations [50, 70, 80, 90, and 2 × 100% (v/v)], with incubation
periods of 10 min. The samples were then embedded in meth-
acrylate resin (Historesin®, Leica Instruments, Heidelberg,
Germany) according to the manufacturer’s recommendations.
Five-micrometer-thick cross and longitudinal sections were
produced using an automatic advance rotary microtome
(RM2155, Leica Microsystems Inc., Buffalo Grove, IL) and
stained with toluidine blue (pH 3.2) (O’Brien and McCully
1981). Images were captured using an Olympus AX70TRF
microscope (Olympus Optical, Tokyo, Japan) equipped with a
U-Photo Camera System (Spot Insight Color 3.2.0,
Diagnostic Instruments Inc., Sterling Heights, MI).

For micromorphological characterization, fixed samples
were dehydrated in an acetone series and dried with CO2

(Bozzola and Russell 1992) using a critical point-drier device
(CPD model 030, BalTec Inc., Balzers, Liechtenstein). Next,

samples were covered with a 10-nm colloidal gold layer in a
metallizer (Model FDU 010, BalTec Inc.), coupled to sputter
coating equipment (Model SCA-010, BalTec Inc.). The sam-
ples were observed and images taken using a scanning elec-
tron microscope (LEO 1430 VP, Zeiss, Cambridge, UK), at
5 kVaccelerating voltage.

Statistical analysis The data were submitted to analysis of
variance followed by Tukey’s test at a significance level of
5% to compare mean values. Analyses were performed in the
R software, version 3.0.3 (R Core Team 2014), with the assis-
tance of ExpDes package, version 1.1.2 (Ferreira et al. 2013)
and Easyanova package (Arnhold 2014).

Results

Low 2,4-D concentrations led to somatic embryogenesis
pathway in root-derived Lisianthus explants Root explants
showed a response gradient when cultured in semi-solid me-
dium with increasing 2,4-D concentrations (Fig. 1a–d).
Explants cultured on MS medium devoid of plant growth
regulators showed no morphogenetic responses (data not
shown). In 2,4-D-supplemented treatments, the percentages
of explants with induced somatic embryogenesis were fitted
to a decreasing linear model (Fig. 1e). The highest induction
percentage (97.5%) was observed for the medium supple-
mented with 10 μM 2,4-D (Fig. 1e). The whole explants
showed typical globular, smooth embryonic-like structures
(Fig. 1a).

Embryonic structures were also observed for 20 and 30μM
2,4-D, although less frequently and primarily in explant sec-
tioning regions (Fig. 1b, c, respectively). However, at 40 μM
2,4-D, embryonic structures were rarely observed (Fig. 1d).
The explant oxidation rates were fitted to a rising linear model,
proportional to 2,4-D concentration in the induction medium
(Fig. 1f).

Use of GA andBA to promote differentiation of Lisianthus
somatic embryos For somatic embryo differentiation, root ex-
plants previously cultured on induction medium supplemented
with 10 μM 2,4-D were transferred to media either lacking
plant growth regulators or supplemented with GA3 or BA and
exposed to light. Once transferred, the yellowish-white embry-
onic structures in the explants turned green (Fig. 2a, b). Somatic
embryo differentiation was observed only in the BA- or GA3-
supplemented treatments. Somatic embryos at different devel-
opmental stages were observed in the explants (Fig. 2c–e), with
no significant difference in the conversion rates between the
treatments. The largest numbers of somatic embryos (35 and
33) were observed in treatments supplemented with 4 μM BA
or 1.5 μM GA3, respectively, although the latter was not sig-
nificantly different from that supplemented with 2 μM BA
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(Fig. 2f). The highest accumulation of somatic embryo fresh
and dry weights (Fig. 2g, h) was obtained for 2 or 4 μM BA.
In the treatment supplemented with 3 μM GA3, the average
number of somatic embryos and the embryomass accumulation
were significantly reduced (Fig. 2f–h).

De novo shoot organogenesis from root-derived Lisianthus
explants was influenced by the type and concentration of
cytokinin Both induction and regeneration of adventitious
budswere affected by the type and concentration of cytokinins
present in the culture medium. Root explants cultured on plant

Figure 2 Somatic embryo
differentiation obtained from
Lisianthus root explants. General
view of embryonic calluses
obtained on embryo conversion
medium supplemented with 4 μM
BA (a) and 1.5 μM GA3 (b).
Somatic embryos at globular (c),
torpedo (d), and cotyledonary
stages (e). Number of somatic
embryos ( f ), total somatic
embryo fresh weight (g), and total
somatic embryo dry weight (h).
Bars = 0.1 cm.

Figure 1 Effect of 2,4-dichlorophenoxyacetic (2,4-D) concentration on
somatic embryogenesis induction from Lisianthus root explants. General
view of root explants cultured in induction media supplemented with

10 μM (a), 20 μM (b), 30 μM (c), or 40 μM (d) of 2,4-D. Arrowheads
indicate the presence of pro-embryonic structures. Somatic embryogene-
sis induction frequency (e) and oxidation rate ( f ). Bars = 0.5 cm.
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growth regulator-free MSmedium and medium supplemented
with kinetin or the highest ZEA concentration (12 μM)
showed no morphogenetic responses after 30 d of culture
(Table 1). The highest response by root explants was observed
at 4 or 8 μMBA, 4 μMZEA, or higher TDZ concentrations (8
to 12 μM), with no significant difference among these treat-
ments. Organogenic responses were observed in the sectioned
area and over the whole explant (Fig. 3). Most root segments
showed slight swelling in the first week of culture, which
subsequently resulted in the disruption of the explant outer
layers (Fig. 3a, b), with no significant difference observed
among the treatments. After 25–30 d of culture, adventitious
buds emerged directly from the explants (Fig. 3c, d). The
largest number of shoots was obtained in explants cultured
at the lowest cytokinin (BA, ZEA, or TDZ) concentration
(4 μM). However, in explants cultured in the presence of
higher BA or TDZ concentrations (8 or 12 μM), the root
segments also showed regeneration of adventitious buds, but
at significantly lower rates (Table 1). Buds regenerated
through de novo shoot organogenesis (Fig. 3e) were excised
and transferred to a medium containing the standard concen-
trations of MS salts and vitamins described by Murashige and
Skoog (1962). Plantlets were transferred to Plantmax® sub-
strate and successfully acclimatized (Fig. 3f).

Somatic embryogenesis and de novo shoot organogenesis
have the same histological origin in LisianthusHistological
characterization of regeneration systems obtained from
Lisianthus root explants was performed to determine the ori-
gin and the temporal development of the morphogenetic re-
sponses obtained via somatic embryogenesis (Fig. 4) and de
novo shoot organogenesis (Fig. 5). In both morphogenetic
pathways, histological changes were first observed in the

vascular cylinder. Root segments initially showed a vascular
cylinder with a typical polyarch structure (Fig. 4a) enclosed
by a single pericycle layer (Fig. 4a, b).

Early in the somatic embryogenesis process, both anticlinal
and periclinal cell division planes were observed in pericycle
cultured for 10 d (Fig. 4c, d). These divisions intensified over
time, and many dividing cell clusters occurred in the pericycle
and parenchyma associated with the vascular tissue (Fig. 4e,
f), creating a proliferation area throughout the vascular cylin-
der (Fig. 4g). The proliferation zone was composed of several
layers of cells with meristematic features, including small size,
isodiametric shape, dense cytoplasm, large nuclei, and evident
nucleoli (Fig. 4h). After 40 d of culture, the continuous devel-
opment of the proliferation area led to clusters of meristematic
cells, being interpreted as pro-embryonic areas (Fig. 1a and
Fig.4i). Pro-embryo differentiation into somatic embryos was
gradual and asynchronous.

Twenty days after being transferred to the conversion me-
dium, somatic embryos at different stages were present on the
surface of the root explants (Fig. 2j–g). In the early stages of
development, the somatic embryos were well-defined and pre-
sented a typical bipolarized structure, a clear protoderm, and
no vascular connection with the initial explant (Fig. 4m).
Procambia, leaf primordia, and apical domes were identified
at the late development stages of somatic embryos after 40 d
on conversion medium (Fig. 4n).

In de novo shoot organogenesis, the induction process also
started from anticlinal and periclinal cell divisions from pericycle
cells and vascular parenchyma (Fig. 5a, b). However, after 10 d
of cultivation, cell divisions were prolific and there was no obvi-
ous preferred division plane (Fig. 5c). Cell proliferation led to the
formation of organogenic structures (Fig. 5c). Unlike the prolif-
eration observed in the embryonic zone process, only the apical

Table 1 Effect of type and
concentration of cytokinin on
Lisianthus de novo organogenesis
from root explants

Cytokinins Concentration (μM) Shoot regeneration (%) Regenerated plants per explant

0 (control) – 0d 0b

4 85.71 ± 11.07ab 2.37 ± 0.25a

BA 8 86.77 ± 6.44ab 0.75 ± 0.30ab

12 19.05 ± 9.76cd 0b

4 0d 0b

KIN 8 0d 0b

12 0d 0b

4 29.95 ± 10.00cd 1.67 ± 0.93ab

TDZ 8 95.24 ± 3.69a 1.33 ± 0.26ab

12 96.30 ± 2.87a 0.71 ± 0.28ab

4 92.59 ± 5.74a 2.11 ± 0.52ab

ZEA 8 49.73 ± 8.76bc 0.87 ± 0.46ab

12 0d 0b

Means marked with the same letter in the columns do not differ significantly from each other (P > 0.05, Tukey’s test)
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cells ofmeristematic organogenic structures had dense cytoplasm
and large nuclei constituting the meristems (Fig. 5c). The contin-
ued development of these meristematic regions eventually led to
the disruption of the cortex and root epidermis (Fig. 5d). After
25–30 d of culture, meristem development resulted in the forma-
tion of adventitious buds (Fig. 5e–g).

Discussion

In the present study, an in vitro regeneration system was devel-
oped to alternatively induce different morphogenetic pathways,
somatic embryogenesis, or de novo shoot organogenesis in
Lisianthus root explants. Somatic embryogenesis was obtained
when root explants were cultured on induction medium supple-
mented with 2,4-D, whereas de novo shoot organogenesis was
observed on medium containing BA and/or ZEA. Neither so-
matic embryogenesis nor de novo shoot organogenesis oc-
curred on MS medium devoid of one of these plant growth
regulators. Recent data suggested that plant growth regulators
may specify cell identity from gene expression reprogramming
required for the cell-fate transition in morphogenetic pathway
induction (Xu and Huang 2014). Therefore, in some plant spe-
cies, somatic embryogenesis or de novo shoot organogenesis
may be induced in the same explant source, depending on the
culture conditions (Dodsworth 2009; Kraut et al. 2011; Wang
et al. 2011; Rocha et al. 2015).

The presence of 2,4-D in the culture mediumwas essential for
somatic embryogenesis induction. The key roles that 2,4-D plays

in embryonic responses and tissue formation have been widely
reported (Paim-Pinto et al. 2011; Krishna Kumar and Thomas
2012; Pathak et al. 2012; You et al. 2012; Stanišić et al. 2015;
Ruffoni and Bassolino 2016). However, the present data showed
that increasing 2,4-D concentration in the culture medium had a
deleterious effect on embryonic induction frequency and in-
creased the explant oxidation rate. Appropriate auxin concentra-
tion in the culture medium is crucial for somatic embryogenesis
induction and may vary with explant species and type (Fehér
et al. 2003; Parimalan et al. 2011; You et al. 2011).
Considering that 2,4-D supplementation in culture medium
may affect the endogenous auxin level and its distribution and
biosynthesis (Kaminek et al. 1997), and that roots are generally
known to be sensitive to high auxin concentrations, such factors
could explain the observed results.

Some studies have reported successful GA3 and BA supple-
mentation in the culture medium for conversion of somatic em-
bryos in Gentianaceae (Mikuła and Rybczyński 2001; Fiuk and
Rybczyński 2007b; Fiuk and Rybczyński 2008). These plant
growth regulators have also been used for conversion of somatic
embryos obtained from root explants (Komai et al. 1995;
Twyford and Mantell 1996; Akashi et al. 1998; Yang et al.
2009). In the present study, BA treatments were more effective
than GA3 treatments for Lisianthus somatic embryo maturation.
The use of 4 μM BA generated the highest number of somatic
embryos per root explant. However, the use of 2 μMBA gener-
ated somatic embryos with improved vigor, as evidenced by
higher fresh and dry weights and percentages of fresh and dry
embryo biomasses per explant. The addition of BA in the

Figure 3 De novo shoot
organogenesis from Lisianthus
root explants. Explants at 0 (a)
and 15 d (b) of induction.
Formation of organogenic
structures after 25 d (c) and 30 d
(d) of culture. Root explants with
several buds after 40 d of culture
(e). Regenerated plant
acclimatized (e). Bars = 0.5 (a–e)
and 1 cm ( f ).
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conversionmediumof Lisianthus somatic embryos has previous-
ly been proposed by Nhut et al. (2006), who also observed an
increased number of embryos regenerated onmedia supplement-
ed with lower BA concentrations.

De novo shoot organogenesis induction was influenced by
both the type and concentration of cytokinin in the culture
medium, possibly due to variations in translocation rate
(Blakesley 1991). BA and ZEA promoted the development
of more adventitious buds than the treatments supplemented

with KIN and TDZ. In addition, the lowest BA and ZEA
concentration (4 μM) was more effective in forming and de-
veloping morphologically normal buds. Similarly, BA and
ZEAwere reported as the most effective cytokinins for induc-
ing the development of adventitious buds on Bixa orellana
(Cruz et al. 2014). The ability of BA to induce the formation
of adventitious buds in Lisianthus had been previously report-
ed for leaf discs (Semeniuk and Griesbach 1987; Barrueto Cid
and Teixeira 2006; Ördögh et al. 2006; Esizad et al. 2012).

Figure 4 Ontogenesis of somatic embryogenesis pathway obtained from
Lisianthus root explants. Light microscopy cross (a, g) and longitudinal
sections (b–f, h, i, m) and scanning electron microscopy images (j–l).
Histological organization of initial root explants (a, b). Cellular
divisions of pericycle and vascular parenchyma cells after 10 d (c, d)
and 15 d (e, f) of culture. Images d and f show details of cellular
divisions observed in c and e, respectively. Cellular proliferation around
the vascular cylinder in root explants after 20 d of culture (g). Initial stages

of somatic pro-embryo formation (h). Meristematic features of these cells
(asterisks). Exposure of pro-embryos in the periphery of root explants (i,
j). Somatic embryos developed after root explant transfer to the conver-
sion medium (k–m). Developed somatic embryo. Note the presence of all
primary meristems defined. co cortex, e endodermis, g globular embryo,
gm ground meristem, lp leaf primordium, m shoot meristem, p pericycle,
pc procambium, pl phloem, pt protodermis, se somatic embryos, and x
xylem. Bars = 200 μM (a–c, e, g–n) and 100 μM (d, f).
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The supplementation of culture media with KIN has also been
proposed for Lisianthus micropropagation from meristematic
explants (Kaviani 2014). However, the same effect on root
segments was not observed in this study.

The morphogenetic responses obtained from both so-
matic embryogenesis and de novo shoot organogenesis
pathways showed the same histological origin. Somatic
embryos and adventitious shoots were formed through
the proliferation of pericycle and pericycle-like cells
(vascular parenchyma), suggesting that pericycle cells
have high plasticity and are able to acquire different cell
fates depending on the conditions to which they are sub-
jected. Several studies have reported the involvement of
pericycle cells in the regeneration of embryos and/or
buds from root explants (Vinocur et al. 2000; Lombardi
et al. 2007; Rocha et al. 2012; Vieira et al. 2014; Cruz
et al. 2014). This is consistent with recent studies on the
molecular mechanisms involved in in vitro morphogene-
sis. Several lines of evidence support the understanding
that pericycle and vascular parenchyma cells are intrinsi-
cally prone to undertake different morphogenetic path-
ways (De Smet et al. 2006; Sugimoto et al. 2010;
Pulianmackal et al. 2014).

The formation of somatic embryos and adventitious
buds occurred through the differentiation of pericycle
cells into proembryos and meristemoids, respectively,

which consisted of cells featuring similar characteristics,
such as small size, dense cytoplasm, large nucleus, and
evident nucleolus. These cellular features are considered
as meristematic competence markers (Verdeil et al. 2007;
Kurczyńska et al. 2012) and highlights the potential of
tissues to proliferate and differentiate based on the signal-
ing carried out by the plant growth regulator present in the
medium. In this context, the origins of both somatic em-
bryos and adventitious buds were interpreted as multicel-
lular, starting from founder clusters of similar meristematic-like
cells. This observation has also been reported for in vitro em-
bryonic and organogenic responses in Cyclamen persicum
(Savona et al. 2012) and Passiflora edulis (Rocha et al.
2015), which originated from small groups of cells that exhib-
ited similar characteristics.

In summary, these results demonstrate that both somatic
embryogenesis and de novo shoot organogenesis pathways
in E. grandiflorum can be induced from root pericycle cells.
The best growth regulator concentrations for the establish-
ment of embryonic callus from root segments (10 μM 2,4-
D), for the embryo conversion (2 μM BA), and for induc-
tion of de novo shoot organogenesis (4 μM BA or 4 μM
ZEA) were also demonstrated. These findings provide evi-
dence for micropropagation and biotechnological processes
(e.g., selection and genetic breeding) to be optimized for
this species.

Figure 5 Ontogenesis of de novo shoot organogenesis pathway
obtained from Lisianthus root explants. Light microscopy of
longitudinal sections (a–f) and scanning electron microscopy images
(g). Root explant used as initial explant (a). Cellular divisions (asterisk)
in pericycle and vascular parenchyma cells after 1 wk of culture (b).
Formation and development of meristemoid (c). Note the meristematic

cellular features (asterisk). Disruption of cortex and epidermis caused by
the initial development of organogenic structures (d). Developed
adventitious buds showing the shoot apical meristem (m) and leaf
primordial (lp) (e–g). co cortex, e endodermis, lp leaf primordium, m
shoot meristem, p pericycle, and vt vascular tissue. Bars = 300 μM.
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