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Abstract
This study describes a plantlet regeneration protocol of somatic embryos in Rosa ‘John F. Kennedy’ (hybrid tea rose). Dif-
ferent somatic embryo sizes exhibited significant differences in the single bud (SB type) regeneration rate and multiple bud 
(MB type) regeneration rate. The highest single bud (SB type) regeneration rate (27.10%) was obtained from the large size 
(4 mm × 5 mm). The multiple bud regeneration rate was highest at 39.60% for the medium size (3 mm × 4 mm). Changes in 
the endogenous hormone content and ratios of various types of embryogenic cultures were clearly diverse: higher contents of 
abscisic acid (ABA) and indole-3-acetic acid (IAA) occurred in the SPC explant (single-piece cotyledonary somatic embryo) 
with a regenerated single bud (SB type). In a MW-type somatic embryo (milky-white single-piece-cotyledon explant), the 
gibberellic acid  (GA3)/ABA ratio was the highest (1.807), and the IAA/GA3 ratio was the lowest (0.902). However, the high-
est ratios of IAA/GA3 (6.159) and the lowest ratios of  GA3/ABA (0.383) appeared in SB-type cultures. Additionally, the 
highest IAA/ABA ratios (6.535) and higher ratios of  GA3/ABA (1.729) were found in MB-type cultures. This indicated that 
ways to regulate plant cell totipotency in Rosa ‘John F. Kennedy’ somatic embryos differed between single bud (SB type) 
regeneration and multiple bud (MB type) regeneration. Finally, this study classified and summarized common intermediate 
materials in in vitro culture based on morphological characteristics and plantlet regeneration pathways.

Keywords Endogenous hormone · Somatic embryo · Single bud regeneration · Multiple buds regeneration · Rosa ‘John F. 
Kennedy’ (hybrid tea rose)

Introduction

Rose (Rosa hybrida L.) is a plant in the Rosaceae family 
with a long history of cultivation. Modern rose hybridization 
and selection began in Europe in the early sixteenth century, 
and there are now nearly 20,000 commercial varieties world-
wide, making it one of the most popular ornamental plants 
(Vergne et al. 2010; Qi et al. 2018; Khatami et al. 2020). 
Because of their rich flower color, repeat flowering ability, 
diverse varieties, and strong adaptability, the modern rose is 

widely used as cut flowers, potted plants, and landscaping, 
and some of them are extremely important in the edible, 
medicinal, essential oil extraction, and cosmetic industries 
(Nguyen and Van 2020). As a result, the modern rose is one 
of the world’s most important commercial flower crops.

Despite the fact that modern roses are diverse and have a 
wide range of flower colors, there are no blue-purple varie-
ties due to a lack of delphinidin-based anthocyanins, which 
are typically the main component of violet and blue flow-
ers (Katsumoto et al. 2007). Improving floral color traits is 
one of the main goals of modern rose breeding programs 
(Bao et al. 2012), but conventional breeding to generate new 
varieties is a long and arduous task, as the genetic improve-
ment of modern roses can be limited by a high degree of 
genetic heterozygosity, lack of blue flower allelic variation, 
and interspecific discordance or different ploidy (Liu et al. 
2021). Molecular breeding technology has the ability to 
cross species boundaries and modify plant genetic material, 
providing a technical approach for targeted plant breeding. 
Using molecular breeding techniques, recipient plants can 
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produce a wider range of floral colors by utilizing exogenous 
control pathways of floral color genes (Tanaka et al. 2010).

In recent years, molecular breeding techniques have been 
widely used to improve rose varieties, which have enabled 
significant progress in flower color. Katsumoto et al. (2007) 
used rose embryogenic calluses as explants and downregu-
lated the endogenous dihydroflavonol 4-reductase (DFR) 
gene in rose while overexpressing the viola F3′5'H gene and 
the Iris × hollandica DFR gene in transgenic rose petals to 
accumulate delphinidin and produce blue-purple flowers. 
Nakamura et al. (2015) used an Agrobacterium-mediated 
method to express the pansy F3′5'H gene and the torenia 
A3′5′OMT gene in embryogenic callus, and the regenerated 
transgenic plants accumulated methylated anthocyanins and 
turned purple-red in the petals. Therefore, using molecular 
breeding techniques to improve rose flower color is feasible; 
however, an important prerequisite for successful molecular 
breeding is the establishment of plant regeneration systems 
through tissue culture techniques.

Tissue culture technology has been used significantly in 
the large-scale production and genetic improvement of plants 
(Pati et al. 2004; Azadi et al. 2018). It has been reported 
that by selecting tissues and organs, such as leaves, peti-
oles, stem segments, isolated roots, and immature embryos 
as explants, modern roses can be regenerated in vitro into 
plantlets by organogenesis (Tian et al. 2008; Pourhosseini 
et al. 2013; Samiei et al. 2021) and somatic embryogenesis 
(Kim et al. 2003; Bao et al. 2012; Chen et al. 2014). Samiei 
et al. (2021) used Rosacanina bud-bearing stem segments 
as explants, induced in vitro axillary bud germination, and 
regenerated plants via organogenesis. Kim et al. (2003) used 
Rose ‘Sumpath’ immature zygotic embryo cultured explants 
and directly generated somatic embryos. Lee et al. (2013) 
obtained regenerated plants by somatic embryogenesis in 
vitro using rose roots as explants. It is well known that 
somatic embryos are bipolar and produce fewer chimaeras 
in transgenic plants than organogenesis; therefore, they have 
been more widely used in genetic engineering (Rout et al. 
1991; Liu et al. 2021).

Plant endogenous hormones play an important role in 
plant development. Therefore, the relationship between 
changes in endogenous hormone content and somatic 
embryogenesis in vitro has also attracted the attention of 
researchers (Farias-Soares et al. 2014). High-performance 
liquid chromatography (HPLC) is currently the mainstream 
method for the accurate determination of endogenous hor-
mones, which can effectively separate different endogenous 
hormones with a high sensitivity (Forcat et al. 2008). The 
study by Nic-Can et al. (2016) has shown that auxin (IAA) is 
involved in the establishment and maintenance of cell polar-
ity and promotes the early development of somatic embryos. 
For example, the IAA content of carrot embryogenic cells 
is 13 times that of non-embryogenic cells (Sasakin 1994). 

Like auxins, cytokinins (CKs) are also critical for somatic 
embryo induction, and the balance between cytokinins and 
auxins determines the dedifferentiation and redifferentia-
tion states of cells (Wu et al. 2021). Abscisic acid (ABA) 
is associated with the synthesis of storage material at the 
maturation stage and has been found to play an important 
role in regulating the development of plant somatic embryos 
and to inhibit the early germination of somatic embryos and 
the development of malformed embryos (Su et al. 2013). 
Kępczyńska (2021) found that GAs were involved in the 
acquisition of embryonic competence in Medicago trunca-
tula leaf somatic cells. Similarly, Mikuła (2021) found in 
their study of Cyathea delgadii that large amounts of GAs 
were characteristic of the formation of unicellular somatic 
embryos. Liang et al. (2022) reported the endogenous phy-
tohormone changes with embryogenic cultures in Korean 
pine, where endogenous hormone contents and endogenous 
hormone ratios had some effect on the high embryogenic 
potential maintenance or the morphological differentiation 
for somatic embryos. This showed that plant regeneration 
via somatic embryogenesis may be affected by the relation-
ship between the changes in the contents of the abovemen-
tioned endogenous hormones and the development process 
of somatic embryos, which could provide a clear strategy 
and pathway for subsequent artificial regulation of plant 
regeneration for somatic embryos.

Rosa ‘John F. Kennedy’ (hybrid tea rose) was chosen as 
the subject in this study, and different explant types were 
used for the development of in vitro cultures capable of 
plantlet regeneration by somatic embryogenesis. Further-
more, to provide a research basis for artificially controlling 
the plant regeneration pathway, the relationship between 
changes in endogenous hormone contents and various types 
of embryogenic cultures during somatic embryo regenera-
tion was investigated. Finally, this study aimed to offer a 
reference for tissue culture research by classifying and sum-
marizing common intermediate materials in in vitro culture 
based on morphological characteristics and plant regenera-
tion pathways.

Material and methods

Plant material Annual green and healthy branches from 
Rosa ‘John F. Kennedy’ (hybrid tea rose) were taken from 
the rose germplasm resources nursery of the Nanyang Acad-
emy of Agricultural Sciences in May 2020. The annual 
branches were cut into 1.0- to 1.5-cm stem segments with an 
axillary bud and sterilized with disinfectant mercuric chlo-
ride (0.1% (v/v)  HgCl2; Tongxin, Guizhou, China). After 
that, these sterilized materials were transferred to Murashige 
and Skoog (MS; Murashige and Skoog 1962; Solarbio; Bei-
jing, China) medium containing 30 g  L−1 sucrose (Kemiou; 
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Tianjin, China), 8.0 g  L−1 agar (Biosharp; Hefei, China), 
1.0 mg  L−1 6-benzyladenine (BA; Solarbio), and 0.1 mg 
 L−1 indole-3-butyric acid (IBA; Solarbio) (P medium) for 
propagation, and the sterile shoots with higher multiplication 
coefficients were selected to establish the clonal line from a 
single bud through subculture every 30 d.

Embryogenic callus (EC) induction from leaf explants, 
somatic embryo induction from EC, and somatic embryo 
propagation were carried out by following the procedure 
described previously by Zhu (2022). Briefly, the leaves of 
sterile seedlings of Rose ‘KND-3’ were chosen for dark cul-
tivation in MS medium with 7 mg  L−1 2,4-dichlorophenoxy-
acetic acid (2,4-D; Solarbio); and, after a period of time, 
EC was induced. On MS medium containing 1.0 mg  L−1 
BA, 0.1 mg  L−1 α-naphthalene acetic acid (NAA; Solar-
bio), and 0.1  mg  L−1 gibberellic acid  (GA3; Solarbio), 
embryogenic callus (EC) formed somatic embryos. After 
successfully obtaining somatic embryos from the EC, the 
somatic embryos were inoculated into MS medium contain-
ing 0.5 mg  L−1 BA and 0.1 mg  L−1 IBA (SER medium), and 
proliferation of the embryos was observed after repeated 
passages. These proliferative materials were at the same 
genetic background from the clonal line of Rose ‘KND-3.’

Medium and culture conditions Murashige and Skoog 
(MS) basal medium was used for in vitro culture of the 
modern rose, supplemented with 30 g  L−1 sucrose, 8.0 g 
 L−1 agar, and plant growth regulators at different con-
centrations, which were used for several purposes in this 
research, followed by adjustment of the pH to 6.0 prior to 
autoclaving (121℃, 20 min). Somatic embryo regeneration 
medium (SER medium) was used for two purposes in this 
research, including somatic embryo propagation and regen-
eration induction. Sterile material proliferation medium (P 
medium) was used for sterile seedlings propagation. The 
medium composition was described above. Hormone-free 
MS medium was used for rooting induction of regenerated 
seedlings. The culture temperature was 24 ± 2℃; embryo-
genic callus and somatic embryo induction were induced 
in the dark while other treatments were conducted in light 
under a 16-hr light and 8-hr dark photoperiod with a light 
intensity of 40 micromoles  m−2 s−1.

Plantlet regeneration Via Somatic Embryogenesis Somatic 
embryos were cultured on SER medium in the light; and 
when new somatic embryos were observed, they were imme-
diately subcultured every 30 d to SER medium in clusters 
for propagation. Single-piece cotyledon explants (SPC 
explants) with different sizes (2 mm × 3 mm; 3 mm × 4 mm; 
4 mm × 5 mm) were chosen as plant material and cultured 
in SER medium for plantlet regeneration induction. After 

25 d of regeneration induction, the regeneration induc-
tion frequency (%) was recorded. Each experiment was 
repeated three times with 16 explants per treatment. SPC 
explants forming at least 2.0 buds were considered respond-
ing explants and scored for SPC explants with multiple bud 
induction frequencies.

The regenerated bud was separated from cotyledon 
explants and transferred to the same SER medium. Two wk 
of light culture later, multiple shoots could be observed. One 
stem segment with one node explants was approximately 
1.5 cm long from the 30-d-culture regenerated seedlings that 
were selected and subcultured every 30 d in SER medium for 
regenerated plantlet propagation. Strong rootless seedlings 
with terminal buds (ST explants) were screened and cultured 
in hormone-free MS medium for rooting.

Endogenous hormone determination from somatic embryos 
during various types of embryogenic cultures Single-piece 
cotyledonary somatic embryos (SPC explants) were cultured 
on SER medium in the light to promote the differentiation of 
the embryogenic structures, and then embryogenic cultures 
containing various developmental stages were obtained. 
Endogenous ABA,  GA3, IAA, and ZT (zeatin) were determined 
simultaneously in initial explants and tissues during the 
induction phase and plantlet regeneration on days 0, 5, and 
25. After 25 d of SPC culture, the embryogenic cultures were 
classified into two types according to the number of regenerated 
buds: SPC explant with a single bud and SPC explant with 
multiple buds (> 2). Each type of embryogenic culture was 
0.5 g of fresh weight (FW), which was quickly frozen in liquid 
nitrogen and stored at − 80℃ for endogenous hormone content 
determination. After sample collection was completed, the 
samples were packaged on dry ice and transported to Nanjing 
Cavensis Testing Technology Co., Ltd. (Nanjing China) for 
endogenous hormone determination by ultra-performance 
liquid chromatography tandem mass spectrometry. Each sample 
assay was repeated three times. After excluding outlier data, the 
data of the three replicates were averaged for analysis.

Statistical analysis The data collected from the experiments 
were processed and analyzed in SPSS Statistics 22.0 and 
Origin 2019 software with Duncan’s multiple range tests 
at a level of significance of P = 0.05. Percentage data were 
transformed via arcsine before analysis.

Results and discussion

Plantlet regeneration via Somatic Embryogenesis of Rosa 
‘John F. Kennedy’ After leaf explants approximately 1.0 cm 
long were isolated from the seedlings of the ‘KND-3’ line 
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and cultured according to the procedure described ear-
lier by Zhu (2022), milky cotyledonary somatic embryos 
(CSE explants) could be derived from a few induced cal-
luses (Fig. 1a). After somatic embryos were transferred to 
SER medium in the light, some explants turned green and 
expanded, and new somatic embryos could still be obtained 
on the cultured material. These somatic embryos were 
subcultured to SER medium in clusters (cluster culture) in 
the light every 30 d, which accelerated CSE propagation 
(Fig. 1b). In this research, plant materials were derived from 
the same clonal line; and, therefore, all of the obtained CSE 
explants had the same genetic background.

Single-piece cotyledonary somatic embryos (SPC 
explants) were isolated from somatic embryo clusters, 
which were strong and tight in structure at different sizes; 
SPC explants (Fig. 1c) were used as the plant material for 
somatic embryo regeneration induction. After 5 d in light 
culture, the milky white SPC explant turned green (Fig. 1d). 
As shown in Table 1, after 25 d of single-piece cotyledon 
culture (SPC culture) on SER medium, the explants could 
regenerate, some single-piece explants could sprout a single 
bud (Fig. 1e), few explants could germinate like dicotyledon 
seeds (Fig. 1g) with low frequency (< 5%), and multiple buds 
could be derived from anywhere in the explants (Fig. 1i).

Figure  1.  Plantlet regeneration via somatic embryogenesis of Rosa 
‘John F. Kennedy.’ (a) Cotyledonary somatic embryo induced from 
callus of rose P explant; bar, 5.0  mm. (b) Somatic embryo propa-
gation; bar, 5.0  mm. (c) SPC (single-piece cotyledonary somatic 
embryo) culture of somatic embryo (MW type); bar, 5.0  mm. (d) 
SPC explant turning green under light (TG type); bar, 5.0  mm. (e) 
Single bud sprouting from single somatic embryo (SB type); bar, 

5.0 mm. (f) Growth of single regenerated seedling; bar, 5.0 mm. (g) 
Dicotyledon seed–like germination of somatic embryo; bar, 5.0 mm. 
(h) Growth of seed-like germinated seedling; bar, 5.0 mm. (i) Mul-
tiple buds induced from SPC explant (MB type); bar, 5.0  mm. (j) 
Growth of multiple regenerated seedlings; bar, 5.0 mm. (k) Regener-
ated shoots propagation; bar, 10.0 mm. (l) ST explant; bar, 10.0 mm. 
(m) Complete regenerated plantlet; bar, 10.0 mm.
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The regeneration capability of the SPC explants was com-
pared for different explant sizes. Different explant sizes exhib-
ited a statistically significant difference in the single bud regen-
eration rate and multiple bud regeneration rate (P < 0.05). The 
highest single bud regeneration rate (27.10%) was obtained for 
the SPC size of 4 mm × 5 mm. The multiple bud regeneration 
rate was highest at 39.60% for the SPC size of 3 mm × 4 mm.

In this study of SPC culture for Rosa ‘John F. Kennedy,’ 
the plantlet regenerated via single bud formation (SBF of 
plantlet regeneration type) with only one bud deriving from 
one explant. Normally, a single bud could be formed from the 
base of SPC explant where there was the point for somatic 
embryos propagating aggregation (Fig. 1e), and the regener-
ated bud grew along the longitudinal axis on which its devel-
opmental characteristics were similar with monocotyledon 
seed germination (Fig. 1f). In quite low frequency (< 5%), the 
SPC explants could be observed to germinate like dicotyle-
don seeds (Fig. 1g, h). Furthermore, the plantlet regenerated 
via multiple bud formation (MBF of plantlet regeneration 
type) with multiple buds deriving from one explant. Nor-
mally, clusters of multiple buds could be formed at any posi-
tion from the explants (Fig. 1i), and the regenerated buds 
propagated along the horizontal axis in which its develop-
mental characteristics were similar with organogenesis in 
vitro culture (Fig. 1j). These data showed that regeneration 
approaches were affected by the sizes of somatic embryos 
even if they were on the same induction medium. And, the 
ways to regenerate a single bud and multiple buds from SPC 
explants might be truly different plantlet regeneration pat-
terns in which SBF of plantlet regeneration type and MBF of 
plantlet regeneration type could be considered as the simula-
tion of seed propagation and vegetative propagation in nature.

The regenerated shoots were transferred to SER medium; 
and after 30 d of light culture, the shoots were observed 
for development and propagation (Fig. 1k). The regenerated 
shoots would gain the development of the shoots after the 
extension of subculture time (for example 45 d). A regener-
ated shoot with a 2.0-cm-long terminal bud (ST explant) 
(Fig. 1l) should be selected and transferred to hormone-
free MS medium for adventitious roots induction. It should 
ensure no meristems found in the base of the shoot were 

inserted into MS medium for easy rooting. After 15 d of 
root induction treatment with the rooting rate of over 80%, 
the complete regenerated plantlet was obtained (Fig. 1m).

Endogenous hormones and endogenous hormone ratios 
from various types of embryogenic cultures During the pro-
cess of tissue culture for SPC explants of Rosa ‘John F. Ken-
nedy,’ the embryogenic cultures showed different results: at 
the initial culture (day 0), all the SPC explants were milky-
white (MW type, Fig. 1c) whereas after 5 d of induction 
culture, they turned green (TG type, Fig. 1d). After 25 d, 
the regenerated materials could be classified into two types 
according to their external morphological characteristics 
(such as color, shape, and the number of regenerated buds 
per explant), in which the materials were single bud formed 
from SPC explants (SB type, Fig. 1e), and multiple buds 
formed from SPC explants (MB type, Fig. 1i). These rep-
resentative samples from different SPC culture period were 
harvested and pooled together or maintained separately for 
endogenous hormone determination.

Changes in the contents of single endogenous hormones In 
Fig. 2, the contents of IAA and  GA3 among the different 
types of embryogenic cultures were higher than that of ABA, 
and those of ZT were not detected at all except for in the MW 
type. The content of IAA decreased first and then increased 
during the regeneration process (the process from TG type 
to SB type and that from TG type to MB type). The analysis 
of endogenous hormones revealed that the content of IAA 
was the highest, ranging from 4.637 to 6.585 ng  g−1FW; 
and the highest IAA content was in the MW type, but the 
concentration difference between the SB type and MB type 
was not statistically significant. The above results indicated 
that high levels of IAA in Rosa ‘John F. Kennedy’ might 
be beneficial for maintaining a high embryogenic potential 
but less effective for regenerating plantlets; it was consistent 
with the previous study of Korean pine (Liang et al. 2022).

Similar to IAA, the contents of  GA3 and ABA in the 
different 4 types were high, and the maximum concentra-
tions of  GA3 and ABA in these materials were 7.301 and 
4.045 ng  g−1FW, respectively. However, unlike IAA, the 

Table 1.  Effect of different sizes of SPC explants on plantlet regeneration induction of Rosa ‘John F. Kennedy’

Note: The data were collected after 25 d cultured on SER medium (somatic embryo proliferation and regeneration induction medium). SPC 
explants, single-piece cotyledonary somatic embryos
a , b, c, dMeans in the same column not sharing a common superscript are significantly different (P < 0.05)

Size of SPC explants Explant turning-green 
rate (%)

Single bud regenera-
tion rate (%)

Multiple bud regenera-
tion rate (%)

Somatic embryo propa-
gation rate (%)

Callus 
induction 
rate (%)

2 mm × 3 mm 100a 20.87a 27.10a 10.42a 27.08a

3 mm × 4 mm 100a 18.80a 39.60a 6.25a 18.75ab

4 mm × 5 mm 91.67a 27.10a 4.17b 6.25a 11.11b
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content of  GA3 or ABA decreased during the regeneration pro-
cess. The interesting detail about the endogenous hormone deter-
mination in this study was that there was a significant difference 
between the regenerated materials of the SB type and MB type in 
the content of  GA3 and ABA in which the SB type had the lowest 
 GA3 content and a higher level of ABA content while the MB 
type showed the opposite results. These results suggested that 
the single-piece somatic embryo-derived single bud (SB type) 
and multiple bud (MB type) might be obviously different cul-
ture materials according to the different contents of endogenous 
hormones, and somatic embryo regeneration from Rosa ‘John F. 
Kennedy’ might involve the development of different patterns.

These findings indicated that a relatively high IAA,  GA3, and 
ABA content and a low ZT content have a positive effect onsomatic 

embryo formation and development. A high IAA level was the 
premise for somatic embryo development and polarity establish-
ment, and high  GA3 and ABA contents promoted the maturation 
and germination of somatic embryos in the latter stage whereas 
regenerating plantlets required low levels of  GA3 and ABA.

The effect of the ratio of endogenous hormone content on 
the differentiation of somatic Embryos in Rosa ‘John F. Ken-
nedy’ In this study, the proportions of endogenous hormones 
in different types of embryonic cultures showed different 
changing trends and ranges of change (Fig. 3). Specifically, 
the ratios of IAA/ABA,  GA3/ABA, and IAA/GA3 were clearly 
higher (0.383 to 6.535) than the ratios of ZT/ABA, ZT/IAA, 
and ZT/GA3 (all < 0.01). The ratio of IAA/ABA (1.633) and 

Figure  2.  Changes in the content of endogenous hormones in dif-
ferent types of embryogenic cultures of Rosa ‘John F. Kennedy.’ A. 
Changes in IAA content in different types of embryonic cultures; B. 
Changes in ZT content in different types of embryonic cultures; C. 
Changes in  GA3  content in different types of embryonic cultures; 
D. Changes in ABA content in different types of embryonic cul-
tures. Note: The data are expressed as the means ± SD, and means fol-

lowed by the same letters are not significantly different by Duncan’s 
multiple tests (P < 0.05). MW type, SPC (single-piece cotyledonary 
somatic embryo) culture of somatic embryo; TG type, SPC explant 
turning green under light; SB type, single bud sprouting from single 
somatic embryo; MB type, multiple buds induced from SPC explant. 
IAA, indole-3-acetic acid; ZT, zeatin;  GA3, gibberellic acid; ABA, 
abscisic acid.
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IAA/GA3 (0.902) in MW-type somatic embryos were the low-
est while the IAA/ABA (6.535) value of the MB-type cul-
tures was the highest. However, the highest ratios of IAA/GA3 
(6.159) and the lowest ratios of  GA3/ABA (0.383) appeared in 
SB-type cultures. It was worth noting that high ratios of IAA/
GA3 and low ratios of  GA3/ABA could cause somatic embryo 
germination similar to seeds. There were no obvious changes 
in the ratios of ZT/ABA, ZT/IAA, and ZT/GA3 among dif-
ferent types of embryogenic cultures, indicating that these 
ratios had little relevance with somatic embryo differentia-
tion. These results showed that changes in the endogenous 
hormone content and ratios of various types of embryogenic 
cultures were clearly diverse during the plantlet regeneration 
process for somatic embryos of Rosa ‘John F. Kennedy’.

Classification and regeneration characteristics of intermedi-
ate material in In Vitro culture For this study, the diverse 
regeneration results described above could be observed in 
the different sizes of SPC explants on the same induction 
medium (Fig. 1e, Fig. 1g, and Fig. 1i) in which single-piece 
somatic embryos could sprout similarly to monocotyle-
don germination (single bud derived from SPC explant) 
(Fig. 1e), induce multiple buds at any position from the 
explant (Fig. 1i), or germinate similarly to seeds with roots 
and buds with quite low induction rates (< 5%) (Fig. 1g).

In this study, SPC explants of Rosa ‘John F. Kennedy’ 
could be observed to have multiple bud formation via 
organogenesis but also germination-like seeds (classical 

somatic embryogenesis). Cotyledonary somatic embryos 
induced adventitious buds and regenerated plantlets via 
organogenesis, which was also observed in similar cases in 
Rosa hybrida ‘Tineke’ (Zhu et al. 2022) and the woody plant 
camphor tree (Du 2005). According to these regeneration 
studies on somatic embryos, this structure should be seen as 
a special category of intermediate material in in vitro cul-
ture. In other words, there might be no significant difference 
between somatic embryogenesis and organogenesis in view 
of somatic embryo structure as an intermediate material that 
can develop in various ways, except whether plantlets are 
regenerated via somatic embryo germination (Zhu. 2022).

On the basis of previous studies, there are several types 
of intermediate materials in in vitro culture, including cal-
luses, protocorm-like bodies (PLBs) (Fig. 4b), and embryoid 
bodies (somatic embryos) (Fig. 4h). Based on their struc-
tural features, the calluses derived from various explants 
are divided into two major types, namely, non-embryogenic 
calluses (Fig. 4c) and embryogenic calluses (Fig. 4e); gen-
erally, non-embryogenic calluses can regenerate plantlets 
via organogenesis (Gao 2004; Srinivasan et al. 2021), and 
embryogenic calluses can easily induce somatic embryos 
(Du 2005; Du et al. 2007). Cotyledonary somatic embryos 
can be observed to both regenerate similarly to seeds 
(Fig. 4k) and induce multiple buds (Fig. 4i) by use of dif-
ferent cytokinin treatments (Du et al. 2007; Ebrahimi et al. 
2018; Zhu et al.2022). For Orchidaceae in vitro culture, a 
special material, a protocorm-like body, can be obtained, 

Figure 3.  Changes in the ratio 
of endogenous hormones in 
different types of embryogenic 
cultures of Rosa ‘John F. 
Kennedy.’ Note: The data are 
expressed as the means ± SD. 
According to Duncan’s multiple 
tests, the mean values marked 
with the same letters do not 
differ significantly at the 0.05 
confidence level. MW type, 
SPC (single-piece cotyledon-
ary somatic embryo) culture 
of somatic embryo; TG type, 
SPC explant turning green 
under light; SB type, single bud 
sprouting from single somatic 
embryo; MB type, multiple 
buds induced from SPC explant. 
IAA, indole-3-acetic acid; ZT, 
zeatin;  GA3, gibberellic acid; 
ABA, abscisic acid.
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which has the characteristics of both somatic embryogenesis 
and organogenesis (Lin et al. 2011; Bustam et al. 2013). 
In view of the cytological observation and regeneration 
approach of this structure that could easily gain adventitious 
buds from PLB, this material should be considered the meta-
morphosis of stems (the developmental process is shown in 
Fig. 4 from b, f, to a). In summary, the different explants 
regenerated plantlets mainly through organogenesis. The 
other regeneration approaches were mostly the metamorpho-
sis of organogenesis, except that somatic embryo explants 
germinated similarly to seeds at low frequency. The classi-
fication and regeneration characteristics of the intermediate 
material as described above are represented in Fig. 4, and 
the details are shown in Table 2.

Conclusion

In cell totipotency, cells of plants with the whole genetic 
material for a species have the potential to develop into 
embryos and plants. Under certain conditions (for exam-
ple, in vitro culture, use of exogenous hormones), it can 
regenerate plantlet via simulating of seed propagation in 
nature (somatic embryo germinating like a seed) or via 
simulating of vegetative propagation in nature (explant 
deriving vegetative organs). In in vitro culture of some 
species (for example, Rosa ‘John F. Kennedy’), it can 
also be observed that the plantlet regenerates by like seed 
propagation and like vegetative propagation appearing 
simultaneously.

Figure 4.  Schematic representa-
tion of the plantlet regenera-
tion approaches from different 
intermediate material in in 
vitro culture. (a) Adventitious 
buds derived from leaflet. (b) 
Protocorm-like bodies (PLBs). 
(c) Non-embryogenic callus. (d) 
Cotyledonary somatic embryo. 
(e) Embryogenic callus. (f) 
Adventitious buds derived 
from PLBs. (g) Adventitious 
buds derived non-embryogenic 
callus. (h) Single-piece coty-
ledonary somatic embryo. (i) 
Multiple buds regenerated from 
cotyledonary somatic embryo. 
(j) Somatic embryos induced 
from embryogenic callus. (k) 
Somatic embryo germinating 
bud- and root-like seed.
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