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ABSTRACT

Plants of the genus Kalanchoe are the most frequently purchased potted plants because of their decorative
qualities and easy cultivation. Modern commercial plants have unique shapes that are usually not genetically
determined; hence, in vitro cultures are used to propagate such specimens. The efficiency of regeneration is
significantly affected by the type of explant used when that explant was previously located on one of several
parts of a complex plant organ. The study aimed to investigate the influence of the topophysical location of
collected explants on the regeneration efficiency of adventitious shoots. Various regeneration pathways were
observed in the in vitro micropropagation of Kalanchoe daigremontiana leaf fragments, i.e., direct and indirect
organogenesis from the callus stage. The results show a dependent relationship between the location of the
collected explant and its regenerative potential. The most remarkable regenerative capacity of K. daigremontiana
was found in leaf blade fragments taken from the middle and proximal zones. In addition, the explants collected
from the marginal zone of the leaf blade were notably more valuable than those from the part located near the
midrib. The research results indicate that the growth and development of new seedlings propagated vegetatively

with the in vitro method depends on their location on the mother plant.
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INTRODUCTION

The genus Kalanchoe includes approximately 140
species and numerous interspecific hybrids. The size-
able morphological diversity determines the attracti-
veness of these plants to the horticultural market. Not
only is the exceptional durability of their flowers ap-
preciated, but plants with unique morphological featu-
res, such as surface cariculations of leaves, are also be-
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coming increasingly popular. In some cases, mutations
result in teretecylindrical, variously flattened, general-
ly apically in-rolled, or peltate leaves in Kalanchoe
plants. These unique, original shapes are usually not
genetically determined, and such specimens can only
be reproduced in in vitro cultures [Izumikawa et al.
2006]. Globally, plants of the genus Kalanchoe are the
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most frequently purchased potted plants because of
their decorative qualities and easy cultivation. The sa-
les of plants of this genus reached €62 million in 2015
[Kuang et al. 2021], and the global annual Kalanchoe
trade in 2018 was estimated at €67-69 million [Smith
and Shtein 2022]. In response to the high demand for
Kalanchoe plants in the marketplace, large enterpri-
ses have been established to produce these plants and
carry out breeding work. The effects of this work are
impressive, e.g., the small tubular structures formed
on the adaxial surface of the leaves of Kalanchoe
neglecta or highly original tomentose leaves formed
by Kalanchoe beharensis ‘“Baby’s Bottom” [Smith
2020]. In the case of F1 hybrids (first-generation of-
fspring from different parents), sterile amphidiploids
of these hybrids are formed. In such cases, the only
effective method of propagation is micropropagation.
Since experimenters most often want to regenerate
whole plants in in vitro cultures, they are more inte-
rested in shoot organogenesis (caulogenesis) than root
organogenesis (rhizogenesis) [Dimitrova and Nacheva
2021, Kuang et al. 2021].

Kalanchoe daigremontiana demonstrates that a
plant’s ability to regenerate from a single cell or a gro-
up of cells manifests not only in tissue and cell in vitro
culture but also in natural conditions in specialized so-
matic cells of the parent plant. In K. daigremontiana,
vegetative embryos — propagules — form along the en-
tire length of the leaf edge. It can, therefore, be assumed
that there are sufficient levels of the phytohormones in
the entire leaf blade responsible for forming vegeta-
tive embryos. Based on the above information, it co-
uld be argued that the effectiveness of regeneration in
K. daigremontiana does not depend on the topophy-
sical specifics of the collected explant. This study
examines both this theory and another, assuming that,
in planta, the level of phytohormones in this spe-
cies, especially auxins, is sufficiently high, and it is
not necessary to add synthetic auxin to the medium
for regeneration in in vitro cultures [Wendling et al.
2015]. Verifying these theories may help develop
optimal conditions for regenerating Kalanchoe plants,
particularly those of sterile species incapable of sexu-
al reproduction. The knowledge of the relationship
between the location of the collected explant and its
propagation potential may be a valuable tool for the
vegetative propagation of plants. The most signifi-
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cant advantages of this propagation technique include
high spatial efficiency with simultaneous reduction of
costs (micropropagation can produce even a million
progeny plants in one year) and improvement of the
growth rate and quality of pathogen-free micro-plants
[Previati et al. 2008]. The main scientific objective
was to investigate the influence of the topophysical
location of the collected explants on the efficiency of
regeneration of adventitious shoots in in vitro cultures.

MATERIAL AND METHODS

Plant material Kalanchoe daigremontiana Raym.-
Hamet & H.Perrie (Index Seminum 52) collected from
the Botanical Garden of Maria Curie-Sklodowska
University in Lublin. The plants were obtained
in 2010 and then kept in the Faculty of Biology
and Biotechnology greenhouse of Maria Curie-
Sktodowska University in Lublin. Throughout the en-
tire period, the plants were propagated vegetatively,
i.e., genotypically homogeneous. K. daigremontiana
plants were grown in a greenhouse illuminated by na-
tural light, with temperatures above 15°C in winter but
not thermally regulated in summer. The observations
were carried out on a group of 50 mother plants. The
experiments’ leaves were properly developed without
any pathological changes with specific dimensions:
15-25 cm length and approximate 3 mm thickness.
The research was conducted on 20 randomly selected
plants with three replications. From a single explant,
from 1 to 7 embryos were assessed depending on the
efficiency of embryogenesis. Macroscopic observa-
tions were imaged using a Nikon SMZ 74ST stere-
oscopic microscope, and photographic documentation
was made using the Delta Pix Color digital camera
with a dedicated program.

Two media were used for the experiment in vitro,
without hormones: MS [Murashige and Skoog 1962]
and the addition of hormones: K2C medium recom-
mended by Frello et al. [2002]. Composition of K2C
medium with growth regulators: IAA — 3-indolyl
acetic acid IAA: 0.8 mg/l; BAP — 6-benzylaminopuri-
ne BAP: 0,5 mg/l. The same medium was used for all
subsequent passages, and the footing of the seedlings
was observed on this medium.

Histological analysis of embryos and vegetative
structures formed on the callus was performed using
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Fig. 1. Stages of the K. daigremontiana regeneration and final efficiency.

A. Primary explants were collected from three different topophysical zones: distal (D), central (C), and proximal (P). In each zone,
two additional parts were separated: at the midrib and the edge of the leaf blade.

B. Dish with explants on the day of establishing the culture. The upper row contains fragments taken from the part at the edge of
the leaf blade; in the lower row, there are leaf fragments taken from the zone near the midrib.

C. Culture at 30 days after plating on MS medium without growth regulators. Numerous young roots growing from explants taken
from the leaf blade’s marginal part and the zone near the midrib are visible. The average root length ranged from 3 to 23 mm.

D. Culture at 30 days after plating on MS medium supplemented with 0.8 mg/L IAA and 0.5 mg/L BAP. Two regeneration pathways
were observed on single explants: indirect regeneration from the callus stage (arrow) and direct organogenesis with the formation
of shoot structures (bold arrow).

E. Microshoot fragments ten days after separation from primary explants from zone M.

F. Microshoot fragments ten days after separation from primary explants from zone P.

G. Percentage of initiated regeneration depending on the zone from which the explants were collected
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a light microscope (Nikon), and photographic docu-
mentation was made with a digital camera and NIS-
Elements BP software using the Extended Depth of
Focus (EDF) module.

Depending on the efficiency of embryogenesis,
from 3 to 10 embryos were collected and analyzed for
microscopic observations. After the last in vitro pas-
sage, the micro seedlings were planted in Paper Pots
(Ceres, Poland) and placed in plastic, closed conta-
iners with a transparent cover to maintain high humi-
dity. Acclimatization was carried out in a phytotron
at a temperature of 23°C and a 16-hour photoperiod.
After five days, the plants were gradually hardened
to lower air humidity. After two weeks, the young se-
edlings were transferred to the greenhouse.

In vitro experiment. The leaf blade of K. daigre-
montiana was divided into three topophysical zones:
distal, central, and proximal. Fragments of 0.5 x 0.5
cm were isolated from each zone. Each zone was ad-
ditionally divided into two parts: the part at the midrib
and the part at the edge of the leaf blade. Leaf frag-
ments were placed on one plate (Fig. 1 A). The leaves
were surface sterilized for 10 min in 5% sodium hypo-
chlorite and then rinsed several times in sterile water.
Next, 50 x 50 mm sections of a leaf were cut out with
a scalpel. The explants were transferred to K2C me-
dium dishes with composition as used by Frello et al.
[2002]. They were incubated in a growth chamber at
25°C illuminated at 80 pwmol photon m™ s for 16 h
and kept in the dark for 8 h. The material was passaged
after 14 and 30 days was stored in the same conditions.
After embryos and micro shoots emerged, the material
was placed in a chamber at 23°C with a 16-hour pho-
toperiod. The seedlings were transferred to plastic pots
with a diameter of 8 cm. The acclimatization in the
greenhouse conditions lasted four weeks. The plants
were grown in pots with universal soil in a greenhouse
with natural sunlight.

Microscopic preparation and staining.Young so-
matic embryos were separated from the explants and
fixed in Carnoy’s fixative. The material was embedded
in paraffin blocks cut longitudinally and transversely
into 7-micrometer-thick sections using a Leica model
RM2125RTS rotary microtome. The sections were
glued to the slides with Haupt’s adhesive. The slides
were stained using the safranin and permanent green
method [Ruzin 1999]. The anatomical documenta-

96

tion was performed using a light microscope (Nikon
Eclipse Ni), and photographic documentation was
made with a digital camera Nikon DS-Ri2 and NIS-
Elements BP software using the Extended Depth of

Focus (EDF) module.

RESULTS

The first stage of our research consisted of determi-
ning the regeneration ability of explants placed on the
MS medium without adding phytohormones (Fig. 1B).
The culture was maintained for 30 days. It turned out
that, regardless of the topophysical location of the col-
lected material, no callus induction was noted on any
of the explants, and only rhizogenesis was observed
(Fig. 1C). Therefore, we decided to use MS medium
with the addition of 0.8 mg/L indole acetic acid and 0.5
mg/L benzylaminopurine. This medium is recommen-
ded for in vitro culture experiments on Kalanchoe spe-
cies. After 30 days of cultivation of the K. daigremon-
tiana explants, various regeneration pathways were ob-
served, i.e., direct and indirect organogenesis from the
primary callus stage (Fig. 1D). Additionally, two pa-
ths of regeneration were observed on single explants:
indirect regeneration from the callus stage and direct
organogenesis with the formation of shoot microstruc-
tures. At the same time, it was noted that 80% of the
explants taken from the zone near the midrib died, and
only a few undertook regeneration, while the number
of micro shoots was — from 1 to 5. Callus initiation on
these explants was also poor. Much better results were
observed on explants from the edges of the leaf blade.
The number of shoot structures in individual explants
was estimated and cross-referenced to the topophysical
zone. In the next stage of the experiment, the first pas-
sage was performed on the same K2C medium. After
30 days, the most significant numbers of micro sho-
ots and somatic embryos were observed on explants
from the proximal and middle part of the K. daigre-
montiana leaf blade (Fig. 1E). A quantitative and qu-
alitative analysis of the effects of K. daigremontiana
micropropagation indicated that micro shoots and
somatic embryos were formed most abundantly on
explants collected from the middle zone (about 60%
of such explants achieving this) and the proximal zone
(about 52%). In turn, the lowest number of these struc-
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Fig. 2. Different regeneration pathways on the explants taken from the proximal and middle parts: direct (A, B) and indirect from
the callus stage (C), direct somatic embryogenesis (D). Pictures taken with the stereomicroscope A-E and LM (F-H).

A. Young 10-day-old micro shoots formed from the proximal part due to direct organogenesis.

B. Well-developed 30-day-old micro shoot before rooting with visible characteristic serration of the edge of the leaf blade (from
the proximal part).

C. Indirect caulogenesis. Elongated microshoot on callus tissue.

D. Direct somatic embryogenesis at the globular/heart-shaped stage (arrow).

E. Longitudinal section of the apical micro shoot meristem with leaf primordia on both sides. A layer of protoderm is visible in the
central zone of the meristem, and a group of columnar core stem cells is visible below. Underneath, there are larger parenchymal
cells with a developed vascular bundle.

F. Globular somatic embryo. The embryo comprises small cells with dense, highly stained cytoplasm and a visible protoderm layer.
Groups of differentiated non-embryogenic somatic cells are visible around the embryo
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tures was found on explants collected from the distal
zone (about 20% of explants from this site displaying
any formation) and from the edges of the leaf blade
(from 7 to 20%) (Figs 1F and G). As shown by the
results, during the vegetative propagation of the stu-
died species in in vitro cultures, regeneration proce-
eded via direct organogenesis (Figs 2 A, B, and D) and
indirectly from the callus stage (Fig. 2C). Embryoid
structures, globular embryos, and micro shoots were
formed (Fig. 2D). At a later stage, these structures
developed into young plants with characteristic ser-
rations of the leaf margins (Fig. 2B). After isolation,
the young plants were acclimatized to the conditions
in the greenhouse, where further cultivation was car-
ried out. All plants obtained in in vitro cultures deve-
loped normally and did not differ phenotypically from
mother plants. The young somatic embryos obtained
in the experiment were analyzed in histochemical pre-
parations (Figs 2 E and F). Their anatomical structure
was correct and typical of dicot embryos. In the apical
meristems of the shoot, zones of intense mitotic divi-
sions were distinguished, which ensured the specific
histological organization of the young plant (Fig. 2E).
Leaf buds were developed on both sides of the apical
meristem of the micro shoot. In the central zone of
the meristem, a layer of protoderm covered the stem
cells of the tunic and body, and a group of columnar
core stem cells was visible below. Underneath were
larger parenchymal cells of the core with a develo-
ped vascular bundle. The embryo obtained from the
micropropagation was composed of small cells with
dense, highly stained cytoplasm with a visible layer of
protoderm. Groups of differentiated non-embryogenic
somatic cells were visible around the embryo.

DISCUSSION

Seeds propagated the first varieties of plants of the
genus Kalanchoe, and the resulting plants were pheno-
typically very diverse. Currently, most hybrid varieties
are propagated vegetatively to ensure the uniformity
of flower form, habit, growth, and color. Another valu-
able advantage of the in vitro method is the possibility
of using virtually any non-meristematic plant organ
(or its fragment) as a source of explants. Through mi-
cropropagation, numerous genetically identical plants
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can be obtained in in vitro cultures relatively quickly.
The effectiveness of this micropropagation method
depends on many factors, e.g., the composition of the
medium, type of explant, and genotype. It has been
proved in some species that the efficiency of regenera-
tion may also depend on the location of the explant on
the mother plant, which is the so-called phenomenon
of topophysis [Zalewska and Miler 2010].

Regeneration of plants propagated vegetatively
using the in vitro technique can proceed directly (em-
bryos with cotyledons and first true leaves) and indirec-
tly from the callus stage. For instance, indirect organo-
genesis occurs in Kalanchoe rhombopilosa Mannoni
& Boiteau, and it has been shown that stem segments
are the recommended explants for in vifro shoot and
root multiplication [Kertrung and Junkasiraporn 2018,
Pacholczak and Nowakowska 2020]. However, rese-
arch conducted by Sanikhani et al. [2006] showed that
explants of Kalanchoe blossfeldiana taken from petio-
les were more efficient than those taken from leaves.
In addition, Smith and Nightingale [1979] showed
that plants of this species obtained in vitro were highly
branched and had short internodes, which is commer-
cially a precious attribute.

The ability of K. daigremontiana to form soma-
tic embryos outside the ovary provides an attractive
model system for studying somatic embryogenesis
in nature. Crucial is the ability of vegetative cells to
acquire the competence to create embryos without fer-
tilization. As demonstrated in this species, the ability
to regenerate from somatic cells occurs not only in
in vitro tissue and cell culture but also in specialized
somatic cells of the parent plant in natural conditions
[Garcés and Sinha 2009].

Based on this unique ability to form somatic em-
bryos on leaves, we attempted to assess the abili-
ty of K. daigremontiana explants to regenerate in a
medium without synthetic hormones [Kertrung and
Junkasiraporn 2018]. After 30 days of cultivation, we
noted that regardless of the zone from which the ma-
terial was taken, only rhizogenesis, i.e., the formation
of numerous adventitious roots, was observed.]. The
initiation and course of developmental processes in
in vitro cultures depend on the type and mutual pro-
portions of growth regulators present in the medium.
There is a certain general regularity in the influence
of auxins and cytokinins on organogenesis. A high le-
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vel of auxins stimulates root formation, while a high
concentration of cytokinins promotes shoot formation.
The balance in the levels of both hormone classes in-
fluences the callus formation, i.e., undifferentiated or
poorly differentiated tissue composed of parenchyma-
tous cells [Su et al. 2011].

Sometimes, both processes, i.e., organogenesis and
somatic embryogenesis, have been observed in K. da-
igremontiana leaf explants. Ludvova and Ostrolucka
[1998] described the coexistence of indirect organo-
genesis and indirect embryogenesis in specific con-
ditions of Actinidia chinensis Planch — leaf culture.
Callogenesis, caulogenesis, rhizogenesis, and soma-
tic embryogenesis have been observed on Echeveria
elegans Bgr isolated leaves. (Crassulaceae) [Solis et
al. 2013]. Somatic embryogenesis has been found
to occur more frequently in younger tea plant leaves
[Kato 1996]. Spontaneous variability is often ob-
served among in vitro-propagated plant individuals
[Schwaiger and Horn 1987]. Somaclonal changes can
be caused either by spontaneous changes occurring
during the stages of unorganized callus growth or by
the genetic heterogeneity of the explants. Before star-
ting mass propagation of plants, it is essential to deter-
mine the extent of such variations.

The differentiation of the explants depending on
the zone (distal, central, and proximal) allowed ve-
rification of the thesis that the growth and develop-
ment of new K. daigremontiana seedlings propagated
vegetatively depend on their location on the mother
plant. There are few studies on the correlation between
the site of explant excision and regenerative capacity.
Previous experiments were conducted on flowering
plants such as rose [Le Bris et al. 1998] and chrysan-
themum [De Ruiter 1996]. However, in woody plants,
a strong relationship was found between the location
of the shoot used as an explant and its ability to root
[Peer and Greenwood 2001]. Based on the results of
studies on the chrysanthemum, it was found that the
regenerative activity of explants depended on their to-
pophysical location and differed depending on whether
a fragment of a shoot or a leaf was used. There was no
regeneration on the explants taken from the proximal
part of the leaf, whereas the most significant number
of adventitious shoots was formed on explants taken
from the distal part of the leaf [Zalewska and Miler
2010, Miler and Zalewska 2014].

https://czasopisma.up.lublin.pl/index.php/asphc

The morphological and anatomical analysis of K.
daigremontiana explants showed the greatest regene-
rative potential in the explants originating from the
proximal and middle parts of the leaf. In addition, the
expansive leaf sections taken from the marginal zone
of the leaf blade turned out to be much more valuable
than those from the part near the midrib. These results
support the conclusion that, in K. daigremontiana, the-
re is a relationship between the location of the collec-
ted explant and its regenerative potential. The greatest
regenerative potential in this species was obtained
from explants collected from the edge of the leaf blade
in the middle (M)-and proximal (P) zones. Such ob-
servations coincide with the K. daigremontiana leaf
development pattern; as the leaves mature from tip
to base, the divisions cease first in the upper part and
then on the side. The mitotic divisions persisted for
the longest time in the marginal part of the leaf basal
zone. Similar observations were reported in a study on
tobacco [Cantrill et al. 2001]. In vitro cultures are the
primary tool for biotechnologists’ work in the callus
multiplication process to create new varieties and in-
terspecies hybrids and obtain valuable metabolites and
biopharmaceuticals [Radomir et al. 2022]. Bidabadi
and Jain [2020] point out that many events during the
plant regeneration process can be controlled by mani-
pulating the signaling pathways associated with phy-
tohormone interaction, explant injury, and program-
med cell death. Nevertheless, questions remain about
how explants transmit endogenous and environmental
signals and induce or maintain cell differentiation.
The research results presented in this study are part
of the trend expanding the knowledge of in vitro plant
regeneration for more comprehensive applications
in crop improvement, commercial applications, and
acquisition of secondary metabolites [Pacholczak and
Nowakowska 2020, Buyun et al. 2021].

CONCLUSIONS

Micropropagation in in vitro cultures is highly re-
commended for rapid propagation of new Kalanchoe
cultivars, as every leaf, shoot tip, and stem section can
be used as an explant for cultivation. In plants of the ge-
nus Kalanchoe, the effects of in vitro micropropagation
may vary depending on the species and even the variety.
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The results of our research demonstrate different rege-
neration pathways, i.e., direct and indirect organoge-
nesis from the callus stage, in K. daigremontiana. The
final effect of K. daigremontiana micropropagation is
also significantly influenced by topophysis. Therefore,
it is crucial to know not only which organ but also from
which of its parts the explant is collected, as in the case
of the leaf.
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