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Abstract: Blue honeysuckle (Lonicera caerulea L.), which belongs to the Caprifoliaceae family, is an
emerging fruit crop worldwide. For the development of a transgenic system and multipurpose tissue
culture, this study for the first time established an in vitro regeneration system via somatic embryo-
genesis, as well as improving the previously established indirect organogenesis-based regeneration
system. For embryogenesis, Murashige and Skoog (MS) medium supplemented with 1.0 mg/L
2,4-dichlorophenoxyacetic acid (2,4-D) showed the highest induction rate of the embryogenic callus
(97.6%), and MS supplemented with 0.1 mg/L 6-benzyladenine (6-BA), 0.1 mg/L α-naphthaleneacetic
acid (NAA), and 0.5 g/L activated carbon (AC) achieved the highest somatic embryo rate (28.3%). For
indirect organogenesis, MS medium supplemented with 1.0 mg/L 6-BA and 0.1 mg/L NAA resulted
in the highest non-embryogenic callus induction rate (98.9%) and adventitious shoot induction rate
(51.6%). For adventitious root induction, MS supplemented with 1.0 mg/L indole-3-butyric acid
(IBA) achieved the highest root induction rate (96.0%) and average root length (4.6 cm), whereas
MS supplemented with 0.5 mg/L indole-3-acetic acid (IAA) resulted in the highest average regener-
ated root number (8.8). The total time for the regeneration from explants to soil-planted seedlings
(10 euphylla) was 105 and 150 days with an efficiency of 44.1% and 23.9% through organogenesis
and somatic embryogenesis, respectively. This study provides a powerful tool for rapid propagation,
proliferation, and transformation, as well as laying a technological foundation for gene function
research and genetic improvement of blue honeysuckle.

Keywords: haskap; Honeyberry; somatic embryo; PGRs; tissue culture

1. Introduction

Blue honeysuckle (Lonicera caerulea Linn.), also known as “Haskap” or “Honeyberry”,
is a deciduous shrub belonging to the Caprifoliaceae family [1]. The fruit of blue honey-
suckle is small berries with attractive azure to dark-blue color and can be eaten directly
without the need for peeling or denucleation, with a sour–sweet taste resembling that of
blueberry, bilberry, and blackcurrant [2]. Due to its abundant anthocyanins, it is widely
processed into juice, jam, wine, and candy, or added to processed foods as a natural pig-
ment or nutritional additive [3]. Besides anthocyanins, the fruit of blue honeysuckle have
also been reported to be rich in vitamin C, phenolics, and flavonoids, which confer them
with strong antibacterial, anti-inflammatory, antioxidant, and antidiabetic activities [1,4,5].
Blue honeysuckle fruit also contain high levels of iridoids, and therefore can be used for
adjunctive treatment of depression [6]. In addition, blue honeysuckle has some highly de-
sirable agronomic traits, including tolerance to extreme freezing (−50 ◦C tolerance during
dormancy), early fruiting, and stable annual yield (about 2 to 2.5 kg for a 6-year-old tree),
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which make it a well-accepted emerging fruit crop [7,8]. The commercial cultivation of
blue honeysuckle has been rapidly expanded in cold-climate regions worldwide during the
past two decades, such as Russia, northeast China, Canada, and Hokkaido of Japan [9,10].
However, despite its promising potential, the basic biological research on blue honeysuckle
largely lags behind that on major fruits, emerging fruit crops [11], or minor horticultural
plants [12]. Particularly, the in vitro propagation of blue honeysuckle is a key procedure
for its industrialized seedling production and development of biotechnology tools [10].

Establishment of an efficient in vitro plant regeneration system is the initial step to
setting up a genetic transformation system and the subsequent application of CRISPR/Cas9
gene editing technology [13]. Organogenesis and somatic embryogenesis are two major
pathways for plant in vitro regeneration. Organogenesis refers to the development of roots,
shoots, and flowers directly from an explant or indirectly from a callus culture, resulting in
the final regeneration of a whole plant [14]. Somatic embryogenesis is the development
of somatic embryos directly from the explant or indirectly from callus-induced explant
to finally generate new plants with somatic cells going through a series of morpholog-
ical and biochemical changes [15,16]. In these two pathways, both direct and indirect
organogenesis (DO and IDO) are widely applied in germplasm conservation [17], rapid
propagation [18], virus elimination [19], somatic hybrid regeneration [20], homozygous
plant regeneration [21], and gene function research [22]. Compared with the rare direct
somatic embryogenesis (DSE), indirect somatic embryogenesis (ISE) plays a versatile role
in plant biotechnology, including the construction of somatic hybrids, regeneration of
homozygous lines, virus elimination, and genetic transformation. Notably, although both
organogenesis and somatic embryogenesis (particularly IDO and ISE) are applied in plant
genetic transformation, somatic embryogenesis generally has an advantage over organo-
genesis because it can avoid the risk of chimera development [23]. However, few studies
have been conducted on the in vitro propagation of blue honeysuckle. After the first
study that focused on shoot proliferation of blue honeysuckle (L. caerulea and L. caerulea
var. edulis) [24], subsequent research studies have demonstrated the micropropagation
efficiency of blue honeysuckle is influenced by genotypes [25], base medium compositions
(MS, 3/4 MS, 1/4 MS, and MS supplemented with wheat starch) [24,26–28], plant growth
regulators (6-BA and thidiazuron + IAA) [25,29], chelated irons (FeNaEDDHA, Fe(III)-
EDTA, Fe(III)-DTPA, Fe(III)-EDDHA, Fe(III)-HEDP, and Fe(II)-HEDP) [27,28], and culture
temperatures [24]. To the best of our knowledge, there have been no reports about plant
regeneration through the ISE pathway on blue honeysuckle. Furthermore, it is crucial to
comprehensively evaluate the efficiency of organogenesis regeneration to facilitate down-
stream development of a transgenic regeneration system—a fundamental technique for
functional genomic study and further genetic improvement of selected cultivars.

This study for the first time established an in vitro plant regeneration system through
indirect somatic embryogenesis in blue honeysuckle (L. caerulea L.), and the previously
established regeneration system based on indirect organogenesis was comprehensively im-
proved by assessing the efficiency of different explant types, genotypes, and concentrations
and types of plant growth regulators (PGRs). The findings are expected to facilitate the
further development of biotechnologies for blue honeysuckle.

2. Materials and Methods
2.1. Plant Materials and Preparation of Tissue Culture

Blue honeysuckle cultivar ‘Berel’ (L. caerulea L.) was used in all procedures in this
study. This cultivar was officially imported from Russia at 2001 [30] (Heilongjiang province
regional registration of crop varieties: 2011037). Three genotypes, ‘Lanjingling’ (L. caerulea
L., China National Plant Variety Protection: CNPVP-20200389) [31], ‘Berel’, and a wild
accession “Altai-4” (L. caerulea subsp. altaica), were used in adventitious shoot induction.
Mature blue honeysuckle fruits were collected from the Horticultural Station of Northeast
Agricultural University (126.73◦ E, 45.74◦ N, BD-09 coordinate system, https://api.map.
baidu.com/lbsapi/getpoint/index.html, (accessed on 1 September 2023)), Harbin, China,
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from June to July of 2022. The fruit samples were kept in a freezer (–20 ◦C) for at least
20 h to terminate the possible seed dormancy. The seeds were collected from the fruit and
washed thoroughly with running tap water for 30 min and then soaked in 0.05 mol/L
NaOH solution for 10 min for pectin removal. The cleaned seeds were sterilized with 75%
ethanol for 30 s and then with 10% NaClO2 solution for 5 min under a laminar airflow
chamber (DL-CJ-1NDII, HDL, Beijing, China). The seeds were further in vitro washed
with autoclaved double distilled water three times to eliminate the residual chemicals.
The prepared seeds were sown on 1/2 MS (half-strength MS medium, pH = 5.8) solid
medium containing 20 g/L sucrose and 7.5 g/L agar powder (PB8190, Promisebio, Japan)
in autoclaved culture jars (10 cm in height and 6 cm in diameter) under long-day conditions
(16 h/8 h light/dark, light intensity of 2000 lx, and temperature of 25 ± 2 ◦C) for 30 d.

2.2. Callus Induction

In vitro, cotyledons and euphyllas developed from the seeds were cut into approx-
imately 1 cm2 pieces, and the tender stems and roots developed from the seeds were
cut into about 0.2 cm segments. The prepared explants were inoculated on MS basal
medium (pH = 5.8) [32] in the jars with different combinations of 6-BA + NAA and 2,4-D
(Tables 1 and S1). The jars were incubated in a dark room with a temperature of 25 ± 2 ◦C
for at least 7 d, and then the induced callus was transferred to the long-day environment
mentioned above. All the experiments consisted of three replicates, with each replicate
including 30 explants. Sub-culture was performed every two weeks on fresh medium
to maintain high callus competence. The frequency of callus induction was investigated
after in vitro culturing for 30 d with the equation of callus induction rate (%) = number of
explant-produced calli/total number of inoculated explants.

Table 1. Effects of PGRs and explant type on callus induction of blue honeysuckle (L. caerulea L.).

MS + PGR (mg/L)
Callus Induction Rate (%) Morphological

FeatureCotyledon Euphylla Tender Stem Tender Root

6-BA 0.5 + NAA 0.1 73.0 ± 5.2 c 0 c 56.7 ± 20.8 a 60.3 ± 19.0 a Green and compact
6-BA 0.5 + NAA 0.2 88.4 ± 4.1 b 37.3 ± 2.5 b 73.3 ± 5.8 a 63.0 ± 14.7 a Green and compact
6-BA 1.0 + NAA 0.1 98.9 ± 1.7 a 65.7 ± 9.8 a 73.0 ± 6.1 a 83.7 ± 14.8 a Green and compact
6-BA 1.0 + NAA 0.2 86.4 ± 5.6 b 46.7 ± 10.4 b 68.3 ± 2.1 a 69.7 ± 10.0 a Green and compact

2,4-D 0.5 95.6 ± 7.7 a 5.7 ± 5.1 b 85.0 ± 8.5 a 71.3 ± 7.5 a Yellow and friable
2,4-D 1.0 97.6 ± 3.6 a 60.0 ± 13.0 a 85.3 ± 6.7 a 75.7 ± 10.3 a Yellow and friable
2,4-D 2.0 86.7 ± 13.3 a 17.7 ± 13.6 b 85.3 ± 13.1 a 86.7 ± 17.3 a Yellow and friable
2,4-D 3.0 93.8 ± 5.9 a 4.7 ± 4.0 b 71.6 ± 5.0 a 69.0 ± 3.5 a Yellow and friable

Note: Mean values and standard deviations are shown. Means with different letters (a–c) indicate significant
differences by Duncan’s multiple range test (p ≤ 0.05) in the same column.

2.3. Somatic Embryogenesis

To induce somatic embryogenesis, the embryogenic callus induced from MS sup-
plemented with 1.0 mg/L 2,4-D (yellowish to transparent color and friable texture) was
transferred to MS medium with different concentrations of 6-BA + NAA and 6-BA + IBA
(Tables 2 and S1) and cultured under long-day conditions. All the experiments consisted of
3 replicates, with each replicate including 30 callus clusters. Sub-culture was performed
every two weeks on fresh medium to maintain high embryogenic competence. The mor-
phogenesis and frequency of somatic embryogenesis were investigated after culturing for
75 d. For microscopic observation, samples were gently rinsed with sterile distilled water
to remove the medium on the surface, blotted dry on a piece of sterile tissue paper, and
photographed using a light photomicroscope (SZN71, SOPTOP, China). For histological
analysis, the samples were fixed in FAA (5 mL formaldehyde: 5 mL glacial acetic acid:
90 mL ethanol) overnight, then dehydrated through an ethanol series (70, 80, 95, and 100%
at 1 h each concentration), and finally embedded in paraffin wax at 58 ◦C. Eight-micrometer
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thick sections were cut using a microtome (DM IL LED, Leica, Germany), fixed on glass
slides, and stained with an aqueous 1% hematoxylin–eosin stain solution. Histological
observation was conducted using a microscope (DM IL LED, Leica, Germany). The embryo-
genesis frequency was calculated with the equation of embryos induction rate (%) = number
of callus-produced somatic embryos/total number of inoculated embryonic calli.

Table 2. Effects of different PGRs on embryogenesis of blue honeysuckle (L. caerulea L.).

MS + PGR (mg/L) +AC (0.5 g/L) Embryogenesis Induction Rate (%)

6-BA 0.1 + NAA 0.1 28.3 ± 1.7 a

6-BA 0.1 + NAA 0.2 13.3 ± 1.7 b

6-BA 0.1 + NAA 0.3 11.1 ± 3.5 b

6-BA 0.1 + NAA 0.4 9.4 ± 2.5 bc

6-BA 0.1 + NAA 0.5 6.1 ± 1.0 c

6-BA 0.2 + IBA 1.0 10.6 ± 5.9 bc

6-BA 0.2 + IBA 2.0 21.1 ± 5.4 a

6-BA 0.2 + IBA 3.0 11.1 ± 1.0 bc

6-BA 0.5 + IBA 1.0 3.9 ± 2.5 c

6-BA 0.5 + IBA 2.0 12.8 ± 3.5 b

6-BA 0.5 + IBA 3.0 11.8 ± 6.3 bc

Note: Mean values and standard deviations are shown. Means with different letters (a–c) indicate significant
differences by Duncan’s multiple range test (p ≤ 0.05) in the same column.

2.4. Adventitious Shoot Induction

After 30 d of in vitro culturing, the non-embryogenic callus induced from MS sup-
plemented with 1.0 mg/L 6-BA + 0.1 mg/L NAA (green and dense callus) was isolated
and transferred to the MS medium containing various concentrations of 6-BA + NAA and
6-BA + IBA for shoot organogenesis (Tables 3, 4 and S1). All the experiments consisted of
three replicates, with each replicate including 30 calli. Sub-culture was performed every
two weeks on fresh medium to maintain high adventitious shoot regeneration competence.
The frequency of adventitious shoot induction was recorded after 30 d with the equa-
tion of adventitious shoot induction rate (%) = number of callus-generated adventitious
shoot (s)/total number of inoculated organogenic calli.

Table 3. Effects of PGRs on induction of adventitious shoots of blue honeysuckle (L. caerulea L.).

MS + PGR (mg/L) Adventitious Shoot Induction Rate (%)

6-BA 0.5 + NAA 0.1 10.6 ± 2.5 c

6-BA 0.5 + NAA 0.2 13.3 ± 3.1 c

6-BA 1.0 + NAA 0.1 51.6 ± 6.5 a

6-BA 1.0 + NAA 0.2 35.6 ± 3.5 b

6-BA 1.0 + IBA 0.1 16.7 ± 4.2 c

6-BA 1.0 + IBA 0.2 42.8 ± 3.5 a

6-BA 2.0 + IBA 0.1 31.7 ± 6.0 b

6-BA 2.0 + IBA 0.2 36.1 ± 1.0 ab

Note: Mean values and standard deviations are shown. Means with different letters (a–c) indicate significant
differences by Duncan’s multiple range test (p ≤ 0.05) in the same column.

2.5. Adventitious Root Induction

After somatic embryogenesis or shoot induction through organogenesis, the regen-
erated shoots with four to six euphyllas were carefully separated and transferred to MS
medium with IBA (0.5, 1.0 mg/L), IAA (0.5, 1.0 mg/L), and PGR-free for adventitious root
induction (Tables 5 and S1). Each root induction treatment was repeated three times, and
each replicate consisted of 15 shoots. Sub-culture was carried out every two weeks on fresh
medium to maintain high adventitious root induction competence. After 30 d of rooting
culture, data on rooting rate, number of roots, and length of roots were recorded.
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Table 4. Effects of different genotypes on regeneration of adventitious shoots of blue honeysuckle
(L. caerulea L.) cultivars: ‘Berel’, ‘Lanjingling’, and “Altai-4”.

Genotype MS + PGRs (mg/L) Adventitious Shoot
Induction Rate (%)

Berel

6-BA 0.5 + NAA 0.1 12.8 ± 1.9 c

6-BA 0.5 + NAA 0.2 13.9 ± 1.0 c

6-BA 1.0 + NAA 0.1 43.9 ± 2.5 a

6-BA 1.0 + NAA 0.2 32.8 ± 5.8 b

Lanjingling

6-BA 0.5 + NAA 0.1 14.4 ± 3.5 c

6-BA 0.5 + NAA 0.2 16.7 ± 4.4 c

6-BA 1.0 + NAA 0.1 53.3 ± 2.9 a

6-BA 1.0 + NAA 0.2 27.2 ± 1.9 b

Altai-4

6-BA 0.5 + NAA 0.1 18.3 ± 1.7 c

6-BA 0.5 + NAA 0.2 28.3 ± 1.4 b

6-BA 1.0 + NAA 0.1 38.9 ± 2.5 a

6-BA 1.0 + NAA 0.2 15.6 ± 3.5 c

Note: Mean values and standard deviations are shown. Means with different letters (a–c) indicate significant
differences by Duncan’s multiple range test (p ≤ 0.05) in the same column.

Table 5. Effects of different PGRs on adventitious root induction of blue honeysuckle (L. caerulea L.).

MS + PGR (mg/L)
Adventitious Root

Induction Rate
(%)

Root Length
(cm)

Root Number per
Plantlet

PGR-free 67.0 ± 4.3 b 2.4 ± 0.5 b 7.0 ± 5.2 a

IBA 0.5 0 c 0 c 0 c

IBA 1.0 96.0 ± 3.3 a 4.6 ± 1.8 a 4.2 ± 2.4 b

IAA 0.5 74.0 ± 12.2 b 1.8 ± 0.2 b 8.8 ± 3.0 a

IAA 1.0 0 c 0 c 0 c

Note: Mean values and standard deviations are shown. Means with different letters (a–c) indicate significant
differences by Duncan’s multiple range test (p ≤ 0.05) in the same column.

2.6. Plant Regeneration and Transplantation

The plantlets with 3–5 cm of adventitious roots were taken from the culture jars and
the medium adhered to the roots was gently washed away under a running tap. For
acclimatization, the plantlets were hydroponically cultured in 50 mL plastic pipes using
sterile water for 3 d under shade. Then, the plantlets were planted in gallon pots containing
horticultural substrate (universal type: 2265734, Scotts Miracle-Gro, Wuhan, China) in a
heliogreenhouse (15–25 ◦C temperature and ~80% relative humidity).

2.7. Statistical Analysis

The raw data were manually recorded in Excel 2019 for data organization, and then
imported to SPSS software (version 25.0, IBM Inc., Armonk, NY, USA) for statistical analysis.
Data were presented by mean ± standard error. Analysis of variance (ANOVA) was used
to test the statistical significance, and multiple comparisons of means were performed by
Duncan’s test at the 0.05 significance level.

3. Results and Discussion
3.1. Effects of PGRs and Explant Types on Callus Induction

To comprehensively investigate the effects of PGRs and explant type on the cal-
lus induction efficiency of blue honeysuckle, we designed treatments with four explant
types (cotyledon, euphylla, tender stem, and tender root) interacting with the combina-
tion of 6-BA and NAA at two concentrations or four 2,4-D concentrations (Table 1 and
Supplementary Figures S1 and S2). Generally, the callus was initiated from the cutting
surface after about 5 d of in vitro culturing from cotyledon or euphylla and about 7 d from
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tender stem or tender root (Figure 1a). For the combination of 6-BA and NAA, the highest
callus induction efficiency was observed for 1.0 mg/L 6-BA and 0.1 mg/L NAA, which
was 98.9%, 65.7%, 73.0%, and 83.7% on cotyledon, euphylla, tender stem, and tender root,
respectively (Table 1). However, for 2,4-D, 1.0 mg/L was the most effective concentration
for the callus induction of cotyledon (97.6%) and euphyllas (60.0%), and 2.0 mg/L was the
optimum concentration for the callus induction of tender stem (85.3%) and tender root
(86.7%). After 30 d of subculturing, the callus on 6-BA and NAA medium gradually formed
a green and compact morphology (Figures 1b and S2a,b), demonstrating an organogenesis
tendency, whereas that induced on 2,4-D medium gradually became light-yellow and
friable, and lump tissues resembling apical meristem had developed on the callus surface
(Figure 1c and Supplementary Figures S1a and S2c,d), demonstrating an embryogenesis
tendency. Previous studies of blue honeysuckle regeneration were mainly aimed at rapid
micropropagation through organogenesis and thus primarily selected axillary buds or
shoots as the explant due to their convenient accessibility [24,25,29]. However, the explant
tissues collected from adult trees often have incomplete disinfection, and the vigor of the
explant is easily affected by the tree vigor and external environments, such as weather,
diseases, and pests, which inevitably leads to uncontrollability in the initial step of labo-
ratory operations [33]. In this study, the explants derived from in vitro tissue culture are
more stable for the following biotechnological operations such as genetic transformation.
In addition, a typical embryonic callus was induced on blue honeysuckle for the first time.
The induction efficiency and yield of both the embryonic and non-embryonic callus on
different explant types were compared, providing a multi-purpose initialized procedure
for research and propagation of blue honeysuckle.

3.2. Effect of PGRs on Somatic Embryogenesis

To induce embryogenesis and accelerate shoot development from somatic embryo-
genic callus, the yellowish and friable callus (after 30~35 d of culturing on 2,4-D medium
from explant) was sub-cultured on MS medium containing various combinations of 6-BA
with IBA/NAA at different concentrations, and the embryogenesis rate was recorded
(Table 2). After about 30 d of culturing, both a proliferation of embryonic callus (yellow and
friable) and induction of non-embryonic callus were observed, and some globular embryos
rapidly developed from the embryonic callus (Figure 1d,g). After 40~50 d of culturing,
the globular embryos gradually developed into heart-shaped embryos (Figure 1e,h). After
50~60 d, torpedo to cotyledon-shaped embryos were formed (Figure 1f). Then, after about
75 d, four to six euphyllas were developed. Generally, the combination of 6-BA and NAA
showed a better effect on somatic embryogenesis than that of 6-BA and IBA. Among the
combinations of 6-BA and NAA, the combination of 0.1 mg/L 6-BA + 0.1 mg/L NAA
achieved the highest embryogenesis rate (28.3%), and the embryogenesis rate showed a
decreasing trend with increasing NAA concentration. However, among the combinations
of 6-BA and IBA, the combination of 0.2 mg/L 6-BA and 2.0 mg/L IBA resulted in the
highest embryogenesis rate (21.1%). The present study observed the somatic embryogene-
sis of blue honeysuckle for the first time, which showed similar developmental processes
and was a little longer and more time-consuming compared with direct embryogenesis
from endosperm for triploid induction [34]. However, considering the difficulty in acquir-
ing endosperm of blue honeysuckle due to its mini seed size (0.9–1.2 g/1000 seeds) [35],
the somatic embryogenesis protocol proposed in this study is more practical for further
laboratory operations.

3.3. Effects of PGRs and Genotypes on Adventitious Shoot Induction through Organogenesis

To develop a rapid propagation protocol for blue honeysuckle, the induction efficiency
of adventitious shoots from green and compact calli was investigated on media with vari-
ous combinations of 6-BA with IBA/NAA at different concentrations (Table 3). Generally,
all the media successively induced adventitious shoots on the surface of the callus within
30 d (Figure 1i). For combinations of 6-BA and NAA, 1.0 mg/L 6-BA + 0.1 mg/L NAA
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resulted in the highest adventitious shoot induction rate (51.6%), followed by 1.0 mg/L
6-BA + 0.2 mg/L NAA (35.6%). For combinations of 6-BA and IBA, the highest adventitious
shoot induction rate was observed on the medium with 1.0 mg/L 6-BA + 0.2 mg/L IBA
(42.8%), followed by 2.0 mg/L 6-BA + 0.1 mg/L IBA (36.1%). However, the media supplied
with combinations of 6-BA and IBA were more likely to induce hyperhydric adventitious
shoots, particularly when the 6-BA concentration was 2.0 mg/L. Thus, we further investi-
gated the adventitious shoot induction rate among three genotypes using 6-BA and NAA
combinations (Table 4). For all three genotypes, namely ‘Berel’, ‘Lanjingling’, and “Altai-4”,
the highest adventitious shoot induction rate was observed on the medium containing
1.0 mg/L 6-BA + 0.1 mg/L NAA (Supplementary Figure S3). Among the three genotypes,
‘Lanjingling’ showed the highest adventitious shoot induction rate (14.4% to 53.3%), fol-
lowed by ‘Berel’ (12.8% to 43.9%), and then “Altai-4” (15.6% to 38.9%), which was generally
higher than the previous regeneration study (8%) based on MS medium supplied with
1.0 mg/L TDZ + 0.2 mg/L IAA [29].
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Figure 1. Shoot organogenesis and somatic embryogenesis in blue honeysuckle (L. caerulea L.) under
in vitro conditions. (a) Primary explant: cotyledons (bar = 1 cm); (b) Non-embryonic callus formation
from cotyledon explants after 30 d of culture on MS medium with 6-BA (1.0 mg/L) + NAA (0.1 mg/L)
(bar = 1 cm); (c) Embryogenic callus from cotyledon explants after 30 d of culture on MS medium with
2,4-D 1.0 mg/L (bar = 1 cm); (d–f) Somatic embryos were induced on MS medium with 0.1 mg/L 6-BA
and 0.1 mg/L NAA after culturing for 40, 50, and 60 d, respectively (bar = 0.5 cm); (g,h) Longitudinal
sections of embryos at globular embryo (bar = 200 µm) and heart-shaped embryo stages (bar = 300 µm);
(i) Adventitious shoot induced directly on the surface of the callus within 30 d of culturing on the
medium supplemented with 1.0 mg/L 6-BA and 0.1 mg/L NAA (bar = 1 cm).
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3.4. Adventitious Root Induction

To investigate the effect of PGRs on adventitious root induction, the regenerated shoots
through organogenesis or embryogenesis were transferred to MS medium with or without
IBA and IAA combined at various concentrations (Table 5). After about 15 d of culturing,
root primordia were generated on the basal of the shoots, which gradually developed
into normal adventitious roots (Figure 2a). However, 0.5 mg/L IBA and 1.0 mg/L IAA
medium induced no roots until 30 d. Among the five root induction media, 1.0 mg/L
IBA resulted in a higher root induction rate and longer root length (96% and 4.6 cm) than
0.5 mg/L IAA (74% and 1.8 cm) and PGR-free medium (67% and 2.4 cm), which is consistent
with the previous report [25]. Intriguingly, 0.5 mg/L IAA medium resulted in a higher
induced root number per plantlet (8.8) than PGR-free (7.0) and 1.0 mg/L IBA medium (4.2),
suggesting that, even though auxin PGRs are well accepted to be used for root induction in
micropropagation, the auxin types might affect the rooting characteristics.
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Figure 2. Adventitious root induction to planting processes of blue honeysuckle (L. caerulea L.). (a) Ad-
ventitious root after 30 d on MS supplemented with 1.0 mg/L IBA (bar = 1 cm); (b) Acclimatization
for plantlet (bar = 1 cm); (c) Regenerated plantlets planted in the soil after 15 d (bar = 1 cm).

3.5. Plant Regeneration and Conversion

After about 3 days of acclimatization (Figure 2b) and 15 days of growth in a pot, new
leaves emerged from the plantlets (Figure 2c). The regenerated plantlets showed an average
length of 26.6 cm, average leaf number of 11.3, average root number of 15.1, and average
survival rate of 90.0% from tissue culture to soil culture (Table S2). The overall efficiency
from explant to regenerated plant was about 44.1% and required about 105 d through the
organogenetic pathway, and 23.9% and about 150 d through the somatic embryogenesis
pathway (Figure S4).

4. Conclusions

To lay a foundation for genetic transformation of blue honeysuckle (L. caerulea L.),
this study established an in vitro regeneration system through somatic embryogenesis for
the first time, and improved the previously established regeneration protocol based on
organogenesis (Figure 3). The system and protocol could also serve as a versatile tool for
the application and advancement of other biotechnologies in blue honeysuckle, including
micropropagation, virus elimination, and somatic hybrid/homozygous regeneration.
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