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Abstract
The induction and regeneration of protocorm-like bodies (PLBs) is a morphogenetic pathway widely used
for orchid micropropagation. As endopolyploidy, i.e., the coexistence of cells with different ploidy levels, is
a common feature in orchid tissues, a natural question arises when using somatic tissues as explants for
orchid micropropagation: does endopolyploidy in explants affect the cytogenetic stability of regenerated
plantlets? To answer this question, Epidendrum fulgens was used as a model plant, and �ow cytometry
(FC) was used to analyze endopolyploidy in pollinia, petals, labella, leaf bases, leaf tips, root tips,
protocorms bases and protocorms apexes, which were subsequently used as explants for PLB induction
and plant regeneration. The ploidy screening showed contrasting ploidy patterns in the samples.
Endopolyploidy was detected in all tissues, with C-values ranging from 1C to 16C. Protocorm bases and
root tips presented the highest proportion of endopolyploidy, while petals and protocorm apexes showed
the lowest proportion. Flower parts presented high oxidation for PLB induction and pollinia failed to
produce PLB or callus. The highest induction rate was observed at 10 µM TDZ, with 92%, 22%, and 0.92%
for protocorm bases, leaves, and root tips, respectively. Plantlets were more easily regenerated from PLBs
induced from protocorm bases than from leaves and roots. Doubled ploidy levels were registered in a
proportion of 11% and 33% for PLB-regenerated plantlets obtained from protocorm bases and leaf bases,
respectively, which was not directly associated with the proportion of endopolyploid cells or cycle value of
explants.

Introduction
Endopolyploidy is a cell cycle variant characterized by successive DNA duplication events without
chromosome segregation and cell division (Edgar et al. 2014). Endopolyploidy canresult from two
different processes, namely endocycle and endomitosis (see Leitch and Dodsworth 2017 for details),
both of them culminating with cells with different ploidy levels within the same tissue or organism
(Barow and Meister 2003). It was only after the advent of �ow cytometry that it was possible to recognize
the importance of such duplication events limited to speci�c cells or tissues (Bateman et al. 2018).

Endopolyploidy is responsible for controlling many developmental processes in plants, as the growth rate
(Barow and Meister 2003), the cell size (Maluszynska et al. 2013), the resistance to herbivory (Mesa et al.
2019), and the adaptation to climate variation (Pacey et al. 2020). One obvious feature of
endoreduplicated cells is the overexpression of genes (e.g., Barow 2006; Lee 2009; Leitch and Dodsworth
2017), leadings to different physiological and developmental processes. Therefore, endopolyploidy
appears to be a mechanism to control cell function, although the molecular mechanisms of such
processes are unknown (Brown et al. 2017).

Endopolyploidy is a common feature in eukaryotes in general, but it prevails in plants (Leitch and
Dodsworth 2017). In orchids, it appears to be extremely frequent, and many studies have already detected
such feature (e.g., Fukai et al. 2002; Lim and Loh 2003; Yang and Loh 2004; Teixeira da Silva and Tanaka
2006; Ho et al. 2016; Bateman et al. 2018).
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Such ploidy mosaics are even more complicated in orchids, as cells can undergo a unique type of
endopolyploidy known as progressive partial endoreplication (PPE), a feature unique of the Orchidaceae
(Trávníček et al. 2019). PPE leads to the coexistence of cells with different and non-multiple DNA
contents in the same tissue and may occur in all orchid subfamilies except for Apostasioideae (Trávníček
et al. 2015; Brown et al. 2017).

Therefore, an obvious question arises when using somatic tissues as explants for micropropagation:
does the pre-existing ploidy variation in the cells of explants affects the cytogenetic stability of
regenerated plants?

The induction of protocorm-like bodies (PLB) is a morphogenetic pathway used for orchid
micropropagation. The terminology was �rst used by Morel in 1960 (Arditti 2009) to describe their
structural similarity to orchid protocorms. It is a promising technique that could replace conventional
micropropagation as it allows the clonal conservation, breeding, and propagation of elite plants with high
phytosanitary quality (Cardoso et al. 2020), and are excellent targets for genetic transformation (Liu et al.
2019; Hsieh et al. 2020). Orchid micropropagation protocols adopt many different types of explants, as
roots (Kerbauy and Estelita 1996; Picolotto et al. 2017), �oral stalks (Chen et al. 2002), leaves (Chen and
Chang 2006), and shoot tips (Roy et al. 2007), but whether the use of such variable explant sources may
lead to variations on regenerated plantlets is still an open issue. Hence, the accurate knowledge of the
endopolyploidy status of the entire plant is crucial to select explants for tissue culture, and knowing
whether the use of explants with different endopolyploid patterns may affect regenerated plants is
necessary not only to avoid somaclonal variation (Bairu et al. 2011) but also as a tool for genetic
improvement.

The objective of the present work was to perform a screening of the ploidy levels of different orchid
organs and tissues, to develop PLB induction protocols using explants with contrasting ploidy patterns,
and to elucidate the in�uence of the pre-existing explants’ ploidy variation on the cytogenetic stability of
regenerants.

Material And Methods
Endopolyploidy screening of explants

Natural populations of Epidendrum fulgens Brongn (Orchidaceae) were sampled in the Restinga
vegetation of the Atlantic rainforest in Florianópolis, (27°46'50.74"S and 48°29'11.98"W; 27°39'2.15"S and
48°28'6.25"W; 27°37'25.02"S and 48°27'18.05"W). Vegetative offshoots, produced in the �oral stalks,
were carefully removed from healthy plants of each population and transplanted to 2 L pots containing a
mix of autoclaved sand and commercial substrate (Tropstrato HT®) in a 1:1 ratio. These plants were
used as the source of materials for the present study. For obtaining in vitro plantlets, E. fulgens seeds
were harvested from mature pods, sterilized, and sown as described by Voges et al. (2014).
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Flow cytometry (FC) was used to analyze the endopolyploidy level of the following
organs/tissues: Pollinia, petals, labella, root tips, leaf basal region, leaf tips, protocorm bases, and
protocorm apex. Pisum sativum cv. Ctirad (Fabaceae) (2C = 9.09 pg DNA) was used as an internal
reference standard for the �ow cytometry analysis. Seeds of P. sativum were kindly provided by Dr.
Jaroslav Doležel from the Institute of Experimental Botany of the Czech Academy of Sciences. Nuclei
from the samples and leaves of the reference standard (~50 mg) were simultaneously extracted by
chopping with a razor blade (Galbraith et al. 1983) on 2 mL ice-cold Otto-I buffer (Otto 1990). The nuclei
suspension was �ltered through a 40 µm nylon mesh (BD Falcon) and centrifuged at 150 g for 5 min. The
supernatant was removed with a pipette and the pellet was resuspended after the addition of 100 µL of
fresh ice-cold Otto-I buffer. The nuclei suspension was stained in the dark for 30 min in 500 µL of Otto-II
buffer (Otto 1990) supplemented with 50 µg mL-1 of propidium iodide (PI; Biotium) and RNase-A (Sigma-
Aldrich).

PI �uorescence was measured with a BD FACSCantoTM II �ow cytometer, equipped with an Argon Laser
(488 nm), at the Laboratório Multiusuário de Estudos em Biologia, Federal University of Santa Catarina
(LAMEB/UFSC). The position of the peaks from the samples and the reference standard was settled by
analyzing the �rst run with each sample separately. The G1 peaks were assigned to a speci�c channel
and the equipment voltage and gain were kept constant throughout the analyses.

Flowing software 2.5.1 was used to process the data. First, we analyzed dot-plots of �uorescence
intensity on a linear scale vs. forward scatter light on a logarithmic scale. A polygonal region including all
PI-stained nuclei was created on the dot-plots, from which gated histograms of �uorescence intensity in
linear scale were created. Linear gated regions were created on histograms to obtain statistics of intact
nuclei only.

The numbers of endopolyploid nuclei were used to calculate the cycle value (Barow and Meister 2003),
with the formula:

Where, n is the number of nuclei with C-values of 2C, 4C, 8C, and 16C, respectively.

The genome size was calculated based on the ratio between the 2C �uorescence intensity peaks from the
samples and the internal reference standard. The value was multiplied by the DNA C-value of the
reference standard (Doležel and Bartoš 2005). To convert DNA content in picograms (pg) to base pairs
(bp), we considered 1 pg = 0.978 x 109 bp (Doležel et al. 2003).

Protocols for PLB induction and plantlet regeneration

Experiments for PLB induction were performed using all the organs/tissues used on the endopolyploidy
analysis. They are described separately below.
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PLB induction using �ower parts as explants

Flower buds were collected before anthesis and super�cially sterilized with ethanol 70% for 1 min and
sodium hypochlorite 0.5% for 5 min, followed by 3 rinses in sterile distilled water. Buds were opened
under sterile conditions and the petals, labella, and pollinia were excised. Explants were inoculated in
Petri dishes containing 25 mL of half-strength MS medium (Murashige and Skoog 1962) supplemented
with 20 g L-1 sucrose, 250 mg L-1 polyvinylpyrrolidone (PVP), and different concentrations of plant growth
regulators (PGR). The PGR compositions were the four different treatments of the experiment: (i) 20 µM
Thidiazuron (TDZ), (ii) 30 µM TDZ, (iii) 9.3 µM 2-isopentenyladenine (2iP) + 36 µM 2,4-
Dichlorophenoxyacetic acid (2,4-D), and (iv) control medium without PGR.

Petals and pollinia were inoculated intact. Labella were cut in half, and ovaries were sliced in 1 mm thin
cell layers (TCL). The numbers of explants inoculated per treatment were 32 for pollinia and labella and
64 for petals. Each explant was considered as a repetition. After 60 days of the inoculation, data of PLB
induction and oxidation rates were collected. For pollinia, the length of the pollen tube was also
measured.

De�ning the best TDZ concentration for PLB induction from leaf explants

Leaves from in vitro plantlets were used to de�ne the optimal concentration of PGR for PLB induction.
Then, roots and protocorm bases were inoculated on this optimal concentration to compare the induction
rate between the three different explants, as described below.

For obtaining in vitro plantlets, E. fulgens seeds were harvested from mature pods, sterilized, and sown as
previously described. After four months of sown, plantlets with 4-5 leaves and roots were selected to
extract leaf explants. Leaves (≈ 1 cm) were inoculated with the abaxial face down in Petri dishes
containing half-strength MS medium (Murashige and Skoog 1962), supplemented with 20 g L-1 sucrose
and different concentrations of TDZ (0 µM, 3 µM, 6 µM, 9 µM, 12 µM, and 15 µM). Eight leaves were
inoculated per Petri dish and a minimum of 40 leaves per treatment. The Petri dishes were sealed and
kept in the dark at 25 ± 2 °C.

PLB induction using different explants

The best TDZ concentration for leaves was used to induce PLB from protocorm base and root tips. The
explants were obtained from the asymbiotic seed germination as previously described. After one month
of sown, homogenous protocorms, with shoot apex and before the �rst leaf emission, were selected and
used as explants. A 1 mm width TCL from the protocorm base was excised from each protocorm under
sterile conditions and inoculated in test tubes containing 5 mL of MS medium supplemented with 20 g L-

1 sucrose and 10 µM TDZ. The apexes were discarded. Root tips and leaves (≈ 1 cm) were obtained from
four-month-old in vitro plantlets, as previously described, and inoculated in test tubes with the same
medium used for protocorm bases. A total of 109 root tips, 49 protocorm bases, and 32 leaves were
inoculated.
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Data analysis

Eight weeks after inoculation, data from oxidation, PLB induction rates, and number of PLB per explant
were collected. Statistical analysis was performed with generalized linear models (GLM) using binomial
distribution and logit link function, considering explants as categorical, and growth regulator
concentrations as explanatory variables. All GLM analyses and Figures were produced on the R
environment (R Core Team, 2019) using the car (Fox and Weisberg 2011), MASS (Venables and Ripley
2002), and ggplot2 (Wickham 2016) packages.

Microscopic features of primary and secondary PLB

Leaves with PLB and PLB clusters were �xed in glutaraldehyde (2.5%) in sodium phosphate buffer (0.1 M,
pH 7.2) for 24 h and then dehydrated in ethanol series (20%, 40%, 60%, 70%, 80%, 90% and 100%) for 30
min each. For light microscopy, samples were embedded with histo-resin (Leica Historesin, Germany) and
block-polymerized. Transversal slices (5 µm) were performed in a microtome, stained with toluidine blue
(O’Brien et al. 1964) and analyzed in an BX-40 microscope (Olympus, Japan). For scanning electron
microscopy, dehydrated samples were submitted to critical point drying (EM CPD 030/Leica, Germany),
�xed in aluminum stubs with carbon tape, coated with gold/palladium (EM SCD 500/Leica, Germany),
and examined on a scanning electron microscope (JEOL, JSM-6390LV) at LCME/UFSC.

Cytogenetic stability of plants regenerated endopolyploid explants

Induced PLBs were transferred to test tubes containing 10 mL of PGR-free MS medium supplemented
with 1.5 g L-1 activated charcoal and maintained in a 16 h photoperiod at 25 °C ± 2 °C. Subcultures were
performed every 8 weeks, and plants were obtained after ca. 24 weeks.

The ploidy of plantlets regenerated from leaves, protocorm bases and root tips were analyzed with FC
using the same methodology previously described. Their ploidy level was compared with P. sativum as an
internal reference standard, and asymbiotically seed-derived plantlets were used as a control for ploidy
level. PLB-regenerated plantlets obtained from leaves (n = 27), protocorm bases (n = 20) and root tips (n=
1) were analyzed. Histograms presenting peaks with poor quality and high coe�cients of variation (≥
5%) were discarded.

Results

Endopolyploidy screening of explants
The FC screening analysis showed that all organs and tissues analyzed were endopolyploid. Five
different cytotypes were detected, with C-values ranging from 1C to 16C (Fig. 1). Cells with 1C DNA C-
value were only observed in pollinia, which correspond to the haploid vegetative nuclei. In all other
organs/tissues, cells with C-values ranging from 2C to 16C were observed, implying the occurrence of at
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least 3 endocycles. The ratios between �uorescence peaks were always 2.0, which corresponds to the
conventional type of endoreduplication (Table 1).

Table 1
Flow cytometric pro�les of different organs and tissues of Epidendrum fulgens

        Ratios between peaks

Organ /
tissue

  Cycle
value

Mean ±
s.d.

  2C Sample / 2C P.
sativum

2C/1C 4C/2C 8C/4C 16C/8C

Pollinia   0   0.317 1.965      

Petal   0.84 ±
0.06

  0.330   1.987 1.989 2.051

Labellum   1.12 ±
0.32

  0.334   1.984 1.979 2.050

Leaf tip   1.04 ±
0.58

  0.326   2.000 1.974 1.970

Leaf base   1,27 ±
0.28

  0.330   1.978 1.962 1.994

Protocorm
base

  1.47 ±
0.68

  0.340   1.979 1.983 1.857

Protocorm
apex

  0.70 ±
0.23

  0.328   1.977 1.984 1.970

Root tip   1.68 ±
0.22

  0.321   2.021 1.968 1.960

The proportion of each cytotype was variable among the different organs/tissues (Fig. 2). Cells with 16C
DNA content were less frequent in petals and labellum (1.1% and 2.6%, respectively). In protocorm base,
however, they represented 49.1% of cells. Root tips also contained higher numbers of 16C cells (28.3%).
On the other hand, 2C cells were scarce in the labellum (7.9%), while on protocorm apex they correspond
to more than half of the cytotypes. Noteworthy, the endopolyploidy pattern between protocorm apex and
base regions was contrasting.

These differences in the proportion of cytotypes resulted in signi�cantly different calculated cycle values
(Table1). Protocorm bases presented the higher cycle value, followed by root tips. Leaf tip and leaf base
presented intermediate values, while protocorm apex and petals exhibited cycle values lower than 1.0.
Genome size estimation

The nuclear genome size of Epidendrum fulgens calculated from the 2C peaks of all organs and tissues
gave the same results, with a variation of only 2%. The estimated DNA C-value was 1.492 ± 0.031 pg or
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1459 ± 30 Mbp.

PLB induction using �ower parts as explants

The attempt to use �ower parts as explants for PLB induction showed that using ex vitro �ower buds was
e�cient in terms of asepsis. No contamination was observed on the introduced material (Fig. 3a).
However, only one PLB was obtained from a labellum (Fig. 3b), although we could not multiplicate or
regenerate it due to oxidation. Petals and labellum showed to be highly susceptible to early oxidation.
Oxidation rates were 60% after two weeks of culture and 100% after four weeks (Fig. 3c).

On the other hand, pollinia were recalcitrant to oxidation and germinated in all treatments tested (Fig. 3c-
e). Neither the germination rate nor the pollen tube growth was affected by the treatments (Fig. 3f). Pollen
tubes reached more than 2 cm in length after six weeks of inoculation (Fig. 3g). Nevertheless, no PLB or
calli were obtained from pollinia or germinated pollen grains.

PLB induction from leaves

Leaves from young in vitro plantlets were responsive for PLB induction. Initial PLBs were observed after 4
weeks of culture (Fig. 4a-b). The PLBs were globular shaped, with a smooth surface, and were formed
directly from the leaf tissue, without an intermediating callus (Fig. 4c). Eight weeks after inoculation,
primary PLB elongated (Fig. 4d) and secondary PLB formed on the top and at the base of primary PLB
(Fig. 4e). Histo-anatomical analysis showed that primary PLB had a main meristematic region as well as
a secondary meristematic region localized at the base and close to the peridermis (Fig. 4f).

PLBs were induced on adaxial and abaxial leaf epidermis, mainly on the leaf base (Fig. 5d) and less
frequently on leaf tips (Fig. 5c) or the top of the leaf blade (Fig. 5a-b). In the dark, PLBs were pale white
with a smooth surface (Fig. 5e), and after being exposed to light they rapidly became dark green and
initiated the production of leaf primordia (Fig. 5f). A complete representation of the PLB-to-plantlet
regeneration process can be observed in Figure 5g.

The best TDZ concentration for PLB induction

The GLM analysis showed that PLB induction rate and average number of PLB per leaf explant varied
according to TDZ concentration in culture medium (Fig. 6). PLB can be obtained from leaves even in
medium without TDZ, at a low frequency and with a small number of PLB per explant, though. The PLB
induction frequency showed a quadratic trend across the TDZ concentrations tested, with the higher
induction rate estimated at 10 µM (Fig. 6a).

On the other hand, the average number of PLB per leaf explant expanded linearly with increasing TDZ
concentrations. The best-�tted model suggests that the number of PLB can be further increased when
concentrations higher than 15 µM are used, yet induction frequency decreases at concentrations higher
than 10 µM (Fig. 6b). Oxidation was not an issue for PLB induction from leaf explants, as the oxidation
rates were the same across the TDZ concentrations tested (Fig. 6c). The obtained results suggest that in
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medium supplemented with 10 µM TDZ, about 30% of PLB induction rate is obtained (22 to 40%), with an
average number of �ve PLB per explant.

Comparison of PLB induction using leaves, root tips, and protocorm bases

The comparison of PLB induction between explants with contrasting endopolyploid patterns showed
highly variated responses. Protocorm bases were the most responsive explants for PLB induction, with
more than 90% induction rate (Fig. 7g). PLBs were white and globular shaped when in the absence of
light and were induced mainly from the protocorm base epidermal tissue (Fig. 7a). When exposed to light
they became green and continued to proliferate (Fig. 7b). Plants were obtained after only one
subcultivation step to PGR-free medium (Fig. 7c), which was faster than leaf-derived PLB, which
demanded two or three subcultivation cycles.

Only one PLB was obtained from root tip explants (Fig. 7d-f) out of 109 inoculated root tips, which is less
than 1% induction rate (Fig. 7g). The obtained PLB was induced from the calyptra region and was
extremely slow-growing. We were able to regenerate a shoot from the root-derived PLB only after eight
months of culture in PGR-free medium (Fig. 7f). Adventitious root and plantlet regeneration from the root-
derived PLB took 15 months of culture. PLB induction rate on leaves was 22% (Fig. 7g), which is within
the GLM analysis con�dence envelope and shows that the previously obtained model was precise.

Plantlet regeneration from PLB and cytogenetic stability

Complete plant regeneration was considered after the observation of adventitious roots and the presence
of fully expanded leaves. Regeneration took place after transferring PLB to PGR-free media under 16h
photoperiod. It took 12, 24, and 60 weeks of culture to regenerate plantlets from PLB induced from
protocorm bases, leaves, and root tips, respectively. The PLB-to-plantlet regeneration process was very
similar to obtaining plants from seed germination. The difference is that plantlets were not individualized,
but clustered, once that PLB clusters are not friable and easily separated from each other (Fig. 5).

Flow cytometry analysis of plants regenerated from PLB showed that some regenerants doubled their
ploidy levels in relation to seed-derived plants, which were used as control (Fig. 8). Ploidy doubling was
recorded in plantlets obtained from leaf and protocorm base PLBs. The single PLB-derived plantlet
obtained from root tip PLB maintained the same ploidy level as the control plants.

Ploidy doubling was recorded at different proportions according to the explant source. Doubled ploidy
regenerants were three times more frequent in plants regenerated from leaves than from protocorm
bases. Plantlets with doubled ploidy levels corresponded to 11% and 33% of the plants regenerated from
protocorm bases and leaves, respectively.

Discussion
Endopolyploidy is a common feature in E. fulgens organs and tissues, which results in different cycle
values
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The purpose of this study was to gain a better understanding of the endopolyploid pattern in somatic
tissues used for orchid micropropagation and its implication on the cytogenetic stability of regenerated
plants. Whereas past researchers have found that E. fulgens is a diploid species (2n = 2x = 24) (e.g., Felix
and Guerra 2010; Assis et al. 2013), the present study has shown that endopolyploidy is a common
feature in this species, which contributes to a growing body of evidence suggesting that endopolyploidy
is widely distributed within �owering plants (Barow and Meister 2003). These results represent the �rst
direct demonstration of endopolyploidy occurrence in its tissues, which we also showed that has
important practical implications.

Unlike other studies, that focus on speci�c organs and tissues, our study provides a detailed map of
endopolyploidy in virtually all somatic tissues that can be used as explants for PLB induction. Although
endopolyploidy is present in the roots of Arabidopsis thaliana (Bhosale et al. 2018) and crop plants such
as maize (Li et al. 2019) or potato (Laimbeer et al. 2017), there is not yet a consensus whether
endopolyploid cells might be capable of regenerating plants by in vitro-induced morphogenetic pathways.

Interestingly, FC analysis of pollinia resulted in histograms with 1C and 2C peaks of �uorescence
intensity. The 1C peak corresponds to the haploid vegetative nuclei from pollen grains, while the 2C peak
is relative to generative nuclei in 2C state and 2C nuclei from surrounding somatic tissue (Trávníček et al.
2015). The 2C nuclei peaks may also represent diploid pollen nuclei, as they are quite frequent in orchids
(Teoh 1984), or by grouped 1C nuclei that were not correctly isolated during sample preparation. The last
hypothesis is less probable since no triads or tetrads were recorded on the FC histograms, which leads us
to the conclusion that E. fulgens may produce a high number of diploid pollen grains. The analysis of
pollinia serves as an accurate starting point to de�ne the correct positions of the other cytotypes and to,
undoubtedly, estimate the DNA C-value, as 2C peaks may be absent in many somatic tissues, leading to
incorrect C-value calculations (Kron 2015; Trávníček et al. 2015).

Our results showed that the base of protocorms presented the highest proportion of cytotypes with higher
ploidy levels. This feature was also observed in Phalaenopsis protocorms with FC (Chen et al. 2009) and
by microscopic analysis of DAPI-stained nuclei (Jean et al. 2011). A possible explanation is that cells at
the base of protocorms undergo cycles of endopolyploidy to increase their size. Orchid embryos have
larger cells at the basal end (Yeung 2017), and a known effect of endopolyploidy is the increase in cell
size (Rejlová et al. 2019). During symbiotic germination, only the cells of protocorms are colonized by
mycorrhizal fungi hyphae (Chen et al. 2014), which also leads to nuclear hypertrophy (Peterson et al.
1998). The increase in cell size is perhaps one of the explanations for the higher cycle value of protocorm
base, considering that such long-term coevolutionary morphological alterations are also maintained in
asymbiotic germination (Yeung et al. 2019).

Root tips were the second-most endopolyploid tissue (Fig. 2, Table 1). Curiously, root tips were used for
the de�nition of the diploid status of E. fulgens (Felix and Guerra 2010; Assis et al. 2013). As
chromosome counts are performed with metaphase cells found in meristems, possibly, the endocycles
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occur in more differentiated root tissues, as it was meticulously detailed in the roots of Arabidopsis
(Bhosale et al. 2018).

We detected differences in the cycle value between leaf tips and leaf bases. Surprisingly, leaf tips, which
contain older and more differentiated cells compared to leaf bases, presented a smaller proportion of 16C
cells (Fig. 2). The same endopolyploid pattern was reported in leaves of Spathoglottis plicata (Yang and
Loh 2004).

Petals and labella have different patterns of endopolyploidy, which is remarkable considering that the
labellum is a modi�ed petal or tepal (Mondragón-Palomino and Theißen 2009). Labella are
morphologically more complex than regular petals because they are involved in pollinator attraction. In
Ophrys orchids, endoreduplication and partial endoreduplication detected in the labellum were correlated
with cell size and complexity (Bateman et al. 2018).

Comparative genome size estimation reveals the type of endoreduplication in E. fulgens

There are only two Epidendrum spp. with known C-values: E. steinbachii, with 1.50 pg (Jones et al. 1998)
and E. rigidum, with 1.21 pg (Trávníček et al. 2015). The small variation in the estimated genome size of
E. fulgens using the 2C peaks from different explants is an indication of FC analysis accuracy. Orchids
are considered as a challenging group of plants for genome size estimation using �ow cytometry
(Trávníček et al. 2015), in part due to the recalcitrant nature of its tissues, which contain high levels of
compounds that interfere with measurements and di�cult properly nuclei isolation (Lee and Lin 2005).
The present study shows that E. fulgens undergo the conventional type of endoreduplication, as the
�uorescence relations between the peaks were always 2.0, independent of the organ or tissue used for
analysis.

Tdz Can Induce Plbs From Diverse Orchid Tissues

As far as we are aware, there is only one study reporting the successful micropropagation of orchids
using �ower parts as explants. Santana and Chaparro (1999) obtained PLB from Oncidium �ower buds
and Teixeira da Silva and Giang (2014) failed to induce PLB from different Phalaenopsis �ower parts.

One of the reasons for using �ower parts as explants in the present study, besides the difference in
endopolyploidy, is the high availability of explants and the lower contamination rates. For the pollinia, the
purpose was to obtain haploid cultures for subsequent homozygote development, which could be useful
for genetic improvement. There are no studies exploring this biotechnology for orchids, although it is
commonly used for many other plants.

The regeneration of orchids from leaf explants is relatively common. The leaf basal region showed the
highest morphogenetic response rates in Phalaenopsis (Gow et al. 2009) and bromeliads (Alves et al.
2006; Dal Vesco et al. 2011; Scherer et al. 2013). However, for Oncidium orchids, PLBs were more
frequently induced at the leaf tips (Chen and Chang 2001; Chung et al. 2005). Apparently, the
morphogenetic response is species-speci�c.
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Our results show that 10 µM TDZ is the most e�cient concentration for PLB induction in E. fulgens leaf
explants. Many other studies concluded that TDZ is an e�cient PGR for PLB induction in many different
orchid species and hybrids (Park et al. 2002; Park et al. 2003; Chen and Chang 2004; Chung et al. 2005),
including in Epidendrum radicans (Chen and Chang 2002), which is closely related with E. fulgens. The
preeminence of TDZ and other cytokinins over other PGR for PLB induction in orchids was recently
reviewed in detail by (Cardoso et al. 2020). TDZ is chemically different from auxin and cytokinin,
although it induces response-like activities from both (Guo et al. 2011). Recent studies suggest that its
mechanism of action is far more complicated, including the stimuli from other PGR and regulatory
signals (Dinani et al. 2018). Nevertheless, the present study results support the hypothesis that TDZ alone
can induce PLB from different orchid tissues.

PLB-regenerated plantlets may have a large rate of ploidy doubling, an important issue for the
ornamental market and breeding

According to the results from the present study, a higher proportion of ploidy doubled regenerants can be
obtained from PLB induced from leaf explants than from protocorm bases. This is surprising and
contradicts our initial hypothesis that explants with a higher proportion of endopolyploid cells have a
higher probability to give origin to doubled ploidy regenerants. The plant regenerated from the root tip
results do not fully reject that hypothesis, as the small sample size should be considered.

Less than 20% of the cells from the protocorm bases and ca. 25% from the leaf bases are 2C, which
means that, by chance, the other 75-80% of the cells could originate a PLB with altered ploidy level. The
picture is not so simple considering the proportion of the other three cytotypes and that each cytotype
might have differences in responsiveness for entering a speci�c morphogenetic pathway. Whether all
cytotypes are capable of inducing PLBs could be only answered in a future study using some sort of cell
sorting technique or protoplasts.

The results of the present study have important practical implications. When the objective of the
micropropagation protocol is for cloning genetically superior plants, one should be aware that a
considerable rate of double ploidy regenerants might be obtained. On the other hand, polyploid plants are
especially valuable for the ornamental market to obtain novelties and overcome crossing barriers
(Eeckhaut et al. 2018). Therefore, using endopolyploid explants might be used intentionally for genetic
improvement.

Endopolyploidy of explants was already used as a tool for obtaining polyploid plants. Murashige and
Nakano (1966) isolated polyploid cells from the pith of tobacco plants and regenerated polyploids.
Polyploid azaleas were also successfully regenerated from endopolyploid petal margins (De Schepper et
al. 2004). More recently, polyploid Phalaenopsis were obtained using the endopolyploid base of
protocorms (Chen et al. 2009).

In terms of future research, it would be useful to extend the current �ndings by examining the ontogenesis
of PLB induction from the different explants. Whether PLBs are induced from one cell or a group of cells
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from a speci�c cytotype will further help answer if ploidy duplication of regenerated plantlets results from
a preexisting ploidy variation in explants or is the result of endoreduplication cycles occurring between
stages of the morphogenetic pathway.
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Figure 1

Linear scale histograms of relative propidium iodine (PI) �uorescence intensity obtained after �ow
cytometry analysis of stained nuclei isolated from different organs and tissues of Epidendrum fulgens
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Figure 2

Proportion of cells with different DNA C content on different organs and tissues of Epidendrum fulgens
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Figure 3

PLB induction using Epidendrum fulgens �ower parts as explants. a) Petals (P), Labella (L) and Pollinia
(Po) 1 week after inoculation on MS/2 medium supplemented with 20 µM TDZ. b) A primary PLB induced
from the labellum. c) Explant oxidation rates two (left) and six (right) weeks after inoculation. d) A
germinated pollinia 4 weeks after inoculation in MS/2 medium without PGR. e) Details of germinating
pollen grains seen under the microscope. f) Pollinia germination rate in media supplemented with
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different PGR. g) Pollen tube growth in media supplemented with different PGR. Error bars in (c), (f) and
(g) are con�dence intervals (p = 0.05)

Figure 4

Morphological and histoanatomical features of Epidendrum fulgens protocorm-like bodies (PLB). a) A
leaf explant after 4 weeks of inoculation in MS medium supplemented with 10 µM Thidiazuron showing
initial PLB induction. Scale bar = 1 mm. b) Scanning electron micrograph of the same explant (a)
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showing details of the initial PLB induction from the epidermis leaf tissue. Scale bar = 1 mm. c) Globular
shaped primary PLB after 4 weeks o�noculation. Scale bar = 1 mm. d) Primary PLB elongating without
leaf primordia formation. Scale bar = 1 mm. e) Secondary PLB formation (arrowheads) from primary
PLB. Bottom images are magni�ed details from the main micrograph. Scale bars = 500 µm. f)
Histoanatomical feature of a primary PLB stained with toluidine blue. The PLB is surrounded by a well-
de�ned cell layer (peridermis). The central meristem (upper most arrow) and secondary meristematic
regions (arrows) are characterized by small cells with prominent nuclei that are intensively stained by
toluidine blue
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Figure 5

PLB induction and plantlet regeneration from leaf explants. a-b) PLB induced at the leaf base and in the
top of the leaf blade, before (a) and after (b) light exposition. Scale bars = 5 mm c) PLB induced at the
leaf tip. Scale bar = 2 mm. d) A responsive leaf explant with many PLB at the base region. Scale bar = 5
mm. e) A PLB cluster before light exposition. Scale bar = 2 mm. f) A compact cluster of PLB after 2 weeks
of transference to PGR-free medium and light exposition. Note the formation of leaf primordia. Scale bar
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= 2 mm. g) The detailed process of plant regeneration from PLB, from the globular stage (left) to plantlet
with fully expanded leaf and adventitious roots (right). Scale bar = 0.5 cm

Figure 6

Estimated trends for PLB induction frequency (a), average number of PLB (b), and explant oxidation rates
(c) from Epidendrum fulgens leaf explants under increasing concentrations of TDZ (0 µM, 1 µM, 3 µM, 9
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µM, 12 µM, and 15 µM). Data collected after 8 weeks of culture. Shaded bands indicate 95% con�dence
envelopes

Figure 7

PLBs induction and plant regeneration from protocorm bases and root tips. a) A 1 mm width TCL from
the protocorm base 4 weeks after inoculation on MS/2 medium supplemented with 10 µM TDZ. Note that
the globular white-color PLB are induced directly from the epidermal tissue. b) PLBs acquire a dark green
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color 2 week after transfer to PGR-free medium and light exposition. c) Plantlets obtained from a TCL
from the base of a protocorm. d) A root tip explant with PLB forming at the apical meristem region. Note
the velamen and root hairs close to the PLB. e) PLB started to elongate before transfer to light. f) A shoot
with leaf primordia formed 9 months after transfer to PGR-free medium and light exposition. g) PLB
induction rate comparison between leaves, root tips and protocorm bases in MS/2 medium
supplemented with 10 µM TDZ. Bars are con�dence intervals (p = 0.05)

Figure 8
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Cytogenetic stability of Epidendrum fulgens PLB-regenerated plants from explants with contrasting
endopolyploid patterns. Histograms of relative �uorescence intensity (linear scale) obtained after the
analysis of propidium iodide (PI) stained nuclei isolated from leaves of Epidendrum fulgens in vitro
plantlets using Pisum sativum ‘Ctirad’ as an internal reference standard. a) Control plants obtained from
asymbiotic seed germination. b) A representative histogram of a cytogenetically stable plantlet
regenerated from a PLB induced from a leaf explant. c) A representative histogram of a plantlet
regenerated from a PLB induced from a protocorm base, which presents double ploidy level in relation to
control plants. Note the absence of the �uorescence peak from the 2C cells


