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Abstract: Agapanthus praecox has become a burgeoning variety in the flower market due to its high
ornamental value with unique large blue-purple inflorescence. For rapid entering into the market,
tissue culture technology or organogenesis has an attractive application over the conventional
reproduction approach. In this study, a highly efficient protocol based on indirect organogenesis has
been successfully established for A. praecox subsp. orientalis ‘Big Blue’. Two types of explants, root
tips versus root segments, were compared for callus induction frequency in response to the induction
culture media. The induction media contain Murashige and Skoog’s (MS) Basal Salt supplemented
with various concentrations of picloram (PIC), 2,4-Dichlorophenoxyacetic acid (2,4-D), thidiazuron
(TDZ), kinetin (KT) and naphthalene acetic acid (NAA). Of the two types of explants, root tips were
found to be more effective for callus induction than root segments. Among the induction media
tested, the highest callus induction rate (100.00%) was achieved when cultured on MS supplemented
with 2.0 mg/L PIC, 1.5 mg/L KT and 0.1 mg/L NAA, which was probably accredited to higher
endogenous phytohormone contents, especially of 3-indoleacetic (IAA). The optimal medium for
callus proliferation was MS + 1.0 mg/L PIC + 1.0 mg/L 6-BA + 0.4 mg/L NAA, and the fresh weight
increased by 72.74%. After being transferred onto the adventitious bud induction medium for 25 days,
shoots were dedifferentiated from the surface of the flourishing callus, which then developed to the
plantlet with roots in 90 days. The plantlets were transplanted in a greenhouse with a survival rate of
92.86%. This study innovatively established an indirect organogenesis tissue culture system of A.
praecox with roots as explants, which provided a practical reference in its application.
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1. Introduction

Agapanthus praecox is a perennial herbaceous plant belonging to Amaryllidaceae with
sub-leathery, linear long-lanceolate or strip-shaped basal leaves. A large erect umbrella-type
inflorescence contains more than 100 funnel-shaped florets, reaching 50~70 cm in height,
which is dark blue to white in color [1]. Native to southern Africa, it prefers abundant
sunshine, fertile soil and mild climate. Furthermore, the suitable growth temperature is
20~25 °C. There are six species and nearly 600 varieties of Agapanthus genus, mostly dis-
tributed in developed countries, such as the United States, United Kingdom, Netherlands
and New Zealand. With a well-developed root system and strong fleshy rhizomes, A.
praecox can effectively prevent sandstorms and soil erosion, reduce environmental pollu-
tion, and have important ecological functions. A. praecox has a prominent waterlogging
tolerance and can be utilized to reduce the pollutants of sanitary sewage with a decline of
chemical oxygen demand (COD) and biochemical oxygen demand (BOD), while A. praecox
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is cultivated in an artificial wetland environment alone [2] or together with Canna indica,
Zantedeschia aethiopica and Watsonia borbonica [3]. It is an excellent plant material used for
rural sewage treatment.

First introduced to China from southern Africa in 2002, A. praecox has brought attention
of floriculture due to its ornamental values as pot plants, cut flowers, and garden plants [4].
To date, there has been more and more A. praecox planted in to flower borders, public
parks, roof gardens and road greenbelts in China [5,6]. However, owing to the influence of
accumulated temperature in Shanghai and the Yangtze River Delta, it is difficult to bear
matured fruits and the seed yield is very low, resulting in a contradiction between high
demand and low supplies.

As alternatives, in vitro approaches are commonly implemented to propagate Aga-
panthus. These approaches include (but are not limited to) adventitious shoots or buds and
root induction [7], somatic embryogenesis [7,8], and callus-derived protoplasts [9]. Among
them, adventitious bud induction can be divided into direct and indirect organogenesis,
and the latter usually relies on the dedifferentiation and redifferentiation of calluses to form
plantlets. Substantial work has been done by several scientists throughout the world so far
by employing an array of explants for inducing calluses followed by organogenesis and
plantlet regeneration with varying levels of accomplishment; for instance, embryos [10],
stem bases [1,11], rhizomes [12,13], leaves [14-16], flower buds [13], pedicels [17] have
been used. Within the majority of these studies, the callus induction rate ranged from
approximately 40 to 54%, and it was clear that rhizome, stems and pedicals preceded leaves
as explants, whereas the comparison between others remained unknown [12,13,17]. No
such attempt has been made using roots as explants.

For organogenesis, explants are often cultivated on a culture media with various
concentrations and types of plant growth regulators (PGRs), such as cytokinins (6-benzyla-
minopurine (6-BA), 2-isoamyl Alkenyl adenine (2iP) or thiadiazolone (TDZ), as well as with
various auxins (3-indoleacetic acid (IAA), 1-naphthaleneacetic acid (NAA) or 2,4-D) or other
hormones (PIC) in combination to enhance the process of callus and shoot regeneration.
A previous study demonstrated that large numbers (47.3 & 1.96) of adventitious buds
were induced per shoot tip on an MS medium supplemented with 22.2 uM 6-BA, 2.9 uM
IAA, and 4.5 uM TDZ [18]. Yellow dense calluses from leaf segments could be induced
on an MS medium containing 1 mg/L PIC for 2 months, and milky white and brittle
embryogenic calluses (EC) formed on the surface followed by subculture [19,20]. Zou [21]
and Ren et al. [22] analyzed the effect of picloram (PIC) concentration on the induction of A.
praecox calluses and embryogenic calluses (EC) and found that 1.5 mg/L PIC significantly
promoted the callus induction ability and embryogenicity. Yue et al. [16] established an
indirect organogenesis system using A. praecox leaves as explants. The results show that
the meristematic state of the leaf tissue determined the callus induction rate. Using the
base of new leaves as explants, the callus induction rate was the highest, reaching 85.71%,
and the optimum media formulation was MS + 2.0 mg/L PIC.

The explants studied above for the indirect organogenesis are mostly small pedicels,
stem bases and leaves, while the limitations are that the collection time of the small pedicels
is narrow, removing stem bases are harmful to plants, and leaves are prone to pathogen
contamination, culture browning and vitrification. These protocols are still not applicable
for the rapid propagation of A. praecox seedlings.

The authors intend to take advantage of the monocotyledonous plantlets with well-
developed root systems to explore the feasibility of using the root system as explants. The
main objective of this study is to effectively expand the types and sources of explants
for overcoming bottlenecks in material collections, such as the limitation of the flowering
period, providing multiple alternatives for high-quality callus and embryogenic callus
induction, genetic improvement and cryopreservation. At the same time, the contents of
four endogenous hormones in the process of root-induced calluses are investigated, which
will offer us the theoretical basis for the optimization of the hormone ratio and formulation
in the tissue culture system of A. praecox.
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2. Materials and Methods
2.1. Plant Material Collection

In late September 2020, mature seeds of evergreen A. praecox ssp. Orientalis ‘Big Blue’
grown in the open field of Kunming city, Yunnan province, China, were collected. After
natural air drying, one hundred seeds were randomly selected with 5 replications, and the
average dry weight was calculated according to Chen [23]. The morphological indicators,
for instance, the length and thickness of zygotic embryos and sizes of seeds, were measured
to evaluate the seed quality. The selected seeds of good quality were used for subsequent
sterilization and germination experiments.

2.2. Sterilization and Germination

Due to the large number of endophytes in the seeds of A. praecox, ensuring aseptic
operations required complicated disinfection procedures according to the preliminary
experiment. The selected A. praecox seeds had their seed wings removed first and were
placed in 50 mL centrifuge tubes, then washed with sterile water twice, 20 min each to
remove impurities, followed by 75% (v/v) alcohol for 1 min and were shaken continuously.
These seeds were then rinsed with sterile water 3 times, and the surface was disinfected
with 20% NaClO for 20 min and later rinsed with sterile water 6 times. Finally, sterilized
filter paper was used to absorb the residual water off the seeds.

Referring to the method of Fan [1], the sterilized seeds were cultured on an MS
medium supplemented with 30 g/L sucrose and 10 g/L agar (pH 5.8, the same below) for
germination. Each dish (® 9.0 cm) was plated with 9~15 seeds and repeated 3 times. After
about 30 days, the seeds germinated into seedlings with flourishing root systems and were
ready for the explant collection for callus induction experiments.

2.3. Callus Induction from Root Explants

The roots (1.0~2.0 mm in diameter) of 60-day-old seedlings were directly cut into
sections (0.8~1.5 cm in length). Two types of explants, with or without root tips (root
segments), were picked and inoculated on callus induction media (CIM). CIM is an MS
medium supplemented with 30 g/L sucrose, 3.0 g/L phytagel and three kinds of PGRs
with different concentrations, shown in Table 1, designed by an orthogonal experiment.

The morphological change, contamination rate, browning rate and callus induction
rate were recorded at 45 days and calculated using the following equation:

%Callus induction = (%) x 100

where “n” is the number of explants capable of inducing calluses and “N” is the total
number of explants used in the experiment. The old leaves and residual roots were excised
from the seedlings and then transferred onto the rooting medium (RM) with 2.17 g/L MS,
0.15mg/L IBA, 30 g/L sucrose and 6 g/L agar. The light-green roots regenerated from the
seedlings after 7 days, and the explants could be captured repeatedly for callus induction
after 14 days.

2.4. Analysis of Endogenous Hormone Content during Callus Induction

The CIM was an MS medium supplemented with 3.0 mg/L PIC, 30 g/L sucrose and
3 g/L phytagel. Repeating the process at Section 2.3, at 0, 5, 10, 15 and 20 days, the root
explants (not less than 0.2 g fresh weight (FW), including root tips and root segments
respectively) were harvested and wrapped in the sealed foil, and then stored in a —20 °C
refrigerator until the sampling at each time point was finished. All samples were taken
out at the same time, thawed, and temporarily stored in a 2~8 °C refrigerator. Then,
an appropriate amount of phosphate-buffered saline (PBS, pH 7.4) was added to each
sample, fully homogenized, and centrifuged at 2000 rpm for 20 min. The supernatant was
collected; the contents of IAA, ABA, GA4 and ZT were determined by an enzyme-linked
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immunosorbent assay (ELISA) according to the instructions of the kit (Shanghai Enzyme
Link Biotechnology Co., Ltd., Shanghai, China)

Table 1. CIM design for callus induction from root explants of A. praecox seedlings.

Concentration (mg/L)

Explant Types PIC! TDZ 2 24-D3 KT* NAA®
1.00 0.00 0.50 / /
1.00 0.40 1.00 / /
1.00 0.60 2.00 / /
. 2.00 0.00 1.00 / /
root tips,
oot seg Hf:ents 2.00 0.40 2.00 / /
2.00 0.60 0.50 / /
3.00 0.00 2.00 / /
3.00 0.40 0.50 / /
3.00 0.60 1.00 / /
1.00 / / 0.00 0.10
1.00 / / 1.00 0.50
1.00 / / 1.50 1.00
2.00 / / 0.00 0.50
root tips 2.00 / / 1.00 1.00
2.00 / / 1.50 0.10
3.00 / / 0.00 1.00
3.00 / / 1.00 0.10
3.00 / / 1.50 0.50

! Picloram, bought from Sigma-Aldrich (suitable for plant cell culture). 2 Thiadiazolone, bought from Sangon
Biotech (>95.0%). 3 2,4-Dichlorophenoxyacetic acid, bought from Sigma-Aldrich (>95%, crystalline). 4 Kinetin,
bought from Sangon Biotech (>98.0%). 5 Naphthalene acetic acid, bought from Shanghai Yuhan Biotech (>99.5%).
The same below.

2.5. Callus Proliferation

According to the methods described by Fan [1] and Iraq [24], 0.20 g of a callus cul-
tured for about 45 days was transferred onto the callus proliferation media (CPM) con-
ducted by an orthogonal experimental design, and the PGRs with three concentrations
(1.00~2.00 mg/L PIC, 0~1.00 mg/L 6-BA, and 0.10~0.40 mg/L NAA) were added to the
MS medium.

At0, 5,10, and 15 d cultured on the CPM, fresh samples of the callus were weighed for
drawing proliferation curves in proliferation cultures. The proliferation rate was calculated
using the equation below:

%Callus proliferation = (%) x 100

where ‘m’ is the total mass of the callus after being cultured at a sampling date point and
‘M’ is the total mass of the callus used at the beginning of the experiment. Meanwhile,
using the acetocarmine method described by Yue et al. [25], the cytological observation of
the callus at different states in proliferation cultures over 15 days was carried out.

2.6. Adventitious Buds Induction and Regeneration

The callus induced from root explants was cultured on a proliferation medium (MS
supplemented with 1.0 mg/L PIC, 1.0 mg/L 6-BA, and 0.4 mg/L NAA) for 5 subcul-
tures. A well-proliferated callus (1.0 g in FW) was picked up and transferred onto the
indirect organogenesis medium which contained MS supplemented with 1.5 mg/L 6-BA,
0.3 mg/L NAA, 30 g/L sucrose, and 10 g/L agar. The state and ratio of normal plantlets
were observed and recorded after 25 days. The plantlets with well-developed roots were
transplanted to the artificial substrates containing peat and vermiculite (v:v, 3:1) for ac-
climatization under natural light in the culture room. Survival rates of the plantlets were
investigated after 30 days.



Horticulturae 2022, 8, 715

5o0f 14

2.7. Culture Conditions

For callus induction and proliferation, an artificial incubator without light at
25 £ 2 °C and a relative humidity of 45 & 5% was used. For adventitious buds and
plantlet regenerations, the cultures were placed in a growth chamber under light for 14 h
with an intensity of 2500~3000 Lx at 25 £ 2 °C, and the relative humidity for buds was
75 + 10% and 35 = 5% for plantlets.

2.8. Experimental Design and Statistical Analysis

All the treatments were repeated at least three times. Data were recorded using
Excel 2019 (Microsoft Co., Redmond, WA, USA) to calculate the mean value, variance and
standard deviation. Data processing, variance analysis (Duncan method, p < 0.05), multiple
comparisons (LSD method, p < 0.05) and correlation charts were performed using SPSS
26.0 and GraphPad Prism 7.0.

3. Results
3.1. Effects of Three PGRs on Callus Induction Rate and Morphogenesis

Table 2 shows the effect of adding PIC, 2,4-D and TDZ to the CIM on the callus
induction rates of A. praecox roots.

Table 2. Effects of combination of PIC, TDZ and 2,4-D on callus induction from A. praecox roots.

PIC Concentration

TDZ Concentration 2,4-D Concentration

Induction Rate (%)

(mg/L) (mg/L) (mg/L)
RT? RS 2 RT RS RT RS RT RS

1.00 0.00 0.50 76.60 25.57
1.00 0.40 1.00 33.33 11.45
1.00 0.60 2.00 26.19 23.98
2.00 0.00 1.00 4853 26.40
2.00 0.40 2.00 20.83 25.94
2.00 0.60 0.50 54.02 11.56
3.00 0.00 2.00 25.49 36.03
3.00 0.40 0.50 39.29 23.04
3.00 0.60 1.00 38.10 16.92

k13 4538 a* 17.93 b 50.21 a 32.77 a 56.64 a 19.77 a

k24 4113 a 21.82a 31.15b 596 b 39.99b 16.48 a

k35 3429 a 6.88 ¢ 39.43 ab 7.89b 24.17b 10.37 b

R 11.09 14.94 19.06 26.81 32.46 9.40

! Root tips. 2 Root segments. 3 The sum of the numerical values of the test indicators corresponding to the lowest
level of concentrations. 4 The sum of the numerical values of the test indicators corresponding to the medium
level of concentrations. ° The sum of the numerical values of the test indicators corresponding to the highest level
of concentrations. ¢ Range, indicating the magnitude of the factor’s influence on the result. * Means followed by
the same letters are not significantly different according to Duncan’s range test at p < 0.05, the same below.

Except for the combination of 3.0 mg/L PIC and 2.0 mg/L 2,4-D, the callus induction
rate with root tips as explants was higher than that of the root segment, among which the
highest was 76.60%. Among the treatments using root segments as explants, the highest
induction rate was only 36.03%, indicating that the root tip was more suitable for callus
induction. The R-value shows that 2,4-D and TDZ on callus induction from the root tip
and root segment were more effective than that of PIC, up to 32.46 and 26.81, respectively,
and of which 2,4-D was the most potent hormone. The optimal PGRs combination was
1.0 mg/L PIC and 0.5 mg/L 2,4-D in an MS medium.

Figure 1 shows the morphogenesis of explant RTs and RMs under optimal culture
conditions. It was obvious that the root tips began to swell after 7 days, and some root tips
ruptured and dedifferentiated to form calluses at 14 days (Figure 1A,C); however, the mor-
phological changes of the root segments were slightly delayed for 3~5 days (Figure 1B,D),
demonstrating that root tips as explants can shorten the time of callus induction.
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Figure 1. Morphological changes of the root tips and segments of A. praecox during callus induction.
(A) Root tip. Bars = 1.0 cm; (B) Explants indicated by arrows in (A). Bars = 0.3 cm; (C) Root segments.
Bars = 1.0 cm; (D) Explants indicated by arrows in (C). Bars = 0.3 cm.

3.2. Optimization of Three PGRs Combination on Callus Induction from Root Tips

Using the root tip as the best explant material, the effects of different combinations
of auxin (PIC, NAA) and cytokinin (KT) on the induction rate of A. praecox calluses were
further explored, aiming to promote the induction process. The results were shown in
Table 3 and Figure 2.

Table 3. Effects of combination of PIC, NAA and KT on callus induction from A. praecox root tips.

PIC Concentration = KT Concentration NAA Concentration Induction
(mg/L) (mg/L) (mg/L) Rate (%)

1.00 0.00 0.10 88.89
1.00 1.00 0.50 61.11
1.00 1.50 1.00 83.33
2.00 0.00 0.50 72.22
2.00 1.00 1.00 66.67
2.00 1.50 0.10 100.00
3.00 0.00 1.00 88.89
3.00 1.00 0.10 88.89
3.00 1.50 0.50 65.08

k1! 77.78 a 7222 a 92.59 a

k22 79.63 a 82.80 a 66.14 b

k33 80.95 a 83.33 a 79.63 ab

R*? 3.17 11.11 26.46

! The sum of the numerical values of the test indicators corresponding to the lowest level of concentrations. 2 The
sum of the numerical values of the test indicators corresponding to the medium level of concentrations. 3 The
sum of the numerical values of the test indicators corresponding to the highest level of concentrations.  Range,
indicating the magnitude of the factor’s influence on the result. Means of k1, k2 and k3 followed by the same
letter within a row between different level of harmones are not significantly different at p < 0.05. The same below.
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Figure 2. Callus and adventitious buds from root tips of A. praecox induced by the combination of
hormones PIC, NAA and KT for 20 days. (A) The yellowish callus. Bars = 1 cm; (B) callus collected,
respectively, from the explants indicated by arrows in A. Bars = 0.2 cm; (C) Adventitious bud.
Bars = 0.2 cm.

According to the induction rate, the most optimal PGRs combination was 2.0 mg/L PIC,
1.5 mg/L KT and 0.1 mg/L NAA in MS medium, and the callus induction rate was 100.00%.
The induction effects of five treatments were found to be better than the optimized treatment
(the highest induction rate was 76.60%) in Table 2. In the range analysis, the R-value of NAA
was the largest, followed by KT, and PIC was the smallest, indicating that the effects of the
three PGRs on the callus induction rate were in the order of NAA > KT > PIC.

Corresponding to the results in Section 3.1, the root tips began to expand after 7 days
of inoculation on the medium, and gradually dedifferentiated into yellowish calluses
(Figure 2A,B); when cultured for 20 days, it was obvious that some calluses directly differ-
entiated to produce adventitious buds (Figure 2C).

3.3. Role of Four Endogenous Hormones during Callus Induction

The contents of the four endogenous hormones (IAA, ABA, GA4 and ZT) in the ex-
plants (root tips and root segments, respectively) were investigated to reveal their functions
during the primary induction process. Significant differences were found as shown in
Figure 3, and the order from high to low was IAA > ABA > GA4 > ZT, in which the content
of TAA was tens to hundreds of times that of ABA and GA4, and tens of thousands of
times higher than that of ZT, indicating that IAA may play a crucial role in the process of
callus induction.

Furthermore, the IAA content in the root tips of A. praecox was significantly higher
than that in the root segments at the initial stage, continued to reach the highest level on
the 15th day, and then decreased, but the IAA content in the root segments continued to
increase in the entire induction process. On the 15th day, the IAA content was the same as
that in the root tip and was higher on the 20th day than that in the root tip, which might
be the main reason why the initiation of callus induction in the root segment was delayed.
The ABA content had a wave-like change that increased and then decreased two times,
but no significant difference between different induction times and two types of explants
was observed. The contents of GA4 and ZT in root tips and root segments had an overall
upward trend, but there were no significant differences in either.

Figure 4 shows that the ratio of IAA to the other three endogenous hormones contents
in A. praecox root tips and root segments changed with the prolongation of induction time,
and the IAA/ZT ratio in the root tips increased to a maximum value on the fifth day and
then gradually decreased (Figure 4A). However, the proportional relationship between
IAA to ZT, GA4 and ABA in the root tips and root segments of plantlets was not obvious
(Figure 4B). In addition, IAA/GA4 had no significant difference in the root tip and root
segment, similar to IAA/ABA, and tended to be stable in the root tip, while IAA/GA4
gradually increased in the root segment and stabilized after 15 days.
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Figure 3. The dynamic changes of endogenous hormones in the root tips and segments of A. praecox
during callus induction. (A) IAA; (B) ABA; (C) GAy; (D) ZT. The different letters indicate significant
differences at 5% level by Duncan’s range test.
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Figure 4. The changes of endogenous hormone proportion in A. praecox root tips and segments
during callus induction. (A): Root tip; (B): Root segments. The different letters indicate significant
differences at 5% level by Duncan’s range test.

3.4. Effects of Three PGRs on Callus Proliferation Rate and State

There were differences between the proliferation effects of calluses among nine treat-
ments containing three kinds of PGRs shown in Table 4. The maximum FW under the
addition of 1.0 mg/L PIC, 1.0 mg/L 6-BA, and 0.4 mg/L NAA reached 345.0 mg, the highest
proliferation rate of 72.74% after 15 days, proving to be the most stimulating treatment
for proliferation. The R-value analysis shows that the impact of three PGRs in the callus
proliferation was in the order of PIC > 6-BA > NAA.

There were also differences in the appearance of calluses cultured on proliferation
media after 15 days (Figure 5). Milky white and soft callus cells are spherical, uniform
in size and regularly arranged, with large and obvious nuclei, dense cytoplasm, and
accumulation of starch granules and other nutrients (Figure 5A,B). The callus with a
slightly yellowish and slightly compact structure has an obvious difference in cell size,
the nucleus is relatively smaller, and the proportion of cytoplasm in the cell volume is
increased (Figure 5C,D). The calluses with browning and indistinct differentiation are
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oblong, have a chaotic arrangement, a large volume difference, indistinct nuclei and a
blurred nucleocytoplasmic boundary, and the cell contents can be observed as scattered in
the intercellular space under a microscope, indicating cell death (Figure 5E,F). In general,
the states of calluses shown in Figure 5A,B were optimal and suitable for subsequent
differentiation experiments.

Table 4. Effects of different hormone combinations on proliferation of callus induced from A. praecox
root explants.

PIC Concentration  6-BA 1 Concentration NAA Concentration  Proliferation

(mg/L) (mg/L) (mg/L) Rate (%)

1.00 0.00 0.10 31.69
1.00 0.40 0.20 43.45
1.00 1.00 0.40 72.74
1.50 0.00 0.20 35.43
1.50 0.40 0.40 23.13
1.50 1.00 0.10 31.92
2.00 0.00 0.40 14.87
2.00 0.40 0.10 43.60
2.00 1.00 0.20 31.69

k12 0.493 a 0.273b 0.357 a

k23 0.302 b 0.367 ab 0.363 a

k34 0.295Db 0.449 a 0.369 a

RS 0.197 0.176 0.012

1 6-benzylaminopurine, bought from Sigma-Aldrich (suitable for plant cell culture). 2 The sum of the numerical
values of the test indicators corresponding to the lowest level of concentrations. 3 The sum of the numerical values
of the test indicators corresponding to the medium level of concentrations. * The sum of the numerical values of
the test indicators corresponding to the highest level of concentrations. > Range, indicating the magnitude of the
factor’s influence on the result.

nnnn- -"““

b

Figure 5. Morphological differences of calluses from A. praecox roots after 15 days of culture.
(A,B) Creamy-white callus; (C,D) Yellowish callus; (E,F) Yellow-brown callus.

3.5. Hardening and Transplanting of Seedlings Dedifferentiated from Callus

After the callus was transferred to the organogenesis medium for 25 days, part of the
callus differentiated into bright green adventitious buds (Figure 6A). These adventitious
buds were then cultivated for 90 days, and the color of the upper part of the leaves changed
from green to dark green, while the lower part was light green (Figure 6B), from the base of
which some roots regenerated (Figure 6C).
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Figure 6. Plantlets regeneration from calluses of A. praecox root tips after 25 days and 90 days
in organogenesis medium. (A) Adventitious bud after 25 days of differentiation. Bars = 1 cm;
(B) plantlets after 90 days of differentiation. Bars = 1 cm; (C) adventitious root indicated by ar-
rows in (B). Bars = 0.2 cm.

The culture vessel was partially opened for 3 days for hardening, and the plantlet was
transplanted to the substrates containing peat and vermiculite (v:v, 3:1) for acclimation.
After 30 days, the survival rate of plantlets with a well-developed root system was as high
as 100.00% (Figure 7).

Figure 7. Indirect organogenesis tissue culture system of A. praecox root explants. (A) Germinated
seeds after inoculation into MS medium; (B,C) Seedlings after germination for 20 days (B) and
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40 days (C); (D) Root system of 40-day-old seedlings after germination; (E,F) 7 days after inoculated
on the induction medium, most of the root tips began to swell; (G,H) 7 days after inoculated on
the induction medium, fewer of root segments began to swell; (I) Callus induced from root tips
inoculated on the proliferation medium; (J,K) Adventitious buds produced through dedifferentiation
from the callus and well-developed seedlings on the indirect organogenesis medium for 25 days (J)
and 90 days (K); (L) Seedlings after hardening and transplanting on the mixed culture medium for
30 days. (A-E,G,I-K) Bars = 1 cm; (FH) Bars = 0.2 cm.

4. Discussion

Agapanthus is a native species to South Africa, and its suitable temperature for growth
is below 35 °C. Kunming city is located in the south west region of China, and its climate is
similar to that of South Africa, which is more conducive to the growth and development of
A. praecox.

A. praecox is a perennial herb flower belonging to a monocotyledonous plant with a
well-developed root system, which leads us to a new idea of using its roots as explants for
the development of tissue culture systems. Chen [26] firstly reported that the induction
rates of Lilium spp. with different parts of roots (root tips, root segments without tips) as
explants were different in an MS medium, and the induction rate with root tips as explants
was as high as 96.67%, which was 987.40% higher than that without root tips (only 8.89%).
Previous studies have revealed that auxin is biosynthesized in the root tip and maintains a
gradient distribution, then is transported to other organs through polarity to stimulate the
division, expansion and differentiation of somatic cells, thereby affecting callus formation.
The relevant experimental evidence also indicated that the strongest auxin signals appeared
in the root tip quiescent center (QC) using the green fluorescent protein (GFP) labeling
method [27]. High callus induction of A. praecox in this study also proved the importance
of the root tip’s presence in the root segment as an explant. The callus induction rate on the
MS medium containing PIC, KT and NAA reached 100.00%, which is much higher than
previous works of Ma (27.71%) [10] and Fan (87.51%) [1]. The expansion of the explant
types and the optimization of the induction medium will provide strong technical support
for in vitro propagation of Agapanthus plants.

The intrinsic genetics, developmental status of explants and the ratio of plant hormones
are the key factors in the process of callus formation that determine the establishment of
tissue culture protocol. Existing research data show the types and concentrations and
combinations of endogenous PGRs influence the callus induction frequency and callus
morphogenesis [28]. In the process of culturing the roots and stem segments of Centaurium
erythraea, IAA content is higher than that of cytokinins in the roots, and it is also twice the
IAA contents in the stem [29]. These PGRs may significantly promote the expansion of
dividing cells in explants and callus initiation. In agreement with the conclusions above,
our present study found that IAA content was significantly higher than that of ABA, GA4
and ZT in the root tips of A. praecox, and the contents of four endogenous hormones
in the root tips were higher than those in the root segments. In addition, the peak of
IAA and GA4 contents in A. praecox root explants appeared on the 15th day, coinciding
with morphological changes of the explants, which were consistent with Fu et al. [30].
Further observations confirmed that about two weeks after the initiation of induction
culture was the critical point for the morphological changes of explants and the formation
of calluses. Similar results were reported by Zayed et al., who found that in immature
female inflorescence explants of Phoenix dactylifera, the contents of IAA and GAj reached
the highest value at the beginning of callus formation and then gradually decreased; the
subsequent peaks of ZT, IAA and ABA contents appeared after an embryogenic callus was
initiated and developed [31].

The ratio of endogenous hormone contents also affects callus induction. A higher ratio
of auxin to cytokinins was beneficial to improving the callus initiation rate in rice (Oryza
sativa) anther cultures [32]. Zhang et al. [33] found that the ratio of IAA/ABA in the young
leaves of Sopatholobus suberechtu increased rapidly on the 14th day of induction, regulating
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the formation of calluses. In the process of callus induction of A. praecox root tips and root
segments, the ratio of endogenous hormones also has a similar change pattern with the
prolongation of culture time, that is, when the ratio of GA4/ZT, IAA/ABA is increased, the
root tips expanded exceedingly. These results suggest that endogenous hormones play an
important role in the dedifferentiation of plant explants to form calluses and exogenous
growth regulators should be rationally optimized according to their changing patterns so
that the levels of endogenous and exogenous hormones reach a moderate dynamic balance
to promote callus formation.

Exogenous additives have a crucial effect on the proliferation of calluses. Previous stud-
ies have shown that PIC is a commonly used hormone for callus induction and proliferation
culture of A. praecox and other monocotyledonous plants, but the optimal concentration
of PIC in various types of explants for callus induction was significantly different. The
A. praecox embryonic callus (EC) cultured on the medium containing 1.5 mg/L PIC had
uniform morphology and strong embryonic potential in Zou's research [22]. Yue et al. [25]
studied the effect of different concentrations of 6-BA on the proliferation of calluses from
A. praecox florets and found that the callus under 1.0 mg/L 6-BA was significantly larger
than other treatments. Li et al. [34] subcultured the filamentous callus of Lilium brownie
‘Manissa’ and found that the proliferation was faster when the NAA concentration was
higher (0.5 mg/L), which was consistent with the optimal PGRs combination for root callus
proliferation in this study (1.0 mg/L PIC, 1.0 mg/L 6-BA, and 0.4 mg/L NAA).

5. Conclusions

Current A. praecox tissue cultures often use small pedicels and young leaves as ex-
plants. However, the collection time of small pedicels is limited, and secondary metabolites
in leaves with a high degree of differentiation can easily cause browning of explants and
calluses, thus reducing the callus induction rate. This study established an in vitro propaga-
tion system of A. praecox through indirect organogenesis using its roots as explants. Sterile
roots are easy to get and are available without the limitations of collecting seasons, plant
growth and development. Abundant calluses and adventitious buds derived from the pro-
tocol provide sufficient materials for A. praecox micropropagation, somatic embryogenesis
research and further genetic improvement in the new varieties.

6. Patents
The results of this paper have applied for a patent (CN 114532227 A).
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