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Abstract: The perennial herbaceous night lily, Hemerocallis citrina Baroni, is an important vegetable
crop with an increasing production and consumption in China. The long lifecycle and slow growth of
the night lily are becoming bottlenecks for the large-scale production of elite lines and various genetic
and breeding studies. There is a lack of a protocol for rapid and efficient micropropagation for this
crop. Here, we reported the systematic investigation and optimization of in vitro plant regeneration
through tissue-culture-based organogenesis in the night lily variety ‘Datong Huanghua’. We evalu-
ated various factors affecting the efficiency of callus induction and subculture, shoot regeneration,
rooting and plantlet establishment, including explant type and age, inoculation methods, basal culture
media and the type and concentration of plant growth regulator (phytohormones) in various growth
media. We developed an optimized protocol, as follows. The highest efficiency of callus induction
was observed on Murashige and Skoog (MS) medium supplied with 22.7 µM TDZ (thidiazuron)
using the young scape (flower stem or stalk) as the explant, which was cut longitudinally in half
to produce a segment approximately 0.5 cm in length. Callus subculture and proliferation were
more efficient on MS medium containing 9.0 µM 2,4-D (2,4-dichlorophenoxyacetic acid) under light
culture conditions. Shoot regeneration showed the highest efficiency on MS medium supplemented
with 8.9 µM 6-BA (6-benzylaminopurine) + 5.4 µM NAA (α-naphthaleneacetic acid), while the best
rooting medium was MS medium containing 2.7 µM NAA. After transplanting, the transplanted
regenerated seedlings showed the highest survival rate (96%) on a substrate mixture with a 2:1:1
ratio of peat/perlite/vermiculite. A protocol and flowchart for the rapid in vitro micropropagation
of night lily plants is proposed that will facilitate various genetic, genomic and breeding studies on
this crop.

Keywords: Hemerocallis; night lily; tissue culture; micropropagation; organogenesis

1. Introduction

The night lily (or long yellow daylily), H. citrina Baroni, is one of the most economi-
cally important plant species in the genus Hemerocallis (family Asphodelaceae, previously
Hemerocallidaceae or Liliaceae) [1]. In East Asian countries, the night lily is a popular
specialty vegetable crop, and its dried immature flower buds serve as a primary food
source [1,2]. In recent years, a marked increase in the production and consumption of
night lilies has occurred in China. For instance, in 2018, more than 60,370 hectares of
night lilies were cultivated, yielding 561,300 tons of immature flowers, translating to an
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economic value of nearly CNY 4 billion [1–3]. Research on night lilies has made significant
progress, including the collection and molecular characterization of germplasm resources
and the development of various genetic and genomic resources, such as genome sequences
and molecular markers [1,2,4–8]. This research lays a solid foundation for expediting the
breeding of this crop through molecular mapping.

The night lily is an herbaceous perennial and it is commercially propagated asex-
ually by dividing the crown or by making cuttings, while seed propagation is used for
breeding [3,9,10]. In sexual propagation, the night lily undergoes a prolonged juvenile
(vegetative) growth phase, typically requiring two to three years to reach the flowering
stage. After several years of growth, the night lily plants are composed of several inter-
connected crowns, which can be separated into individual plants. There are two primary
challenges in the propagation of night lilies. In seed production, the extended growth
period necessary for new plant development is particularly cumbersome in genetics and
breeding research, especially when developing segregating populations for molecular-
marker-related studies [5,11]. In commercial production, the annual rate of new crown
development is limited, averaging an 8:1 ratio depending on the genotype [10,12]. Thus,
for a newly released variety, it may take more than 10 years to produce enough plants to
meet market demand [9].

One solution for addressing these bottlenecks in plant production is plant tissue cul-
ture and micropropagation, which rely on the totipotency of plant cells for regenerating
plants [13]. During in vitro plant regeneration, an explant undergoes cell division and
differentiation, during which organs and tissues form throughout its growth. This pro-
cess can be realized through somatic embryogenesis or organogenesis [14–16]. In vitro
micropropagation can accelerate vegetative propagation and has been widely used for com-
mercial production of many horticultural crops [17–21]. Krikorian and Kann were the first
to demonstrate the totipotency of H. citrina plants [22]. Since then, extensive studies have
been conducted on tissue culture and micropropagation in night lilies. Factors affecting
callus induction, shoot and plant regeneration in the night lily have been investigated to op-
timize various culture conditions, including plant genotypes, explants, basal growth media
and supplemental plant growth regulators (PGRs) [10,23–26]. For explants, micropropaga-
tion has been performed with young inflorescences, flower stems (scapes) or petals [26–30],
ovaries [22], flower stems (scapes), leaves [11], suspension culture cells [31,32], isolated
protoplasts [23,33], anther filaments and immature seed embryos [10,34]. More recently,
Matand et al. [30] reported high-frequency in vitro regeneration of adventitious shoots in
daylily stem tissue (scapes) using Murashige and Skoog (MS) medium [35] supplemented
with thidiazuron (TDZ), which enhances culture efficiency in various tissues and geno-
types [36,37]. The authors suggested this protocol for the mass multiple shoot formation
and rapid propagation of this crop to meet market demands and expedite exogenous gene
transfer and breeding selection processes.

Currently, there is no established protocol for the large-scale production of night
lily plants through in vitro micropropagation. Additionally, the perennial growth habit
of these plants indicates the seasonal availability of explants for night lilies. Hence, this
study aimed to develop an efficient and rapid protocol for tissue culture of night lilies. We
evaluated various factors that affect the propagation of the night lily, including basal growth
media, plant growth regulators (PGRs), explants for callus induction, shoot regeneration,
subculture, rooting and transplanting. All our experiments were performed with the night
lily cultivar ‘Datong Huang Hua’ (‘Datong Yellow Flower’), which is a popular variety that
has been widely grown in Shanxi Province for many years and has a high yield [1,2]. Its
genome is also being assembled in the senior author’s laboratory (unpublished data). In
this work, we proposed a protocol for the rapid and large-scale production of night lily
plants through micropropagation.
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2. Materials and Methods
2.1. Plant Materials and Explant Culture Conditions

Young leaf or flower stem (scape) segments from the night lily variety ‘Datong
Huanghua’ were used as explants in tissue culture in this study. This variety was grown
in the Hemerocallis germplasm nursery at Shanxi Agricultural University (Taigu, Shanxi
Province, China) for 10 years. The leaf was collected in late March when the leaf started to
grow. The scape was collected in June before the flower bud started to expand.

The explants were initially rinsed with tap water and placed in sterile jars. Subse-
quently, the explants were rinsed once with sterile deionized water (dH2O) on an ultraclean
bench, the surface disinfected with 75% ethanol for 30 s, and rinsed twice with dH2O,
followed by sterilization in 0.1% HgCl2 for 10 min with continuous shaking. Afterwards,
the explants were rinsed five times with dH2O. The entire procedure was performed under
sterile conditions in a laminar flow hood. Detailed information (names and vendors) on
all the chemicals and components of the growth media used in this study is provided in
Supplemental Files 1a and 1b.

The explants were cultured in 200 mL glass jars containing approximately 25 mL
of culture medium containing MS basal salts, vitamins, sucrose (30 g/L) and phytagel
(2 g/L), along with different concentrations of PGRs depending on the specific treatment
(see below). The pH of the MS medium was adjusted to 5.8~6.2 with 1 M NaOH, followed
by autoclaving at 121 ◦C for 20 min. The tissue culture room condition was 25 ± 2 ◦C
incubation temperature. There were two types of photoperiod conditions: dark culture con-
ditions (24 h of total darkness) and light culture conditions (16 h photoperiod (6:00~22:00)).
The explants were subcultured onto fresh media every four weeks throughout the entire
experimental period.

2.2. Comparison of Callus Indcution Efficieny Using Leaf and Scape Exaplants

Young leaf segments of Datong Huanghua plants (1.0 cm × 0.5 cm) were inoculated
on MS medium supplemented with 2.2 µM 6-BA and 9.0 µM 2,4-D for callus induction [38].
The effect of TDZ on callus induction was tested at five different concentrations (0.5, 4.5,
11.4, 22.7 and 45.4 µM) in a completely randomized design (CRD); each treatment had 6 jars
and each jar had 8 explants. The explants were incubated in the dark and then transferred to
light following callus emergence. The rate of callus formation was calculated after 60 days
of light culture, along with observations of callus division and differentiation.

When young scapes were used as the explants, scape segments with 0.5 cm in length
obtained using Method 3 described below were inoculated in MS medium supplemented
with different concentrations of TDZ (0.5, 4.5, 11.4, 22.7, 45.4, 68.1 and 90.8 µM), 6-BA (0,
2.2, 6.7 and 11.1 µM) and 2,4-D (0, 0.5, 2.3 and 4.5 µM) for a total of 23 treatments; each
treatment had 9 jars and each jar had 5 explants. The callus formation rate was recorded
after 30 days of dark culture and the shoot regeneration rate was recorded after 30 days of
light culture. Observations of the callus growth status were also made.

From this experiment, the scape was shown to be a better explant than the leaf for
callus induction and shoot regeneration. Thus, the scape was used as the explant in all
subsequent investigations.

2.3. Evaluation of Callus Indcution Efficiency among Different Cutting Methods for Scape
Explant Preparation

Three cutting/inoculation methods for scape tissue were evaluated for explant culture
(detailed in the Results section). Method 1: A 1.0 cm long scape segment was cut into
halves longitudinally [30]. Each half was further cut at the lower end (root end) aiming
to maximize the wounding. The cut surface was placed in contact with the medium for
callus formation. Method 2: The scape was cut into 0.1 cm slices along their cross-sections,
which were inoculated with the lower end facing upwards on the medium. Method 3: A
0.5 cm segment of the scape was cut longitudinally at its lower end and inoculated on the
medium with the lower end facing upwards. Scape explants from different methods were
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cultivated in MS medium supplemented with 22.7 µM TDZ. For each treatment (cutting
method), 12 jars were used with 5 explants within each jar. The explants were cultured in
the dark and observed daily. The callus formation and degeneration rates were recorded
after 30 days of culture.

2.4. Evaluation of Basic Culture Media on Callus Indcution and Shoot Regeneration from
Scape Explant

The efficiency of the four basic culture media for callus induction and shoot regener-
ation from scape explants was assessed. These media included MS, ½MS, Gamborg B-5
(B5) [39] and Chu N6 (N6) [40] (refer to Supplemental File 1a for details). In each case,
TDZ (22.7 µM TDZ) was added to the medium. Each treatment had 6 jars, with 5 scape
explants inoculated per jar. The explants were cultured in the dark for culture condition
and observed daily. Callus formation and browning rates were recorded after 30 days
of dark culture. Subsequently, cultures were transferred to light conditions, with shoot
regeneration rates recorded after an additional 30 days of light culture.

2.5. Callus Subculture, Shoot Regeneration and Rooting

The embryogenic-like calli (light yellow in color and compact) generated from scape
explants in the primary culture were selected for subculture/proliferation. These calli
were segmented into pieces (~0.5 cm3), weighed and subsequently inoculated on MS
proliferation medium containing different concentrations of NAA and 2,4-D (13 treatments
in total; see below for details). Each treatment included 3 jars with three calli in each jar.
Light and dark cultures were generated separately in the culture chamber, and the weight
of the proliferated calli was recorded after 30 days. Additionally, the average growth rate
of the calli was calculated.

The embryogenic-like calli of scape explants from the primary culture were selected
and cut into small pieces (~0.5 cm3) and inoculated on MS shoot regeneration medium
containing different concentrations of 6-BA (4.4, 8.9 and 13.3 µM) and NAA (2.7 and 5.4 µM)
(for a total of 6 treatments). Each treatment had 9 jars; there were five calli in each jar. The
shoot regeneration rate was recorded after 30 days of light cultivation.

Shoots with a height of ~3 cm in height were transplanted into rooting media including
full-strength, ½ and ¼ MS, each of which was supplemented with different concentrations
of NAA and 2,4-D (see below). For each treatment, there were 6 jars and 5 shoots in each
jar. The rooting rate, the average number of roots and the rooting conditions of rooted
seedlings were obtained after culture for 30 days.

2.6. Transplanting

Seedlings with well-developed root systems and robust growth were transplanted into
plastic trays containing a mixture of peat, perlite and vermiculite as the growth substrate.
Four treatments were evaluated for their effect on seedling establishment and growth:
the ratios of peat, perlite and vermiculite were 3:1:1, 2:1:1 and 1:1:1, respectively, and the
proportions of peat and perlite were 1:1. For each treatment, 50 tissue-cultured seedlings
were evaluated. The seedling survival rate was recorded 40 days after transplanting.

2.7. Data Analysis

In different experiments, various parameters were calculated to evaluate the effects of
treatments, described as follows:

Callus production rate = (# of calli formed/# explants inoculated) × 100%
Callus mortality rate = (# dead calli/total # of calli) × 100%
Callus browning rate = (# calli with browning/total number of calli) × 100%
Shoot regeneration rate = (# of explants with shoots/# calli inoculated) × 100%
Callus growth rate = Mean weight of calli at harvest − initial weight of the calli
Rooting rate = (# rooted seedlings/total # seedlings inoculated) × 100%
Average number of roots = total number of roots/total number of rooted seedlings
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Seedling survival rate = (# seedlings survived/# seedlings transplanted) × 100%
All the experiments were analyzed with a completely randomized design (CRD).

Except for the rooting substrate optimization experiment, the data from all the other experi-
ments were analyzed with one-way ANOVA using SPSS Statistic 23.0. All plots and graphs
were generated with Graph Pad Prism 9.0.0. The data are presented as the mean ± standard
deviation (SD). Duncan’s multiple range test was used to assess significant differences
between means at p < 0.05.

3. Results
3.1. Callus Induction Efficiency from Leaf and Scape Explants

Post-inoculation, leaf explants retained their freshness during prolonged dark culture.
Callus initiation, marked by the enlargement and curling of the cut site, occurred around
120 days. Once transferred to light culture, the explants underwent differentiation, with
calli becoming visible after 60 days (Figure 1a). Over time, leaf explants without calli
progressively browned and lost their differentiation potential, while the calli continued to
proliferate, appearing green and loose (Figure 1b).
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on the rate of callus formation. Different letters indicate significant differences of means among
treatments (p < 0.05). Bars = 1.0 cm.

Callus induction rate under different PGR treatments was recorded after 60 days of
light culture (Figure 1c). When the concentrations of 6-BA and 2,4-D were fixed, the calli
induction rate was positively correlated with a certain range of TDZ concentration. No
callus was induced from the explants when the TDZ concentration was only 0.5 µM. When
the TDZ concentration was 4.5 µM, the induction rate was increased substantially (28%),
but a further increase in TDZ concentration up to 45.4 µM did not seem to increase the rate
significantly (Figure 1c). The calli from leaf explants divided continuously but failed to
generate shoots, even with prolonged incubation in the same medium.

3.2. Optimization of TDZ Concentration for Callus Induction and Shoot Regeneration from
Scape Explant

The scape explants produced abundant white calli under dark culture conditions for up
to 30 days on MS medium supplemented with different concentrations of TDZ (Figure 2a).
The frequencies of callus induction and shoot regeneration at seven TDZ concentrations
are detailed in Table 1. Echoing the leaf explant results, a positive correlation existed
between callus induction rate and TDZ concentration up to 22.7 µM. Under light culture,
the white calli gradually turned green and differentiated into adventitious buds and shoots
(Figure 2b,c). However, increasing TDZ beyond 22.7 µM did not significantly improve shoot
generation efficiency (Table 1). Thus, we propose 22.7 µM TDZ as the optimal concentration
for callus induction/shoot regeneration when the scapes were used as the explants. On
the other hand, after extended incubation, the adventitious buds showed vitrification with
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dwarf curled morphology (Figure 2d), suggesting that dedicated shoot regeneration growth
medium was needed.
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callus formed after 30 days of dark culture condition. (b) Callus greening under light culture condition.
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Table 1. Effects of TDZ concentrations on callus production and shoot regeneration from scape explants.

Treatment TDZ/(µM) Callus Production Rate (%) Shoot Regeneration Rate (%)

1 0.5 15.56 ± 0.58 d 27.78 ± 0.26 d
2 4.5 42.22 ± 2.52 c 51.85 ± 0.03 c
3 11.4 84.44 ± 1.53 b 73.51 ± 0.05 b
4 22.7 97.78 ± 0.58 ab 97.78 ± 0.04 a
5 45.4 100.00 ± 0.00 a 100.00 ± 0.00 a
6 68.1 97.78 ± 0.58 ab 100.00 ± 0.00 a
7 90.8 100.00 ± 0.00 a 100.00 ± 0.00 a

Different letters indicate significant differences among means at p < 0.05.

3.3. Optimization of Phytohormone Concentrations on Callus Induction and Shoot Regeneration
from Scape Explants

Sixteen treatments involving various concentrations of 6-BA and 2,4-D concentration
(Table 2) were evaluated. Scape explants were cultured under dark conditions for 30 days
for callus induction and then transferred to light culture for shoot regeneration. The
absence of 6-BA and 2,4-D levels below 4.5 µM resulted in no calli or shoot formation
(Table 2). Generally, 6-BA concentrations of 2.2 µM or higher increased callus induction
rates. However, as Table 2 illustrates, the interactions between 6-BA and 2,4-D were
complex. At a constant 6-BA concentration, the responses to different concentrations of
2,4-D were complex. MS medium supplemented with 11.1 µM 6-BA without 2,4-D had the
highest callus production rate (97.78%) and shoot generation rate (85.67%). Under these
conditions, the calli appeared healthy and embryogenic; there was also no vitrification
during the shoot growth (Figure 3a,b) and normal rootless seedlings were formed directly
in the same medium (Figure 3c).

Table 2. Effects of 6-BA and 2,4-D on callus induction and shoot regeneration from scape explants.

Treatments 6-BA/(µM) 2,4-D/(µM) Callus Production Rate
(%)

Shoot Regeneration Rate
(%)

1 0 0 0 ± 0.00 f 0 ± 0.00 e
2 0 0.5 0 ± 0.00 f 0 ± 0.00 e
3 0 2.3 0 ± 0.00 f 0 ± 0.00 e
4 0 4.5 0 ± 0.00 f 0 ± 0.00 e
5 2.2 0 37.78 ± 1.53 e 42.06 ± 0.08 d
6 2.2 0.5 44.44 ± 2.08 e 69.26 ± 0.22 abc
7 2.2 2.3 42.22 ± 2.89 e 66.67 ± 0.29 abc
8 2.2 4.5 48.89 ± 1.53 de 63.49 ± 0.05 abcd
9 6.7 0 91.11 ± 1.53 ab 83.57 ± 0.09 a
10 6.7 0.5 68.89 ± 2.31 bcd 76.35 ± 0.09 ab
11 6.7 2.3 57.78 ± 3.06 cde 56.56 ± 0.10 bcd
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Table 2. Cont.

Treatments 6-BA/(µM) 2,4-D/(µM) Callus Production Rate
(%)

Shoot Regeneration Rate
(%)

12 6.7 4.5 57.78 ± 0.58 cde 65.28 ± 0.11 abcd
13 11.1 0 97.78 ± 0.58 a 85.67 ± 0.01 a
14 11.1 0.5 91.11 ± 1.15 ab 85.64 ± 0.13 a
15 11.1 2.3 82.22 ± 1.53 ab 48.88 ± 0.08 cd
16 11.1 4.5 75.56 ± 2.31 abc 54.76 ± 0.13 bcd

Different letters indicate significant differences of means among treatments at p < 0.05.
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Figure 3. MS medium supplemented with 11.1 µM 6-BA results in high callus induction rate and
high shoot regeneration. (a) Adventitious buds differentiated from the green calli under light culture
conditions. (b) Normal growth of adventitious buds. (c) Direct seedling establishment under the
same medium condition. Bars = 1.0 cm.

3.4. Callus Induction Efficiency of Scape Explants with Different Cutting Methods

We prepared scape explants using three different cutting methods (Figure 4a) and
found that different cutting and inoculation methods for scape explants exhibited different
rates of callus induction. We found that the scapes inoculated after cutting into segments
were most likely to produce calli from the cut at the lower parts of the explants. When the
cut surface at the lower part of the scape cutting was inoculated in contact with the medium,
the calli became trapped inside the medium, causing poor aeration and thus affecting their
differentiation (Figure 4b). A 0.5 cm scape segment produced the most calli, which were
associated with vigorous division (Figure 4d) and the lowest mortality. The lowest callus
production rate was obtained from scape explants with 0.1 cm slices, which was probably
due to the excessive water loss from the slices and death of the explants (Figure 4c). The
1.0 cm long scape segments had a relatively low callus production rate of 55.7%. As the
incubation time increased, the explants exhibited severe browning due to the larger wound
area (Figure 4b), resulting in greater mortality. This result was not significantly different
from the results obtained from inoculating the 0.1 cm cuttings. Therefore, cutting the scape
into 0.5 cm sections along the cross-section, followed by a longitudinal cut at the lower
end to increase the wound area for callus formation, and inoculating with the cut side up
proved most effective.
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Figure 4. Callus induction with different cutting and inoculation methods of scape explants. (a) Three
cutting methods (1, 2 and 3). (b) Browned explants of cutting type 1. (c) Dead and a single surviving
explants of cutting type 2. (d) Differentiated normal calli from explants of cutting type 3. (e) Effects
of the different cutting and inoculation methods on the callus production and mortality rate of scape
explants. Different letters indicate significant differences (p < 0.05). Bars = 1.0 cm.

3.5. Effects of Basic Culture Media on Callus Induction of Scape Explants

The effects of four growth media (MS, ½MS, B5 and N6) on callus formation and
shoot generation from scape explants. Representative images and statistics are presented
in Figures 5a–d and 6a–c, respectively. These media, varying in salts and vitamins (see
Supplemental File 1a), significantly influence callus and adventitious bud induction. Sim-
ilar callus induction rates were observed on full-strength MS and ½MS media, but MS
yielded significantly more shoots than ½MS (Figure 6a,b). The least effective for callus
production was the B5 medium (Figure 6a), and calli on B5 and N6 exhibited limited shoot
regeneration (Figure 5c,d). Callus browning was more prevalent in ½MS, B5 and N6 than
in MS medium (Figure 6c), indicating that full-strength MS is the optimal growth medium
for scape explants.
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Figure 5. Effects of growth media on callus formation and shoot generation from scape explants.
(a) Large number of healthy green calli and shoots from scape explants on MS medium. (b) White
calli with browning edges in ½MS medium containing a few differentiated buds. (c) In B5, the calli
were mostly white and failed to differentiate into buds. (d) There were green calli in the N6 medium
but with a low number of differentiated buds. Bars = 1.0 cm.
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3.6. Effects of Lights and PGRs on Callus Subculture/Proliferation

After initiation and growth, the calli were transferred to different growth media
for subculture and proliferation. The impact of light conditions and PGRs on callus
proliferation was investigated. Calli proliferated under light culture were dark green
(Figure 7a), whereas those in dark culture appeared lighter in color (Figure 7b). The
proliferation calli had a loose texture and did not differentiate into adventitious buds,
preventing browning or vitrification.

Table 3. Callus proliferation media with different concentrations of PGRs.

Treatment NAA/(µM) 2,4-D/(µM)

CK 0 0
1 2.7 4.5
2 2.7 9.0
3 2.7 13.6
4 0 4.5
5 0 9.0
6 0 13.6
7 5.4 2.3
8 10.7 2.3
9 16.1 2.3
10 5.4 0
11 10.7 0
12 16.1 0
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Figure 7. Effects of light and PGRs on callus subculture/proliferation. (a,b). Appearances of calli
from callus proliferation under light (a) and dark (b) culture. Bars = 1.0 cm. (c) Light significantly
promotes callus growth during proliferation. Data were collected 30 days after culture. (d) Effects
of different PGR concentrations on callus proliferation. The X-axis indicates 13 treatments (Table 3).
Different letters indicate significant differences among means (p < 0.05).

We assessed callus proliferation on MS medium supplemented with various PGR
concentrations (NAA and 2,4-D) under two light conditions. Thirteen treatments were
included, as detailed in Table 3. Contrary to the CK treatment (media without PGRs), the
average growth of calli in PGR-supplemented media under dark culture conditions was less
than or equal to that under light culture conditions (Figure 7c,d). In light culture, treatment
5 (9.0 µM 2,4-D) had the highest callus growth in 13 treatments (Figure 7d), reaching 2.73 g.
In dark culture, treatment 8 (10.7 µM NAA + 2.3 µM 2,4-D) had the highest callus growth
but with no significant difference from the control (Treatment 1). Consequently, for optimal
callus proliferation under light conditions, MS medium supplemented with 9.0 µM 2,4-D
is recommended.

3.7. Optimization of Culture Conditions for Shoot Regeneration

PGRs play critical roles in shoot regeneration from calli. We compared shoot generation
frequency using MS medium infused with various concentrations of 6-BA and 2,4-D
across the six treatments (Table 4). With a constant NAA level, the shoot regeneration
frequency was positively correlated with the 6-BA concentration (Table 4). Generally,
higher concentrations of both PGRs promoted shoot regeneration. The most effective
shoot generation occurred with combinations of 13.3 µM 6-BA + 2.7 µM NAA, 13.3 µM
6-BA + 5.4 µM NAA and 8.9 µM 6-BA + 5.4 µM NAA, with no significant differences among
these treatments (Table 4). Although higher shoot production was observed with 13.3 µM
6-BA (Treatments 3 and 6), this led to overcrowding and brittle shoots, hampering growth.
Therefore, for effective shoot regeneration, we recommend MS medium supplemented
with 8.9 µM 6-BA and 5.4 µM to optimize both shoot quantity and quality.
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Table 4. Effects of PGR concentration on shoot regeneration from night lily calli.

Treatment 6-BA/(µM) NAA/(µM) Shoot Regeneration Rate (%)

1 4.4 2.7 22.22 ± 0.58 c
2 8.9 2.7 55.56 ± 1.53 b
3 13.3 2.7 86.67 ± 1.00 a
4 4.4 5.4 8.89 ± 1.53 c
5 8.9 5.4 82.22 ± 0.58 a
6 13.3 5.4 84.44 ± 2.31 a

Different letters indicate significant differences among means (p < 0.05).

3.8. Induction of Adventitious Roots

We evaluated the strengths of MS medium and various concentrations of NAA and
2,4-D on rooting efficiency (Table 5). After the shoots were transferred to the rooting media,
white roots were gradually induced around 15 days of incubation under light conditions
(Figure 8a). As the incubation time increased, the roots elongated and coiled at the bottom
of the medium and gradually changed to yellow or light green (Figure 8b).
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with 2.7 µM NAA. (b) Seedlings with yellow coiled roots under extended maintenance in the media.
(c) Seedlings with fibrous roots 40 days after transplanting. (d) Seedlings grown in a 2:1:1 substrate
mixture of peat, perlite and vermiculite. Bars = 1.0 cm.
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Table 5. Effects of MS strength and PGRs on rooting efficiency.

Basic Media Treatments NAA/(µM) 2,4-D/(µM) Rooting Rate (%) Rooting Number per Seedling

1 2.7 0 90.00 ± 1.00 a 2.19 ± 0.20 ab
MS 2 0 2.3 73.33 ± 1.53 b 2.36 ± 0.14 ab

3 1.3 1.1 43.33 ± 0.58 c 1.23 ± 0.25 bc

4 2.7 0 83.33 ± 1.53 a 2.00 ± 0.48 abc
½MS 5 0 2.3 46.67 ± 2.31 bc 2.71 ± 0.87 a

6 1.3 1.1 33.33 ± 0.58 cd 1.50 ± 0.41 bc

7 2.7 0 30.00 ± 1.00 cd 1.89 ± 0.46 abc
¼MS 8 0 2.3 23.33 ± 1.53 cd 2.29 ± 1.15 ab

9 1.3 1.1 10.00 ± 1.00 d 1.33 ± 0.76 d

Different letters indicate significant differences among means (p < 0.05).

The highest rooting rate (90%) was observed in MS or ½MS medium enriched with
2.7 µM NAA (Table 5). The greatest average number of roots per seedling (2.71) was
recorded in ½MS medium containing 2.3 µM 2,4-D, although this did not significantly differ
from the other treatments (Table 5). Seedlings grown in MS medium generally exhibited
robust growth, characterized by green leaves and strong roots (Figure 8c). Conversely,
seedlings in ½MS medium developed numerous but weaker roots, necessitating careful
post-transplant management for survival. The nutrient-deficient ¼ MS medium resulted
in stunted seedling growth and leaf yellowing after extended cultivation. Based on these
findings, MS medium supplemented with 2.7 µM NAA is recommended for efficient
rooting induction.

3.9. Effects of Substrates on Establishment of Transplanted Seedlings

In micropropagation, transplanting is a critical step for the survival of tissue-cultured
seedlings. We observed that the transplanting substrate exerts a certain influence on the
growth conditions of tissue-cultured seedlings under the same management practices.
Four different substrates were evaluated for use in seedling transplantation (Table 6).
The survival rate in substrates consisting of peat, perlite and vermiculite exceeded 90%,
compared to approximately 86% in the peat and perlite mixture. The highest survival rate
(96%) was recorded for the substrate with a peat:perlite:vermiculite ratio of 2:1:1 (Table 6).
This specific mixture facilitated robust growth (Figure 8d) and a well-developed root system
(Figure 8c), making it the most effective substrate for transplanting tissue-cultured night
lily seedlings.

Table 6. Effects of different substrates on the transplanting survival rate.

Treatments Substrate Formulae # Transplanted Seedlings # Survived Seedlings Survival Rate (%)

1 peat:perlite:vermiculite = 3:1:1 50 47 94.00
2 peat:perlite:vermiculite = 2:1:1 50 48 96.00
3 peat:perlite:vermiculite = 1:1:1 50 45 90.00
4 peat:perlite = 1:1 50 43 86.00

3.10. Development of an Optimized Micropropagation System for Night Lily

Based on our studies, we have established a rapid micropropagation protocol for night
lily using young scapes as explants. The essential steps are outlined in Figure 9, with
representative images provided in Supplemental file 2. Briefly, sterilized scape explants are
sectioned into 0.5 cm segments and placed on callus induction medium containing 22.7 µM
TDZ, with their lower ends facing upwards (Supplemental File 2 Figure S1a–c). The explants
are incubated in callus induction medium in the dark for ~30 days until calli are produced
(Supplemental File 2 Figure S1d). The calli are transferred to shoot generation medium
(MS + 8.9 µM 6-BA + 5.4 µM NAA or 9.0 µM 2,4-D) (Supplemental File 2 Figure S1e). Once
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shoots reach ~3 cm in length, they are moved to rooting medium (MS + 2.7 µM NAA). It
takes ~15 days for roots to be visible (Supplemental File 2 Figure S1f,g). After washing off
the growth medium, rooted seedlings are transplanted into the recommended substrate
(Supplemental File 2 Figure S1h,i). The entire cycle from explant preparation to rooted
seedling establishment takes approximately 3 months.
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Figure 9. Flowchart of the rapid in vitro micropropagation of night lily plants using young flower
stem (scape) as the explant. One cycle typically takes approximately 3 months.
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4. Discussion
4.1. Selection of Explants in Micropropagation in Night Lily

Cell totipotency, the ability of various plant tissues and organs to form a complete
regenerative plant, is fundamental in plant tissue culture [41]. The selection of explants
capable of differentiation is a primary consideration in this process [42]. In preliminary
experiments, we attempted to use the rhizome of the night lily ‘Datong Huanghua’ as an
explant. Although shoots were generated within 10 days, thorough sterilization of the
rhizome was challenging due to its underground location and association with symbiotic
endophytic bacteria. Consequently, rhizomes were excluded from consideration as explants
in the present study. Considering that the differentiation ability of juvenile explants is
high, this study selected young scapes sampled from the field for in vitro culture and
established a complete and reliable system for H. citrina mass propagation for the first time.
The regenerative abilities of different explants vary significantly [28], and leaf explants are
commonly used in daylily tissue culture. However, despite their abundance, leaves may
not be ideal for rapid and mass propagation of night lilies due to their low callus induction
rate and extended differentiation period [11,43]. Our work reported herein was consistent
with this early notion. In daylily, Matand et al. [30] developed an in vitro tissue culture
system using the scapes as the explants, and high callus induction efficiency and shoot
regeneration efficiency were facilitated with the use of TDZ. We took a similar approach in
this study for night lily, but we conducted more comprehensive investigations to optimize
various key factors, which should be more informative for H. citrina propagation.

4.2. The Role of PGRs in Tissue Culture

PGRs are pivotal in plant morphogenesis within tissue culture [44]. Auxins are mainly
used to induce cell division and promote root differentiation. Cytokinins are mainly
used to promote cell division and shoot regeneration from calli or organs [45]. Selecting
PGR concentrations and the proper ratios of different PGRs is critical for tissue culture
research [46]. TDZ is a highly effective cytokinin used in the tissue culture of various plants,
while 6-BA, NAA and 2,4-D are often used in combination to induce adventitious buds
or roots [47,48]. Although Matand et al. [30] reported that TDZ induced numerous buds
from scapes, they did not analyze the subsequent growth of the buds. In our study, we
found that TDZ was effective for callus induction from scape explants; however, prolonged
culturing time in the same medium resulted in vitrification of the shoots if not transferred
to fresh medium in time. A high concentration of TDZ seems to affect shoot growth
or negatively affect the differentiation of buds. Chen et al. [49] reported that, in night
lily, the addition of either NAA or 2,4-D promoted callus proliferation. Furthermore, the
addition of PGRs enhanced night lily shoot differentiation: calli redifferentiated into buds
when cultured on media supplemented with 6-BA and NAA. We achieved normal bud
formation in MS medium supplemented with 11.1 µM 6-BA and direct rooting in the same
medium formulation, resulting in a ‘one-step seedling formation’ process, a novel finding
not reported in previous studies.

4.3. Other Factors Affecting the Success of Night Lily Tissue Culture

Pretreatment of explants before inoculation is important for successful tissue culture
since it prevents contamination, which is the primary limiting factor [50]. The surfaces of
plant explants taken from the field often contain numerous bacteria; therefore, sterilization
with a suitable disinfectant before inoculation is an indispensable step to ensure the sterility
of the explant surface. If the sterilization time is too short, the sterilization will be ineffective;
thus, the explants can be sterilized twice if necessary [51]. However, prolonged sterilization
might negatively impact the explants, such as cell rupture or browning, thus inhibiting
their normal growth [52,53]. Common disinfectants used in H. citrina tissue culture include
alcohol, sodium hypochlorite, mercury, hydrogen peroxide and formalin [54]. In our
experiment, a combination of 75% alcohol and 0.1% mercury solution effectively sterilized
both the leaf and scape explants.
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Different basic media contain varying amounts of macronutrients and micronutri-
ents [55]. It is known that ammonium nitrogen and potassium ions in the medium are
conducive to embryo formation, whereas an increased inorganic phosphorus content
promotes organogenesis and the absence of reduced nitrogen is beneficial for root forma-
tion [56]. Almeida and Shepherd [57] compared the ammonium and nitrate ratios in MS
and B5 media, finding that the B5 medium had significantly reduced ammonium ion levels
and lower total nitrogen. Explants cultured on B5 medium exhibited superior bud and
particularly root growth compared to those on MS medium. However, our study showed
that MS medium plays a greater role in the callus induction and budding stages of night
lily callus from scape explants. The callus did not differentiate in the B5 and N6 media.
We used MS, ½MS and ¼MS media for rooting. Previous studies suggest that different
strengths of MS medium (¼, ½ or full strength) do not significantly affect rooting [58].
Yet, we found that ½MS induced more roots during the rooting process of the night lily
tissue-cultured seedlings, although the overall growth was not as robust as in full-strength
MS medium. Organic additives, such as coconut water, tomato juice, mashed potatoes and
mashed bananas, also significantly influence plant cultures ex vivo [59,60]. Their effects on
H. citrina tissue culture remain unreported, presenting an opportunity for future research.

5. Conclusions

The following major conclusions were reached from this study. (1) The young scape
seems to be an ideal explant. (2) The MS medium is suitable for night lily micropropagation.
The optimal concentrations of supplemental PGRs at different stages of tissue culture were
as follows: callus induction: 22.7 µM TDZ; callus subculture/proliferation: 9.0 µM 2,4-D);
shoot generation: 8.9 µM 6-BA + 5.4 µM NAA; and rooting: 2.7 µM NAA. Substrate for
transplanting: peat:perlite:vermiculite = 2:1:1. Using our established rapid propagation
system, the entire cycle from explant preparation to rooted seedling generation was ap-
proximately 3 months (callus induction: ~30 days; shoot generation: ~30 days; rooting:
~15 days). With the protocol developed herein, we were able to produce to obtain more than
2000 plantlets in less than a year. With abundant resources and labor, we believe that higher
production efficiency and larger scales can be achieved. Hence, the application of such
tissue culture systems in the mass propagation of Hemerocallis citrina Baroni is significant.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy14020244/s1, File 1a: Culture media for night lily micropropagation;
File 1b: Chemicals and stock solution preparation for night lily micropropagation; File 2: Figure S1: Key
steps for rapid in vitro micropropagation of night lily through tissue culture.
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Abbreviations

MS Murashige and Skoog growth medium
B5 Gamborg B-5 growth medium
N6 Chu N6 growth medium
PGR plant growth regulator
TDZ thidiazuron
6-BA 6-benzylaminopurine
2,4-D 2,4-dichlorophenoxyacetic acid
NAA α-naphthaleneacetic acid
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