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Abstract
In vitro mitotic polyploidization using anti-microtubule agents has been commonly used for polyploid production. The present 
study was an attempt to develop an in vitro oryzalin chromosome doubling and stable tetraploid regenerating protocol for 
Dendrobium officinale. In this study, we successfully induced tetraploids by treating protocorms developed from the seeds 
of multiple genotypes. The highest frequency of polyploidy was 37.40%, achieved with 14.4 µM oryzalin treatment for 24 
h. Among the obtained polyploid seedlings, 72 solid tetraploid, 33 mixoploid and 3 octoploid genotypes were identified via 
screening using flow cytometry (FCM). Three peaks were observed in the histograms of the diploid, tetraploid, and octoploid 
leaves, but four peaks were observed only in mixoploid leaves with FCM, indicating the existence of endopolyploid cells 
and the occurrence of conventional endoreduplication in the leaves of all ploidy levels. Recurrent ploidy identification of 
various tetraploid genotype regenerated plantlets obtained via protocorm-like bodies (PLBs) derived from axenic stem-node 
segments maintained stable tetraploid levels. Comparisons of phenotypic characteristics revealed that relative to the diploid 
plantlets, the tetraploid plantlets exhibited increased stem diameter, root diameter, labellum width and gynostemium width. 
Furthermore, the tetraploid plantlets showed lower plant height, leaf length and root length than the diploid plantlets. This 
efficient polyploid induction and ploidy-stable regeneration protocol can be used for the mass production of tetraploid D. 
officinale. The tetraploid genotypes regenerated in this study might be useful for nobile Dendrobium breeding in the future.

Key message 
In vitro induction of various tetraploid genotypes in D. officinale and subsequent rapid micropropagation through induction 
of PLBs from axenic nodal segments were performed to obtain ploidy-stable regenerated plantlets

Keywords Multigenotype protocorm · Oryzalin · FCM · Tetraploid · PLB · Ploidy stability

Introduction

Dendrobium orchids are one of the most popular pot-
ted plants worldwide due to their unique flower shape, 
color and size, floriferousness, relatively short production 
cycle, lengthy postharvest life, and year-round availability 

(Anderson 2006; Vendrame et al. 2008). The basic chromo-
some number of most Dendrobium orchids is 2n = 2x = 38, 
a few are 2n = 2x = 40 and a small number are 2n = 2x = 36 
(Kamemoto et  al. 1999). Because potted Dendrobium 
orchids in trade are mostly hybrids, wide crosses are rou-
tinely used to create new genetic variability at the diploid 
species level. It is well known that transferring desirable 
horticultural traits from wild species to commercial vari-
eties has been shown to be an effective breeding means 
for rapidly developing new cultivars; however, the most 
popular commercial Dendrobium orchid varieties/hybrids 
are usually tetraploids, while most wild species are diploid 
(Kamemoto et al. 1999; Anderson 2006). Thus, there are 
some barriers to hybridization between these two groups. 
Therefore, converting diploid wild species into tetraploids 
to widen the source of germplasm for the development of 

Communicated by Ming-Tsair Chan.

 * Jiangyun Gao 
 jiangyun.gao@ynu.edu.cn

1 Yunnan Key Laboratory of Plant Reproductive Adaption 
and Evolutionary Ecology, Yunnan University, 
650091 Kunming, Yunnan, China

2 Laboratory of Ecology and Evolutionary Biology, Yunnan 
University, 650091 Kunming, Yunnan, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11240-020-01786-6&domain=pdf


290 Plant Cell, Tissue and Organ Culture (PCTOC) (2020) 141:289–298

1 3

new commercial orchid varieties for the market has become 
increasingly popular (Chen and Tang 2018).

Dendrobium officinale Kinura et Migo (2n = 2x = 38) is 
a highly evolved and specialized endangered species. It is 
mainly used in traditional medicine and as an ornamental 
plant in China (Yan et al. 2015). According to the official 
statistics from the website of the international orchid regis-
ter, approximately 20 registered hybrids have been devel-
oped from intra- and intersectional hybridization of D. 
officinale, but there is no corresponding report on tetraploid 
germplasm for cross-breeding programs. Whether for boost-
ing secondary metabolite production for traditional Chinese 
medicine applications or for improving ornamental traits, 
in vitro polyploid induction of D. officinale has received 
great attention by Chinese researchers (Jiang et al. 2014; 
Li and Xiang 2017; Pham et al. 2019). In previous studies, 
polyploidy induction in D. officinale has been achieved by 
in vitro treatments with colchicine in a mixed protocorm-
like body (PLB) clone from multiplication subculture of 
protocorms with various genotypes, and flow cytometry 
(FCM) or chromosome counts have been mainly used in 
combination with morphological or anatomical parameters 
to determine polyploidy. However, there are few ways to 
concretely determine chromosome numbers and a unique 
endoreduplication phenomenon in many species of orchids 
was not observed during ploidy identification by FCM. In 
addition, obtaining putative tetraploids from a clone of the 
same genotype or from different genotypes has received lit-
tle attention. Chen and Tang (2018) reported that a group 
of protocorms represents a range of genotypes of a popula-
tion; however, PLBs from the same source are a clone that 
represents only a single genotype, and both their genetic 
constitutions are different; thus, the choice of protocorms or 
PLBs as initial materials for polyploid induction depends on 
the objectives of the experiment. Grosso et al. (2018) also 
found that genotype-specific metabolite fluctuations exist 
in various tetraploid genotype Dendrobium hybrids. For 
these reasons, an effective protocol was developed for rapid 
in vitro induction and concrete identification of various solid 
tetraploid genotypes by treating multigenotype protocorms.

Mitotic chromosome doubling of plant tissue in vitro is 
the pre-eminent method for inducing polyploidy. There is 
a general agreement that the artificial in vitro chromosome 
doubling protocol includes two steps: an induction phase 
and a confirmation phase. Because there is highly genotype-
dependent efficiency among different plant species or within 
species and because of the complexity of the polyploidiza-
tion protocol as reviewed by Dhooghe et al. (2011). Cur-
rently, no optimal broad-spectrum protocol is available; dif-
ferent explants require different methodologies, and several 
tests are necessary to determine the most suitable methods. 
However, there are some ways to optimize the induction pro-
tocol. The effects of oryzalin on chromosome doubling have 

been reported in Lilium (Van Tuyl et al. 1992), Anemone 
sylvestris (Zahumenická et al. 2018), Impatiens walleriana 
(Ghanbari et al. 2019), and Populus (Zeng et al. 2019). Due 
to the high affinity of oryzalin for microtubules of plant 
cells, this compound can be used at low concentrations, and 
it can yield higher conversion rates of regenerated polyploid 
plants than other compounds (Morejohn et al. 1987; Van 
Tuyl et al. 1992). However, literature regarding the use of 
oryzalin to induce plolyploids in Orchidaceae is still rare 
(Miguel and Leonhardt 2011; Chung et al. 2014; Hwang 
et al. 2015), and polyploid induction in D. officinale via the 
use of oryzalin has not been reported until now. In all pre-
viously reported oryzalin-induced protocols, the most effi-
cient concentration for inducing tetaploid ranges from 8.7 to 
57.7 µM and the optimal duration of treatment is 1–6 days 
depending on the plant/explant. The oryzalin that is used 
in most published reports is filter-sterilized prior to treat-
ment (Miguel and Leonhardt 2011; Zahumenická et al. 2018; 
Zeng et al. 2019). Zhang et al. (2007) reported that autoclav-
ing colchicine did not reduce its polyploidization capacity 
but did alleviate the toxicity to meristematic tissue in studies 
on in vitro chromosome doubling of Citrus sinensis. Col-
chicine can be sterilized by autoclaving, and the benefits of 
sterilization were demonstrated by Zhang et al. (2017). In 
our study, we attempt to autoclave oryzalin as an alternative 
to the sterilization method. In several species of Populus, 
in vitro preculture of original explants has been performed to 
identity suitable explant types before antimitotic agent appli-
cation to produce polyploid plants (Cai and Kang 2011; Xu 
et al. 2016; Liu et al. 2018) because the preincubation period 
can synchronize the mitotic divisions and thus ameliorate 
the effect of the antimitotic agent (Chauvin et al. 2005). 
Moreover, the application method of oryzalin is crucial to 
increasing the polyploid induction rate. To our knowledge, 
aqueous oryzalin is generally added into a basal liquid or 
solid medium to induce explant polyploidization (Miguel 
and Leonhardt 2011; Zahumenická et al. 2018; Zeng et al. 
2019), and few studies have reported direct immersion of 
explants into aqueous oryzalin solution.

Plant tissue culture provides a rapid and reliable system 
for the production of a large number of plantlets. Sometimes 
somaclonal variation may take place in the tissue culture 
process and is reported as a negative side effect in clonal 
propagation phases (Bairu et al. 2011). Therefore, finding a 
suitable explant type to obtain generically uniform plantlets 
in micropropagation is indispensable, and several explant 
types and developmental pathways have been tested in Den-
drobium (Teixeira da Silva et al. 2015). Among these in vitro 
methods, induction of PLBs and complete plantlet regenera-
tion through manipulation of axenic stem-node segments 
was shown to be efficient. Moreover, due to the characteris-
tics of the short seedling cycle, stable genetic traits, and the 
superior traits of the female parent, stem-nodal sections were 



291Plant Cell, Tissue and Organ Culture (PCTOC) (2020) 141:289–298 

1 3

the most popular explants for in vitro polyploid induction 
(Dhooghe et al. 2011; Huy et al. 2019; Zeng et al. 2019). 
Thus, a similar micropropagation protocol for the induction 
of PLBs from axenic stem-node segments could be applied 
to our work for various tetraploid genotype regenerations.

The objective of this work was to develop an efficient pro-
tocol for the induction of various tetraploid genotypes from 
multigenotype protocorms of D. officinale using autoclaved 
oryzalin and its rapid propagation through the induction of 
PLBs from axenic stem-node segments. The phenotypic 
changes of the tetraploids relative to their diploid counter-
parts are also described.

Materials and methods

Plant material and in vitro protocorm establishment

As initial plant material, mature capsules of D. officinale 
were obtained from Langshan National Geological Park, 
Hunan. The seeds were stored in a desiccator containing 
silica gel for 4 days and kept in a refrigerator at − 20 °C.

To produce in vitro protocorms, the seeds were processed 
using sterile filter paper packets and then were surface disin-
fected in 2% (v/v) Clorox solution with a drop of Tween-20 
for 12 min. After rinsing three times with sterile distilled 
water, the seeds were spread onto the surface of Hyponex 
germination medium supplemented with Hyponex No.1 3 g 
 l− 1, peptone 2 g  l− 1, sucrose 20 g  l− 1, potato homogenate 40 
g  l− 1 and agar 6.5 g  l− 1 at pH 5.8. The cultures were incu-
bated at 25 ± 2 °C under a 16/8 h light/dark photoperiod at a 
light intensity of 40 µmol  m− 2s− 1 provided by white flores-
cent tubes. Protocorms developed 6 weeks after sowing and 
were cultured for 3 weeks; subsequently, protocorms with 
shoot apical meristem were used as explants for subsequent 
polyploid induction (Fig. 1).

Polyploid induction

Stock solutions of oryzalin (1 mg of oryzalin in 1 ml of 
NaOH (1 M)) were prepared and diluted with sterilized dis-
tilled water to obtain working solutions at 8.7, 14.4 and 28.9 
µM (w/v) and were autoclaved. Then, the glass jars with ory-
zalin solution were wrapped in tinfoil for protection against 
light and stored in a tissue culture room until used. For each 
treatment, 30 protocorms with shoot apical meristem were 
directly immersed in three different concentrations of ory-
zalin solution for 18, 24 and 30 h in the dark. Sterilized dis-
tilled water was used as one set of controls (0 µM oryzalin). 
A completely randomized 4 × 3 factorial treatment design 
was established with 30 protocorms per treatment, and each 
treatment was repeated two times. After exposure to ory-
zalin or sterilized water, the protocorms were rinsed three 

times using sterile distilled water and transferred onto fresh 
antimitotic-free seedling formation medium (growth con-
ditions as mentioned above). Survival rates of protocorms 
were recorded at 7 weeks after oryzalin treatment. The sur-
viving protocorms were transferred to a similar medium for 
further ploidy level analysis.

Flow cytometric analysis

Fresh leaves of 7-month-old seedlings were harvested after 
the oryzalin treatments for ploidy level identification with 
a CyFlow ploidy analyzer (Sysmex-Partec). The sample 
preparation was performed according to the CyStain UV 
Precise p kit manual with a minor modification as follows: 
samples were chopped in 400 µl nuclear extraction buffer 
for 30 s with a razor blade. Nuclei were mixed with 1600 µl 
of DAPI staining buffer and filtered through a 30 µm Cell-
Trics filter into a sample tube. For each experimental set-
up, samples of young leaves from the in vitro seedlings of 
untreated (control) diploid D. officinale were selected as the 
calibration standard to adjust the gain of the flow cytom-
eter such that the first G0/G1 peaks were set at channel 50 
on a 1000 channel scale. Histograms were generated after 
analyzing ≥ 5000 nuclei using the De Novo FCS Express 
6 software. The number of polyploid plants was recorded 
based on FCM analysis.

Chromosome counting

The precise chromosome number of putative tetraploid 
plantlets was determined by conventional chromosome 
counting. Root tips approximately 2 cm in length were col-
lected and pretreated with 200 mg  l− 1 cycloheximide solu-
tion for 4 h at 20 °C. After fixation with Carnoy’s solution 

Fig. 1  Protocorms with shoot apical meristem derived from seeds of 
various genotypes after 9 weeks of germination
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(ethanol:glacial acetic acid = 3:1) overnight, the samples 
were washed twice with distilled water and then incubated in 
an enzyme mixture consisting of 1% cellulose (R-10, Yakult, 
Japan) and 1% pectolyase (Y-23, Yakult, Japan) in distilled 
water at 37 °C for 32–35 min. The root tips were rinsed 
twice with distilled water and soaked in distilled water for 
at least 10 min at room temperature. Then, the samples were 
squashed in modified phenol fuchsin solution and observed 
under a Leica DM3000 microscope (Germany).

Tetraploid regeneration and ploidy identification

In vitro plantlet regeneration was carried out from axenic 
stem-node segments of 30 elite tetraploid genotype seed-
lings, which exhibited normal growth and well-formed 
leaves and roots. Nodal segments (0.5–1.0 cm in length) 
excised from 7-month-old seedlings (with 1–2 internodes) 
were cultured on solid half-strength MS medium (Murashige 
and Skoog 1962) containing 2 mg  l− 1 6-benzyladenine 
(6-BA) in combination with 0.5 mg  l− 1 1-naphthaleneacetic 
acid (NAA) and 30 g  l− 1 sugar and were tested for in vitro 
axillary bud induction. The axillary buds were removed 
from the stem-node segment, and the original stem-node 
segments were subcultivated in the same media to induce 
PLBs, followed by culture of many regenerated plantlets on 
H16 media (1 g  l− 1 Hyponex No. 1 + 1 g  l− 1 Hyponex No. 
2 + 2 g  l− 1 peptone + 2 g  l− 1 activated charcoal + 1 mg  l− 1 
 B5 + 0.5 mg  l− 1 NAA + 15 g  l− 1 sucrose + 50 g  l− 1 banana 
homogenate + 10 g  l− 1 apple homogenate + 6.5 g  l− 1 agar). 
The cultures were incubated for 8 months under the condi-
tions described previously. Plantlets were tested for tetra-
ploid stability via FCM and chromosome counts. The ploidy 
identification process was the same as that described above.

Evaluation of phenotypic characteristics

Different tetraploid genotype plantlets were transplanted 
into plastic pots (9 cm wide × 7 cm high), containing tree 
bark as substrate and hardened in a greenhouse, and some 
diploid genotype regenerated plants subjected to the same 
growth conditions were selected as controls for comparison. 
In vitro acclimatization and ex vitro hardening of plantlets 
was conducted following the procedure reported by Hajong 
et al. (2013). Three months after culture, several phenotypic 
characteristics were evaluated, including plantlet height, 
stem diameter, leaf number, leaf length, leaf width, inter-
node number, internode length, root number, root length, 
and root diameter.

D. officinale requires long period of growth before flow-
ering. To induce in vitro flowering of plantlets, diploid and 
tetraploid plantlets of 2.5–4 cm height and with 3–4 leaves 
were cultured in solid Hyponex No. 1 medium containing 
2 mg  l− 1 6-BA, 0.1 mg  l− 1 NAA, 2 g  l− 1 peptone, 30 g 

 l− 1 sucrose and 100 g  l− 1 potato homogenate at pH 5.8. 
The culture conditions were same as those used for seed 
germination. Representative plantlets with normal flowers 
were chosen to compare flower size, labellum length, label-
lum width, gynostemium length, and gynostemium width 
between diploid and tetraploid plantlets. All the parameters 
were measured using a ruler or vernier caliper. Each experi-
ment was performed twice with 30 greenhouse-grown plant-
lets per treatment or 20 well developed in vitro flowering 
plantlets per treatment.

Statistical analysis

The experimental data were statistically analyzed by two-
way ANOVA with IBM SPSS 20.0 software (IBM Inc., New 
York, USA) followed by the LSD pairwise comparison test 
(p ≤ 0.05). Percentages were subjected to arcsine transforma-
tion before statistical analysis.

Results

Polyploid induction by oryzalin treatment

We detected 657 genotypes among the surviving seedlings 
from the oryzalin-treated protocorms by FCM at 7 months 
after induction. In total, 108 polyploids were obtained, 
including 72 tetraploids, 33 mixoploids and 3 octoploids. 
Since the octoploids showed stunted growth and were dif-
ficult to regenerate, they were excluded from data collection. 
The representative histogram presented in Fig. 2 shows that 
there were three peaks in the three ploidy levels, i.e., dip-
loid, tetraploid and octoploid (Fig. 2a–c), whereas four peaks 
were observed in the mixoploid seedlings (Fig. 2d, e). This 
observation indicates the existence of endopolyploid cells in 
the leaves and whole-genome endoreduplication, in which 
the ratios between the positions of two neighboring DNA 
peaks equaled two.

FCM determination of the chromosome numbers of root 
tip cells of tetraploid (Fig. 3b) and control (Fig. 3a) seed-
lings confirmed that diploids had 38 chromosomes (Fig. 3c) 
and that the tetraploids had 76 chromosomes (Fig. 3d). The 
chromosomal counts were significantly correlated with the 
FCM analysis.

Using the data from 12 treatments, the effects of ory-
zalin concentration and exposure time on survival rate and 
the frequency of polyploidy induction were investigated 
(Table 1). GLM-multivariate analysis indicated that the 
survival and tetraploid induction rates were significantly 
influenced by oryzalin concentration (F = 36.971, p = 0.000; 
F = 204.719, p = 0.000) and exposure time (F = 15.556, 
p = 0.001; F = 16.531, p = 0.000). Moreover, the frequency 
of polyploid induction was significantly affected by the 



293Plant Cell, Tissue and Organ Culture (PCTOC) (2020) 141:289–298 

1 3

interaction between oryzalin concentration and exposure 
time (F = 4.636, p = 0.012), whereas there was no signifi-
cance interaction effect of oryzalin concentration and expo-
sure time on survival rate. The optimum conditions for tetra-
ploid induction was treatment with 14.4 µM oryzalin for 24 
h, and the highest induction frequency of tetraploids was 
37.40 ± 1.42.

Ploidy stability of regenerated tetraploid plantlets

The stem-node segments from 7-month-old seedlings 
(Fig. 3a, b) were cultured in induction medium for 14 days, 
and axillary buds were generated from stem nodes. Then, the 
axillary buds were excised, and the original stem-node seg-
ments were transferred to the same medium for two months, 
PLBs were generated from sections of axillary bud and dif-
ferentiated into shoot tips. The induced PLBs were trans-
ferred to H16 media and then differentiated into cluster buds 
(Fig. 4a). A larger number of well-rooted seedlings were 
obtained after subculture (Fig. 4b). FCM analysis indicated 
that the first peak of the tetraploid histograms remained at 
the channel 100 position, and the tetraploid plants still had 
76 chromosomes. Thus, the ploidy levels of regenerated 
plantlets from various genotypes were found to be stable.

Evaluation of phenotypic characters

The phenotypic characteristics of greenhouse-grown (90 
days) and in vitro flowering (6 weeks) diploid and tetraploid 
plantlets were evaluated. Tetraploid exhibited marked dif-
ferences from diploids in several phenotypic traits (Table 2; 
Figs. 5, 6). Plantlet heights, leaf length and root length were 
significantly lower in the tetraploid plantlets than in the dip-
loid plantlets. Furthermore, stem diameter, root diameter, 
labellum width, and gynostemium width were much greater 
in tetraploids than in diploids. However, leaf number, leaf 
width, internode number, internode length, root number, 
flower size, labellum length, and gynostemium length were 
similar between the two ploidy levels.

Discussion

An efficient in vitro mitotic chromosome doubling proto-
col depends on many factors: species, explant type, antimi-
totic agents, exposure concentration and time, application 
method and confirmation technique (Dhooghe et al. 2011). 
Because the most popular commercial Dendrobium orchid 
varieties/hybrids are usually tetraploids (Anderson 2006), 

Fig. 2  Representative flow cytometry histogram after various geno-
type protocorm polyploidization treatments. a G0/G1 peak of the dip-
loid standard (channel 50). b G0/G1 peak of the tetraploid plantlets 

(channel 100). c G0/G1 peak of the octoploid plantlets (channel 200). 
d, e Mixoploid plantlets (2−4x) and (4−8x)
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several diploid Dendrobium species, hybrids and cultivars 
have been converted into tetraploids though colchicine treat-
ment, including D. scabrilingue (Sarathum et al. 2010), D. 
chrysotoxum (Atichart 2013), D. nobile (Vichiato et al. 
2014), D. phalaenopsis × D. loddigesii hybrids (Grosso et al. 
2018), Dendrobium santana × D. friedericksianum (Choo-
peng et al. 2019) and D.officinale (Jiang et al. 2014; Li and 
Xiang 2017) and cultivars (Pham et al. 2019). To date, the 
only tetraploid Dendrobium orchids to be produced using 

oryzalin are tetraploids of the Dendrobium cultivar ‘Gat-
ton Sun Ray’ (Miguel and Leonhardt 2011). In the study 
by Miguel and Leonhardt (2011), PLBs were transferred 
onto solid modified VW media. In total, 9 tetraploids were 
screened by measuring stomatal guard cell lengths, achieved 
with 8.7, 14.4 and 57.7 µM oryzalin treatment for 6 days. 
The optimal treatment was identified as treatment with 14.4 
µM for 6 days. In our study, protocorms with shoot apical 
meristem were directly soaked in one of three autoclaved 

Fig. 3  Diploids (top panels) and tetraploids (bottom panels). a, b 
In  vitro culture of 7-month-old seedlings after oryzalin treatment 
(1000× magnification, Bars = 10 µm). c Chromosomes of root tip cells 

from a diploid 2n = 2x = 38. d Chromosomes of root tip cells from a 
tetraploid 2n = 4x = 76. Bars = 2 cm

Fig. 4  In vitro propagation 
and regeneration of diploid 
and tetraploid D. officinale. 
a 3-month-old PLB formed 
and developed from an axenic 
stem-node segment. b Young 
plantlets with elongated leaves 
and roots after 8 months of 
culture. Bars = 2 cm
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oryzalin concentrations (8.7, 14.4 or 28.9 µM) for 18, 24 or 
30 h. In total, 72 solid tetraploid genotypes were detected 
by FCM coupled with chromosome counting. The optimum 
treatment was treatment with 14.4 µM oryzalin for 24 h, and 
at the same oryzalin concentration, the most tetraploids were 
obtained at the lowest durations.

In orchids, numerous seeds develop within a single cap-
sule. Orchid seeds germinate and form small, spherical, 
tuber-like bodies called protocorms. Protocorm development 
is sometimes considered a continuation of zygotic embryo-
genesis (Jones and Tisserat 1990; Ishii et al 1998). Miguel 
and Leonhardt (2011) reported the successful production 
of uniform polyploid plantlets from protocorms of Odon-
tioda and Phalainopsis treated with oryzalin. Mixoploids 

are associated with tetraploid induction via in vitro chromo-
some doubling of multicellular organs (Cai and Kang 2011). 
In this context, in addition to obtaining a number of pure 
tetraploid plantlets, different types of mixoploids, such as 
diploid-tetraploid plantlets and tetraploid-octoploid plant-
lets, were also produced. The results indicated that there are 
various patterns of origin for protocorms, including single 
cell and multicellular origins.

Endopolyploidy is the existence of different ploidy levels 
among cells of an organism mainly due to endoreduplication 
(Leitch and Dodsworth 2017). This phenomenon is com-
monly observed in orchids, as cells in various somatic tis-
sues of orchids undergo extensive endoreduplication, such 
as conventional whole-genome endoreduplication (with the 
ratio between two neighboring DNA content peaks equal-
ing two) or progressive partial endoreduplication (with the 
ratio between two neighboring DNA content peaks being 
lower than two) (Trávníček et al. 2015). The true biological 
significance of this phenomenon is not yet fully understood 
(Larkins et al. 2001; Kron 2015). As detected by FCM, pat-
terns of endopolyploidy depend on diverse ploidy levels, 
developmental stages and culture conditions (Chen et al. 
2011). Our data showed that endopolyploidy occurred in 
the leaves, and three peaks were found in the leaves in both 
diploids and tetraploids. These results indicate that diploids 
and tetraploids have the same endopolyploidy pattern. Con-
versely, there were four peaks in the histograms of leaves 
from the diploid Phalaenopsis aphrodite subsp. formosana, 
whereas there were only three peaks for the tetraploids, and 
diploids displayed a higher tendency for endopolyploidy 
than did tetraploids (Chen et al. 2011). The endoreduplica-
tion pattern is mostly stable within a genus, and conven-
tional whole-genome endoreduplication has been observed 
in somatic tissues of Dendrobium (Trávníček et al. 2015). 
Our histograms showed a similar pattern, but in the Dendro-
bium hybrids both conventional and partial endopolyploidy 
were encountered (Grosso et al. 2018).

PLBs structurally resemble protocorms and are induced 
from explants and/or calluses (Jones and Tisserat 1990; 
Chugh et al. 2009). Fang et al. (2016) found that protocorms 
and PLBs share similar transcriptomic signatures that differ 
extensively from those of zygotic embryos, PLB regenera-
tion does not follow the embryogenesis program. PLBs can 
be successfully induced from various explants, including 
protocorms, shoot tips, axillary buds, leaf sections and nodal 
segments, as well as pseudobulb segments, as reviewed by 
Teixeira da Silva et al. (2015). The direct regeneration of 
PLBs from axenic stem-node segments from pregerminated 
seedlings was considered an efficient protocol for in vitro 
propagation of D. officinale (Wei et al. 2012; Shiau et al. 
2005) and other Dendrobium orchids (Luo et al. 2008). In 
this study, recurrent ploidy level screening and chromosome 
count of various genotype regenerated plantlets derived 

Fig. 5  Phenotypic comparison of in  vitro flowering of diploid and 
tetraploid plantlets. Bar = 1 cm

Fig. 6  Hardened diploid (top panels) and tetraploid (bottom panels) 
plantlets 90 days after transfer into plastic pots containing tree bark. 
Bar = 2 cm
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from PLBs from axenic stem-node segments showed stable 
tetraploid levels. A similar micropropagation protocol for 
the induction of PLBs and complete plantlet regeneration 
through the manipulation of axenic stem-node segments 
from two tetraploid D. officinale cultivars was reported by 
Pham et al. (2019), but the regenerated plantlets obtained by 
Pham et al. (2019) were not tested for ploidy level.

D. officinale has a long juvenile phase that leads to an 
average time to flowering of three to four years (Wang et al. 
1997); therefore, it is difficult to evaluate flower traits in a 

short time. Wang et al. (1997) found that in D. officinale, 
in vitro flowers could be induced within three to six months 
versus the 3 years to flowering in vivo. Compared with 
in vitro flowering, in vitro flowering allows earlier assess-
ment of flower characteristics ( Teixeira da Silva et al. 2014), 
although in vitro flower organs are smaller than that of ex 
vitro flowers (Tee et al. 2008). Thus, flowering in vitro is 
worth considering. In our study, we used the in vitro flower-
ing ability of D. officinale to evaluate normal flower organ 
trait in diploid and induced tetraploid plantlets. Generally, 
changes in ploidy level result in phenotypic variation (Udall 
and Wendel 2006). In the present study, the tetraploid plant-
lets had shorter plant heights and leaf and root lengths than 
the diploid plantlets, which is consistent with a previous 
study (Pham et al. 2019). Vichiato et al. (2014 ) reported 
that tetraploidization resulted in wider labella in flowers of 
D. nobile, similar to our observations in tetraploid plant-
lets. However, differences in leaf shapes among genetically 
homogenous genotypes with the same tetraploid level have 
been found in Pyrus communis (Sun et al. 2011) and D. offic-
inale cultivars (Pham et al. 2019), and variation in flower 
traits have also been observed in daylily (Podwyszyńska 
et al. 2015). These observations indicate that chromosome 
doubling can not only resulted in chromosome and gene 
redundancy but also chromosome structure variation, gene 
mutation (Blanc and Wolfe 2004 ), alterations in epigenetic 
patterns (Marfil et al. 2018) or more complex phenomena. 
Furthermore, Liu et al. (2019) found that the extent of het-
erozygosity in genotypes with the same ploidy level affected 
phenotypic variation. In our study, significant differences 
were observed between diploid and tetraploid plantlets at 
90 days, and variations within tetraploid genotypes under 
the same growing conditions was also visually apparent. 

Table 1  Effects of oryzalin concentration and exposure time on the survival rate and polyploidization of D. officinale 

Different letters within the same row indicate significant differences based on the LSD test at p < 0.05. Data represent the mean ± SE (n = 2)

Antimitotic agent Concentra-
tion (μM)

Exposure 
time (h)

No. of explants 
treated

Survival rate (%) No. of polyploids (%) No. of mix-
oploids

No. of 
tetra-
ploids

Control 0.0 18 60 90.00 ± 0.00a 0.00 ± 0.00d 0 0
24 60 84.77 ± 7.40a 0.00 ± 0.00d 0 0
30 60 84.77 ± 7.40a 0.00 ± 0.00d 0 0

Oryzalin 8.7 18 60 90.00 ± 0.00a 12.73 ± 2.27c 0 3
24 60 77.27 ± 2.27ab 23.60 ± 4.51b 0 5
30 60 77.27 ± 2.27ab 23.36 ± 1.14b 1 8

14.4 18 60 84.76 ± 5.23a 22.95 ± 1.56b 2 7
24 60 77.27 ± 2.27ab 37.40 ± 1.42a 5 16
30 60 68.72 ± 2.84b 36.06 ± 0.81a 7 11

28.9 18 60 67.25 ± 1.37b 31.52 ± 2.19a 5 9
24 60 64.33 ± 1.22b 33.60 ± 1.65a 7 8
30 60 53.73 ± 1.02c 32.035 ± 1.18a 6 5

Table 2  Phenotypic characteristics of in  vitro flowering diploid and 
tetraploid plantlets

Different letters within the same row indicate significant differences 
based on the LSD test at p < 0.05. Data represent the mean ± SE 
(n = 2)

Phenotypic characteristics Diploid Tetraploid

Plant height (cm) 5.33 ± 0.26a 3.25 ± 0.23b

Stem diameter (mm) 2.93 ± 0.17b 4.23 ± 0.41a

No. leaves per plant 5.00 ± 0.41 4.50 ± 0.29
Leaf length (mm) 25.29 ± 1.77a 16.61 ± 2.43b

Leaf width (mm) 5.73 ± 0.64 8.08 ± 0.97
No. internodes per plant 5.50 ± 0.65 4.25 ± 0.25
Internode length (mm) 7.68 ± 0.57 7.01 ± 0.37
No. roots per plant 6.25 ± 1.03 5.75 ± 0.63
Root length (cm) 6.4 ± 0.75a 3.58 ± 0.13b

Root diameter (mm) 1.13 ± 0.04b 1.60 ± 0.14a

Flower size (cm) 24.61 ± 0.60 24.58 ± 0.57
Labellum length 10.72 ± 1.21 12.33 ± 0.29
Labellum width (mm) 6.22 ± 1.11b 8.96 ± 0.08a

Gynostemium length (mm) 9.71 ± 0.57 10.88 ± 0.30
Gynostemium width (mm) 3.03 ± 0.13b 3.81 ± 0.06a
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Furthermore, growing years affects phenotypic variation, as 
observed in daylily (Podwyszyńska et al. 2015), D. nobile 
(Vichiato et al. 2014 ) and lily (Zhang et al. 2017 ). To com-
pare phenotypic characteristics between diploids and tetra-
ploids and evaluate penotypic variation within tetraploid 
genotypes, several years of data are necessary. Thus, several 
cultivation years are required to elucidate the phenotypic 
variation among multitetraploids induced by oryzalin.

In conclusion, we found that in vitro application of ory-
zalin to multigenotype protocorms can efficiently induce 
chromosome doubling in D. officinale. Furthermore, PLBs 
derived from axenic stem-node segments could be used to 
establish in vitro plant regeneration of D. officinale. Multi-
ple-tetraploid genotype germplasms not only may be of use 
in Dendrobium orchid polyploid breeding but also can be 
used to increase the genetic variation within this species for 
other various research applications. 
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